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Abstract

ABSTRACT

Durgesh Bangalore Huchaiah

Behavior of resin composites at the interface between orthodontic bracket

and tooth
University of Turku, Faculty of Medicine, Department of Biomaterials Science,

Finnish Doctoral Program in Oral Sciences- FINDOS, Institute of Dentistry, Univer-
sity of Turku. Annales Universitatis Turkuensis, Turku, Finland 2019

Adhesive interface between bracket and enamel is based on adhesion of resin-based
material to enamel and to bracket, the latter being typically reinforced by mechanical
retention of the bracket bonding surface. Bonding results are influenced by brackets,
adhesive systems and by composite resin between bracket and enamel. The adhesion
strength is also influenced by use of possible reinforcing materials at the interface.
The main objective of this study was to study the behavior of resin composites at the
bracket-tooth interface under different loading conditions with or without use of in-
termediate layers of reinforcing glass fibers. The orthodontic brackets were bonded
using flowable composites with different visco-elastic properties and the values of
debonding load and displacement were determined at the point of debonding. The
degree of cure (DC %) of the glass fiber reinforced adhesive layer underneath the
bracket and irradiance power of the light curing tip underneath the bracket was de-
termined. Furthermore, the creep behavior of the interface adhesive materials was
studied using orthodontic bracket-tooth and three-point bending test models. The
adhesive interface was subjected to constant interfacial loading. To characterize the
properties of the adhesive interface materials used, nanomechanical (nanohardness
and elastic modulus) properties was evaluated. The outcome of the experimental
study demonstrated that the incorporation of a glass-fiber reinforced composite
(FRC) with a low elastic modulus at the adhesive interface between the orthodontic
bracket and enamel increased the debonding force and strain compared to adhesive
systems with higher elastic modulus. An enhanced degree of cure of the photopoly-
merizable adhesive reinforced with glass FRC was observed under the metal brack-
ets. The creep test demonstrated that the incorporation of continuous glass fibers at
the interface between orthodontic bracket and enamel increased the creeping and
debonding time of the bracket and that the orientation of the fibers and the resin ma-
trix type significantly affected the creep behavior of the adhesive materials. From the
above outcome, it can be concluded that incorporation of glass FRC at the adhesive
interface could be beneficial considering the long duration of orthodontic brackets
remaining in the oral cavity.

Keywords: Adhesive Resins; Bonding; Creep; Cross-linking; Debonding; Degree of
Conversion; Glass Fibers; Fiber reinforced composites; Irradiation; Interpenetrating
Polymer Network; Orthodontic Brackets; Particulate Filler Composite; Shear; Strain



TIHVISTELMA

TIIVISTELMA

Durgesh Bangalore Huchaiah

Oikomishoidon brakettien ja hampaan vilissi olevan yhdistelmimuovin
kayttiytyminen kuormituksessa

Turun vyliopisto, lddketieteellinen tiedekunta, hammaslddketieteen laitos,
biomateriaalitieteen oppiaine, Kansallinen suun terveystieteiden tohtoriohjelma —
FINDOS, Annales Universitatis Turkuensis, Turku, Suomi 2019

Hampaiden oikomishoidossa kéytettdvat kiinnikkeet, ns. braketit liimataan
hampaan kiillepintaan. Liimasauman kestdvyys riippuu hampaan pinnan
kisittelystd ja liima-aineen koostumuksesta. Tamén viitoskirjatutkimuksen
tarkoituksena oli selvittdd braketin ja hampaan vélisen liimasauman kayttaytymista
erilaisissa kuormitustilanteissa ja tilanteissa, joissa liiman koostumusta muutettiin
muun muassa lisddmalla siihen lasikuitukomposiittia. Brakettien liimaamisessa
kéytettiin liimoja, joiden visko-elastiset ominaisuudet poikkesivat toisistaan, jonka
takia niiden kéyttdytyminen kuormitustilanteessa vaihteli, mikd olikin yksi
tutkimuksen kohde. Liima-aineen kovettumista tutkittiin mittaamalla liima-aineen
monomeerien reagoimista keskendin, eli niin sanottua kovettumisastetta (degree of
monomer conversion, DC%) ja koska kovettumisreaktio kdynnistetdén valolla,
selvitettiin lasikutujen mahdollista vaikutusta valon kulkeutumiseen braketin ja
hampaan viliseen tilaan. Kliinisesti liimasaumaan kohdistuvaa kuormitustilannetta
jéljitettiin - pitkdkestoisella staattisella kuormitustestilli, jossa liima-aineen
polymeerirakenteen viruminen (creeping) madritettiin erilaisille
liimakoostumuksille. Liima-aineet tutkittiiln myds niiden nanomekaanisten
ominaisuuksien suhteen méaarittdmalla pinnan nanokovuus ja kimmoisuusmoduuli.
Tutkimuksen tulokset osoittivat, ettd itse liima-ainetta alhaisemman
kimmoisuusmoduulin lasikuitukomposiitin kdyttdminen braketin ja hampaan
rajapinnassa lisdsivit kiinnitysvoimaa ja rajapinnan muodonmuutoksen madraa
kuormituksessa. Lasikuitujen avulla pystyttiin lisdksi parantamaan liiman
kovettumista kovetusvalon avulla. Mielenkiintoinen tutkimustulos liimasauman
kayttaytymisestd pitkdaikaisessa kuormitustuloksessa liittyi myds lasikuituihin:
lasikuitujen suunnalla suhteessa kuormittavan voimaan suuntaa oli vaikutusta
liimasauman virumiseen ja braketin irtoamiseen hampaan pinnasta. Yhteenvetona
tutkimustuloksista voidaan todeta, ettd lasikuitukomposiitin kayttdmiselld
oikoimishoidon braketin ja hampaan vélissd voidaan vaikuttaa liimasauman
kuormituskestédvyyteen ja silld voi olla kliinisesti merkittdvaéd hyotya.

Avainsanat:  Oikomishoito;  braketti;  kiinnike; liima-sauma;  liima;
yhdistelmdmuovi; polymeroituminen; kovetuumisreaktio; kuormitus; viruminen
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12 Introduction

1 INTRODUCTION

The resin systems used in dentistry are typically dimethacrylate monomers and
particulate fillers with light, chemical or dual curing initiator systems. As in other
dental specialties, light cure adhesives are preferred over chemical cure adhesives
for orthodontic bonding. The reason is that they allow sufficient working time
during bracket placement and the irradiation of the adhesives can be postponed
so that clinician gets sufficient time to fix any problems that may arise during
bonding or treatment procedure. On polymerization, dimethacrylate monomers
forms a highly cross linked polymer matrix which is defined by their brittleness
and relatively high elastic modulus of the resin matrix (Vallittu, 2009).

Fiber reinforced composites (FRCs) have been clinically tested to be used
in different fields of medicine and dentistry for more than 40 years ago. Not until
20 years ago their use became a clinical practice in dentistry and medical use is
now starting. Among the different fibers available for reinforcement, glass fibers
are preferred for dental applications considering the good adhesion with di-
methacrylates monomers through silane coupling agents (Vallittu, 1993;
Bouillaguet et al., 2006). FRCs have been used in root canal posts and cores,
fixed prosthetic appliances, periodontal splinting, restorative resin composites,
orthodontic retainers, space maintainers and other active appliances (Vallittu and
Ozcan, 2017). They have also been studied as reinforcement between orthodontic
bracket and enamel (Shinya et al., 2009). Glass fibers have been used in different
patterns to strengthen dental resin matrix, including continuous unidirectional
roving, continuous bidirectional woven or mat, and discontinuous short-fiber re-
inforcements (Garoushi et al, 2007). The unidirectional fibers exhibits aniso-
tropic mechanical properties to the composite and are recommended for applica-
tions where the highest stress is known. The incorporation of bidirectional fibers,
arranged perpendicular to each other (weave or mat) reinforces the composite in
two directions (orthotropic property) and, are suitable in cases where the load
direction remains unknown or when there is no space for incorporating unidirec-
tional fibers. The mechanical properties of short fibers randomly oriented are
equal in all directions (isotropic property) (Murphy, 1998).

The adhesion strength of orthodontic brackets bonded to enamel is affect-
ed by several factors. Among them, adhesive composition and characteristics and
complex interactions of different materials at tooth-adhesive-bracket interface are
the most prominent (Park et al., 2009). Orthodontic adhesives are usually low
viscous resins with increased amount of co-monomer in the formulations which
facilitates improved flow of the resins into the micromechanical irregularities of
the etched enamel (Eliades et al., 2001). Based on the same concept, flowable
resins have been used in orthodontic bonding and has met with success. Flowable
resins have lower filler loading and has improved penetrability into the micro-
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irregularities of the surface. Furthermore, there is no need for intermediate bond-
ing resins when using flowable resin composites for bracket bonding which is an
advantage over traditional orthodontic resins (D'Attilio et al., 2005; Ryou et al.,
2008; Park et al., 2009). Similar to bracket adhesion strength results, the debond-
ing mechanisms are also affected by factors such as bond strength, viscosity and
elasticity of adhesive resin and thickness of intermediate adhesive resin layer.
Most of the adhesion strength studies in orthodontic literature have concentrated
on adhesion strength of brackets under different conditions and compared differ-
ent orthodontic adhesives. However, debonding mechanism of the brackets rela-
tive to the elastic properties of the polymeric matrix still remains subject of inter-
est.

The curing depth of dental FRCs which is typically made up of dimethac-
rylate system is limited due to the fillers in the composite and clinical situations,
such as curing the resin material under an orthodontic bracket. If the total energy
required for polymerizing the resin by light irradiation is not attained, it could
adversely affect technical and biological aspects of treatment process. The DC%
is directly related to the material’s physical properties: an increased DC% result
in increased strength and stiffness of the material. The unreacted carbon double
bonds in the final matrix may result in resin degradation and solubility, decreased
mechanical properties and may trigger allergic reactions in some individuals. The
DC% of light cure dimethacrylates can be improved by incorporation of reinforc-
ing glass fibers. These fibers transmit the curing light to the resin matrix to initi-
ate polymerization and the curing light scattered out from the glass fibers en-
hances the curing efficiency (Shinya et al., 2009 ).

In fixed orthodontic therapy, an effective tooth movement which is three
dimensional in nature is regulated by bonding interface between tooth and ortho-
dontic bracket. The adhesive interface should transmit the forces from the brack-
et to the tooth and should be stable enough to resist the forces generated by the
treatment mechanics, mastication, and routine activities. This said, the adhesive
interface should also facilitate subsequent bracket debonding without damaging
tooth tissues. The masticatory forces apply dynamic stress of low magnitude and
the treatment mechanics (arch wires) predominantly apply static forces over a
long period at the interface. Failure of the adhesive interface does not occur in-
stantaneously and can be a consequence of slow deformation at the interface
which may result in subsequent debonding of the orthodontic attachments
(Zachrisson, 2007). The deformation can be elastic, plastic or creep in nature.
The adhesive interface in orthodontic situation is exposed to forces for relatively
long periods, and materials often respond by time and stress dependent creep de-
formation. The material enters into recovery phase as soon as the stress is re-
moved (Bales, 1998).
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2 REVIEW OF LITERATURE

2.1 Dental resin composites

Resin based composites (RBC) are described as a material containing discontin-
uous dispersed (filler) phase mixed into a continuous (matrix) phase. The materi-
al consists of three major components: resin matrix, fillers and coupling agents.
The reinforcing filler phase is usually harder and tougher than the matrix, and
thus helps in improving the overall properties. However, the resultant properties
may not be completely related to those of single constituents (Ritter, 2018).

2.1.1 Resin matrix

Initially, the organic resin matrix was based on mono methacrylate monomer.
Polymers cured from these monomers presented with few drawbacks such as
inadequate strength, polymerisation shrinkage and water solubility and hence
were replaced by dimethacrylates. Dimethacrylate monomers have high molecu-
lar weight and form a highly cross linked polymer network thus overcoming the
some of the disadvantages possessed by mono methacrylates. Various dimethac-
rylate monomers including Bisphenol-A-glycidyl dimethacrylate (BisGMA),
ethoxylated BisGMA (BisEMA) and urethane dimethacrylate (UDMA) has been
used in formulation of dental resin composites (Figure 1).

Bis-GMA

)T(’\/\(,/\/”\/\O O O 0/\/”\/\0/\/07‘/&
0
%S JJ\ JL 7 WL
o ()

Bis-EMA

N N
20

UEDMA/UDMA
0

0/\/"\/\0/\/0\’(&

TEGDMA Y

Figure 1: Chemical formula of the commonly used resin matrix monomers
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The most commonly used organic phase (monomer) is BisGMA
(Amirouche-Korichi et al., 2009). BisGMA compared to other monomers offers
less shrinkage, high strength and hardness, higher modulus and reduced toxicity.
In contrast, BisGMA also presents with certain drawbacks such as high viscosity
which limits the incorporation of inorganic fillers and thus leading to a low de-
gree of conversion (DC%) (Amirouche-Korichi et al., 2009). In solving such
issue, co-monomers such as triethylene glycol dimethacrylate (TEGDMA), with
low molecular weight and viscosity are incorporated as a diluent to lower the
viscosity of resin monomer systems (Chen, 2011).

2.1.2 Inorganic fillers
The purpose of incorporating fillers within resin composites is to decrease the

amount of matrix material and to increase the strength of the composite. The re-
sultant composite would exhibit increased hardness, less wear and reduced
polymerization shrinkage (Azzopardi et al., 2009). The physical and mechanical
properties of composite resin can be modified by filler composition and size,
morphology, and distribution of filler particles. Resin based composites are clas-
sified as particulate filler composite (PFC) and fiber reinforced composites
(FRC) according to the reinforcing filler (particles and fibers respectively) in-
corporated (Vallittu, 2001; McCabe and Walls, 2008). PFCs are generally iso-
tropic which means they exhibit similar mechanical and physical properties in all
directions (Vallittu, 2015; Vallittu and Ozcan, 2017). In contrast to PFCs, FRC
can be isotropic, orthotropic or anisotropic which means that material exhibits
different mechanical and physical properties in different directions (Goldberg
and Burstone, 1992; Vallittu, 2001; McCabe and Walls, 2008; Vallittu, 2015;
Vallittu and Ozcan, 2017). The commonly used fillers in PFC are quartz, colloi-
dal silica, and silica glass containing strontium, barium and zirconium
(Halvorson et al., 2003). The quantity of fillers of PFC is generally 70%-80% by
weight and the filler size ranges from 0.1um to 100pm (Beun ef al., 2007). The
fillers in FRC are long continuous or short discontinuous fibers made up of
glass, carbon and polyethylene (Vallittu, 1998a; Garoushi et al., 2007).

2.1.3 Coupling agents
Coupling agent is used to bond chemically and physico-mechanically the inor-

ganic fillers and the organic matrix. The bonding is achieved by coating the fill-
ers with a silane coupling agent that links the filler and matrix chemically
through alkoxysilane and methacrylate functional groups. Silane coupling agent
increases also the surface wettability which improves physico-mechanical at-
tachment of resin to fillers. A typical organosilane coupling agent is 3-
methacryloxy propyl trimethoxy silane (MPTS). Other coupling agent, acryloxy
propyl trimethoxysilane (APM), and 10-methacryloxy decyltrimethoxy silane
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(MDS) are also employed in dental resins (Matinlinna and Vallittu, 2007).

2.2 Classification of resin composites
Several authors have classified resin composites according to different parame-

ters based on polymerization inititation systems, filler type, size and shape, and
viscosity of resin composite (Lutz and Phillips, 1983; Willems et al., 1992; Mitra
et al., 2003; Ilie and Hickel, 2011; Ilie et al., 2013). Figure 2 presents the classi-
fication of resin composite based on different properties and compositions.

Chemical
Light
Heat

Digal
- Racrofilied )

Packable Microfilled
Flowable Hybrid

/ Nanofilled
Particulate filler
( Fi : -
Resin Based iber reinforced . Continuous
Short

Composites

| J|/Condensation\ Incremental fill
technique Bulk fill

: Spherical

Filler shape) —— Trtclic

Methacrylate
Silorane
Ormocer

Resin
matrices

Figure 2: Classification of resin composites based on different properties and composi-

tions

2.3  Particulate filler resin composite (PFC)
Particulate filler resin composite (PFC) contains particle fillers usually made up

of quartz, colloidal silica, and silica glass containing strontium, barium and zir-
conium (Halvorson et al, 2003). Based on filler size, the PFC are classified as
macrofilled, microfilled, hybrid or nanofilled (Beun et al., 2007). According to
the volume fraction of fillers, PFCs are classified as compact-filled (> 60 vol %
fillers) and midifilled composite (< 60 vol % fillers) (Willems et al., 1992).
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2.4  Fiber reinforced composite (FRC)
Fiber-reinforced composites (FRCs) are a group of non-metallic biomaterials that

are growing in popularity and are widely used in several dental applications.
FRCs is a material combination of polymer matrix reinforced with fibers. The
fibers act as reinforcing part when the load is directed towards the composite. It
is of importance that load is transferred to fibers from polymer matrix to make
the material strong and rigid. FRCs is materials that can be tailored according to
the clinical situation and mimics mechanically, the properties of dentine or bone.
The performance of FRCs depends on the interface properties as the resulting
stresses from several sources are transferred to the fibers through this interface
region (Ballo and Nérhi, 2017). The fibers in FRC are long continuous or short
discontinuous fibers usually made up of glass, carbon and polyethylene. The long
continuous reinforcing fibers are unidirectional or bidirectional and can be ori-
ented as rovings, weaves or mat. The short discontinuous fibers are normally ori-
ented in random directions (Vallittu, 2018).

2.4.1 Clinical applications of FRC
The FRCs are utilized in several fields of dentistry and medicine. They have been

widely used for fabrication of fixed and removable dental prostheses, root canal
posts and cores, in restorative resins, orthodontic retainers, space maintainers and
active appliances, periodontal splints, facial prostheses and surgical applications
of implantology. FRCs have also been tested for facial prostheses, surgical
applications of implantology and cranial bone repair (Shinya ef al., 2009; Posti et
al., 2016; Piitulainen et al., 2015; Vallittu, 2018).

2.4.2 Classification of FRCs
FRCs are classified in several ways based on fiber type, fiber architecture, fiber

orientation, and architecture (Vallittu, 1996; Butterworth et al., 2003).

2.4.3 Properties of FRCs

The main advantage of the FRCs is that it can be modified and adapted to a spe-
cific clinical situation. FRCs were developed to improve the properties of con-
ventional PFCs such as polymerization shrinkage, inadequate mechanical proper-
ties, water sorption and brittleness (Vallittu, 1996). It has been reported that den-
tal FRCs provide high strength, rigidity, flexural strength and load-bearing ca-
pacity of the construct as compared to PFCs (Vallittu, 2014 ). Furthermore, the
polymerization shrinkage and thermal expansion is also reduced with the use of
PFCs (Tezvergil et al., 2003; Tezvergil et al., 2006). There are several factors
that contribute to the efficiency of fibers, and thereby to the physical properties
of the FRC.
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2.4.4 Factors affecting FRCs
The properties of FRCs are influenced by factors such as the fiber type (e.g.,

glass, ultrahigh molecular weight polyethylene (UHMWPE), aramid (Kevlar®),
and carbon/graphite) fiber length (continuous, discontinuous), orientation (unidi-
rectional, bidirectional, and random), quantity of fibers in the matrix, fiber im-
pregnation by resin, adhesion between fiber and resin matrix, and resin matrix
used in FRCs (Vallittu, 2018).

2.4.4.1 Reinforcing fiber type

a) Glass fibers

Glass fibers are the most commonly used reinforcing fibers in dental applica-
tions. They offer several advantages including high tensile and flexural strength,
good compressive and impact strength, good chemical resistance and insulating
properties besides being inexpensive (Lassila et al., 2002; Al-Haddad, 2015).
The glass fibers are available as A, C, E, R and S based on chemical composi-
tion. However, the E and S glass fibers are commonly used for dental applica-
tions (Zhang and Matinlinna, 2012).

i. E-glass

E stands for electric. E-glass is made of very low (<1%) alkali content alumino
boro silicate with SiO2 54 wt%, Al,O3 14 wt%, CaO + MgO 22 wt%, B203 8.5
wt% and Na;O 0.5 wt%. These fibers have good strength and rigidity but rela-
tively low fatigue resistance and tensile modulus (Vallittu, 1996; Zhang and
Matinlinna, 2012).

ii. S-glass

S-glass fibers refer to high strength glass fibers made of alumino silicate without
CaO but with high MgO content (SiO, 64 wt%, ALO; 26 wt% and MgO 10 wt
%). They have the highest tensile strength among all fiber types and hence the
name S (strength) glass. They are rarely used because of their high production
costs (Barbucci, 2002; Zhang and Matinlinna, 2012).

b) Ultrahigh molecular weight polyethylene (UHMWPE)

Polyethylene fibers have a ultrahigh modulus. They are cold gas plasma treated
to enhance its adhesion to composite resins. They are white in color, chemically
inert with low density and biocompatibility (Karaman et al., 2002). Poor interfa-
cial adhesion between the resin matrix and fibers is the main disadvanatage of
polyethylene fibers (Vallittu, 1997; Bahramian et al., 2015).

¢) Aramid
Aramid (aromatic polyamide, Kevlar™) is a fiber with a rigid and anisotropic
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molecular structure. Aramid fibers were developed in 1960s as an alternate for
steel reinforcements in rubber tyres (Rosato and Rosato, 2005). They have high
tensile strength, good impact resistance and low density but presents with poor
compressive strength and they are recommended to be used with other fibers
(Barbucci, 2002). They can be adhered to resin matrix of acrylates but the FRC
can fail due to fibers anisotropicity (Vallittu, 1993).

d) Carbon/graphite fibers

Carbon/graphite fiber is strong, biocompatible, corrosion resistant, and can be
physic-mechanically adhered to the resin matrix. However, the potential dental
use of carbon/graphite fibers is limited only to the reinforcement of first genera-
tion FRC root canal post material (Dean et al., 1998). They also have certain dis-
advantages such as low impact strength, uneven surface topography and black
color which limits its use in situations that require natural appearance of dentition
(Bowman and Manley, 1984; De Boer et al., 1984; Larson et al., 1991).

2.4.4.2 Fiber length

For effective fiber reinforcement of polymers, it is always essential that the stress
be transferred from polymers to fibers. This is achieved by incorporating fibers
equal to or greater than critical fiber length (Ic), which ranges from 0.5 to 1.6 mm
for BisGMA based resin fibers and E-glass fibers (Cheng et al., 1993; Vallittu,
2014). If the fiber length is shorter than critical length, deformation of matrix
occurs around the fibers and there is no stress transfer to the fiber (Callister,
2007). Long continuous glass fibers, with or without surface treatment, have
been used to reinforce dental acrylic resins and have demonstrated enhanced me-
chanical properties and fracture load (Stipho, 1998). Previous studies on short
glass fiber reinforced composite resin have revealed improved flexural strength,
fracture toughness and load bearing capacity (Garoushi et al., 2013).

2.4.4.3 Fiber orientation

Reinforcing efficacy of fibers in FRCs is also dependent on fiber orientation.
(Figure 3). Continuous unidirectional and bidirectional fibers are the two main
structural types of FRC products presently available.
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Figure 3: Long continuous fibers oriented as rovings (a, b), weaves (c, d) and mat (ran-

domly oriented fibers) (e)

The unidirectional fibers exhibits anisotropic mechanical properties to the
composite and are recommended for applications where the direction of the
highest stress is known. The reinforcing efficiency, also known as Krenchel’s
factor (Ke)(Murphy, 1998) of continuous unidirectional fibers is theoretically
100% (Ko = 1), which means that reinforcing properties obtained are in one di-
rection. The incorporation of bidirectional fibers, arranged perpendicular to each
other (weave) reinforces the composite in two directions (orthotropic property).
The theoretical reinforcing efficiency of such fibers is reduced by 50% (Ke = 0.5)
and furthermore, the Krenchel factor drops to 25% in case of bidirectional mat
fibers. Bidirectional fibers are suitable in cases where the load direction remains
unknown or when there is no space for incorporating unidirectional fibers. The
mechanical properties of randomly oriented short fibers are equal in all directions
(isotropic property). They have K¢ = 0.38 when considered in flat surfaces, but
the efficiency of reinforcement decreases (Ko = 0.20) in three dimensional struc-
tures (Vallittu, 1996;Vallittu, 2001; McCabe and Walls, 2008; Garoushi et al.,
2009). The reinforcing efficiency of fibers is high when they are oriented to their
long axis and perpendicular to an applied load (Galan and Lynch, 1989).
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2.4.4.4 Quantity of fibers in the matrix
The overall mechanical performance of FRCs is determined by relative propor-

tions of FRC constituents which are expressed as weight or volume fractions.
Previous studies have reported an increased flexural strength with increased fiber
content (Nohrstrom et al., 2000; Agarwal and Broutman, 1990; Barbero, 2010).
Any change in fiber or matrix content is found to alter the FRC behavior consid-
erably. This theory, known as ‘law of mixture’ is presented in the form of equa-
tion (1) (Al-Haddad, 2015).

Ec=EfVf + E,,)V,p 1)

Ec= Overall property of the composite
Et = Fiber property
Vi= Total volume fraction of the fibers
Em= Property of the matrix and

m= Total volume fraction of the matrix

According to the above law of mixture equation, an increase in a particular con-
stituent on which the performance of the FRC relies upon, increases the overall
properties of the composite. Correspondingly, fibrous mechanical properties of
FRC are determined by an increased fraction of reinforced fibers (Vallittu, 1999;
Garoushi et al., 2006).

2.4.4.5 Fiber impregnation by resin
The resin penetration to the spaces between the fibers is termed resin impregna-

tion (Vallittu and Ozcan, 2017). It is of importance that the fibers are impregnat-
ed (total embedding of the fibers) with resin matrix for reinforcing effect. An
adequate impregnation will provide basis of interfacial adhesion and thus ena-
bling effective transfer of stresses from matrix to the fibers (Vallittu, 2001) (Fig-
ure 4). The fibers are usually available in dry or resin pre-impregnated forms.
Dry fibers require wetting with a resin matrix before their application whereas
the pre-impregnated forms are specially manufactured by various techniques
(Goldberg and Burstone, 1992).

Commonly, the resin pre-impregnated forms are available as FRC ‘pre-
pregs’, a FRC strip containing both fibers and unpolymerized resin matrix. The
use of prepregs instead of dry fibers ensures high degree of resin impregnation,
prevents void formation and reduces technique sensitivity when fibers are used
(Goldberg and Burstone, 1992; Vallittu, 1998b).
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Figure 4: Scanning electron microscopy image of the fracture surface of FRC showing
well impregnated fibers in polymer matrix

2.4.4.6 Interfacial adhesion between fiber and resin matrix

For effective transfer of load in FRC from polymer matrix to reinforced fibers,
adequate adhesion of fibers to the polymer matrix is required (Vallittu, 1995;
Murphy, 1998). A strong interfacial adhesion is essential in achieving optimal
mechanical properties for the FRC and it allows effective stress transfer from
matrix to reinforcing fibers. On contrary, poor adhesion negatively affects me-
chanical properties, and increases water sorption leading to adhesion failure and
subsequent fracture of resin matrix (Miettinen et al., 1997). The durability of the
interfacial adhesion is also affected by environmental factors such as tempera-
ture, loading stress and moisture (Vallittu, 2001).

The adhesion between fibers and resin matrix occurs by mechanical or
chemical mechanisms. The mechanical method of adhesion depends on surface
topography of fibers and is facilitated by physical interlocking of fiber and ma-
trix. Chemical adhesion occurs by covalent bonding between fiber and resin ma-
trix. The adhesion strength of chemical method is determined by type and num-
ber of covalent bonds formed, matrix type, microstructure of the fibers and sur-
face treatment of fibers (DiBenedetto, 2001; Debnath et al., 2003).

Various surface treatments have been studied for improving the interfacial
adhesion between fibers and resin matrix (Kim and Mai, 1998). Commercially
available glass fibers are usually pretreated with silane coupling agents to pro-
mote adhesion (physico-chemical method). Silanes are reactive with both C=C
bonds in a resin matrix and inorganic glass surfaces. The silanes act by surface

wetting of the fibers and enabling chemical adhesion of fibers to the resin matrix
(Matinlinna et al., 2004; Matinlinna and Vallittu, 2007).
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2.4.4.7 Resin matrix used in FRCs

The FRC polymers based on their polymer structure can be either linear (thermo-
plastic) or cross-linked (thermoset). A linear polymer forms when the monomer
unit has only a single reactive functional vinyl group, which in dental resins usu-
ally is a methyl methacrylate (MMA) group. The linear polymer chains are
bonded by relatively weaker cohesive forces of van der Waals (London forces).
Cross-linked polymers form when two or more reactive groups usually dimethac-
rylate groups, that are bonded by covalent bonds. Polymerisation of cross-linked
polymers initiated by blue light ends up in degree of monomer conversion DC%
ranging from 55%-65%. A small portion of unreacted monomers, also known as
residual monomers, remain in the polymer structure (Ruyter and Oysaed, 1982;
Cogswell, 1992).

The resins in dental FRCs are based on Bisphenol-A-glycidyl dimethacry-
late (BisGMA), triethyleneglycol dimethacrylate (TEGDMA) and urethane dime-
therylate (UDMA) producing cross-linked polymer matrices. A certain amount of
linear polymer structure, poly methyl methacrylate (PMMA) is added to cross-
linked polymers to adjust properties of the prepreg such as the adhesive proper-
ties and clinical handling. This combination or mixture of cross-linked and linear
polymer resin matrix results in formation of semi interpenetrating polymer net-
work (semi-IPN) (Vallittu, 2009). The IPNs are routinely used in denture teeth,
denture base polymers, FRCs and restorative resin composites. The dental [PNs
are mainly semi-IPN containing one or more cross-linked polymers and one or
more linear or branched polymers. In a typical semi-IPN system, the cross-linked
part is usually formed by dimethacrylate or multifunctional monomers and den-
drimers and linear part is formed by PMMA. According to International Union of
Pure and Applied Chemistry (IUPAC), the nomenclature for semi-IPN polymer
structure made of BisGMA, TEGDMA and PMMA is termed as net-poly (methyl
methacrylate)-internet- copoly (Bis-glycidyl-A-dimethacrylate)-triethyleneglycol
dimethacrylate (Vallittu, 2009; Vallittu and Ozcan, 2017).

2.5  Orthodontic bonding and adhesives

The evolution of direct bonding was one of the major steps in the field of ortho-
dontics. The success of a fixed orthodontic appliance depends on the attachments
(orthodontic brackets and molar bands) which are surely bonded to the tooth sur-
face to prevent any detachment during orthodontic therapy (Millett ez al., 2016).
Failure of the attachment could result in treatment delay, pose a potential risk to
the airway, be costly in terms of materials, and cause time loss for the patient
(Zachrisson et al., 1996). The bond between the bracket and enamel is based on
mechanical locking of an adhesive to the surface treated enamel and to the me-
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chanical locks formed in the base of the orthodontic bracket (Proffit and Fields,
2012). Orthodontic brackets are subjected to stresses resulting from several
sources, such as mastication, archwires, and routine activities. Stresses are dis-
tributed at the adhesive interface between orthodontic bracket and enamel (Wang
et al., 2004) (Figure 5). The predominant static stress, when present over a long
period of time may, lead to failure of the interface and subsequent removal of the
bracket (Goertzen and Kessler, 2006). Failure of the adhesive interface does not
occur instantaneously and the slow deformation at the interface may cause
bracket loosening thereby affecting their performance (Zachrisson, 2007).

The adhesive should provide good adhesion strength but also facilitate
debonding of the bracket at the end of treatment without enamel damage or loss.
The quality of the adhesive layer at the interface between orthodontic bracket and
enamel surface is an important factor determining the success of the adhesion.
Many parameters such as interface adhesive thickness (Evans and Powers, 1985),
filler content of the adhesives (Faltermeier et al., 2007), the DC% of the adhesive
layer (Shinya et al., 2009), and the integrity of interface complex (Uysal et al.,
2009) have been studied.

Resultant stresses directed
towardsadhesive interface

Tooth
Orthodontic Bracket

N\

Resin Composite

Figure 5: Schematic diagram presenting the adhesive interface

Orthodontic adhesives used for orthodontic bonding are slight modifications of
restorative resin composites (Sakaguchi and Powers, 2012). The orthodontic ad-
hesives differ from restorative resins in the increased amount of co-monomer in
the formulation, which reduces viscosity of the orthodontic adhesive. Lower vis-
cosity of orthodontic adhesives allows exceptional diffusion into the surface
treated enamel and results in enhanced interfacial bond between enamel and the
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orthodontic bracket (Eliades et al., 2001). Previous studies have indicated that
bond failure in enamel-bonded orthodontic brackets with a mechanical interlock
can occur at the resin-bracket base interface, within the resin itself, or between
the resin and enamel. However, the relatively greater bond failure occurs at the
adhesive interface because of stress concentrations and defects in the resin film
(Wang and Lu., 1991,Wang et al., 1994, Sunna and Rock, 1998). Thus, it be-
comes necessary to improve or reinforce the adhesive interface for obtaining op-
timal and effective bond strength. Over the years several methods have been fol-
lowed to improve the bond strength by using flowable composites, incorporating
glass fibers at the interface, different surface treatments of the tooth and the
bracket system (Eliades et al, 2001, Ryou et al., 2008, Shinya et al., 2009,
Guarita et al., 2015 ).

2.6 Interfacial adhesion

Adhesion refers to the molecular attraction exerted between the surfaces of bod-
ies in contact (Fraunhofer, 2012). Adhesion between the constituents is the major
factor affecting the properties of resins composites. Adhesion depends on adhe-
sive joint formation, mechanical properties of components, size and shape of
specimens, mechanical loading design and other factors. Accordingly, the adhe-
sion principles are complex involving physical, chemical and mechanical aspects
(Petrie, 2007). Dental adhesion has two aspects: adhesion to the tooth and adhe-
sion to the restorative material, the adhesion quality depending on properties of
the tooth and the material (Ozcan et al., 2012).

a) Adhesion to enamel

Acid etching combined with BisGMA based resins have revolutionized the field
of adhesive dentistry. Consequently, the focus has shifted from macro-
mechanical to micro-mechanical and surface treatment approaches enabling new
treatment modalities in orthodontics and minimally invasive dentistry. Enamel
constitutes 96% inorganic matrix (hydroxyl apatite crystals) by weight, and the
remaining 4% is made of water and collagen proteins. The enamel structure is
formed by a higher order structure containing repetitively organized enamel rods
(Habelitz et al., 2001). Micro-mechanical adhesion requires demineralization of
the enamel surface layer with acid etchants. The most commonly used acid etch-
ant is phosphoric acid (35-37 wt%) because of its efficacy in etching enamel to
frosty white appearance (Ozcan et al., 2012). Selective acid etching of enamel
surface by phosphoric acid dissolves enamel rods and provides surface micro-
roughness with increased surface energy that is necessary for micro-mechanical
adhesion. The change in surface topography of the enamel facilitates penetration
of the monomer from primers and bonding agents into the porous substructure to
form resin tags at the enamel adhesive interface (Van Meerbeek et al., 2010).
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b) Adhesion to orthodontic brackets

Orthodontic brackets bonded to teeth acts as a medium to transfer force from the
activated archwire to the teeth to facilitate tooth movement. The brackets must be
able to deliver orthodontic forces, resist masticatory loads, be esthetically stable
and easily removed following conclusion of the treatment. Hence, it is always
desirable to have a bracket with good retentive bonding between the resin and
bracket base but not too excessive so as to prevent any damage to the tooth or
restoration during the debonding procedure (Guarita et al., 2015). Orthodontic
brackets can be metallic (stainless steel, titanium, or gold) or tooth (esthetic) col-
ored (plastic or ceramic) (Subramani et al., 2013).

There are several factors that influence the bond strength of brackets in-
cluding the size and design of the bracket base (Wang et al., 2004). Orthodontic
brackets have a mechanical undercut which facilitates the flow of the orthodontic
adhesive to extend into these undercuts before polymerization (Knox et al.,
2000). The retention of metal brackets is enhanced with a fine brazed mesh,
milled undercut, primer application, sandblasting, chemical etching, sintering
with porous metal powder, laser-structured bases, metal plasma-coating of
bracket bases, and fusing metallic or ceramic particles to the bases (Wang et al.,
1994, Bishara et al., 2004). The retention of ceramic brackets can be enhanced by
surface treatment of bracket bases by grinding with diamond burs, hydrofluoric
acid application, silane application, aluminum oxide sandblasting, and silica
coating + silane (silicatization) (Guarita et al., 2015).

2.7  Degree of conversion (DC%)
Degree of conversion from monomer to polymer determines the extent of

polymerisation within the resin composites (McCabe and Walls, 2008). It is im-
perative to have a high degree of monomer conversion for achieving best results
from the resin composite. Ideally, resin composites should have all of its mono-
mer converted to polymer during polymerization. However this is not possible to
achieve in practice. For dimethacrylate based monomers, DC% ranging from 55
to 75% under conventional light irradiation has been reported (Galvao et al.,
2010). Thus, there is a significant amount of unreacted carbon double bonds
(C=C) in the final matrix. The unreacted monomers affect negatively the resin
composites in the form of resin degradation and solubility, and decreased me-
chanical properties, and they may cause allergic reactions in some individuals
(Lovell et al., 1999). The DC% depends on many factors such as type of curing
light, distance of curing tip from composite surface, type of monomer used,
thickness of the composite and filler size and shape (Shadman et al., 2012).

The optical properties of FRCs are related to the refraction index of fibers
and the surrounding matrix. The polymerization reactions of light cured di-
methacrylates could be enhanced by the presence of reinforcing glass fibers that
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transmits the light to the resin matrix to initiate polymerization. This could be
explained by the scattering effect of glass fibers which improves the curing effi-
ciency (Shinya et al., 2009). During polymerization, optical properties of the res-
in system change (Lehtinen et al., 2008).

2.8 Nanomechanical properties

Nanoindentation method has been widely used in the evaluation of the mechani-
cal properties of dental hard tissues and biomaterials. This method determines the
mechanical properties of a material from its load displacement response which
involves applying a small load (nanoscale) to indent a specimen and thereafter
continuously recording the load and displacement (Fujisawa and Swain, 2007).
The obtained data obtained indicates the required load to indent a specimen and
the elastic recovery of the specimen on unloading (Figure 6). Furthermore,
nanoindentation method facilitates accurate measurement of indentation load and
indentation depth.

Load(mN)

Displacement

Figure 6: Schematic presentation of a typical load displacement curve
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Surface hardness (H) and elastic modulus (E) are the mechanical proper-
ties most commonly measured using load and displacement indentation tech-
niques. Measurements of mechanical properties by nanoindentation offer several
advantages. It is relatively non-destructive, it requires less time for specimen
preparation and, it allows simultaneous comparison of properties of different ma-
terials (Peskersoy and Culha, 2017). Hardness is the resistance of a material to
indentation or penetration. Nanohardness measurements obtained by nanoinden-
tation technique reflect the plastic depth of the material rather than the final
depth, similarly to microhardness measurements. It is important to characterize
the hardness of a material because of its relationship with other physical proper-
ties such as strength and DC%. Elastic modulus defines the relative stiffness of a
material. It is preferable to have materials with high elastic modulus to withstand
deformation and to prevent any catastrophic failures (El-Safty et al., 2012).

2.9 Creep

The viscoelastic behavior of the resin composite depends entirely on the stress
experienced by the polymer matrix. This behaviour significanlty influences the
performance of the material. In fixed orthodontics, the stress concentrated at the
adhesive interface may cause elastic, plastic or creep deformation. In elastic de-
formation, the material returns to its original form following stress removal. To
the contrary, plastic and creep deformation are permanent in nature and lasts
even after stress removal. Plastic deformation occurs instantaneously once the
applied stress exceeds the elastic limit of the material. Creep deformation occurs
when a constant stress is applied over a period of time and the stress is below the
elastic limit of the material (Bales, 1998). The material enters into recovery
phase as soon as the stress is removed.

The deformation response of polymeric materials can be studied by meas-
uring the strain produced during a particular period of constant stress application
(creep), followed by stress removal and subsequently measuring the relaxation
response of the material (recovery) over a selected duration (Garoushi et al.,
2012). The advantages of the method are in providing information about the ma-
terial’s ability to resist the stresses without catastrophic failure, and in describing
how the stresses are accommodated under constant stress and how the material
relaxes towards its original form on removal of the stress (Vaidyanathan and
Vaidyanathan, 2001).
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3

AIMS OF THE STUDY

The present study was designed to investigate the behavior of resin composites at

the interface between orthodontic bracket and tooth under different conditions

with or without use of intermediate layers of glass fibers. The specific aims were:

1.

To investigate the magnitude of debonding stress of an orthodontic brack-
et bonded to the enamel with resin systems having different visco-elastic
properties. The working hypothesis was that there was no significant dif-
ference in the debonding stress of an orthodontic bracket bonded with res-
in systems of different visco-elasticity. Furthermore, correlation between
the elastic modulus of the interfacial resin systems to the debonding force
and the percentage of strain was investigated. (I)

To investigate the effect of orientation of continuous E-glass reinforcing
fibers under metal orthodontic brackets in relation to the direction of irra-
diation of the curing light to the DC% and to the total irradiance under the
bracket. The working hypothesis was that the glass fiber orientation did
not significantly affect the DC% and the total irradiance under the bracket.

n

To determine the creep behavior of dimethacrylate resin composites with
particulate fillers and glass fiber fillers used for orthodontic bonding.The
working hypothesis was that there was no significant difference in the
shear stress creep behavior between particulate filler resin composite and
glass fiber reinforced resin composite. (I11)

To determine the creep behavior of resin composite interfaces between or-
thodontic bracket and tooth under constant interface loading. The experi-
mental interfaces, reinforced with fiber reinforced composite (FRC) with
either unidirectional or bidirectional continuous fibers and used with two
different resin matrices, were compared with regular particulate filler
composite (PFC). The working hypothesis was that there was no signifi-
cant difference in the shear stress creep behavior between FRC and PFC
interfaces, and that the orientation of the fibers did not influence creeping.
av)
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4 MATERIALS AND METHODS

4.1

Materials

The complete list of materials used in these studies are presented in Table 1

Table 1: Materials used in studies I-IV

Materials Composition Manufacturer Study
Transbond XT ® | BisGMA*, n-dimethyl ben- 3M Unitek, 11, 111,
(TB) zocaine, hexa-fluoride- Monrovia, California | IV

phosphate
Transbond XT ® | BisGMA*, TEGDMA** 3M Unitek, 11, 111,
Primer Monrovia, California | IV
G-Fix® Dimethacrylate monomer, GC Corporation, To- | I, II
(GF) phosphoric ester monomer, kyo, Japan
silica nanoparticle, particulate
filler resin composite
G-Aenial UDMA**** BisGMA- GC Corporation, To- | I, III
Universal Flo® TEGDMA particulate filler kyo, Japan
(GU) resin composite
everStick NET ® | Fiber impregnated with Bis- Stick Tech Ltd, Turku | I, II, IV
GMA, PMMA *** Finland
(ESN)
(Diameter and thickness of a
single glass fiber of the
weave was 6 um and 60 pm
respectively)
E-glass fibers Si02 57%; Al,O3 10%; CaO | Ahlstrom, Karhula, 11, 11,
20%; MgO 6%; B203 7%; Finland v
(4000 in number and 15 pm
in diameter)
Stick Resin ® BisGMA,TEGDMA** Stick Tech Ltd, Turku | I, I, III,
Finland v
Orthodontic Stainless steel Lancer Orthodontics; | I, II, III,
brackets Milano, Italy v
(Premolars)

*Bisphenol-A-glycidyldimethacrylate

**triethyleneglycoldimethacrylate

*#% polymethylmethacrylate

*#**urethanedimethcrylate
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4.1.1 Procurement of teeth specimens and preparation (Study I, III and
IVv):

A total of two hundred and ten premolar teeth (Study 1-60) (Study II11-90) (Study
IV-60) extracted for orthodontic therapy from 16 to 40 year-old individuals were
used in this series of studies. Tissue samples taken for therapeutic or diagnostic
purposes, or to establish the cause of death, may be surrendered and used for
medical research, method development, quality management and teaching pur-
poses with permission from the health care unit or other unit for whose activities
the sample was taken, as long as no personal data are used in the surrender or use
situation (Ministry of Social Affairs and Health, Finland 2012). Teeth were col-
lected at different time intervals according to the study needs. Teeth with any
enamel defects such as dental caries, hypoplastic enamel, or enamel fractures
were discarded and replaced appropriately. The teeth were cleaned of any tissue
remnants and blood stains and later stored in 0.5% fresh chloramine-T solution at
4° C till the start of the experiement. The teeth were individually embedded in
self cured acrylic resin so as to have the buccal bond surface parallel to the ap-
plied force during the test procedure. The enamel surface were cleaned and pol-
ished with slurry of water and non-fluoridated pumice for 10 s, rinsed under wa-
ter stream for 10 s, and then air dried. Following drying, the enamel surfaces
were etched with 37% phosphoric acid for 15 s washed using air-water spray,
and dried with oil free air jet. The prepared teeth specimens were kept ready for
orthodontic bracket bonding.

4.1.2 Orthodontic bonding (Study I, IIT and IV)
4.1.2.1 Orthodontic bracket bonding to the enamel with flowable resin
composites of different visco-elastic properties (Study I).

A total of 60 premolar teeth were allocated into 4 groups. The group’s allocation
is presented in Figure 7.

GFI-F GFI GAU-F GAU
With fibers Without fibers With fibers Without fibers
n=15 n=15 n=15 n=15

Figure 7: Flow chart of group allocation (1)

Group 1 (GFI-F): Orthodontic brackets were bonded at the center of the buccal
surface of the tooth by incorporating a continuous bidirectional glass fiber weave
between the tooth and bracket. The glass fiber prepreg weave was cut to the size
of the bracket and wetted from the surface with the Stick resin. A thin layer of a
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flowable resin (G-FIX) 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 using a hand light-curing unit
(Elipar free light, 3M ESPE, Germany). A thin layer of adhesive was used to
cover the fiber net. A single coat of Transbond XT primer was applied onto the
bracket mesh surface and was placed on the resin applied on the tooth surface
and pressed hard to expel any excess adhesive. The specimen was light cured for
20 s on both medial and distal surfaces. The wavelength of the light curing unit
was between 420-540 nm and irradiance power was 1505 mW/cm?. The light
curing unit was monitored by NIST-referenced USB 4000 Spectrometer (Manag-
ing Accurate Resin Curing, MARC) System (Bluelight Analytics Inc., Halifax,
Canada).

Group 2 (GFI): Brackets were bonded using G-FIX flowable resin without fi-
bers.

Group 3 (GAU-F): Brackets were bonded using a G Aenial Universal Flow
(GAU) flowable resin composite incorporating a fiber layer. The procedure of
bonding was similar to group 1.

Group 4 (GAU): Brackets were bonded using GAU without fibers.

4.1.2.2 Degree of conversion (DC%) and irradiance power measurement
(Study II)

In this study, adhesive resins and FRC prepregs were covered with an orthodon-

tic metal bracket, light cured, and the DC% and light irradiance power were

measured from the surface of the sensor under the materials. The group’s alloca-

tion is presented in Figure 8.
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Total samples
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Figure 8: Flow chart of group allocation (II)

The DC% and irradiance power were measured separately under different exper-
imental setups. Both the parameters tested had 4 groups with identical material
combination of adhesive materials and fiber prepregs as described below:
Control / No fiber group: In this group, the plain adhesive material (Transbond
XT) was used.

GFH: In this group, continuous unidirectional silanized E-glass fiber roving was
used. The glass fiber roving was cut to the mesio-distal dimension of the bracket
and impregnated with photo polymerizable dimethacrylate stick resin. The resin
impregnated glass fiber roving was placed in a horizontal direction (representing
the mesio-distal direction on the dental arch) under the bracket and adhesive res-
in Transbond XT.

GFV: In this group, the glass fiber roving was cut to the occluso-gingival direc-
tion dimension of the bracket and was impregnated with photo polymerizable
dimethacrylate stick resin. The resin impregnated GF roving was placed in a hor-
izontal direction (representing the occluso-gingival direction on the dental arch).
GFB: In this group, a layer of bidirectional glass fiber fabric impregnated with
dimethacrylate monomer system and poly(methylmethacrylate) (semi interpene-
trating polymer network (IPN)) was added under the bracket and adhesive resin
Transbond XT.
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4.1.2.3 Creep behavior of dimethacrylate resin composites with particulate
fillers and glass fiber fillers used for orthodontic bracket bonding
(Study III)

A total of 90 premolar teeth were allocated into 6 groups. Three groups were

bonded without fibers (n=15) and three with fibers (n=15). The group’s alloca-

tion is presented in Figure 9.

A single coat of Transbond XT primer was applied onto the enamel surface of all

the teeth and the bonding was followed as described below:

Group 1 (TB): A thin layer of resin composite (Transbond XT) was applied to

the bracket mesh surface and placed on the buccal surface of the tooth. The

bracket was pressed and kept intact for 30 s by hand pressure and the excess resin

expelled from the surfaces was removed using a scaler. The specimen was light-

cured for 20 s on both mesial and distal surfaces.

Group 2 (GF): The orthodontic brackets were bonded using G-Fix flowable res-

in composite and the procedure was identical to that of group 1 specimen.

Group 3 (GU): The orthodontic bracket was bonded using G-Aenial Universal

Flo flowable resin composite and the procedure was identical to that of group 1

and 2 specimens.

Groups
n=90

( \

Without fibers § With fibers
n=45 n=45
J
4 B\ £ N\
TB TBF
N n=15 n=15
\_ 7 Y,
f B\ £ =N
GF GFF
n=15 n=15
. ) & J
i BN & N
GU GUF
n=15 =15
. J U J

Figure 9: Flow chart of group allocation (III)
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Group 4 (TBF): The metal brackets were bonded by incorporating unidirection-
al silanized E-glass fiber roving between the tooth and bracket. The glass fiber
roving was cut to the size of bracket width, impregnated with stick resin and was
oriented in an occluso-gingival direction. A thin layer of Transbond XT resin
composite was applied to surface of the bracket and pressed against the tooth and
fibers for 30 s by hand pressure. The excess resin was removed using a scaler and
light cured for 20 s on both mesial and distal surfaces

Group 5 (GFF): The procedure was similar to that of group 4 except that the
brackets were bonded using G-FIX resin composite.

Group 6 (GUF): The procedure was similar to that of group 3 and 4 specimens
except that the bracket was bonded using G-Aenial Universal Flo resin compo-
site.

4.1.2.4 Creep behavior of resin composite interfaces reinforced with FRC
of unidirectional or bidirectional continuous fiber and convention-
al particle filler composite (PFC) (Study IV).

A total of 60 premolar teeth were allocated into 4 groups (n=15). The group’s

allocation is presented in Figure 10.

TBC TBE TBV TBH
Without fibers With fibers With fibers With fibers
n=15 n=15 n=15 n=15

Figure 10: Flow chart of group allocation (IV)

Group 1 (TBC)/Control: A thin layer of Transbond XT resin composite was
applied onto the bracket mesh and pressed against the buccal surface of the tooth
surface for 30 s by hand. The excess resin around the bracket was removed using
a scaler. The specimen was light-cured for 20 s on both mesial and distal surfaces
Group 2 (TBE): In this group, a layer of continuous bidirectional glass fiber
weave (everStick NET) was added between the bracket and tooth. The glass fiber
weave was cut to the size of the bracket. A thin layer of Transbond XT resin
composite was applied onto the bracket mesh; the glass fiber weave was placed
on the composite and pressed firmly against the tooth surface for 30 s by hand.
The excess resin around the bracket was removed using a scaler and the speci-
men was light-cured for 20 s on both mesial and distal surfaces.
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Group 3 (TBH): In this group, continuous unidirectional silanized E-glass fibers
were used between bracket and resin composite. The E-glass fiber weave was cut
to the size of the bracket width and was wetted with stick resin. A thin layer of
thin layer of Transbond XT resin composite was applied onto the bracket mesh,
the E-glass fiber weave was placed in a horizontal direction (mesio-distal width
of the bracket) on the resin composite and pressed firmly against the tooth sur-
face for 30 s by hand. The excess resin around the bracket was removed using a
scaler and the specimen was light cured for 20 s on both mesial and distal surfac-
es.

Group 4 (TBV): The bonding of orthodontic bracket in this group was similar to
tht of the specimens of group 3 except for the orientation of the E-glass fiber
weave which was placed in a vertical direction representing occluso-gingival
width of the bracket.

4.1.3 Specimen preparation for nanoindentation test (Study I and IV)

Three disc-shaped specimens measuring 12 mm in diameter and 2 mm in thick-
ness per each resin material tested (GFI and GAU) were prepared using a metal-
lic mold. The mold was placed on the microscope glass slide and resin composite
material was packed into the mold. The top portion of the mold was covered by
another glass slide and compressed to remove excess materials and to ensure uni-
form distribution of composite material in the mold (Figure 11). The specimens
were light cured according to manufacturer’s instructions from both the top and
bottom surfaces. For specimens (ESN) incorporating everStick NET, fiber
weave, wetted with stick resin, was stacked in layers to obtain a specimen of 2
mm in thickness. The specimens were irradiated in multiple areas to ensure opti-
mum polymerization. All the specimens were kept dry at room temperature for
24 h before nanoindentation testing (Study I).

For determining the differences in the nano-mechanical (nanohardness and
elastic modulus) properties of Transbond PFC, woven FRC, and unidirectional
FRC resin matrix, the conventional composite resin (without fibers) was careful-
ly removed from the interface of bracket edges after bracket debonding. The res-
in was embedded in auto-polymerizing resin and polished using Flexi snap kit
abrasive disks in decreasing grit size of the abrasive material (Study I'V).
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Figure 11: The mold used for preparing round specimen for nanoindentation test

(Study I and 1V)

4.1.4 Specimen preparation for flexural strength (creep and recovery) test
(Study III and IV)

Five rectangular specimens (10.0 x 4.0 x 2.0) mm?® were prepared for each resin
composite material tested with and without incorporation of glass fibers. A 10
mm of unidirectional silanized E-glass fiber roving impregnated with stick resin,
was embedded within the resin composite materials (Transbond XT/G-Fix/G-
Aenial universal flo) and molded into rectangular shape (Figure 12) using a metal
mold. The rectangular specimens were irradiated using a light curing unit for 20 s
on both sides of the specimen. The cured specimens were polished and stored in

de-ionized water for 24 hours before the start of the test procedure (Study I1I).
For specimens in study IV, the rectangular specimens were prepared in-

corporating bidirectional glass fiber weave and unidirectional E-glass fibers ori-
ented as shown in Figure 13.

Figure 12: Rectangular specimen for flexural strength (creep and recovery) test

(Study IIT and IV)

Specimens incorporating bidirectional glass-fiber weave (TBE): A suitable
length of everStick NET fiber weave was laminated with stick resin and incorpo-
rated between Transbond XT composite resin layers (Figure 14a). The fiber ori-
entation was 0/90 degrees to the long axis of the specimens. The top surface of
the specimens was covered with a plastic matrix to obtain a smooth surface. To
standardize the thickness of the specimens, 50 g of weight was placed on the
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specimens for 30 s. The excess resin was carefully removed, and specimens were
irradiated using a light curing unit for 20 s on both sides of the specimens.
Specimens incorporating unidirectional glass fibers along the long axis of
the specimen (TBV): A 10 mm of unidirectional silanized E-glass fiber roving
impregnated with stick resin was embedded within Transbond XT resin compo-
site (Figure14b). The E-glass fibers were oriented vertically (along the long axis
of the specimens) and the excess resin was carefully removed, and specimens
were irradiated using a light curing unit for 20 s on both sides of the specimens.
Specimens incorporating unidirectional glass fibers perpendicular to the
long axis of the specimen (TBH): A 4 mm of unidirectional silanized E-glass
fiber roving impregnated with stick resin was embedded within Transbond XT
resin composite (Figurel4c). The excess resin was carefully removed, and spec-
imens were irradiated using a light curing unit for 20 s on both sides of the spec-
imens.

Specimens without fibers (TBC) (control): The specimens were prepared with-
out intermediate fiber layer (Study IV).

10 mm

C

Figure 13: Fiber arrangement for preparing rectangular specimens for three point
bending test. a) Bidirectional continous fibers (everStick NET); b) E-glass fibers ori-
ented vertically (along the long axis of the specimen) and c) E-glass fibers oriented
horizontally (perpendicular to long axis of the specimen)

4.2  Methodology

4.2.1 Determining the magnitude of debonding stress of orthodontic
brackets bonded with resin systems having different visco-elastic
properties (Study I).

All the specimens were stored in de-ionized water at room temperature for 24

hours prior to mechanical testing.
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4.2.1.1 Debonding Test

The teeth specimens were mounted in a universal testing machine (Instron Cor-
poration, Canton, Massachusetts, USA), so as to have the enamel surface parallel
to the shearing rod. The shearing rod was stretched in an occluso-gingival direc-
tion at a crosshead speed of 1 mm/min and the maximum load necessary to
debond the bracket from the tooth was recorded. In addition, the displacement
was also recorded, and the strain was calculated.

4.2.1.2 Evaluation of fracture sites

Following debonding, all the bracket bases and enamel surfaces were evaluated
using a light stereomicroscope (Nikon SM2-10, Tokyo, Japan) at a 20x magnifi-
cation to determine the failure mode and also to evaluate the character of
debonded surface. The failure sites were classified using the 4-point scale (Type
0, 1, 2, or 3) according to the Adhesive Remnant Index (ARI) as listed below.

0 = No adhesive remaining on the enamel surface

1 = Less than 50% of the adhesive remaining on the enamel surface

2 = More than 50% of the adhesive remaining on the enamel surface

3 = All adhesive remaining on the enamel surface with a distinct impression of
bracket mesh (Artun and Bergland, 1984).

4.2.1.3 Scanning electron microscopy (SEM) analysis

A representative specimen (tooth and bracket) from each group was further ana-
lyzed using SEM after debonding. The SEM micrographs were obtained using a
scanning electron microscope (Jeol JSM-5900 LV SEM, Tokyo, Japan) at an op-
erating voltage of 10 kV and a 300x magnification.

4.2.14 Nanoindentation test (I and IV)

The hardness and elastic modulus of the round specimens were determined using
a nano-indentation device (Bruker, Tucson, AZ, USA). The device was equipped
with a Berkovich diamond indenter tip and the testing was performed at a con-
trolled temperature of 23° C in low noise conditions with loading and unloading
rates of 0.01 and 0. 02 mN/s respectively. The resting period of 5s was main-
tained between loading and unloading and indentation load ranged from 0 and 10
mN.

4.2.2 Measurement of degree of conversion (DC%) and irradiance power
(Study II)
4.2.2.1 Measurement of DC%

The measurement of DC% was performed using Fourier transform infrared spec-
troscopy (FT-IR) (Spectrum 100, Perkin Elmer Precisely, UK) device with an
attenuated total reflectance (ATR) sampling accessory. The bracket base was
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covered with Transbond XT adhesive (with or without intermediate fiber layers)
and pressed firmly with a 1 mm thick glass slide against the 3.2 mm diameter Zn-
Se ATR crystal to ensure proper contact of the specimen (Figure 14). The excess
resin was carefully removed from the bracket surface before polymerization. The
mesial and distal sides of the bracket edges were irradiated for 20 s each using a
hand held light curing unit.

Orthodontic bracket

Fibers

(GFH/GFV/GFH) Transbond XT adhesive

Attenuated Total Reflectance (ATR)
sampling accessory

Figure 14: Schematic presentation of the adhesive layers incorporating intermediate
glass fibers underneath the metal bracket for DC% measurement

The FT-IR spectra of the adhesive resin material (with or without intermediate
fiber layers) before and after light exposure were recorded. The FT-IR spectra
were recorded at 2, 4, 6, 8 and 12 min and each spectrum was recorded with 20
scans of 8 cm™! resolution. The intensities of the absorbance aliphatic C=C peak
at 1638 cm™!' and aromatic C=C reference peak at 1608 cm ' were measured by
applying standard baseline technique. The ratio of the absorbance intensities of
aliphatic C=C and aromatic C=C was compared before and after polymerization
to determine the amount of the unreacted aliphatic C=C bond by using the fol-
lowing equation (2) (Viljanen et al., 2004; Viljanen et al., 2005; Shinya et al.,
2009).

Caliphatic/caromatic

pc={1- }x 100 2)

Ualiphatic/Uaromatic

4.2.2.2 Measurement of irradiance power

The irradiance power of Elipar Free Light 2 curing unit tip underneath of bracket
and adhesive resin (with or without intermediate fiber layers) was measured us-
ing spectro-radiometrically calibrated NIST-referenced USB 4000 Spectrometer
(MARC (Managing Accurate Resin Curing)). The MARC device is a fiber optic
spectrometer equipped with a 3648-element linear CCD array detector
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(TCD1304AP, Toshiba, Japan) (Figure 15). The sensor in the detector is a CC3-
UV Cosine Corrector designed to collect radiation over 180°. Irradiance at wave-
lengths of 420540 nm was used during the 20 s curing.

Hand held light Orthodontic bracket

curing unit

CC3-UV sensor to

collect light radiation
at 180°

Fibers Transbond XT adhesives
(GFH/GFV/GFH)

Figure 15: Schematic presentation of the adhesive layers incorporating inter-
mediate glass fibers underneath the metal bracket for irradiance power meas-
urement

4.2.3 Determination of creep behavior of resin composite interfaces of di-
methacrylate resin composites with particulate fillers and glass fiber fillers
(Study III)

Shear stress creep behavior was tested using two testing set-up: tooth-bracket
interface experimental model and three-point bending model.

a) Tooth-bracket interface experimental model: The static creep behavior was
tested using a universal testing machine (Instron Corporation, Canton, Massachu-
setts, USA). An orthodontic bracket, bonded on a tooth specimen, was placed on
the sample holder. A constant load of 20 N (equivalent to the minimal debonding
force of an orthodontic bracket) was directed towards the adhesive interface us-
ing a knife edged guillotine rod stressing at the interface (Figure 16). The dura-
tion of the sample loading period varied for the groups and the load applied was
constantly monitored during the entire experimental procedure. The strain-% and
time required to debond the bracket base from the adhesive interface was record-
ed by the software connected to the universal testing testing machine.

b) Creep and recovery test in a three-point bending model

The creep and recovery behavior of adhesive materials with or without fibers
incorporation were measured using the Dynamic Mechanical Analyzer in three-
point bending mode.The testing conditions of DMA device was a preload of
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0.0005 N and a maximum load of 35 N, a controlled temperature of 23° C, and a
force resolution of 0.00001 N. The three-point bending is considered to present a
“pure” mode of deformation because the tested specimen is freely supported by
fulcrums, without any clamping effects (Figure 17). In this model, a constant
stress is applied to the specimen surface as the upper arm contacts the specimen,
and the resultant strain is measured over time. Once the stress is removed, the
recovery strain of the specimen is also measured.

Load (20N)

Transbond XT/G-Fix/
G-Aenial universal flo

(with or without fiber
reinforcement)

Figure 16: Schematic presentation of the interface loading in a universal testing ma-

chine

Figure 17: Specimen for creep and recovery test in a three-point bending model
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4.2.4 Determination of creep behavior of resin composite interfaces rein-
forced with FRC of unidirectional or bidirectional continuous fiber
and conventional particle-filled composite (PFC) (IV).

The creep behavior of the interface materials was tested using two test models:

tooth-bracket interface experimental model and three-point bending model.
a) Tooth-bracket interface experimental model: The loading of the adhesive

resin-orthodontic bracket interface was performed with a dynamic mechanical
analyzer (RSA-G2, TA instruments; New Castle, DE, USA). The constant load
application was at two different sites. First, the loading cell of the DMA device
(maximum load: 35 N) was directed onto the resin interface between enamel and
bracket. Secondly, the interface was loaded with weights equaling 250 g freely
suspending from the archwire slot using orthodontic ligature wire (Figure 18).
The applied load and the shear stress were monitored constantly during the entire
test procedure to determine strain at the interface. Following bracket deflection,
the loading ceased automatically, and the data were recorded with the help of the
software connected to the DMA device.

Force

Transbond XT (with ot without

intermediate fiber layers) Weight suspended from
bracket wire slot

Figure 18: Schematic presentation of the interface loading for determining creep be-

havior

b) Creep and recovery test in a three-point bending model

The creep and recovery behavior of adhesive materials with or without fibers
incorporation were measured using the Dynamic Mechanical Analyzer in three-
point bending mode similar to the one described above.
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4.2.5. Statistical analysis

All the data obtained were analyzed using Statistical Package for Social Sciences
(SPSS) (SPSS Inc., Chicago, IL, USA) v. 18. One way analysis of variance
(ANOVA) and suitable post koc analyses test were applied to the data. A "P’
value < .05 was considered as statistically significant. Linear or non-linear re-
gression analysis was performed for studies 1 and 3.



Result 45

S RESULTS

5.1  Effect of elastic properties of the adhesive material at the interface
between orthodontic bracket and enamel (Study I)

The mean values of the load required to debond the brackets and the strain% are
presented in Table 2. The load required to debond a bracket was found to be
highest for the groups incorporating reinforcing fibers. Among the fiber groups,
Group GFI-F required increased load to debond the bracket followed by Group
GAU-F. Among the non-reinforced groups, Group GFI required increased load
followed by Group GAU. Significant differences were observed between the
groups for the load (N) and strain-% (P <.05).

Table 2: Mean values of the load (N) and strain-% of the samples in the test
groups (I)

Groups (n=15) Load (N) Strain-%
GFI-F 77 £1.964 13.50+1.77 4
GFI 50.21 £ 0.89 B 880+09]8
GAU-F 60.26+1.19€ 10.56 +£0.73 €
GAU 36.82+0.84 0 6.56+0.46 D

Different capital letters in a column mean statistical significant differences between the
groups (P < .05)

Adhesive Remnant Index (ARI) scores revealed more remnants on the
bracket surfaces when the adhesive’s polymer matrix had a low elastic modulus
(GFI-F and GAU-F). In the groups with reinforcing glass fibers, the fracture oc-
curred near the bracket surface. No instances of enamel fracture were observed
during the debonding process in any of the groups (Table 3).

The results of the nanoindentation test to determine the elastic modulus of
the test specimens are presented in Figure 19. Group GAU demonstrated an in-
creased load penetration depth indicating a high elastic modulus. This was fol-
lowed by Groups GFI and ESN, respectively.
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Table 3: Fracture modes according to the Adhesive Remnant Index (ARI) (I)

Groups Adhesive remnant index (ARI) scores
(n=15) 0 I 2 3
GFI 3 4 3 5
GFI-F 1 2 4 8
GAU 3 6 6 2
Cals 2 3 3 7
12
10 AU G-Fix
E 8
g
g 6
o
5
4
2 ESN
0 e
0 0.28 0.56 0.84 1.12 140 3.00
Depth (um)

Figure 19: Load penetration depth graphs for determining the nanomechanical

properties of the test specimens (I).

The representative SEM micrographs demonstrated that the groups with
glass fibers (GFI-F and GAU-F) had more of adhesive retained on bracket sur-
face, and an impression of the fiber texture could be detected on the enamel sur-
face. In non-reinforced groups, the adhesive was found on the surface of bracket
in GFI group, but in the group GAU adhesive remnants were found on both

enamel and bracket surfaces (Figure 20).
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Figure 20: Representative SEM micrographs of the enamel surface and bracket after
debonding (1a, 2a, 3a, 4a (enamel surface) and 1b, 2b, 3b, 4b (bracket)) of groups GFI-
F, GAU-F, GFI, and GAU respectively (I)
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5.2 Effect of continuous E-glass fiber orientation on degree of conversion
(DC%) and irradiance power (Study II)

Degree of conversion results: The Fourier transform infrared spectroscopy (FT-
IR) measurements showed an increased DC% over time in all the groups tested
(Figure 21). The final DC% values after 12 minutes of light irradiation are pre-
sented in Table 4. Following 12 minutes of light polymerization, the groups with
continuous unidirectional fiber groups (GFH and GFV) demonstrated an in-
creased DC% compared to groups with bidirectional glass fibers (GFB) and con-
trol. The DC% was 55.4% and 54.7% for the unidirectional FRC groups, GFH
and GFV respectively, and 45.8% for group GFB and 38% for the control group.
A significant difference in the DC% was observed between the groups except
between groups GFH and GFV (P < .05).

Degree of conversion (DC %)

01

2 4 6 8 10 12
Time (min)

Figure 21: Degree of conversion of the groups plotted against irradiation time (II)

Irradiance power results: The mean irradiance power (mW/cm?) values of the
fiber orientation systems tested are presented in Table 4. The mean irradiance
power was found to be high in the groups incorporating unidirectional glass fi-
bers (GFV and GFH) compared to group with bidirectional fibers (GFB) and
control. The irradiance power was 95 and 94.2 for groups GFV and GFH respec-
tively followed by group GFB with 83.8 and control group with 74.4 (Figure 22).
A significant difference in the irradiance power was observed between the groups
except between groups GFH and GFV (P < .05).
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Figure 22: The irradiance power of the light curing device under the bracket for a peri-
od of 21.5s (I

Table 4: Mean DC% and irradiance power of the groups (II)

Groups DC% Irradiance power
(n=10) Mean + SD Mean + SD

Control 38.0 + 1.94° 74.4 + 4.29°
GFH 55.4+1.31° 94.2 +3.85°
GFV 5477 +1.49b 95.0 +4.26°
GFB 45.8+0.81° 83.8 +4.31°¢

* Different lower case letters in a column indicates mean with statistical difference (P < .05)

The regression analysis plotting DC% against irradiance power showed a posi-
tive correlation between them (Figure 23)
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Figure 23: Regression line of irradiance power (mW/cm?) plotted against degree of
conversion (DC%) (I)

5.3  Creep behavior of resin composite interfaces of dimethacrylate resin
composites with particulate fillers and glass fiber fillers (I1I)

Table 5 present the mean strain and time required for debonding of the groups
tested. The glass fibers reinforced groups (TBF, GFF, and GUF) demonstrated
increased strain values compared to non-reinforced groups (TB, GF, and GU).
Group GFF presented with highest strain values among both non-reinforced and
reinforced groups. This was followed by Groups TBF<GF<TB<GUF<GU. Sig-
nificant differences were observed between the groups except for groups TB and
GF (non-reinforced groups) and TBF and GFF (reinforced groups) (P <.05). The
assessment of debonded surfaces presented with more of adhesive failures in all
the groups.
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Table 5: Mean values of strain-% and debonding time (I1I)

Groups Strain-% Time (min)
a a

Groups Group 1 (TB) 8.23 (0.49) 237 (2.42)
without fiber Group 2 (GF) 9.19 (1.05)* 285.4 (1.89)?
reinforcement

Group 3 (GU) 6.53 (0.68) 157.2 (1.55)°
T Group 4 (TBF) 10.9 (0.34)° 312.6 (2.13)°
fiber Group 5 (GFF) 11.4 (0.50)° 377.4 (2.02)°
reinforcement

Group 6 (GUF) 8.10 (0.72)* 227.1 (1.89)°

Same lower case alphabets within a column indicate that data are not statistically different
(P>.05)

Dynamic mechanical analysis of the rectangular specimens demonstrated
increased compliance of the Group GF followed by GU and TB groups in non-
reinforced groups. In groups with reinforcing fibers, increased creep compliance
was observed for Group GFF, intermediate for Group TBF group and least com-
pliance was seen in Group GUF. The incorporation of glass fibers at the adhesive
interface increased the compliance of Group TB compared to Group GF (Figure
24).

The regression analysis of strain-% plotted against debonding time
showed a positive but non-significant correlation between the variables when the
glass fiber reinforced groups (P=.193) and non-reinforced groups (P=.0120) were
analysed separately (Figure 25). Nevertheless, the pooling of all subgroups of
both the reinforced and non-reinforced groups demonstrated a statistically signif-
icant correlation (P=.008).
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Figure 24: Dynamic mechanical analysis of the rectangular specimens

a) Without fibers b) With fibers
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Figure 25: The regression line relating strain against debonding time (GPa values refer
to the elastic modulus of the tested material) (II)

5.4  Creep behavior of resin composite interfaces reinforced with FRC of
unidirectional or bidirectional continuous fiber and conventional par-
ticle-filled composite (PFC) (IV)

Table 6 present the mean strain-% and time required for causing bracket deflec-

tion of the tested groups. The time required for interfacial strain to deform the

adhesive interface was less in the control Group TBC with PFC, followed by
groups TBE, TBV, and TBH with FRCs. The adhesive interface loading of cross-
linked polymer matrix (groups TBV and TBH) differed statistically significantly

from the IPN matrix interface (Group TBE) and control Group (TBC) (P < .05).

No significant difference was observed in strain-% or time between the groups

TBC and TBE; TBV and TBH (P >.05).
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Table 6: Mean values of strain-% and time required for bracket debonding (IV)

Group Strain-% Time (min)
Group 1 (TBC) 7.10 (1.08) 112 (1.12)
Group 2 (TBE) 8.53 (0.89) 125 (0.87)°
Group 3 (TBV) 10.73 (0.77)° 137.5 (2.05)°
Group 4 (TBH) 11.67 (0.44)° 147.5 (1.88)°

Different alphabets within a column indicate statistically significant values between the
groups (P <.05)

The creep deformation occurring at each time point (creep compliance) in
the three point bending mode demonstrated an increased compliance with Group
TBH incorporating glass fibers oriented perpendicularly to the long axis of the
specimen. The least creep compliance was seen with Group TBC (PFC), fol-
lowed by groups TBV (glass fibers oriented parallel to the long axis of the spec-
imen) and TBE (bi-directional fibers) (Figure 26).
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Figure 26: Creep compliance (strain) of the materials of different groups
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Table 7 presents the nano-mechanical properties of the resin composite polymer
matrix collected from the interface between bracket and tooth. Group TBC with
PFC interface showed the highest nanohardness and elastic modulus, while the
smallest values were seen in group TBE (semi-IPN matrix interface). Significant
differences were observed between the groups (P < .05) except for groups with
cross-linked interface matrices (TBV and TBH) (P > .05).

Table 7: Mean nanohardness and elastic modulus (GPa) of the study groups (IV)

Groups Nanohardness Young’s Modulus
Group 1/TBC 0.22 £0.02° 14.32 +1.09°
Group 2/TBE 0.01 +0.03° 1.10 + 0.89°
Group 3/TBV 0.15+0.04¢ 375+ 1.14°
Group 4/TBH 0.14 +£0.06° 5.19£1.29°

* Different lower case alphabets within a column indicate statistically significant values
between the groups (P <.05)

The load penetration depth of the indenter tip was more for Group TBC, fol-
lowed by Groups TBH and TBV. Group TBE with semi-IPN interface required
the least load, and a small increase in the penetration depth of TBH and TBV
during unloading was observed (Figure 27). The load penetration depth corrobo-
rated well with the nano-mechanical properties (nanohardness and elastic modu-
lus) values of the tested groups. An increased load penetration depth was directly
related with increased nano-mechanical properties of the groups.
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6 DISCUSSION

This series of studies aimed at studying the behavior of resin composites at the
bracket-tooth interface under different conditions with or without use of interme-
diate layers of glass fibers. Adhesive interface between bracket and enamel is
based on adhesion of resin based material to enamel and to bracket. The adhesion
of the bracket is typically reinforced by mechanical retention on the bracket
bonding surface. Debonding of the bracket can occur either from the interface to
enamel or to bracket, or within the interface material. The mechanism of debond-
ing is related to the adhesion strength, elasticity and viscosity of the adhesive
resin and thickness of the adhesive resin layer. Bonding strength is influenced by
brackets, adhesive systems and composite resin. Bonding strength can also be
enhanced by use of glass fibers. To better understand the influence of glass fibers
in orthodontic bonding it is necessary to study the effect of fiber orientation on
curing efficacy of adhesives and also the effect of fiber orientation on the
debonding force. The curing efficacy of the adhesives used in bonding was de-
termined using FTIR and MARC device. The effect of fiber orientation on the
debonding force was assessed by bonding the bracket to tooth using layers of
unidirectional glass fibers in horizontal and vertical directions and subjecting to
debonding by static and creep forces with different directions of stress.

6.1 Effect of elastic properties of the adhesive material at the interface
between orthodontic bracket and enamel (Study I)

This study investigated the elastic modulus of the interface material between or-
thodontic bracket and tooth, and the possible variations in the magnitude of
debonding force and strain when the bracket is removed. This question was
found to be important for a deeper understanding of the mechanisms that underlie
bracket failures during orthodontic treatment, or an intentional removal of a
bracket. The study was encouraged by the increasing use of light-curing flowable
composite resins for orthodontic bonding (Scribante et al, 2006; Ryou et al,
2008; Pick et al., 2010). Addition of a glass-fiber-reinforced resin composite sig-
nificantly increased the bond strength and load necessary to debond brackets
from the enamel. The composite, with a bidirectional orientation of fibers, had a
thickness of 60 pm, which affected the thickness of the interface layer more than
the other interface materials (Shinya et al., 2009). A shortcoming of the experi-
mental part of this work was the fact that the thickness of the adhesive interface
was not the same in all the groups. However, the study followed standard clinical
procedures. The results of the present study showed that the incorporation of a
bidirectional glass-fiber-reinforced composite (GFI-F and GAU-F) increased the
debonding force and strain compared with non-reinforced composite resins (GFI
and GAU). The working hypothesis that there was no significant difference in the
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debonding stress of an orthodontic bracket bonded with resin systems of different
visco-elasticity is rejected.

The nanoindentation study demonstrated varying elastic modulus of the
polymeric matrix of the test materials (Figure 19). It should be noted that the
nanoindentation tests were performed for the polymeric matrix of the composite
resin (either flowable particulate composite or a fiber-reinforced composite), that
on the average, made up half the volume of the material. Therefore, the test val-
ues of elastic modulus only partly reflect the elastic properties of the composite
material. A significant correlation between the debonding force and strain and
elastic modulus of the polymeric matrix of the composite was found. This sug-
gests that the interface with a lower elastic modulus behaves as a stress absorber
allowing strain to develop during debonding before actual break of the attach-
ment.

The analysis of Adhesive Remnant Index (ARI) scores (Table 3) revealed
that more remnants of the adhesive material were left on the bracket surface
when polymeric matrix adhesives with a low modulus of elasticity were used. In
the groups with glass fibers, the fracture occurred near the bracket surface and
this fracture mode suggests that the chance of enamel fracture during debonding
was low. No instance of enamel fractures were observed during the debonding
process. It is known that the resin matrix of the ESN glass-fiber-reinforced com-
posite has a high viscosity before the cure and polymer formation (Lastumaki et
al., 2002). The high viscosity is due to the presence of PMMA macromolecules
in the resin of BisGMA monomer liquid. The values of debonding load found in
the present study are in accordance with the results of previous studies (Newman
et al., 1995; Carvalho et al., 2000). Bond strengths of 6-8 MPa are reported to be
enough for clinical orthodontic needs (Reynolds, 1975; Turgut ef al., 2011). Ac-
cording to Newman et al., (1995) the shear bond strength should be less than 21
MPa to avoid the enamel damage. However, 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 (Carvalho et al, 2000). The
groups with glass fibers showed comparatively higher bond strengths than the
non-fiber reinforced groups, but they were low enough to prevent undue effect on
the enamel. It is important to emphasize that the so-called shear bond strength
tests are sensitive to many sources of inaccuracies, and the obtained stress values
cannot be considered as exact estimates of the maximum shear stress that is nec-
essary for debonding. Therefore, the shear stress values cannot directly be com-
pared with bond strength results of other studies. Our recommendation is that the
debonding force should be used in comparisons instead of the shear bond
strength.

Clinically, the results of the study suggest that the probability of bracket
failure during orthodontic therapy can be made lower by selecting an adhesive
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material with low elasticity. The load necessary to debond a bracket was high for
all groups incorporating glass fibers. However, a higher debonding force does not
necessarily make an intentional removal of a bracket more difficult. The force
exerted by orthodontic wires is static and long-term. Therefore, an understanding
of possible viscoelastic properties of the interface of the IPN-type resin under
constant load is important when considering undesired debonding of brackets due
to forces caused by orthodontic wires. Thus, an insight into the elastic and visco-
elastic 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 contribute to the bonding strength.

6.2 Effect of continuous E-glass fiber orientation on degree of conversion
(DC%) and irradiance power (Study II)

The DC% of light-curing monomer systems under orthodontic brackets is very
important for successful bonding. The DC% of the resin composites has been
measured by direct or indirect methods such as optic and electron microscopy,
high performance liquid chromatography(HPLC), differential thermo gravimetric
analyses (DTA), and vibratory methods, such as fourier transformation infrared
spectrometry (FTIR), ultraviolet visible spectrometry (UV-Vis) and Raman spec-
troscopy (Ozturk et al., 2013). In the present study, the DC% was measured us-
ing FT-IR spectroscopy because it enables monitoring of the curing process dur-
ing light irradiation under a metal bracket (Shinya ez al., 2009). Additionally, FT-
IR method provides a direct measurement of unreacted methacrylate groups, and
it has been shown to be a reliable technique for detecting C=C bond stretching
vibrations directly before and after curing of resin composite (Eliades et al.,
1987; Imazato et al., 1995; Alshaafi and Alqahtani, 2013). The top surface of the
adhesive test material in this setup was covered with a metal bracket, which pro-
tected the resin from light. The bottom surface was in contact with the ATR sen-
sor and simulated the contact surface of enamel.

The curing efficiency of the adhesive resins beneath the metal bracket de-
pends on the ability of the light to penetrate the resin material and on the amount
of light scattered from the background surface (Fan et al., 1984). In the present
study, the control group had a DC% value of 38% was low compared to the gen-
erally accepted values for light curing resins and resin composites. A lower DC%
indicates that energy of the curing light under the bracket did not allow for suffi-
cient polymerization with the regular curing time. Obviously, the total energy
from the irradiation is dependent on the curing time, and the DC% would have
been greater if the curing time was longer. Regardless, if improved biocompati-
bility of materials is desired, more emphasis should be placed on higher DC%
values.
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The addition of glass fibers under the bracket in the other groups of the
study, namely groups GFV, GFH, and GFB, showed increased DC% values
(Figure 21). This is probably due to the glass fibers, which are capable of trans-
mitting light and, in certain circumstances, also to scatter light from the fibers
(Shinya et al, 2009). The main objective of this study was to find out whether the
fiber orientation could influence light transmission and scattering and enhance
the curing of the adhesive resin. It should be noted that two photo curing mono-
mer systems to be polymerized were studied: adhesive resin Transbond XT and
the BisGMA-TEGDMA resin matrix of the FRC. There were minor differences
between the resin matrix composition of the groups with unidirectional fibers
(GFV and GFH) and bidirectional fibers (GFB). The latter also contained small
quantities of poly-methyl-methacrylate in the dimethacrylate matrix (semi-IPN).
This is known to have an influence on the polymerization rate but affect less the
final DC%.

The DC% of the adhesive resin Transbond XT with unidirectional fibers
(GFV and GFH) showed significantly higher values compared to samples with
bidirectional fibers (GFB). To some extent, the higher DC% at the measuring
time point could be explained by the lower viscosity of the matrix in the resin of
groups GFV and GFH than in the group GFB, which contained matrix with the
semi-IPN system. Lower viscosity resulted in an increased curing rate, so DC%
could have been higher due to the increased mobility of the molecules (Dickens
et al., 2003). The lower viscosity of the monomer system in groups GFH and
GFV is due to the presence of TEGDMA and the lack of polymethyl methacry-
late. This has been shown to affect the rate of monomer conversion and early
DC% (Asmussen, 1982; Ferracane and Greener, 1984). It is hypothesized that the
orientation of glass fibers might also influence the DC% of the adhesive resin
Transbond XT under the layer of FRC in groups GFV, GFH and GFB. Therefore,
a distinction between DC% of the adhesive resin Transbond XT and the resin
matrix of FRC needs to be made: the DC% measurement was made to show cur-
ing of Transbond XT, not that of the resin matrix of FRC. Nevertheless, the re-
sults did not show any significant change in DC% values of adhesive resin
Transbond XT between the groups GFV and GFH, which suggests that with the
present study design, optical anisotropicity and light scattering from fibers, could
not be detected, probably due to the small dimensions of the samples (bracket).
Interestingly, the group GFB showed a lower DC% of the adhesive resins Trans-
bond XT even though glass fibers were present. The orientation of the glass fi-
bers and the diameter of the glass fibers in the group GFB differed from that of
other FRC groups; fibers were bidirectionally oriented in the group GFB, and the
diameter of the glass fibers was 6 micrometers in group GFB and 16 micrometers
in groups GFV and GFH. Both of these aspects could have influenced the differ-
ences in the DC% between the groups. It is also possible that although the glass
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fibers in the groups GFH, GFV and GFB were of the E-glass type, there could
have been some variation in the glass composition, which could have influenced
the refraction index and scattering of light from the fibers.

The Elipar Free Light 2 curing device reached a radiance of 1505 mW/cm?
with standard irradiation mode when measured with a MARC device. As to irra-
diation power under the FRC layer, it was found that the values obtained in the
present study varied significantly between the groups, except between GFH and
GFV (Figure 22). The measured mean irradiance power was found to be higher
in the groups where glass fibers were incorporated into the test setup. As ex-
pected, there was a clear correlation between the light irradiation power and cor-
responding DC% (Figure 23). The amount of light transmitted through a resin
based composite is dependent on the amount of scattered and absorbed light
(Musanje and Darvell, 2006). Irradiance, also called “light intensity” or “power
density”, i.e., power (mW) divided by area (cm?), may vary depending on how it
is measured. Beam profiles of light curing units are often inhomogeneous, the
power being unequally distributed across the tip end (Flury et al., 2013). The
actual irradiance underneath the bracket is limited by the metal bracket and the
thickness of the adhesive resin. The power of irradiance (mW/cm?) and the cur-
ing time (s) are called radiant exposure (“energy density” or “energy dose”;
J/em?), and it consequently describes a simple reciprocal relationship: if irradi-
ance is decreased, the light curing time must be increased (Halvorson et al.,
2002; Musanje and Darvell, 2003; Hadis et al., 2011). Some researchers maintain
that similar radiant exposures with varying combinations of irradiance and light
curing time lead to similar material properties (Halvorson et al., 2002; Emami
and Soderholm, 2003), while others have argued that irradiance and light curing
time independently influence the curing process and consequently the material
properties (Asmussen and Peutzfeldt, 2005; Peutzfeldt and Asmussen, 2005;
Musanje and Darvell, 2006). Nonetheless, it can be assumed that certain thresh-
old energy is needed to initiate photo curing.

The working hypothesis that the glass fiber orientation did not significant-
ly affect the DC% and the total irradiance under the bracket in the present study
is rejected. Further studies are required to determine the relationship between the
threshold energy, which initiates photo curing, and the propagation energy of
polymerization.

6.3  Creep behavior of resin composite interfaces of dimethacrylate resin
composites with particulate fillers and glass fiber fillers (Study I1I)

This study evaluated the creep behavior of the adhesive resins at the tooth-
bracket interface subjected to static loading. The specimens were loaded with a
minimal load of 20 N which is less than typical debonding force of the bracket
that varies between 20-40 N (Valletta et al., 2007). The load used in this study
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was considerably higher than the loads used in orthodontic aligning of teeth
(Weinstein, 1967; Matarese et al., 2008; Baccetti et al., 2009; Montasser et al.,
2013). There are some aspects that have to be considered when interpreting the
magnitude of load and the stress that were used in this study. From a practical
perspective, loads considerably lower than those used in the study would have
required longer laboratory and instrument time, making the study more challeng-
ing to perform. Therefore, the load selected were higher than used in orthodontic
tooth alignment, but lower than average debonding force to provocate the creep
to occur at the resin composite adhesive interface. On the other hand, the load
was applied to the resin composite interface, close to the bracket’s bonding sur-
face. This means, that the stress was predominantly of shear type rather than hav-
ing tensile stress component, which would be the case when the load is transmit-
ted to the interface from the arch wire slot of a bracket. With the type of bracket
used in the study, the distance from the slot to the bonding surface was 1.56 mm,
which would have been the momentum if the loading would have taken palce
with a cantilever beam. A cantilever beam deflection approach is complex be-
cause it involves materials with different physical properties from the metal
bracket’s arch wire slot to the surface of enamel. Therefore, a simpler type of
stress, namely shear stress, applied directly to the resin composite interface, was
selected for this test.

The results of the present study showed interesting variation of materials
on the strain percentage of the bonding interface and time required to debond the
bracket from the surface of enamel (Table 5). First of all, when pooling all the
material, high linear correlation was found between the strain percentage and the
loading time required to debond the bracket when the glass fiber containing and
non-glass fiber containing groups were compared separately, the correlation co-
efficients remained high but their statistical significance became lower (Figure
25). This is likely due to the lower number of test specimens in the regression
model. When looking at the resin composite materials and their values of modu-
lus of elasticity it can be seen that regardless of the presence of glass fibers, the
materials with higher modulus of elasticity (e.g. material GU: 9 GPa) of elastici-
ty, required less time for debonding than material with lower modulus of elastici-
ty (material GF: 2.6 GPa). This reflects higher creeping of the materials during
the test event. Addition of glass fibers resulted in a tendency to increase creeping
even more. Glass fibers were continuous unidirectional in type and they were
oriented vertically. It is known that vertical orientation of glass fibers in relation
to an axially directed force is the most effective fiber orientation to increase
bonding strength of fiber-reinforced composites to tooth surface (Tezvergil et al.,
2005; Tezvergil et al., 2006; Lassila et al., 2007; Vallittu, 2015).

In the present creep testing, the shear stress was actually directed to the in-
terface of single glass fibers and the polymer matrix. Based on the observations
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of higher strain percentage and time, it can be assumed that the interfacial region
of glass fibers and the polymer matrix can absorb the energy and make the inter-
face between the bracket and tooth more elastic. Whether horizontal orientation
of glass fibers or the use of woven bidirectional glass fibers would have resulted
in similar or different strain percentage remains unclear. Creep properties of the
interface relate also to the curing of the resin composite at the interface which is
known to depend on the type of fillers (particulate fillers or fiber fillers) of the
resin composite. In the present study, the curing characteristics were not investi-
gated. Therefore it cannot be concluded whether variation in degree of cure
(monomer conversion) of the resin composite was related to the effects of the
fibers or to the presence of glass fibers as such.

Creep is the time-dependent change in strain under constant stress, and as
a result, creep tests usually measure dimensional change as a function of time at a
pre-selected stress. The deformation occurring at each time point is expressed as
compliance (J) which is calculated by estimating the ratio of strain at any given
time. Time-dependent compliance is defined by recoverable and non-recoverable
deformation during a stress application segment in a creep-recovery test. Time-
dependent viscoelastic contributions to creep occur simultaneously during stress
application over a selected time period (Vaidyanathan and Vaidyanathan, 2001).
The creep behavior was tested also by the dynamic mechanical analysis. For
this, test specimens of rectangular shape were prepared with similar material
combinations that were used in the tooth-bracket test setup. In non-reinforced
test specimen groups, the resin composite GF specimen showed the highest elas-
tic and creep deformation. This is in line with the low modulus of elasticity of the
material and agrees well with the results of the tooth-bracket model. The speci-
mens with higher modulus of elasticity, groups GU and TB, had lower creep de-
formation. In the glass fiber reinforced groups, the creeping was somewhat less
than with the non-reinforced specimens. This result is not in line with the results
from the tooth-bracket model (Figure 24). When testing specimens by three point
bending model, considerable magnitude of tensile stress was present on the lower
surface of the test specimens and this may be the cause for the different results
obtained when testing creep in the test setup of tooth-bracket model versus rec-
tangular test specimens. The GF specimen showed the highest elastic and creep
deformation, with the other two groups (TBF and GUF) presenting almost simi-
lar elastic and creep deformation. GFF specimens showed the highest recovery
followed by TBF and GUF. Recovering phase of the DMA analysis showed vari-
ation between the resin composites of GU and GUF. These materials had the
highest modulus of elasticity, and it is likely that it was the most brittle materiasl
that failed by internal cracking during the loading time of 7500 s. This in turn
caused the permanent deformation of the test specimen, shown by the lower
stress level after recovering compared to the initial stress of the creeping test.
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Considering the outcome of the study, the working hypothesis that there was no
significant difference in the shear stress creep behavior between particulate filler
resin composite and glass fiber reinforced resin composite is rejected.

Clinically, this study provides an insight to the material behavior when
glass fibers are used at the interface of enamel and bracket. Due to differences in
magnitude of load and type of stress, the results cannot be clinically interpreted
precisely. However, when considering the length of the time brackets are in
place, and that the maximum creeping occurs within six hours with higher levels
of stress, it is likely that the creeping behavior of interfacial composites has clini-
cal relevance.

6.4  Creep behavior of resin composite interfaces reinforced with FRC of
unidirectional or bidirectional continuous fiber and conventional particle-
filled composite (PFC) (Study 1V)

Creep behavior of interfacial adhesive resin was investigated in two different test
models, shear creep with bracket-tooth model under shear stress, and bending
creep with three point bending test where the predominant type of stress was ten-
sile. In addition, the time required to debond the bracket from the tooth surface
was determined.

The results demonstrated interesting differences of the interface adhesive
materials in the strain percentage of the bonding interface and time required for
bracket debonding. The test setups, one adopted from the clinical context and the
other modified from the conventional material testing setup, provided infor-
mation how the materials’ composition and fiber orientation influenced the shear
behavior of the material. The creep of polymers, which are viscoelastic materials,
demonstrates a time-dependent increase in strain. Both testing models in the pre-
sent study confirmed that the behavior of the studied materials is viscoelastic
creep. Polymer visco-elasticity is known to be related to the polymer structure,
e.g., cross-linking density and molecular weight (Rao et al,, 2016). This study
used three different polymer matrices in the resin composites at the interface. The
polymer matrix of composite Transbond XT and that of unidirectional FRC were
cross-linked in nature, whereas the polymer matrix of bidirectional FRC was a
less cross-linked semi-interpenetrating polymer network (semi-IPN) (Sperling,
1994; Tezvergil et al., 2005). The IPN matrix demonstrated lower creep than its
cross-linked counterpart (Figure 26). The molecular basis of creeping of these
two types of polymer matrices is in the chain structure of the cross-linked poly-
mer under constant stress, and rearrangement of the partially linear polymer
chain structure of the semi-IPN. Segmental motion of the linear polymer chains
of the polymer matrix results in macroscopic creep strain, as described earlier for
resin composites with fiber reinforcement (Raghavan and Meshii, 1998). The
stress between the bracket base and tooth was less than 0.5 MPa, which is a low
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level in relation to dimethacrylate properties. However, the stress of this magni-
tude was selected for the present experiments because it is similar to the forces
exerted by orthodontic arch wires in clinical use. On the other hand, the tested
resin composite materials differed not only in terms of fillers, but also in their
polymer matrix. One of the polymer matrices was plasticized via its IPN struc-
ture. The creep of this material at low stress levels was within the scope of the
study, and the complex stress distribution simulated clinical conditions.

The nanohardness, elastic modulus, and indenter penetration depth con-
firmed differences in the properties of the polymer matrices (Table 7). We used a
very low indentation depth to provide comparable values for the properties of the
resin composite polymer matrices (cross-linked versus IPN), not of the actual
composite materials themselves, which would have required a larger-scale test.
Thus, the study focused on the influence of filler/fiber systems on the macroscop-
ic creep properties, and compared the polymer matrix properties by nanomechan-
ical means. The highest nanohardness of the polymer matrix was found for
Transbond XT, which suggests that photoinitiated polymerization of the mono-
mer is effective, as has been previously demonstrated experimentally (Dickens et
al., 2003; Papakonstantinou et al., 2013; Kilponen ef al., 2016). In addition, the
presence of TEGDMA in the polymer matrix of unidirectional fibers could have
affected the degree of conversion of BisGMA-based resin, although tested nano-
mechanical properties were somewhat lower than for the Transbond XT
(Asmussen, 1982; Ferracane and Greener, 1984). The small quantities of poly-
methyl-methacrylate in the IPN could have influenced the DC% of the groups;
this in turn could explain why the time required for bracket debonding was less
compared to groups with cross-linked matrices (Vallittu, 2015). A minor increase
in the penetration depth of TBH and TBV specimens was observed during un-
loading (Figure 27). This could be explained by the anisotropic properties of
cross-linked matrices with continuous fibers in groups TBH and TBV, which
could also be the reason for the minor time-dependent properties of such materi-
als. In contrast, groups TBC with particulate fillers and TBE with bidirectionally
oriented fibers, showed isotropic or orthotropic properties for the composite. The
elastic modulus measurement in the present study provided additional infor-
mation on polymer matrix characteristics and compositions used in the compo-
sites at the interface. This information has relevance in selection of resin matrix
materials for future studies.

Another factor that has an impact on the creep behavior of the resin com-
posites at the interface is the type of the fillers. The fillers used in the present
study were particulate fillers (Transbond XT), continuous unidirectional fibers,
or bidirectional fiber weaves, responsible for the isotropic, anisotropic, and or-
thotropic physical properties of the composite, respectively. The bending creep
test was carried out to investigate the effects of fiber direction and the fiber-
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reinforcing efficiency (Krenchel’s factor) (Krenchel, 1963;Vallittu PK, 2017).
Indeed, fiber direction considerably influenced the creep of the materials. Fiber
direction perpendicular to the long axis of the specimen yielded the highest creep
for the composite, due to the fact that the stress was not directed axially to the
fibers. When the adhesive interface between the glass fibers and the polymer ma-
trix was stressed, and a failure most frequently occurred at the fiber-matrix inter-
face. The lowest creep was seen with the control material, i.e., Transbond XT
with particle fillers as well as with unidirectional fibers, which were oriented
along the long axis of the specimen. It seems that although there were two kinds
of polymer matrices in the specimens with unidirectional fibers (stick resin was
used to impregnate the fiber weave and Transbond XT resin to fill the mold), the
mechanical properties of the Transbond XT matrix mostly affected the final
creep behavior of the material with unidirectional fibers. Test specimens with
bidirectional fibers were made of Transbond XT and fibers of semi-IPN matrix.
Unlike the unidirectional fiber specimens, the semi-IPN matrix, due to its higher
elasticity, had the greatest effect on creep behavior. In general, the creep of the
study materials was in line with that reported in the recent literature
(Mortazavian and Fatemi, 2015). In the shear creeping test the brackets bonded
with different kind of resin composite interfaces behaved similarly as did the ma-
terials in the bending creep test. However, in the shear test, differences in the
fiber orientation resulted in some differences. Unidirectional fibers that were ori-
ented along the long axis of the tooth (vertically) yielded the highest strain;
somewhat lower strain was found with horizontally oriented fibers. Effects of
fiber orientation in the adhesive interface of restorative resin composite and
enamel has been described previously (Vallittu, 1999). Vertical orientation of
fibers is the most efficient in relation to axially directed force to increase the
bond between fiber composite and tooth surface (Tezvergil et al., 2005; Lassila
et al., 2007). This could be due to the ability of the vertically oriented fibers to
carry the stress in the direction of the applied load. In contrast, the stresses in
horizontally oriented fibers are not spread evenly among all fibers, leading to
sequential breakage of fiber interfaces, one fiber after another, causing entire fi-
ber breakage along the margins (Lassila et al., 2007). Similar phenomena could
also have been the reason for the creep behavior. The lowest creep was found for
the control material and bidirectional fiber-reinforced interface. Direction and
magnitude of stress at the bracket-enamel interface may differ considerably from
the levels of stresses used in this study. Therefore, the results of this study cannot
be directly applied to clinical context. However, the present study provides an
understanding of the creep behavior when fiber-reinforced composites with dif-
ferent fiber orientation are used at the interface of enamel and orthodontic brack-
et. The long-term use of orthodontic bracket could benefit from the anisotropic
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behavior and orientation of the FRC, as illustrated by bracket debonding times
of the various groups.

Based on the present results, fiber orientation at the interface had an im-
pact on the creep properties; thus, the working hypothesis was rejected.
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7 CONCLUSIONS

a) The present in vitro study showed that incorporation of a FRC with a low elas-
tic 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 was found between the elastic modulus of the polymer
matrix of the adhesive composite material and the debonding force of the
bracket.

b) A layer of E-glass fibers under a metal bracket improved the degree of conver-
sion of light curing adhesive resin by enhancing the transmittance of curing
light. No difference was found if unidirectional fibers were parallel or perpen-
dicular to the direction of irradiance of the curing light. Unidirectional fibers
enabled better curing of adhesive than bidirectional fiber weave under the
bracket.

¢) Incorporation of continuous glass fibers at the interface between orthodontic
bracket and enamel increased the creeping and debonding time of the bracket.
Attachment of orthodontic brackets could benefit from the increased creeping
time provided by the glass fibers incorporated in the interface adhesive materi-
als.

d) The creep of the interface adhesive and the time required for bracket debond-
ing increased with the incorporation of glass fibers in the interface between
bracket and enamel. Orientation of the fibers and the resin matrix type also af-
fected the creep behavior.

e) Overall, the procedures of bonding orthodontic brackets to the tooth are tech-
nique sensitive and involve many steps. The insertion of glass fibers at the in-
terface between the bracket and tooth could add to the number of existing
steps and would be time consuming for the clinician. However, the incorpora-
tion of the glass fibers at the interface has a promising advantage that could
dominate the additional steps involved.
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