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Chapter 1

1.1 Historical overview
Orthodontics is the profession that concerns itself with the development and
regulation of teeth and jaws. Its history goes back to the 27th century B.C. when the
Chinese emperor Hoang-Ti showed interest in tooth malformations.(1) In 1723 Pierre
Fauchard was the first dentist who described in detail a fixed appliance meant to create
an ideal arch form.(2) From 1911 Edward H. Angle developed a series of appliances
that are considered to be the prototype of the nowadays fixed appliances. They are
known as the edgewise technique.
The urge to move teeth to a certain position or to fix them has been present
since then. People searched for an attachment to the teeth in order to be able to transfer
a load and by so doing get the teeth to move. Nowadays, attachments are adhered by
materials that bond mechanically or chemically to the teeth. Around 1940 resins were
introduced in dentistry. In other fields they had shown good adhesive properties when
bonded to various materials like metals, wood, or glass. They had good strength
properties and were chemically stable.(3) Because of the disadvantages of the
materials used until that time, the resins seemed to have ideal properties for dental
purposes.
In a review in 1953, Paffenbarger (4) described the physical and chemical
properties of direct and indirect filling resins. Volumetric instability because of a
difference in the thermal expansion coefficients of the tooth at one side and the filling
resin at the other side was the major disadvantage at that time. Water uptake was
reported as a factor causing this volumetric instability. Due to the fact that no adhesion
to the tooth tissue was achieved, the space between the restoration and the cavity wall
allowed oral fluids to enter and cause damage to the tooth. Nevertheless the prediction
was made that direct filling resins should become an important material in dentistry
but at that time restorations of metal and alloys were the first choice.
In an article concerning the screening of materials for adhesion to human tooth
structure Rose stated in 1955 (5) that the above mentioned problems might be solved if
a plastic material could be developed that adheres permanently to the structure of the
human tooth. The volumetric shrinkage, as a result of the polymerization, should be
controlled at the cavity walls. One of the conclusions after 5,500 tests was that no
product at that time available consistently maintained adhesion after prolonged water
immersion.
Almost at the same time in 1956 Bowen and Buonocore presented papers that
now are considered to be the first reports on the acid-etch technique.(3, 6) Bowen
found empirically that washing the bonding surface with ammonium tri-acetic acid or
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with ethylenediamine tetra-acetic acid improved the bond strength. An explanation for
this finding was the removal of loose calcium ions and adjustment of the polarity of
the tooth.(3)
Buonocore et al. (6) investigated a commercially available cavity seal
(Sevriton), intended for direct bonding to the tooth. This material contained a
glycerophosphoric acid dimethacrylate which was claimed to have special affinity for
enamel and dentin. Analysis of this material indicated that it was composed of 5-10%
phosphoric acid, 5-10% methacrylic acid and 80-90% methylmethacrylate. This was
probably the first acid-adhesive material available. After the application and curing of
a layer of this product, the resin filling material was applied and cured. Measurements
showed that the bond strength increased to a level two times higher compared to
untreated controls. Also the water resistance improved, indicating a good adaptation to
the tooth surface. A chemical bond of the phosphate group of the cavity seal to the
organic part of the tooth was given as an explanation for the improved bonding
properties.

Figure 1.1

Metal orthodontic brackets welded to metal bands, which were fixed to
the tooth with phosphate cement or later by glass ionomer cement (GIC).

In the early 60’s people realized that chemical adhesion to the tooth was not the
major bonding factor but micro mechanical retention of the cured filling material at the
roughened tooth surface.(7) In 1968 Buonocore proved the presence of resin tags in
the acid conditioned enamel surface.(8) These tags arise when liquid monomer flows
into the undercuts of the enamel prisms and are cured. With this form of adhesion a
new era started not only in restorative dentistry, but also in other dental fields such as
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orthodontics. Adhesion between the bonding material and the bracket was a new
challenge.
Until this time the metal orthodontic brackets used, were welded to metal
bands. These bands had to be adjusted to every single tooth which was very time
consuming. Fixation to the tooth was performed with phosphate cement later followed
by GIC (see Figure 1.1) Newman (9) in 1965 was the first to describe the use of
adhesives for bonding plastic orthodontic brackets. One of the conclusions was that the
adhesive formulation used in his research was able to bond plastic brackets to tooth
surfaces and could be used for clinical purposes. Pre-treating the tooth surface by
pumicing and etching with 40% phosphoric acid enhanced the bond strength.
From this point on, the number of research projects into orthodontic adhesives
and direct bonding of brackets to the enamel has increased. Mitchell (10) described as
one of the first in 1967 a study in which brackets with preformed bases were used in
vitro as well as in vivo. Round, hat-shaped bases were stamped from 24-karat sheet
gold and welded to bracket slots. The diameter of the bases was 6 mm and they were 2
mm high. The results of the in vitro tests showed that these brackets could withstand a
load of approximately 170 g. for at least 5 months. This justified clinical testing on six
patients. All treatments with this bonding technique were started and brought to an
end. The conclusion was that teeth can be moved by “bandless” brackets but still a lot
had to be done before this method could be adopted routinely in orthodontic practice.
The major advantages of direct bracket bonding instead of banding the teeth are
the more precise placement of the brackets and the time gain. The use of “direct”
indicates that the bracket positioning takes place at the moment of bonding. With the
banding technique the brackets were welded previously to the bands, giving less
freedom of placement to the right position of the tooth. Other advantages are the
possibility for a better oral hygiene resulting in less gingival irritation, finishing of the
treatment without spaces between the teeth from band material, and a more aesthetic
appearance of the patient.
1.2 Bond strength testing
As Mitchell in 1967 (10) concluded, a lot of work still had to be done. The first
aims were to achieve a strong and reliable bonding between the bracket and the tooth.
In this period, in vitro bond strength testing started. The tests performed were shear,
tensile, and torsion tests. From these tests, shear testing was most popular because of
the clear similarity with the clinical debonding situation. Until July 2008, around 500
articles have been presented, reporting orthodontic shear bond strength data.
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The tensile test is less often performed. Failure of the bracket-tooth adhesion is
assumed not to be a result of pure tensile stress. The same explanation is given for the
torsion test which is even less often performed. As mentioned previously, the transfer
of in vitro results to a clinical situation is for many researchers the most important
reason for choosing a shear test. The possibility of comparison with other reports is
another reason for choosing this test.
The three tests are basically performed as follows: in all situations a bracket is
bonded to a substrate, usually human or bovine enamel. After some time of storage a
force is applied to the bracket until fracture occurs. The amount of force at the time of
fracture is measured and divided by the bonding area of the bracket. The found value
represents the bond strength of the material used and is presented in Mega Pascal
(MPa). Directly after testing the fracture area is determined with the use of the
adhesive remnant index (ARI score), first described by Årtun.(11) With this test the
amount of residual cement left at the bonding surface is scored on a 4-point scale. A
score of 0 indicates that no adhesive is left on the enamel, 1 indicates that less than
half of the adhesive remain, 2 indicates more than half of it remain, and 3 indicates
that all of the adhesive remains on the enamel surface. The scores are determined with
a stereomicroscope at a magnification of 25x.
The vector of the force applied determines if shear or tensile strength is
measured. When shear test measurements are performed the force applied is parallel to
the bonding area. Therefore rotational forces result in shear stresses. Tensile forces
originate from forces acting perpendicular to the bonding area.
In vitro bond strength testing seems an easy and clear-cut testing method. When
scrutinized it appears not to be so. Ideally, studies should be performed in a standard
way. This is on a detailed level very difficult because of the huge amount of variables
involved in this type of testing. The bonding material, the mesh base, the storage time,
or the curing methods are usually the subject of the study. Nevertheless other variables
usually not investigated or controlled may easily confound the results. These variables
can be:
o the substrate material (human or bovine enamel)
o the shape of the substrate (plane or curved)
o the storage medium of the substrate prior to bonding (tap water,
hypochlorite solution, 0.8% NaCl solution, or formaldehyde solution)
o the storage medium and temperature after bonding but prior to testing
o the shape of the bracket base (round or rectangular)
o curvature of the bracket base
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o
o
o
o

the set up of the testing device
the way of loading the bracket (at the wings or at the base)
the speed of loading
the experience and skills of the investigator

The substrate used is mostly bovine or human enamel. Extracted human teeth
mimic the clinical situation best. On the other hand the age of the extracted teeth varies
and the bonding surface is not usually of a standard shape. To solve these problems
bovine enamel is often used as an alternative. The great advantage of a plain bovine
enamel surface is the possibility to standardize the testing environment. From articles
of Nakamischi, Oesterle et al. (12, 13) it is clear that for bond strength determination
the use of bovine enamel instead of human enamel is acceptable. After extraction the
teeth should be stored until testing in a humid surrounding to prevent dehydration and
cracking. The storage medium used varies from plain tap water, to tap water with an
addition of hypochlorite or formaldehyde. The influence on the enamel surface seems
small but is still unclear.
The shape of the bracket and the mesh is of importance because of the stress
distribution over the bracket when it is loaded. Knox (14) showed with finite element
modeling that different mesh designs affected the stress distributions in the bracketcement-enamel system. These changes are largely a product of the varying flexibility
of the different bracket bases. Another important issue is the influence of the test setup or design. Katona (15) calculated with finite element analysis that stresses applied
on bracket-cement-enamel specimens in different directions are completely nonhomogeneous. Therefore a division of the measured force by the bonding area does not
give a representative value of the bond strength.
For better comparison and interpretation of the test results it is often
recommended to use a standardized test protocol. Although many investigators support
this recommendation, consensus about a standard procedure has still not been reached.
Most investigations are not performed under identical test conditions, which probably
results in different outcomes.
To gain insight into the influence of confounding factors and to show the
disadvantages when comparing the outcomes, it is illustrative to screen and review the
available literature.
Resin composite materials intended for orthodontic bonding, do have some
disadvantages. The bonding is, as described, micromechanical. This means that prior
to curing, the fluid bonding agent penetrates the etched enamel. After curing, the
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formed resin tags provide retention in the undercuts of the etched enamel prisms. After
treatment this hybrid layer has to be removed causing more, or less, enamel damage.
Another disadvantage of resin composite is the ease of bacteria colonization on the
rough surfaces. This may hamper oral hygiene. Because of these disadvantages a
search for alternatives began. Glass ionomer based materials, such as conventional
glass ionomer cement (GIC) and resin modified glass ionomer cement (RMGIC),
seems the material of first choice as a substitute nowadays.
1.3 Glass ionomer based cements
The use of GICs as an alternative for orthodontic resin composite was first
proposed in 1990.(16) These materials have the advantage that they bond chemically
to enamel (17) without the necessity of etching (18). The material consists of a
polyalkenoic acid and a basic glass component. The polyalkenoic acids have the
ability to bond chemically to the Ca2+-ions of the enamel. They also slightly pit the
enamel, enabling the forming of a micro hybrid layer. Removal of this layer after
removal of the brackets may shorten the chair time (19) and leads to less enamel
damage compared with procedures involving resin composite cements. Another
advantage of GICs is the release of fluoride over an appreciable period of time.
Hallgren et al. (20, 21) showed that deposition of fluoride in the plaque around the
orthodontic bonding area led to a decrease in Mutans Streptococcus and Lactobacillus
bacteria. Furthermore Sadowsky et al. (22) and Marcusson et al. (23) reported less
demineralization and white spot formation when fluoride-releasing cements were used.
With regard to saliva contamination, conventional GICs are less critical than resin
based cements. Beside these properties there are less favorable properties like the slow
curing reaction and weak bond strength. These are the main reasons not to use
conventional GIC’s for orthodontic purposes.
In 1989 Antonucci et al. presented a GIC modified with a resin component.(24)
Basically this cement consisted of a resin part and a glass ionomer part. When this
material cures, both reactions run side by side until setting has taken place. The resin
reaction runs fast and provides a fast initial curing in contrast to the glass ionomer
reaction, which is slower. The advantage of the glass ionomer part is mainly the
release of fluoride over a long period of time. The disadvantages are comparable to
resin composite such as the necessity of etching.
The above shows that the ideal material for bonding brackets is not available
yet. The presented research is an attempt to gain a more profound insight into the
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problems of contemporary adhesives for orthodontic applications and to try to take a
step forward in the clinical application of orthodontic bracket bonding.
1.4 Scope and outline of this research
The purpose of this thesis is to get a better understanding of the bonding quality
of orthodontic brackets to enamel in general and with glass GICs in particular.
In chapter 2 the bonding properties of one of the most frequent used light
curing bonding agents, Transbond XT (3M Unitek, Monrovia, California, USA), is
reviewed. The bond strength, bond strength versus curing time, and the influence of
possible external variables on the bond strength are evaluated based on the available
literature. In chapter 3 the in vitro force to debond orthodontic brackets, bonded with
three different GICs is evaluated using two techniques for faster curing. The first
technique was the application of heat. The second technique was the application of
ultrasonic energy. Standard cured specimens were used as controls. The topic
discussed in chapter 3 continues in chapter 4. It concerns the influence of temperature
on the working and setting times. Two conventional GICs were used for testing.
Furthermore, the influence of temperature and storage medium (oil or water) on the
compressive strength of the same materials is investigated at different time intervals
over a period of three months. The aim of chapter 5 is to investigate the influence of
different bracket base pre-treatments, sandblasting, silicoating, and tin-plating, in
relation to three different cements. The bonding properties were evaluated with the
shear- as well as the tensile bond strength test. The aims of chapter 6 were to
determine the bond strengths of the separate components of the bracket-cementenamel systems and to clarify the influence of cyclic mechanical loading (fatigue) on
the strength. The bracket-cement-enamel system is used as control. Therefore the
initial shear bond strength and the shear bond fatigue limit after 10,000 cycles of the
bracket-cement-enamel system were measured for three different cements. Further the
initial shear bond strength and shear bond fatigue limit of the cement-enamel, cementonly, and button-cement combinations were determined. In chapter 7 a finite element
model of the bracket-cement-enamel system is compared to the in vitro shear and
tensile bond strength tests. The previous chapters are discussed chapter 8 and
summarized in chapter 9.
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Chapter 2
2.1 Abstract

The purpose of this chapter is to review current literature on Transbond XT
(3M Unitek), one of the most frequent used light curing bonding agent for bracket
bonding, on the in vitro shear bond strength.
After application of the in- and exclusion criteria to the systematically searched
articles 61 publications remained. The shear bond strength, bond strength in relation to
time and the influence of possible external variables on the bond strength, like storage
medium of the enamel, speed of the tensilometer during testing, and type of enamel are
evaluated.
The average bond strength reported varied between 9.3 - 15.4 MPa. The
material is fully cured after 24 hours and the type of enamel, crosshead speed and
storage medium of the enamel do not seem to have any importance on the bond
strength.
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2.2 Introduction
Nowadays, Transbond XT of 3M Unitek is one of the most used light curing
resin composites for bracket bonding. The bonding to enamel is achieved by etching
the enamel with 35% phosphoric acid followed intermediate layer of Transbond XT
primer to which the Transbond XT is applied. Transbond XT is composed of 14%
volume Bis-GMA, 9% volume Bis-EMA, and 77% volume filler particles.(1) Because
of its clinical effectiveness Transbond XT is often used as reference material in
laboratory research. As this thesis aims to investigate the usability of glass ionomer
cements for bracket bonding, Transbond XT could possibly function as the benchmark or golden standard. For that reason a literature review was carried out on
Transbond XT to reveal the important properties of the material and the variables
influencing the bracket bonding cement.
The aim of this chapter is to review the current literature on the shear bond
strength value and on the adhesive remnant index (ARI score) for stainless steel
brackets bonded with Transbond XT to enamel. Furthermore the influence of different
substrates, storage time, bracket base surface size and crosshead speed on the shear
bond strength was evaluated. Because of the non-uniformity of some confounding
variables, like bracket design, storage medium of the specimens, specimen preparation,
and the way of performing the test, these were not incorporated in this review.
2.3 Material and method
Literature published from January 1996 to July 2008 was reviewed for bonding
stainless steel brackets with Transbond XT. The Medline / Pubmed database
(www.pubmed.com) was systematically searched using the term “orthodontic shear
bond strength testing” and “Transbond XT” giving 384 and 128 hits, respectively. The
following inclusion and exclusion criteria were applied. The inclusion criteria were (i)
only in vitro shear test studies (ii) brackets of stainless steel (iii) specimen consisted of
a bracket-cement-enamel system (iv) a minimum sample sizes of 8 specimens (v) a
bond strength reported in MPa and (vii) storage time or debonding at ½ -1 h, 24 h, 48
h, or 72 h. The exclusion criteria were (i) bonding of brackets by an indirect technique
(ii) debonding after rebonding the brackets (iii) pre-coated brackets and (iv) the use of
self etching primers or moisture intensive primers. Repeated reported values in
different articles from the same author(s) were also omitted. From the selected articles
the average bond strength, the debonding time, the bonding surface area, the crosshead
speed, the type of enamel type (bovine or human), and the adhesive remnant indexes
were collected.
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Independent t-test, one way-ANOVA, and regression analysis were used for
statistical analysis. The comparison between the groups was analyzed with the Tukey
test. A P-value < 0.05 was considered significant. The software used was SPSS 14.0
(SPSS inc., Chicago, USA).
2.4 Results
Out of the hit articles 61 fulfilled the inclusion and exclusion criteria. The
selected articles are listed in Table 2.1 and resulted in 77 specimen groups at different
storage times and substrates.
Table 2.1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
22

List of studies selected from the literature (1996 – July 2008)

First Author
Journal
Angle Orthod 2004; 74: 410-3.
Ajlouni, R.
Am J Orthod Dentofacial Orthop 2007; 131: 160 e11-5.
Amra, I.
Am J Orthod Dentofacial Orthop 2006; 129: 547-50.
Arhun, N.
Angle Orthod 2005; 75: 254-9.
Arici, S.
Am J Orthod Dentofacial Orthop 2002; 122: 274-6.
Arnold, R.W.
Am J Orthod Dentofacial Orthop 1997; 112: 617-21.
Bishara, S.E.
Am J Orthod Dentofacial Orthop 1998; 114: 447-51.
Bishara, S.E.
Am J Orthod Dentofacial Orthop 2002; 121: 521-525.
Bishara, S.E.
Angle Orthod 2002; 72: 464-7.
Bishara, S.E.
Am J Orthod Dentofacial Orthop 2004; 125: 348-50.
Bishara, S.E.
Angle Orthod 2004; 74: 400-4.
Bishara, S.E.
Angle Orthod 2006; 76: 689-93.
Bishara, S.E.
Am J Orthod Dentofacial Orthop 2007; 132: 77-83.
Bulut, H.
Angle Orthod 2003; 73: 64-70.
Buyukyilmaz, T.
Eur J Orthod 2002; 24: 689-97.
Cacciafesta, V.
Am J Orthod Dentofacial Orthop 2003; 123: 633-40.
Cacciafesta, V.
Am J Orthod Dentofacial Orthop 2005; 128: 99-102.
Cacciafesta, V.
Angle Orthod 2006; 76: 466-9.
Cal-Neto, J.P.
Am J Orthod Dentofacial Orthop 1996; 110: 378-82.
Chamda, R.A.
Coups-Smith, K.S. Angle Orthod 2003; 73: 436-44.
Angle Orthod 1997; 67: 169-72.
Damon, P.L.
Angle Orthod 2005; 75: 410-5.
D'Attilio, M.
Am J Orthod Dentofacial Orthop 2003; 124: 410-3.
Dorminey, J.C.
Am J Orthod Dentofacial Orthop 2007; 131: 243-7.
Dunn, W.J.
Angle Orthod 2006; 76: 837-44.
Elvebak, B.S.
Am J Orthod Dentofacial Orthop 2002; 121: 510-5.
Evans, L.J.
Am J Orthod Dentofacial Orthop 2007; 132: 144 e1-5.
Faltermeier, A.
Angle Orthod 2006; 76: 682-8.
Gronberg, K.
Am J Orthod Dentofacial Orthop 2007; 131: 384-90.
Hajrassie, M.K.
Angle Orthod 2005; 75: 678-84.
Kim, M.J.
Am J Orthod Dentofacial Orthop 2002; 122: 643-8.
Klocke, A.
Angle Orthod 2003; 73: 176-80.
Klocke, A.
Angle Orthod 2004; 74: 245-50.
Klocke, A.

Reference
(2)
(3)
(4)
(5)
(6)
(1)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)
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34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

Korbmacher, H.M.
Korbmacher, H.
Kula, K.S.
Mavropoulos, A.
Montasser, M.A.
Nemeth, B.R.
Oesterle, L.J.
Owens, S.E.
Oztoprak, M.O.
Pithon, M.M.
Polat, O.
Rajagopal, R.
Sayinsu, K.
Sfondrini, M.F.
Sfondrini, M.F.
Signorelli, M.D.
Staudt, C.B.
Su, J.
Sunna, S.
Tecco, S.
Turk, T.
Usumez, S.
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The distribution of the articles between the human and bovine enamel used as
substrate was 59 and 18, respectively. Table 2.2 shows the descriptive statistics of the
shear bond strengths of human and bovine enamel at 24 hours. The distributions at the
other storage times were to small to be representative and therefore omitted from the
analysis. An independent t-test showed that the shear bond strength to bovine enamel
are slightly higher compared to the shear bond strength to human enamel, but the
difference was not significant (P = 0.087).
Table 2.2

Descriptive statistics of the shear bond strengths of bracket bonded with
Transbond XT to human and bovine enamel at 24 hours.

Substrate
Human
Bovine

n
28
12

Shear Bond Strength (MPa)
13.5 (4.4)
16.1 (3.9)

Minimum
7.2
11.3

Maximum
22.3
24.1
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The selected articles provided shear bond strength at four different times, ½ -1
h, 24 h, 48 h, and 72h, which are graphically depicted in Figure 2.1 and summarized in
Table 2.3. One-way ANOVA (F = 5.9; P = 0.001) showed that only the first group,
debonding between ½ and 1 h differs significantly from the 24 h, 48 h, and 72 h.
25

Shear Bond Strength (MPa)

20

15

10

5

0

1h

Figure 2.1

24 h

48 h

72 h

Shear bond strength (MPa) plotted against the debonding time. One-way
ANOVA (F = 5.9; P = 0.001) showed significant difference between ½ -1 h
and 24 h, 48 h, and 72 h.

Figure 2.2 and 2.3 show the plots between the shear bond strength of 24 h, 48 h, and
72 h and the bracket surface area and the crosshead speed, respectively. No
correlations were found which implies that the size of the bonding area does not
influence the shear test results and the crosshead speed between 0.5 and 5 mm/min
also does not influence the measured shear bond strength significantly.
Table 2.3

Descriptive statistics of the shear bond strengths of bracket bonded with
Transbond XT debonded at different times.

Time
1h
24 h
48 h
72 h

n
18
40
11
8

Shear bond strength (MPa)
9.3 (4.0)*
14.3 (4.4)
14.6 (5.9)
15.4 (5.1)

Minimum
4.6
7.2
6.4
10.8

* significant different based on one-way ANOVA (F = 5.9; P = 0.001).

24

Maximum
17.0
24.1
26.9
23.5
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Figure 2.2

Shear bond strength (MPa) plotted against the bracket surface area (mm2).
Linear regression showed that there was no correlation between the two
variables (r2 = 0.0).
25

Shear Bond Strength (MPa)

20

15

10

5

0
0

2

4

6

Crosshead speed (mm / min)

Figure 2.3

Shear bond strength (MPa) plotted against the crosshead speed (mm/min).
Linear regression showed that there was no correlation between the two
variables (r2 = 0.0).

Of the 61 articles selected 48 used an adhesive remnant index (ARI score). In
30 of the 48 articles the index described by Årtun was used.(62) Although, the ARI
score of Årtun is commonly used, the first description of the ‘location of system
failure’ was to our knowledge by Bishara in 1975.(63) In 18 papers a modified 5-point
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index was used. This modified index showed up for the first time in articles from the
research group of Bishara.(64) A score 1 indicates that all composite remained on the
tooth, a score 2 > 90% remained on the tooth, a score 3 < 90% but more then 10%, a
score 4 < 10% and a score 5 indicates that no adhesive was left on the tooth. The
average score reported for the 4-point and 5-point scale were 1.8 (0.5) and 2.6 (0.8),
respectively. This means that ca. 50% of the cement remains on the tooth, which
implies that most fractures after shear testing are partly cohesive.
2.5 Discussion
Most of the bonding studies are carried out with human enamel from the third
molar or the premolar, which are extracted for surgical or orthodontic reasons. As
alternative substrates researchers have sought for substitutes like ivory, or enamel from
canine, monkey-, porcine-, or bovine teeth. Bovine teeth are mostly used, because
these teeth are easy to standardize and they are very similar to human teeth. Moreover,
the age of the teeth can easily be controlled. The type of enamel, human or bovine,
seems not to have a large influence on the shear bond strength. Nakamichi et al.,
Oesterle et al., and Reis et al. found shear bond strength results to bovine enamel
slightly lower compared to human enamel.(40, 65, 66) In this review the bovine
enamel gives in general slightly higher results compared to human enamel. The same
was found for shear bond strength of different adhesive systems to primary enamel of
bovine and humans.(67) In none of these articles significant differences between
human or bovine enamel was found.
Figure 2.1 shows that the shear bond strength increases with time. The average
initial shear bond strength is 9.3 (4.0) MPa and increases till 15.4 (5.1) MPa after 72
hours. The reason for the increase of the bond strength is most probably due to the
ongoing post polymerization within the resin. From a clinical point of view it is
therefore advisable not to load the brackets immediately to a maximum. Transbond XT
is generally accepted as a clinically good functioning material for bracket bonding. In
vitro measured shear bond strength of ca. 14 MPa might therefore be considered as
sufficient for clinical use.
Based on the reviewed literature there was no correlation between the shear
bond strength and the bracket surface area. In general in bond strength testing the
geometry of the specimens plays a crucial role. There are differences observed
between ‘micro’ and ‘macro’ tests and the investigated geometry can lead to specific
local stresses.(68) In bracket testing most of the brackets are of similar dimensions:
rectangular with a bonding area of 8 – 12 mm2. Based on this literature review there is
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no significant relationship between the bond strength and the bracket surface area, but
theoretical in specific situation one can expect these effects. Also the crosshead speed
did not have any influence on the measured fracture force. An explanation for this
finding is most probably the fact that although the variation of speed is very limited
and the visco-elastic properties of the bracket, cement, and enamel do not change in
the time intervals.
Only 75% of the articles reported an ARI score. This is remarkable because it
provides important information about the weakest link of the bracket-cement-enamel
system. Both the 4- and 5-point ARI score showed that ca. 50% of the Transbond XT
remains on the tooth, which implies that most fractures after shear testing are partly
cohesive. Compared to the use of the original ARI score, the “new” 5-point scale does
not provide additional information. The reason for modifying the original index and
the basis on what is unclear.(64) For unclear reasons the authors refer to a paper of
Oliver (69) as the source of the 5-point index, but Oliver used the original index.
Lamour et al. also changed the original index.(70) They reported that in the original
index no score was available for fracture of the bracket when ceramic brackets were
used. Both indexes give a rough idea about the amount of adhesive left. For
comparison reasons it is advisable to use only one index.
Resin composite materials intended for orthodontic bonding have some
disadvantages. The bonding is, as described in chapter 1, micromechanical. This
means that prior to curing the fluid bonding agent penetrates the etched enamel. After
curing the formed resin tags provide retention in the undercuts of the etched enamel
prisms. After treatment this hybrid layer has to be removed which always causes some
enamel damage. Another disadvantage of a resin composite is the ease of bacteria
colonization on the rough surfaces, which hampers optimal oral hygiene.
Many variables are not taken into account in this review. The most important
reason is the lack of data about a particular variable. This lack of standardization is
probably the reason for the variability of the results in different studies. Uniformity in
testing is often proposed, but “it is simply said although, in real life difficult to
perform”.
2.6 Conclusions
Based on the published literature from January 1996 to July 2008 the in vitro
measured shear bond strength between a bracket and enamel bonded with Transbond
XT is between 9.3 and 15.4 MPa. Newly developed materials for bracket bonding
should have a shear bond strength in this range, because Transbond XT functions
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sufficiently from a clinical point of view. Based on the available data there is no effect
from the used substrate, (human or bovine), the crosshead speed of loading the
specimens, and the bracket surface area. It is remarkable that about 25% of the
reviewed articles did not report data on mode of failure, such as the ARI score or the
amount of adhesive residue left on the debonded enamel surface however.
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The influence of accelerating the setting rate by ultrasound or
heat on the bond strength of glass ionomers used as
orthodontic bracket cements
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3.1 Abstract
Conventional glass ionomer cements (GICs) may be a viable option for bracket
bonding when the major disadvantages of these materials, such as the slow setting
reaction and the weak initial bond strength, are solved. The aim of this in vitro study
was to investigate the influence of ultrasound and heat application on the setting
reaction of GICs, and to determine the tensile force to debond the brackets from the
enamel.
A conventional fast-setting GIC, Fuji IX Fast, and two resin-modified glass
ionomer cements (RMGICs), Fuji Ortho LC and Fuji Plus, were investigated. Three
modes of curing were performed (n=10): according to the manufacturer's prescription,
with 60 seconds application of heat, or with 60 seconds application of ultrasound. The
tensile force required to debond the brackets was determined as the tension 15 minutes
after the start of the bonding procedure. The mode of failure was scored according to
the adhesive remnant index (ARI) to establish the relative amount of cement remnants
on the enamel surface.
Curing with heat and ultrasound shortened the setting reaction and significantly
(P < 0.05) increased the bond strength to enamel. The ARI scores showed an increase
for all materials after heat and ultrasound compared with the standard curing method,
most notably after heat application.
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3.2 Introduction
Since the introduction by Newman (1) of the direct bonding technique for
brackets, resin composite cements have been widely used as orthodontic adhesives.(24) Due to the advantage of direct bracket fixation and its acceptable bonding under
clinical conditions, this has become the technique of choice. However, resin composite
cements have some less desirable aspects also, such as tooth tissue damage due to the
etching procedure and the removal of remnants of adhesive after debonding, and
occasionally the occurrence of enamel chipping during the debonding procedure.(5-10)
The use of glass ionomer cements (GICs) as an alternative have the advantage
that they achieve a chemical bond to enamel (11) without etching (12). The
polyalkenoic acids pit the enamel slightly to enable the formation of a thin hybrid
layer. Removal of this layer after debonding of the brackets shortens the total treatment
time (13) and leads to less enamel damage compared with procedures involving resin
composite cements. Another advantage of GICs is the ability to release fluoride over a
long period of time. Hallgren et al. (14, 15) showed that deposition of fluoride in the
plaque around the orthodontic bonding area led to a decrease in Mutans streptococcus
and Lactobacillus bacteria. Furthermore, Marcusson et al. (16) and Sadowsky et al.
(17) reported less demineralization and white spot formation when fluoride-releasing
cements were used. With regard to saliva contamination, conventional GICs are less
demanding to apply than resin-based cements. Besides these advantages, there are also
disadvantages such as the slow curing reaction and the weak bond strength. However,
ongoing developments are leading to newer versions with improved curing rates and
mechanical properties, and a new technique based on the application of ultrasonic
energy has been introduced recently giving faster curing and improved material
properties.(18, 19) The mechanism of the accelerated setting and increased mechanical
properties is not yet clear, but preliminary results indicate that heat plays an important
role in the ultrasound-mediated curing reaction. The application of heat to setting
materials is not a new idea and has been described previously for resin-based
materials.(20, 21)
Another approach to overcome the disadvantages of GICs was the development
of hybrid materials, which combine resin composite and conventional glass ionomer
technologies. These so-called resin-modified GICs (RMGICs) contain resins that are
auto-curing or light curable to improve the initial strength, and possess most of the
advantages of conventional GICs.(22) Because of satisfactory bond strengths to
enamel, RMGICs have been used with increasing success for bracket bonding.(13, 23)
However, for these cements it is recommended by the manufacturer that the enamel
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surface should be conditioned with poly-acrylic acid. This step is not required for
conventional GICs and should preferably not be part of the procedure to minimize
damage of the enamel and the length of the procedure.
The purpose of this study was to evaluate the in vitro force required to debond
orthodontic brackets bonded to enamel with one of the latest fast-setting conventional
GICs, cured with heat or ultrasonic energy. Two RMGICs, one auto-curing and one
light-curing, were included for comparison.
3.3 Materials and Methods
Enamel from 90 freshly extracted bovine teeth, randomly collected from twoyear-old cattle, was used as the substrate. The advantage of using bovine instead of
human enamel is that the teeth can be easily collected and the specimens can be
obtained from the same age group. According to Nakamichi et al. (24) and Oesterle et
al. (25) bovine enamel can be used as a substitute for human enamel. Although
scanning electron microscopy (SEM) studies have shown some differences between
bovine and human enamel, these did not result in statistical differences in bond
strength.(24) The crowns of the teeth were cut from the roots, embedded in flat
cylindrical PMMA moulds, and ground at the vestibular enamel surface on wet silicon
carbide paper up to grit 1200 to create a flat surface.
Mesh-based brackets (Mini Twin, ‘A’ Company Orthodontics, San Diego,
California, USA) intended for the central upper incisors with a curved bonding area
size of 2.9 x 4.2 mm were used to cement to the enamel substrates.
Table 3.1

Glass ionomer cements used in this study.

Material
Fuji IX Fast

Manufacturer
GC Corporation
Tokyo, Japan

Cement type
Conventional
glass ionomer

Batch number
9911125

Exp. Date
2003-09

Fuji Plus

GC Corporation
Tokyo, Japan

Resin-modified
glass ionomer

0107051

2003-07

Fuji Ortho LC

GC Corporation
Tokyo, Japan

Resin-modified
glass ionomer

0105115

2003-05

The cements investigated for bonding the brackets are shown in Table 3.1. All
cements were handled according to the manufacturers' prescription, while curing was
performed either under standard, heat or ultrasound conditions. Heat was applied with
a voltage modified (220–70V) soldering iron (Weller220V/15W, Cooper Tools
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GmbH, Besigheim, Germany) producing a tip temperature of 70 ± 2°C, and ultrasonic
energy with the Suprason P5 booster tooth scaler (Satelec, Merignac, France), with a
vibration frequency of 25,000 to 30,000 Hz at stage 12. The H3 83780/1 tip was used.
If light-curing was required, the Elipar Trilight curing unit (3M-espe Dental Products,
Seefeld, Germany) was used in the standard mode at 750 mW/cm2.

Figure 3.1

Application of ultrasound (a) and heat (b) to the bracket. Ultrasonic energy was
applied by holding the tip slightly above the wings (no direct contact) with a
liquid medium between the tip and bracket. Heat was applied by placing the tip
of the soldering iron directly on the wings of the bracket.

Specimen preparation
As recommended by the manufacturer of Fuji Ortho LC, the enamel was
conditioned with a polyacrylic acid-gel (GC Dentin Conditioner, GC Corp., Tokyo,
Japan) for 20 seconds. No conditioning of the enamel was performed for Fuji Plus and
Fuji IX Fast.
Following bracket placement, the cements were either heat cured (HC),
ultrasound cured (UC), or cured in the standard way (SC). For each curing condition
10 specimens were prepared. HC and UC were applied for 60 seconds; HC by placing
the tip of the soldering iron directly on the wings of the bracket, and UC by holding
the tip of the ultrasonic unit slightly above the wings (no direct contact), with a liquid
medium (Scotchbond Multipurpose, 3M-espe Dental Products) between the tip and the
bracket (Figure 3.1). The light curing cement, Fuji Ortho LC, was additionally light
39

Chapter 3

cured for 40 seconds with the Elipar Trilight after the HC or UC treatment. For SC,
light curing for 60 seconds after bracket placement was used initially to keep the light
curing similar to HC and UC conditions. The specimens were stored in water at 22 ±
1°C and tested after 15 minutes.

Crosshead

Rotation axis

Round stainless steel wire
Specimen with
bonded bracket

Tensilometer base

Figure 3.2

Schematic representation of the set-up for tensile loading.

Debonding force determination
A round stainless steel wire (diameter 1 mm) was tied with a harness ligature to
the bracket with the ends of the wire bent perpendicular to the enamel surface. This
method of fixing created an axis for the bracket, allowing rotational movement around
the wire. The free ends of the wire were clamped to the connecting piece of the
tensilometer (Instron 6022, High Wycombe, Bucks, U.K.). The rotation axis in this
connecting piece and the axis formed by the wire, which were perpendicular to each
other, excluded torsion forces on the bracket-adhesive-enamel system during tensile
loading (Figure 3.2).
Fifteen minutes after the start of the bonding procedure the specimens were
loaded in tension with a crosshead speed of 0.1 mm/minute until fracture. The loads at
fracture were recorded in Newtons. After testing, the type of fracture was scored using
the adhesive remnant index (ARI; Årtun and Bergland, 1984) to identify the weakest
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point in the bracket–adhesive–enamel system. A score of 0 indicates that no adhesive
is left on the enamel, 1 that less than half of the adhesive remains, 2 that more than
half of it remains, and 3 that all the adhesive remains on the enamel surface. The
scores were determined with a stereomicroscope at a magnification of 25x.
Temperature measurement in the pulp chamber
To measure the temperature rise in the pulp chamber during application of heat
or ultrasound, a thermocouple (K-type) was inserted in retrograde and fixed in the pulp
chamber of a human incisor, which was filled with a hydrocolloid impression material
(Combiloid, Cavex Nederland B.V., Haarlem, The Netherlands) to mimic pulpal
tissue. The experiments were carried out with the root section placed in water at 37°C.
The temperature in the incisor was registered with a calibrated TC-08 data logger
(Pico Technology Limited, St Neots, U.K.) during the 60 seconds that ultrasound or
heat was applied.
Statistical analysis
Two-way analysis of variance (ANOVA) was used to test the effect of the
curing method and the cements on the debonding force. Furthermore, one-way
ANOVA was used to determine differences in debonding force between SC, HC and
UC within the materials (Bonferroni post hoc). P < 0.05 was considered significant.
The software used was SPSS 10.0 (SPSS Inc., Chicago, Illinois, USA).
3.4 Results
From visual observation, HC and UC accelerated the setting of both the
conventional and RMGICs. Two-way ANOVA analysis showed that the curing
method (F = 17.2; P < 0.001) and the cement (F = 55.0; P < 0.001) had a significant
effect on the debonding force, while the interaction effect was not significant (F = 1.4;
P = 0.199). Pairwise comparision demonstrated that both UC and HC significantly (P
< 0.001) improved the debonding force with respect to SC, but UC and HC were not
significantly different (P = 0.156). One-way ANOVA analysis showed a significant
increase in tensile force required to debond the brackets (P < 0.05) for the RMGICs,
Fuji Ortho LC and Fuji Plus after HC and UC compared with SC. For the conventional
GIC, Fuji IX Fast, only HC had a beneficial effect (Figure 3.3). ARI scores for each
group are shown in Figure 3.4.
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Mean tensile fracture force and standard deviation determined 15 minutes after
the start of the bonding procedure. HC = heat cure, UC = ultrasonic cure and
SC = standard cure. Values within a group that are not significantly different
from each other are marked with an asterisk (P > 0.05).
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Fuji PLUS

Mean adhesive remnant index (ARI) scores for each group. SC = standard
cure; UC = ultrasonic cure; HC = heat cure.
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3.5 Discussion
During HC or UC an increased setting rate was observed for both the
conventional and RMGICs compared with SC. In addition, the two treatments had a
beneficial effect on the bond in the early stages (the first 15 minutes, Figure 3.3). The
tensile forces required to debond the brackets cemented with the RMGICs, Fuji Ortho
LC and Fuji Plus, were significantly higher than those with SC. For the conventional
GIC, Fuji IX Fast, a stronger bond was only observed for HC. Heat is also generated
by ultrasound, from its kinetic energy, but the temperature rise was lower than that
with the soldering iron, as shown by the results of temperature measurements in the
pulp chamber. Beside the generation of heat, ultrasound may also contribute to
acceleration of the reaction by de-clustering glass particles and enhancing the diffusion
of the reaction components. Mechanical properties could be improved as well. The
material can be condensed by a reduction of porosity, which is vibrated out of the mix.
However, SEM evaluation did not show de-clustering of the glass particles or a
reduction of porosity, so it seems that heat played the major role in bond strength
improvement with UC.
After mixing the liquid and powder components of the RMGICs, the setting
proceeds along two different chemical reactions. The first, which starts at mixing and
progresses relatively slowly (26-31), is an acid-base reaction between a polyalkenoic
acid and the basic glass powder. The second reaction is a polymerization initiated by a
catalyst, as for Fuji Plus, or by light irradiation. Fuji Ortho LC is initiated both by a
catalyst and by light. It has been shown previously (32) that under normal setting
conditions the acid-base reaction is severely hindered in RMGICs by the presence of
the polymer structure. As heat will generally accelerate chemical reactions, the
application of heat is also expected to increase the acid–base reaction rate as well. So
for both materials, Fuji Plus and Fuji Ortho LC, the polymerization reaction together
with the acid–base reaction could benefit from HC and UC. HC increased the tensile
debonding force for Fuji Ortho LC and Fuji Plus by 27% and 52%, respectively. For
UC the increase was 32% and 30%, respectively. In the case of Fuji IX Fast, which
does not contain resins, only the acid-base reaction was accelerated. This could be the
reason why HC had an effect on the debonding force (27%), but not UC (3%), as UC
added less heat to the reacting medium.
The evaluation of the mode of failure after debonding showed an increase of
cement remnants on the enamel surface in all groups after HC or UC compared with
SC. The results, expressed as ARI scores, were most notable after HC, but for Fuji
Plus and Fuji IX Fast, both HC and UC also had a clear effect (Figure 3). This is
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certainly remarkable, as no conditioning of the enamel was performed prior to
application of these materials. Apparently, ultrasonic energy or heat can improve the
bond strength to enamel. The high ARI score of 2.9 found for Fuji IX Fast after HC,
indicates that the bracket-adhesive bond forms the weakest point. This gives the
opportunity of improving the bond strength at the bracket–adhesive interface, which
may be easier to accomplish than at the enamel–adhesive interface. Not only were the
ARI scores raised, but the standard deviations of the results became lower after HC,
which indicates that a more predictable bond can be achieved not only in the test setup, but possibly also in the clinical situation.
Normally, RMGICs and conventional GICs require several days to reach full
strength.(26-31) During this period the cements are still weak and the conventional
GICs, in particular, are susceptible to dissolution. A faster setting with HC and UC
may change this situation, as the ultimate strength can be reached sooner. However, at
this stage with current materials such as Fuji IX Fast, the bond strength obtained with
HC and UC is still low compared with the regular cement, Fuji Ortho LC. Fuji Ortho
LC has shown its clinical usefulness, and therefore forces of around 40 Newtons
(Figure 3.3) to debond brackets can be used as a baseline value.
A difficulty with the UC method is steady fixation of the bracket during
application. Because of vibration, the bracket tends to move during curing, which can
negatively affect the bond strength. The viscosity of the liquid used as a medium for
transferring the ultrasonic vibration from the tip to the bracket may play an important
role in modifying the intensity of waves, and bracket material may influence
performance. The HC method is easier to apply, although alternative ways of applying
heat, which are easier to handle inside the oral cavity, should be researched. Also new
material formulations especially designed to absorb heat could help to accelerate the
procedure.
3.6 Conclusions
The temperature measurements in the pulp chamber showed a maximum rise in
temperature of 2.5°C after 60 seconds of heat application and of 1.0°C after ultrasound
application. These values are only meant for direct comparison of the temperature rise
caused by the two methods. It should be noted that, as the thermal conductivity of the
experimental pulp tissue is unknown, the results cannot be extrapolated to the clinical
analogue.
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Accelerated setting by means of heat or ultrasound results in significantly
higher tensile forces being required to debond brackets from enamel for Fuji Plus and
Fuji Ortho LC, while for Fuji IX Fast only heat is effective.
The debonding force obtained after heat treatment of current conventional GICs
such as Fuji IX Fast cannot yet compete with that of contemporary materials such as
the RMGIC Fuji Ortho LC.
Heat application results in higher ARI scores compared with the standard
method of curing, while ultrasound curing raises the scores only for Fuji Plus and Fuji
IX Fast.
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Chapter 4
4.1 Abstract

The aim of this study is to investigate the influence of temperature on the
setting time and compressive strength of two conventional glass ionomer cements
(GICs) and to determine the influence of storage medium, oil or water, and storage
time.
Two conventional GICs, Ketac Molar (3M-ESPE Dental Products, Seefeld,
Germany) and Fuji IX Fast (GC Corp., Tokyo, Japan) were used to perform flow
property tests and compression tests. Flow property measurements were performed
using a displacement rheometer at six different temperatures. From the results of the
rheometer tests the working times and setting times could be determined. The
specimens for the compressive tests were stored at four different temperatures and in
two different media. Testing took place at five time intervals reaching from one hour
to three months.
The results of the rheometer tests showed that a temperature increase speeded
up the setting reaction significantly. The compressive strength results showed a jump
in time as a result of the higher curing temperature but no long-term strength effect
was observed. Materials curing in oil reached a significantly higher compressive
strength compared to those stored in water and Fuji IX Fast is significantly stronger
than Ketac Molar.
It was concluded that a temperature between 60°C and 70°C almost sets
conventional GICs on command and improves the early compressive strength.

50

The influence of environmental conditions

4.2 Introduction
The chemical adhesion to enamel in combination with the fluoride-releasing
property and its excellent biocompatibility gives glass ionomer cements (GICs) an
important place in the today’s dental practice. GICs are used as temporary or
permanent restorative material, as luting material for crown and bridgework, and in
orthodontics for cementing bands and brackets. Since the introduction in 1971 of the
first ASPA GICs by Wilson and Kent (1) major improvements have been made, but
some disadvantages of the GICs still remain.
Basic knowledge of the setting reactions and its kinetics will give an
understanding of the properties of these cements. GICs are comprised of an aqueous
polyalkenioc acid and an alumino-silicate glass component. After mixing, H+-ions split
off the COOH-groups from the acid-chains and react with the glass particles. Due to a
partial dissolution, the outer surface of the glass particles is converted into a gel coat
from which Al3+, Ca2+ and F- ions are secreted. The COO- groups and the released
Al3+and Ca2+ ions enables cross linking of these chains, giving a solid network around
the glass particles. The binding of the COO- groups with Ca2+ ions from the enamel
occurs and a chemical bond between the cement and the tooth structure is achieved.
During these reactions fluoride ions are released from the glass, which can have
antibacterial effects (2) and are able to be built into remineralising hydroxyapatite
crystals.(3, 4) The cross linking reactions are slow and it takes a long time before the
cements are completely matured. During this period the material is vulnerable to
external attacks such as saliva or water, which dissolute and dissolves the material.
Because of these drawbacks, Antonucci introduced the first resin modified glass
ionomer cement (RMGIC).(5, 6) This hybrid cement contains, beside the glass
ionomer cement, 4.5% to 6% HEMA and/or Bis-GMA. The resin part cures ‘on
command’ by which some of the above mentioned problems are avoided.
Besides adding resin to the GICs, the setting of the cement can also be
influenced by external factor such as pressure, temperature, humidity and mixing
time.(7, 8) In the oral cavity it is difficult to control these variables although there are
some solutions. The free surface of a restoration can be covered preventing it from
saliva contamination and in principle the temperature can be influenced by external
sources. It has been shown that the setting period can be shortened when energy, for
instance in the form of heat, is applied to the setting material.(9, 10) A quantification
of this effect and the effects on other material properties are as yet unknown.
The purpose of this study is to determine the influence of temperature on the
working and setting times of two commercially available conventional GICs, Fuji IX
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Fast and Ketac Molar. Furthermore, the influence of temperature and storage medium,
oil or water, on the compressive strength of the same materials was investigated at
different time intervals over a period of three months.
4.3 Materials and Methods
The two materials used in this study are listed in Table 4.1 by product name,
manufacturer, colour, batch number, and expiry date.
Table 4.1

Materials used in this study.

Material

Manufacturer

Colour

Batch no.

Expiry date

Fuji IX Fast

GC Europe, Leuven, Belgium

A3

0206284

2004-06

Ketac Molar

3M-ESPE, Seefeld Germany

A3/U

133889

2005-02

Rheological measurements
The working and setting times were determined with a displacement rheometer
(ACTA; Amsterdam, the Netherlands) (11). A 9 mm diameter stainless steel cylinder
and a glass bottom plate assembly with a gap width of 0.1 mm was used in the timeoscillation at a frequency of 0.17 Hz at a 1.15 degree rotation. The temperature of the
bottom plate was controlled by a Peltier device in order to maintain the specimen at
the desired temperature. Before the initiation of a run, the upper cylinder was brought
into contact with the glass plate to equilibrate the temperature of the 2 plates.
Furthermore, the bottom plate and the cylinder were isolated from external influences
in an isolation box. Close to the specimen the temperature was measured with a
calibrated TC-08 data logger (Pico Technology Limited, St Neots, UK). The amplitude
of the oscillating cylinder was measured 10 times per second and the data were
recorded on a computer using Labview 5.0 (National Instruments corp., Austin, Texas,
USA) for a maximum time period of 15 minutes. The materials were placed in the
rheometer according to the following protocol. The encapsulated GICs were activated
and mixed according to the manufacturers instructions in a Silimat 5S (Vivadent;
Schaan, Liechtenstein). At the moment of activation the time was recorded and the
temperature and rheological measurements commenced. After mixing, the material
was transferred directly into the rheometer.
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The tests were performed at six different temperatures, 20, 30, 40, 50, 60 and
70°C respectively and repeated 3 times for each temperature. The working time was
defined as the time between the start of mixing and the initial observation of
displacement. For practical reasons this point was set at 5% of the initial amplitude of
the rheometer. Setting time was defined as the time at which a material achieved less
than 95% of its maximum displacement.(12)
Compressive strength determination
Compressive strength was determined with Hounsfield H109KM universal
testing machine (Hounsfield, Redhill, UK) at a crosshead speed of 0.5 mm/min. The
specimens were prepared according to the following procedure. After activation of the
capsules, mixing of the material was performed according to the manufacturers
instructions in a Silimat 5S (Vivadent; Schaan, Liechtenstein) for 10 seconds.
Thereafter the material was injected in a stainless steel cylindrical mould with a
diameter of 3.15 mm and a height of 5.0 mm. The free surfaces were covered with a
polyester strip on which a gentle force was applied, ensuring a parallel upper and
lower surface to the specimen.
Five minutes after activation of the capsule, the specimens were removed from
the mould and placed in paraffin oil (Merck KGaA, Darmstadt, Germany) or tap water.
The specimens were stored at four different temperatures, 20°C, 37°C, 50°C, and 70°C.
The specimens were then tested at 5 different time intervals, 1 hour, 1 day, 7 days, 4
weeks and 3 months, making a total of 80 groups. Each group consisted of 8
specimens, which makes a total of 640 specimens.
Statistical analysis
The results of the compressive strength tests were statistically analysed using 4way ANOVA. For the rheometer test results a 2-way ANOVA was executed with
temperature as the dependent factor. The independent sample t-test was used for the
comparison between the materials. For both ANOVA’s the post hoc analysis was
performed with the Tukey HSD test at a P-level of 0.05. The software used was SPSS
11.0 (SPSS inc., Chicago, USA).
4.4 Results
Results of the rheometer tests of Fuji IX Fast as a function of time for the
different temperatures are shown in Figure 4.1. The plotted points at each time are the
average of the results of the 3 repeated runs. The error bars are determined by the
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standard deviation of this data at each time. The results of Ketac Molar are very
similar.
The average working and setting times together with the standard deviations are
summarized in Table 4.2. Two-way ANOVA showed that Fuji IX Fast gave a
significantly shorter curing time compared to Ketac Molar (F = 93.9, P < 0.001) When
this is split into working and setting times the significant differences remained
(respectively F= 4.4, P= 0.047 and F= 99.5, P<0.001). However, for the working time
the mean difference was 7 seconds, which in not considered to be clinically
significant. The mean setting times of the materials varies around 60 seconds. This is
approximately 30% of the total mean setting time and therefore clinically significant.
The comparison of the environmental setting temperatures showed that with
every 10°C increase the working and setting time significantly shortened. Only after
60°C was there no difference in all groups, compared to the 70°C.
Figure 4.2 shows the plots of the temperature dependence of the working time
for Fuji IX Fast and Ketac Molar. The data are presented as Arrhenius plots in which
the logarithm of the reciprocal working or setting time is plotted against reciprocal
absolute temperature. Since the setting of GICs is a complex process with a sequence
of steps, such a plot should give a straight line. From the slope of this line the molar
activation energy of the rate-determining step in the sequence can be derived. For the
working time of Fuji IX Fast and Ketac Molar these plots were found to be linear, and
from the slope an activation energy of 27.3 KJ/mol, and 30.2 KJ/mol, respectively,
could be calculated. For the setting time an activation energy of 34.2 KJ/mol, and 37.5
KJ/mol was found for Fuji IX Fast and Ketac Molar, respectively.
Table 4.3 shows average compressive strength together with the standard
deviation for Fuji IX Fast and Ketac Molar measured after different storage time and
temperature. Four-way ANOVA showed significant differences between the materials,
temperatures and storage times as well as for the storage medium. Specimens stored in
oil were significantly stronger than specimens stored in water (F = 486.3, P<0.001).
Fuji IX Fast is significantly stronger than Ketac Molar (F = 364.0, P<0.001). The post
hoc analysis of the compressive strength is summarized in Table 4.3. In this table the
results are horizontally analysed for the differences in temperature and vertically for
the differences in storage time.
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Figure 4.1

Graphical representation of the influence of environmental temperature on the
change in viscosity with the setting time of Fuji IX Fast determined with the
displacement rheometer. From these graphs the 5% and 95% settings could be
determined as the measure for the working and setting time.

Table 4.2

The average working and setting times together with their standard deviations,
measured at different temperatures.
Working time (s)

Setting time (s)

T (°C)
Ketac Molar

Fuji IX Fast

Ketac Molar

Fuji IX Fast

20

260.7 (14.3)a

230.0 (30.3)a

669.2 (40.4)a

449.4 (38.7)a

30

158.2 (3.4)b

137.8 (7.1)b

342.6 (16.6)b

273.9 (10.5)b

40

84.7 (1.6)c

89.9 (6.0)cd

199.5 (5.4)c

170.8 (10.0)c

50

65.9 (2.8)d

67.3 (2.4)de

140.7 (6.7)d

117.8 (6.5)d

60

52.1 (3.0)de

52.4 (1.6)e

93.1 (3.2)de

82.4 (2.7)de

70

43.8 (1.0)e

45.1 (2.7)e

69.7 (4.0)e

65.4 (5.6)e

Equal characters mean that there is no significant difference between different temperatures.
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Figure 4.2

The Arrhenius plot of ln (1/t) against 1/T (K-1) show the best fitted straight line
of the setting of Fuji IX Fast (dashed line) and Ketac Molar (solid line). The
left graph shows the results for the working time; on the right the setting time
is shown.

4.5 Discussion
In this in vitro study the compressive strength and setting properties of Ketac
Molar and Fuji IX Fast in relation to different environmental conditions were studied.
The temperature variation, the influences of storage medium, and storage time were
investigated.
Differential Thermal Analysis (DTA) (13), the in the standard for water-based
cements described penetration method (ISO 9917:1991E), and the displacement
rheometer test (11), are most commonly used to describe the setting properties of
GICs. The DTA method measures the temperature of the setting material. The time
between the start of mixing and the start of the exothermic reaction is considered to be
the working time. The setting time is determined as the period between the start of
mixing and the exothermic top. At this stage the setting reaction is not fully completed.
If the temperature decreases to 5% of its exothermic top the setting reaction can be
considered as ended.(14) The ISO 9917 penetration test measures only the setting time
by using a flat-ended indenter. If this device fails to make a complete indentation the
setting time is achieved. These tests are performed at 37˚C and with a humidity of
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90%. The visco-elastic properties can also be studied with a displacement rheometer as
described in the materials and methods section.
Table 4.3

The average compressive strengths (MPa) together with their standard
deviations of the two materials (KM = Ketac Molar and FIXF = Fuji IX Fast),
their storage conditions and the different time intervals.
20°C

37°C

50°C

70°C

FIXF

1h

95.0 (5.0)aA

127.3 (15.3)aB

178.7 (11.1)aC

181.5 (21.7)aC

Oil

1d

158.9 (23.1)bA

178.9 (14.7)bAB

192.3 (22.4)abBC

208.3 (21.2)abC

1w 180.5 (16.3)bcA

196.4 (29.9)bA

208.5 (23.6)abAB

241.9 (39.8)bB

4w 203.2 (27.8)cA

200.5 (34.9)bA

223.8 (33.6)bA

211.1 (22.5)abA

3 m 183.1 (27.8)bcA

198.3 (23.1)bAB

229.7 (33.6)bB

215.3 (33.6)abAB

144.9 (28.3)aB

141.3 (26.4)aB

KM

1h

93.0 (9.6)aA

93.7 (15.6)aA

Oil

1d

134.6 (19.8)aA

150.3 (26.4)bcAB

175.1 (32.5)abcB

159.0 (28.3)aAB

1w 156.5 (29.3)bcA

145.0 (19.7)bA

160.1 (33.0)abA

146.9 (31.5)aA

4w 184.2 (22.0)bAB

183.9 (28.6)dAB

210.9 (32.6)cB

174.2 (10.3)aA

3 m 183.2 (34.8)bAB

181.2 (22.5)cdA

194.4 (37.0)bcAB

224.3 (27.3)bB

FIXF

1h

65.8 (11.1)aA

102.1 (8.4)aB

131.9 (21.5)aC

154.1 (16.4)aD

Water

1d

149.2 (25.0)bA

168.4 (14.5)bAB

182.2 (19.5)bB

189.2 (21.4)bB

1w 159.1 (28.7)bA

182.5 (35.4)bA

165.1 (31.3)abA

168.1 (10.4)abA

4w 160.4 (29.6)bA

177.9 (13.9)bA

173.6 (35.9)bA

175.4 (32.8)abA

3 m 141.4 (25.5)bA

173.0 (21.1)bB

150.2 (17.6)abAB

158.8 (26.7)abAB

KM

1h

53.5 (7.3)aA

71.1 (10.9)aB

60.6 (15.7)aAB

64.3 (15.4)aAB

Water

1d

83.8 (11.6)bA

112.3 (19.1)bB

134.8 (15.3)bBC

137.8 (21.8)bcC

1w 110.8 (14.2)cdA

118.2 (10.9)bA

127.5 (23.8)bAB

147.9 (22.0)bcB

4w 127.8 (15.5)dA

122.5 (14.7)bA

138.3 (25.5)bA

170.6 (31.0)cB

3 m 98.0 (12.2)bcA
122.0 (25.6)bAB
136.3 (20.1)bB
121.0 (26.0)bAB
Statistical differences were calculated using the Tukey HSD post hoc analysis. The capital
characters show the statistical differences between the temperatures (horizontal). The small
characters indicate the statistical differences between the times (vertical). Equal characters
mean that there is no significant difference. P<0.05 was considered as statistically significant.

Although these tests all measure different properties, the setting time can be
determined with all three of them. The working time can be measured with use of the
DTA test and the displacement test but not with ISO 9917 penetration test. Because of
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the different nature of the tests, the obtained working and setting time may differ. A
study of Kilpatrick et al. reports that the ISO 9917 method underestimates the setting
time by up to 32% compared to the DTA method.(14) With the consideration that the
DTA method determines the setting time as the top of the exothermic reaction and not
at the end of the chemical reaction the material might still be displaceable. It is
therefore likely that the displacement method gives higher outcomes compared to the
DTA method. According to the manufacturers the setting times of Fuji IX Fast and
Ketac Molar measured with the ISO 9917 method at 23°C are 120 s and 270 s,
respectively. This setting time is much shorter than the setting time obtained with the
rheometer in this study, 449 s and 669 s at 20°C, respectively, but in line with the
explanation given above.
The results from the rheometer showed that working and setting time decreased
with increasing temperature. The Arrhenius plot (Figure 4.2) showed that for Ketac
Molar and Fuji IX Fast the lines for the working and setting times are almost parallel,
giving nearly the same activation energy for both processes. This means that the
reaction processes involving the working and setting time originate most probably for
the same rate-determining step in the maturing reactions of the cements. A logical
explanation would be the cross linking of polyalkenioc acid chains by Ca2+.(15)
The question is raised if ‘on command set’ could be achieved for GICs by
applying an external heat source. Although no clear definition of a setting on
command is available at present it can be said an ideal material will not react at mouth
temperature, but is fully matured after 20 to 40 s application of an external heat source.
In other words, the working time should be as long as possible at 37°C and the
activation energy should be of a magnitude that will set the cement within 20 – 40 s at
a clinical acceptable temperature. That application of external heat enhances working
and setting time significantly can be seen in the Table 4.2. From a clinical point of
view the working time at 37°C and the activation energy of both GICs are nearly the
same, and therefore not much difference is expected in ‘on command set’ behaviour of
these two materials.
The specimens stored in oil showed significantly higher compressive strength
values compared to those stored in water. The explanation for the lower strength
results in the water groups is the dissolution of the surface of the specimens and the
surface one of the parts which is responsible for the maximum force resistance until
fracture.(16) The influence of storage medium on the compressive strength of GICs
confirms previous reported data.(16, 17) Increasing temperature resulted always in a
higher compressive strength after one hour, expect for Ketac Molar stored in water.
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The deteriorating effect of water on the compressive strength of Ketac Molar is of
larger influence than the faster setting achieved by the higher temperature. It was
already shown by de Gee et al. and van Duinen et al. that the first 24 hours are very
critical in GIC setting. The material is in this period most prone to wear and
dissolution.(18, 19) If this vulnerable period can be shortened as a result of a faster
setting time these properties might be positively influenced as well.
From the literature it can be concluded that adding energy to setting GIC, in the
temperature range as researched here, will not harm the pulp.(20) Nevertheless, due to
the fact that in the clinic energy is already applied using ultrasound, some reservations
have to be made with respect to the application time and distance of the heating device
to the pulp. More research has to be done to make sure that heat can be applied safely
in the clinic.
4.6 Conclusions
• The working times of Ketac Molar and Fuji IX Fast are almost equal. Both
materials react equally on the application of heat.
• A temperature between 60°C and 70°C, applied during setting, gives a
significantly higher initial compressive strength and reaction speed, resulting in
an almost “on command” curing for both materials.
• Storing temperature, storage time and storage medium have a significant
influence on the compressive strength of Ketac Molar and Fuji IX Fast. This
should be taken into consideration when using these materials either in the
clinic or for research purposes.
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5.1 Abstract
Fracture of the bracket-cement-enamel system often takes place between the
bracket and the cement. Especially for glass ionomer based materials it is therefore
helpful if this part of the system can be improved.
The aim of this in vitro study is to investigate the influence of different bracket
base pre-treatments in relation to three different cements on shear as well as on the
tensile bond strength.
Three different cements, Transbond XT, a resin composite, Fuji Ortho LC, a
resin modified glass ionomer cement (RMGIC), and Fuji IX Fast, a conventional glass
ionomer cement (GIC) were used. Upper incisor brackets with three types of base
treatment, sandblasted, silicoated, and tin-plated were bonded to bovine enamel.
Untreated brackets were used as the controls. Ten specimens were tested for each
group. The brackets were stored for 24 hours after bonding and tested in shear as well
as in tensile mode. After fracture the remaining adhesive was scored using the
adhesive remnant index (ARI). ANOVA was used to detect statistical differences
between the bond strengths at a p-level of 0.05.
Although some of the bracket pre-treatments had a statistically significant effect
on the bond strength, no clear improvement was measured. The ARI scores of the test
groups do not show a change according to the control groups.
The investigated base pre-treatments did not have such a beneficial influence on
the bond strength that improved clinical results can be expected. Improvement of the
bond between bracket and cement might be found in other variables of the bracketcement-enamel system such as the elasticity of the materials.

64

The influence of different bracket base surfaces

5.2 Introduction
In the early days of bracket adhesion research, the aim was to achieve a strong
and reliable bond between the bracket and the enamel. With the use of the current
mesh-based brackets and resin composites these initial problems have mostly been
solved. Nowadays, the focus is more on details such as a faster bonding, harmless
removing procedures, and antibacterial effects of the bonding materials to help oral
hygiene.
For these reasons the popularity of using resin modified glass ionomer cements
(RMGICs) for bracket bonding, is increasing. Their bonding properties are acceptable
and they have the advantage of fluoride release. Although the influence of the type and
amount of fluoride is still not clear, a beneficial effect is assumed.(1, 2)
A second type of material that also releases a substantial amount of fluoride is
conventional glass ionomer cement (GIC). Another advantage of this material is the
chemical bonding to enamel. COO- groups of the GIC bind to Ca2+ ions of the enamel.
This results in a non-invasive, superficial bonding. Separation of the bracket at the end
of treatment is therefore not within the enamel, but at the surface. This minimizes the
chance of enamel damage and reduces the cleaning time. The main disadvantages of
this type of material are the low bond strength properties, the slow curing reaction, and
the high failure rate.(3, 4)
In contrast with the non-invasive chemical bonding of GIC is the hybrid layer
which is formed when resin composite is used as bonding material. Resin composite
needs a micromechanical bonding to adhere to enamel. After treatment the hybrid
layer has to be removed. This results in damage while on the other hand not all
material is removed.
In vitro as well as in vivo debonding usually takes place between the cement
and the bracket. It is therefore logical that this part of the bracket-cement-enamel
system has to be improved if a lower failure rate is demanded. Several suggestions
such as different base geometries (5), mesh sizes (6-8) mesh numbers (9, 10), and
surface treatment of the mesh (11-13) are performed for enhancement of this part of
the system. The literature does not give a clear answer to the question as to which
combination of materials provides the best bonding. Surface enlargement as a result of
microabrasion is an advantage found when plane surfaces, such as crowns, are bonded
to a tooth structure.(14, 15) For bracket bonding with composite or glass ionomer
based materials this benefit is not clear. Chung et al. (16) reported an improvement of
the bond as a result of sandblasting the bracket base when composite resin was used as
cement. When GIC (Ketac Cem) was used as bonding material in combination with a
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sandblasted bracket, a significant improvement of 22% in bond strength was
found.(17) When a RMGIC was used no difference was observed.(13) Tavares et al.
(18) and Sonis (19) did not find a difference in bond strength between sandblasted
brackets and control groups. Willems et al. (20) concluded that the influence of
sandblasting on the bond strength is dependent on the bracket base type. From a study
of Arici et al. (11) the particle size of the aluminum oxide, the blasting time, and the
distance to the object also appears to be of importance.
Micro-abrasion in combination with silicoating is another technique
successfully used in prosthetic dentistry.(21) With this technique a SiOx layer is
burned onto the metal surface. Subsequently this layer is silanized using Silicoup. This
enables a chemical bonding with the oxides of the cement. Newman et al. (22) stated
that silicoating the bracket base can be of benefit if a resin composite is used as
cement. No data is available concerning bonding silicoated brackets with GICs.
Swartz et al. (21) evaluated the influence of surface treatment of high-noble
alloys, used for porcelain fused to metal crowns. A benefit of tin-plating in
combination with RMGIC was found when tensile tests were performed. An
explanation for the results was an improved chemical bonding of the cement to the
oxides formed at the tin surface. The doubts and contradictions in research results on
this topic led to the conduction of this study.
The aim of this in vitro study was to investigate the influence of different
bracket base pre-treatments, sandblasting, silicoating, and tin-plating, in relation to
three different cements. The bonding properties were evaluated with shear as well as
tensile bond strength testing.
5.3 Materials and methods
Specimen preparation
The brackets used in this research were stainless steel, mesh based (Mini Twin,
“A”Company Orthodontics, San Diego, California, USA), bonded to bovine enamel.
Enamel from 240 freshly extracted bovine teeth, randomly collected from two-yearold cattle, was used as the substrate. The crowns were sectioned from the roots and
embedded in cylindrical Polymethyl methacrylate moulds. The vestibular enamel
surface was ground on wet silicon carbide paper up to grit 1200 to create a flat
standard bonding surface.
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Table 5.1
Material

Materials used in this study.
Manufacturer

Cement type

Batch nr Exp. Date

Fuji IX Fast
GC Corporation Conventional glass ionomer cement 0506083 2007-06
Fuji Ortho LC GC Corporation Resin modified glass ionomer cement 0309253 2005-09
Transbond XT 3M-Unitek
Resin composite
3 JF
2006-10

The cements investigated are shown in Table 5.1. All cements were handled
according to the manufacturers’ prescriptions with the exception of Fuji IX Fast. For
this cement the conditioning step was not performed. Prior to the use of Fuji Ortho LC
the enamel was conditioned with a polyacrylic acid-gel (GC Dentin Conditioner, GC
Corp., Tokyo, Japan) for 20 seconds following which extensive rinsing and air drying
of the enamel took place. Before bonding with Transbond XT, 35% phosphoric acid
(Ultradent Products, South Jordan, Utah, USA) was applied to the enamel for 30
seconds, followed by rinsing, air drying, and application of adhesive primer (3M
Unitek, Monrovia, California, USA).
If light curing was required, the Elipar Trilight curing unit (3M-ESPE Dental
Products, Seefeld, Germany) was used in the standard mode at 750 mW/cm2.
Bracket pre-treatment
Brackets with a bonding area size of 2.9 mm x 4.2 mm, intended for use on
central upper incisors, were cemented to the enamel substrates. The brackets were
bonded in the same way: the cement was applied to the bracket, the bracket was placed
and firmly pressed with a probe at the bonding area. Excessive material was removed
prior to curing. The specimens were stored for 24 hours at 37˚C tap water.
Prior to bonding four groups were created: a sandblasted-, a silicoated-, a tinplated-, and a control group. The bases of the brackets from the sandblasted group
were roughened with aluminum oxide particles <50 µm for 3 seconds. The brackets
used in the silicoated group were also sandblasted followed by the application of a
Silicon-oxide layer using a Siliflame coater (Heraeus-Kulzer GmbH, Wehrheim,
Germany). Subsequently a silane layer was applied using Silicoup (Heraeus-Kulzer
GmbH). The brackets of the third group were electrolytically plated with a layer of tin
less then 10 µm thick.
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Figure 5.1

Photographs showing the set-up for the shear stress determinations. A lateral
view (left) and a frontal view (right) of the specimen and the specimen
container.

Tensile and shear strength determination
For tensile testing the set up used has been described previously (23). A round
stainless steel wire, with a diameter of 1 mm, was bent in a U-form and tied with a
harness ligature to the bracket. The free ends of the wire were clamped in the
connecting piece of the crosshead. A hinge in the connecting piece together with the
round wire made vertical alignment of the specimen in the pre-test phase possible.
Vertical alignment is necessary for homogeneous stress distribution over the specimen
during the test. For shear testing the specimens were placed in a brass block so that the
bracket base was located exactly at the edge of this holder (Figure 5.1). A metal plate,
intended to guide the specimen, was placed parallel to the specimen, just not touching
it. An extension connected to the crosshead was placed at the top of the specimen,
performing a compressive force in line with it. In this way the enamel is sheared off
the bracket.
Twenty four hours after the start of the bonding procedure the specimens were
measured in a universal testing machine (Hounsfield Ltd., Redhill, Surrey, UK). Each
group consisted of 10 specimens. The crosshead speed during testing was 0.5
mm/minute. The loads at fracture were recorded in Newtons and converted to Mega
Pascals. After testing, the type of fracture was scored using the adhesive remnant
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index (ARI) (24) to identify the weakest point in the bracket-adhesive-enamel system.
The scores were determined with a stereomicroscope at a magnification of 25x.
Statistical analysis
Two-way analysis of variance (ANOVA) was used to test the effect of the
different bracket base pre-treatment methods in combination with different cements on
the debonding force. Furthermore, one-way analysis of variance (ANOVA) was used
to determine differences in debonding force between the base pre-treatments within
the materials. P<0.05 was considered significant. Tukey’s post hoc test was performed
to show individual differences. The software used was SigmaStat Version 3.0 (SPSS
Inc, Chicago, Illinois, USA).
5.4 Results
Bond strength
Table 5.2 shows the results of the shear and tensile bond strengths. The results
of the ANOVA demonstrated statistical differences between Transbond XT, Fuji
Ortho LC, and Fuji IX Fast (P<0.001). Transbond XT showed the highest results,
while Fuji IX Fast gave the lowest results. There was also a clear difference between
the shear and tensile strength results, with the shear strength results being significantly
higher (P<0.05). No clear difference in bond strength was found between the four
different pre-treatment methods of the bracket bases. Regarding the shear test results,
the control group of Transbond XT showed significantly higher values compared with
the tin-plated group. For Fuji Ortho LC the tin-plated group gave the highest results.
The tensile test results showed less variation.
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Table 5.2

Shear and tensile bond strengths (in MPa) together with the standard deviations
for the different variables.

Shear bond strength

Control
Aa

Transbond XT
Fuji Ortho LC
Fuji IX Fast
Tensile bond strength

Sandblasted
ABa

Silicoated

Tin-plated

18.3 (4.3)
8.5Bb (3.4)
3.7Ac (2.5)

16.3 (5.1)
11.1ABb (7.8)
2.6 Ac (1.6)

14.0 (5.3)
9.8Bab (5.6)
4.3Ab (1.4)

12.4Ba (3.8)
15.1Aa (3.1)
4.3Ab (2.6)

Control

Sandblasted

Silicoated

Tin-plated

Aa

ABa

Ba

Aa

Transbond XT
5.6 (1.0)
6.7 (0.5)
6.1 (0.9)
6.2Aa (0.4)
Fuji Ortho LC
4.5ABb (0.5)
4.9Ab (0.6)
4.0BCb (1.0)
3.2Cb (0.5)
Fuji IX Fast
1.5Ac (0.4)
1.6 Ac (0.6)
1.6Ac (0.5)
1.9Ac (0.5)
Equal capital characters indicate statistical equality within the material (horizontal).
Equal small characters indicate statistical equality within the pre-treatment (vertical).

ARI scores
Table 5.3

Frequency distribution together with the averages of the adhesive remnant
index-scores of the shear and tensile measurements.
Shear tests

Transbond XT

Fuji Ortho LC

Fuji IX Fast

Tensile tests

ARI score

0

1

2

3

Av.

0

1

2

3

Av.

Control

0

2

5

3

2.1

0

1

1

8

2.7

Sandblasted

0

5

0

5

2.5

0

1

0

9

2.8

Silicoated

1

0

7

2

2.1

1

7

1

1

1.2

Tin-plated

2

1

5

2

1.7

1

1

1

7

2.4

Control

1

0

3

6

2.4

0

0

2

8

2.8

Sandblasted

0

1

6

3

2.2

0

0

1

9

2.9

Silicoated

0

0

6

4

2.4

0

0

2

8

2.8

Tin-plated

0

0

2

8

2.6

0

0

0

10

3

Control

1

2

4

3

1.9

0

0

1

9

2.9

Sandblasted

6

4

0

0

0.4

1

1

8

0

1.7

Silicoated

3

4

1

2

1.2

1

1

1

7

2.4

Tin-plated
4
0
0
6
1.8
0
0
1
9
2.9
A score of 0 indicates that no adhesive was left on the enamel, 1 that less than half of the
adhesive remained, 2 more than half remained, and 3 all adhesive remained on the enamel
surface.
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The ARI scores for the shear and tensile measurements are presented in Table
5.3. The average ARI scores for Transbond XT and Fuji Ortho LC were between 2.1
and 3.0. This means that fracture occurred mainly between the bracket and the cement.
Combined with the bond strength results, no improvement of the pre-treatment
procedure could be discovered. Fuji IX Fast showed, for most of the tests, a low ARI
score.
5.5 Discussion
The use of glass ionomer based cements for bracket bonding is gaining
popularity because of the believed cariostatic effect. It is not however a commonly
used material for bracket bonding because of the assumed inferior bonding properties
compared with resin composite. This assumption is supported in the present study. The
specimens composed with resin composite provide significantly stronger bonding,
while the brackets bonded with conventional GIC gave the lowest results.
The main purpose of the present study was to evaluate the influence of
modifying the mesh base on the bond strength. The different cements were evaluated
in relation to different bases. The results show that only tin-plating had a positive
effect on the shear strength of Fuji Ortho LC. This is partly in line with the results of
Swartz et al. (21), who found an improvement in the tensile strength when tin-plating
in combination with a RMGIC was used. The tensile strength of the RMGIC bonded to
the tin-plated bases in the present study did not improve.
Except for the RMGIC group bonded with tin-plated brackets, neither the shear
nor the tensile strength changed dramatically. Therefore, the conviction is still that no
clinically significant influence of any of the modification procedures can be expected.
Regarding the ARI scores, most specimens fractured at the bracket-cement
interface. This was more pronounced in the tensile than in the shear tests. One
explanation may be that the stress distribution over the specimens is different in both
tests. The bracket-cement interface is more resistant to compressive then to tensile
stress. The ARI scores did not change as a result of the base pre-treatments when they
were compared with the control groups.
The type of material is of influence on the bonding of a bracket to the cement.
In the shear groups the GIC showed more breakage inside the cement or at the enamel
interface compared with the RMGIC or composite groups.
The bond strength results as well as the ARI scores found in this study support
the theory that not only the internal strength of the cement plays a role in the bracketcement bonding, but also the elasticity of the cement and the other components of the
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bracket-cement-enamel system. To find bond strength improvements the scope of
research might be primarily on this property of the bracket-cement-enamel system.
5.6 Conclusions
No clear improvement was found in relation to the pre-treatments of the bracket
bases. This means that surface enlargement by means of sandblasting or establishing a
chemical bonding between the bracket and the cement was not successful. It is likely
that other factors are responsible for the resistance to fracture.
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Chapter 6
6.1 Abstract

The aim of this study is to evaluate the influence of cyclic loading and the type
of adhesive on the shear bond strength of the bracket-cement-enamel bond.
The materials studied are: Transbond XT (a Bis-GMA resin composite cement,
3M-Unitek), Fuji Ortho LC (a resin modified glass ionomer cement, GC), and Fuji IX
Fast (a conventional glass ionomer cement, GC). The Shear Bond Strength (SBS) and
the Shear Bond Fatigue Limits (SBFL) are determined after 72 hours storage in 37 ºC
water for the cement itself, the button-cement interface, the cement-enamel interface,
and the bracket-cement-enamel system. The SBFL is determined with the aid of the
‘staircase method’ at 10,000 cycles. The results are analyzed using ANOVA and
Tukey HSD post hoc test (p < 0.05).
ANOVA shows significant differences between the SBS of the materials.
Fatigue is observed in all substrate combinations, with the exception for the Fuji IX
Fast cement-enamel and the Fuji Ortho LC bracket-cement-enamel combinations.
Using SBS alone for evaluating and predicting the bond strength properties of
the bracket-cement-enamel system can give interpretation failures, because materials
providing high initial strength do not always show the best fatigue resistance.
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6.2 Introduction
Bonding of mesh based brackets to teeth is an important step in an orthodontic
treatment with fixed appliances. The bracket-cement-enamel system has several
variables that have to be controlled during the bonding and debonding procedures.
Resin composite is the material of first choice nowadays because of their good and
predictable bonding properties. However, the material also has some disadvantages
such as the micro mechanical invasive adhesion to enamel and their ability to host
bacteria. Glass ionomer based cements can be a valuable alternative, because of their
fluoride releasing property and their ability to bond chemically to enamel.(1)
However, the bond strength of conventional glass ionomers seems too weak for
clinical use.(2)
The in vitro bond strength of a bracket to a tooth has been studied extensively.
These studies are difficult to compare due to large variation in the design of the test,
substrate, type and size of the bracket, and the cement used. Nevertheless, according to
the literature, the recommended bond strength of the bracket-cement-enamel system
varies from 2.9 to 10.0 MPa.(3-6) In contrast to the numerous in vitro studies only a
few in vivo shear bond strength studies are reported. Pickett et al. compared the in
vitro shear strength with the in vivo shear strength after an average of 23 months of
treatment. The in vitro shear bond strength was 12.8 (3.1) MPa, while the in vivo value
was only 5.5 (2.2) MPa. Saliva, acid, masticatory forces, the in vivo bonding
procedure, and forces of the orthodontic treatment were suggested as possible
explaining factors for the reduced bond strength.(4)
Various studies showed a negative effect of water and saliva on the strength of
composites, resin modified glass ionomer cements (RMGICs), and conventional glass
ionomer cements (GICs).(7-9) Beside this deterioration of the cements as a result of
water or saliva, the bracket-cement-enamel system is also exposed to repeated
mechanical loading and stresses induced by temperature changes.(10) As a result of
the ever changing balance between functional forces and the resistance of the fixed
appliance, jiggling forces have a weakening effect on the bond strength. These forces
can initiate micro-cracks inside the brittle adhesive, concentrated around defects
located at the surfaces or inside the material. Propagation of these cracks is a slow
process that weakens the system further. Failure occurs often when a peak stress acts
on the bracket. Various studies showed the effect of repeated mechanical loading on
the strength of composites and enamel and dentine bonding systems. To our
knowledge only one study based on repeated mechanical loading in relation to the
bracket-cement-enamel system is reported.(11)
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The purpose of this study was to investigate the effect of repeated mechanical
loading on the bracket-cement-enamel system using three different types of cement,
e.g. resin composite, RMGIC, and GIC. Therefore the initial shear bond strength
(SBS) and the shear bond fatigue limit (SBFL) after 10,000 cycles were measured for
each of these cements. In addition to this the initial shear bond strength and shear bond
fatigue limit of the cement-enamel, cement-only, and button-cement combinations
were determined.
6.3 Materials and Methods
Material handling
The three materials used in this study are listed in Table 6.1 by product name,
manufacturer, cement type, batch number, and expiry date. All cements were handled
according to the manufacturer’s instructions. Fuji IX Fast was applied to air dried
enamel without performing a conditioning step. Before bonding with Fuji Ortho LC
conditioning took place with 10% polyacrylic acid (GC Dentin Conditioner, GC Corp.,
Tokyo, Japan) for 20 s. The conditioner was rinsed where after air drying took place.
Prior to bonding with Transbond XT, 35% phosphoric acid (Ultradent Products, South
Jordan, Utah, USA) was applied on the enamel for 30 s, followed by rinsing, air
drying, and application of adhesive primer (3M Unitek, Monrovia, Ca, USA). Curing
of the light activated components was performed with an Elipar Trilight curing unit
(3M-ESPE Dental Products, Seefeld, Germany).
Table 6.1

Cements used in this study.

Material

Manufacturer

Cement type
Conventional glass
Fuji IX Fast GC Corporation Tokyo, Japan
ionomer cement
Resin modified glass
Fuji Ortho LC GC Corporation Tokyo, Japan
ionomer cement
3M-Unitek, Monrovia, Ca,
Transbond XT
Resin composite
USA

Batch nr

Exp. Date

0506083

2007-06

0309253

2005-09

3 JF

2006-10

Specimen preparation
The initial shear bond strength (SBS) and shear bond fatigue limit (SBFL) were
determined on four different types of specimens, e.g. cement-enamel, bracket-cementenamel, cement-only, and bracket-cement. A schematical representation of the
specimens is shown in Figure 6.1. Cylindrical cores of enamel (6.0 mm in diameter)
were cut from incisors of 2 years old bovines, using a water-cooled, diamond coated,
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trepan drill. These cylinders were bonded with composite in 2.0 mm thick stainless
steel plates, with the enamel surface aligned slightly above the plate surface. The
enamel was ground by hand on 240 grit, water cooled abrasive paper, until the surface
was flush with the stainless steel plate. Hereafter finishing took place up to 1200 grit,
ensuring a standardized enamel surface.

F

F

Cement-Enamel

Figure 6.1

Button-Cement-Enamel

F

Cement

F

Button-Cement

Schematically representation of the four different specimens tested. The arrows
indicate the location of force application during testing.

When preparing the bracket-cement-enamel specimens the cements were
applied to round mesh based stainless steel buttons (Direct Bond, Ortho Organizers
Inc. San Marcos, Ca, USA). Immediately hereafter this combination was firmly
pressed against the enamel surface. To standardize the procedure the brackets were
placed with the aid of a polyether impression material mould (Impregum F, 3M ESPE,
Seefeld, Germany). Because of the flat surface of the impression material around the
bracket, no cement could cover the top surface of the bracket base. The brackets had a
diameter of 3.5 mm and a bonding area of 9.6 mm2.
For the cement-enamel specimens a cylindrical mould, with an inner diameter
of 2.0 mm and a height of 2.0 mm, was placed on the enamel surface. The cylinder
was filled with cement, covered with a polyester strip.
The cement-only specimens were prepared with the same mould. The mould
was placed on top of the stainless steel plate at the centre of a cylindrical hole (Ø 6.0
mm). The existing lumen was filled at one tempo with one of the adhesives (Figure
6.1).
A similar procedure was followed for the bracket-cement group preparation.
The same mould which was used to hold the bracket for the bracket-cement-enamel
specimen preparation was positioned on top of the stainless steel plate at the centre of
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the cylindrical hole (Ø 6.0 mm) and filled with one of the cements. All specimens
were stored for 72 hours in tap water of 37 °C.
Shear bond strength (SBS) testing
After storage the specimens were transferred to a test fixture. This fixture
consisted of a cylindrical cavity in a brass block, with shallow, diametrically opposed
grooves that were machined to fit precisely a two plate assembly; the specimen and the
jig for applying the shear force (see Figure 6.2). The SBS of eight specimens was
tested in a universal testing machine (Hounsfield H109KM universal testing machine,
Redhill, UK) at a crosshead speed of 1 mm/min.

Figure 6.2

Schematical representation of the test fixture. The two-plate specimen
assembly fits precisely in the diametrically opposed grooves. Therefore
movement of the jig was only possible in one direction, ensuring a pure shear
force.

Determination of the shear bond fatigue limit (SBFL)
A twelve-station fatigue testing apparatus utilizing air pressure to regulate and deliver
the force was employed for load cycling.(12) The SBFL of the load tests were
determined for 10,000 cycles (13) at a frequency of 1.0 Hz and a 50% duty cycle. The
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load cycling of the specimens (n = 20 per group) was carried out with the same test
configuration as the SBS test. The ‘staircase’ method was used to determine the
SBFL.(14, 15) The first test of each series started at 50% of the previously determined
SBS of each cement. The maximum applied stress of the following tests was
determined by the result of each previous test: failure or non-failure. When a specimen
did not fail, the next specimen was put to the test at a stress level one increment higher
than the previous test. In case of failure the next test was determined at one increment
lower than the one that failed. Increments 5% up or down from the first performed
fatigue test were used. The SBFL and its standard deviation were determined using
Equation 1 and 2, respectively.
⎞
⎛ Σini
SBFL = X 0 + d ⎜⎜
± 0.5 ⎟⎟
⎠
⎝ Σn i

(1)

⎛ Σn Σi 2 ni − (Σini ) 2
⎞
SDSBFL = 1.62d ⎜⎜ i
+ 0.029 ⎟⎟
2
(Σni )
⎝
⎠

(2)

In this Equation X0 is the lowest stress level considered in the analysis and d is the
fixed stress increment. In Equation 1, the negative sign is used when the analysis is
based on failures; otherwise the positive sign is used. The lowest stress level
considered is designated as i = 0, the next as i = 1, and so on. The number of failures
or non-failures at the given stress level is represented by ni.
Statistical analysis
Means and standard deviations of the SBS and SBFL were computed, and compared
using one-way ANOVA and Tukey post hoc tests at a significance level of 0.05 using
SigmaStat 3.1 (SPSS Inc, Chicago, USA). The statistical difference between the SBS
and SBFL were analyzed with an independent t-test.
6.4 Results
The mean SBS results and standard deviations are summarized in Table 6.2.
The SBS of the bracket-cement-enamel specimens was significant higher for
Transbond XT compared to Fuji IX Fast and Fuji Ortho LC. The SBS of the latter two
cements was not significantly different. The SBS of the cements increases from Fuji
IX Fast < Fuji Ortho LC < Transbond XT and the same trend was observed for the
bracket-cement specimens, although the SBS was remarkable higher compared to the
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cohesive strength of the cement alone. The bonding to enamel, e.g. the cement-enamel
specimens, showed again an increase for the SBS from Fuji IX Fast < Fuji Ortho LC <
Transbond XT.
Table 6.2

The SBS (MPa) with the standard deviations in parenthesis. Statistical
differences were calculated using one-way ANOVA and the Tukey HSD post
hoc analysis (p < 0.05).
Cement-Enamel Bracket-Cement(MPa)

Fuji IX Fast
Fuji Ortho LC

Enamel (MPa)

4.9 (1.5)
15.8 (4.1)C

Cement
(MPa)

aA

17.1 (2.9)

15.3 (3.2)aC

26.2 (4.3)

14.2 (5.0)

Bracket-Cement

D

(MPa)
AB

23.0 (5.7)B
34.9 (4.4)

D

Transbond XT
31.8 (11.4)
23.7 (6.5)
36.4 (7.7)
45.7 (3.7)
Equal capital characters indicate statistical equality within the material (horizontal).
Equal small characters indicate statistical equality between the materials (vertical)
Table 6.3

The SBFL (MPa) after 10,000 cycles with the standard deviations in
parenthesis. Statistical differences were calculated using one-way ANOVA and
the Tukey HSD post hoc analysis (p < 0.05).
Cement-Enamel Bracket-Cement(MPa)

Fuji IX Fast
Fuji Ortho LC

5.9 (8.8)

Enamel (MPa)
aA

10.2 (4.5)abB

8.0 (2.9)

A

11.7 (5.2)cBC

Cement

Bracket-Cement

(MPa)
8.5 (1.9)

(MPa)
A

13.9 (1.9)CD

10.0 (0.3)A
16.2 (0.8)D

Transbond XT
14.7 (6.3)bE
14.3 (2.7)cE
19.6 (0.7)F
19.2 (4.2)F
Equal capital characters indicate statistical equality within the material (horizontal).
Equal small characters indicate statistical equality between the materials (vertical).

The data points, the calculated average and standard deviation of the SBFL at
10,000 cycles of Fuji Ortho LC for the four different types of specimens are
graphically represented in Figure 6.3. For the SBFL the standard deviations of all three
cements are summarized in Table 6.3. The SBFL of the bracket-cement-enamel
specimens was significant stronger for Transbond XT and Fuji Ortho LC compared to
Fuji IX Fast. The SBFL of the cement increase from Fuji IX Fast < Fuji Ortho LC <
Transbond XT and the same trend was observed for the bracket-cement specimens. In
contrast to the SBS values there are no significant differences between the bracket-
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cement and the cohesive strength of the cement alone. The ranking of the SBFL for the
cement-enamel specimens was the same as the SBS values.
Table 6.4 shows the ratios between the SBS and SBFL. Fatigue was observed
for all materials except for Fuji IX Fast cement-enamel specimens and Fuji Ortho LC
cement specimens.

20
Bracket-Cement

18

Cement
Bracket-Cement-Enamel

16
SBFL (MPa)

Cement-Enamel

14
12
10
8
6
Specimen

Figure 6.3

This graph shows the staircase results of Fuji Ortho LC for the four variables.
Black dots indicate that the specimen did not fail whilst the white dots
represent failure. From these results the SBFLs were calculated which are
represented in the graph by the black lines.

Table 6.4

The ratios between the SBS and SBFL. The SBS and SBFL were not
significantly different for the numbers marked with an asterisk (p < 0.05).

Cement-Enamel

Bracket-CementEnamel

Cement

Bracket-Cement

Fuji IX Fast

1.20*

0.56

0.50

0.43

Fuji Ortho LC

0.65

0.76*

0.53

0.46

Transbond XT

0.46

0.60

0.54

0.42
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6.5 Discussion
Shear and peel forces are major forces acting on the bracket-cement-enamel
system during function. For that reason most in vitro research is focused on the SBS of
the bracket-cement-enamel system. The mode of fracture is generally evaluated
together with the adhesive remnant index (ARI score). The ARI score is used to assess
the amount of resin left on the enamel and bracket surfaces after debonding,
identifying the weakest link in the bracket-cement-enamel system. In this study not
only the SBS and the SBFL of the bracket-cement-enamel system were evaluated, but
also the separate combinations, cement-enamel, cement-only, and bracket-cement. The
separate combinations were studied to identify the weakest link of the bracket-cementenamel system with regard to SBS and SBFL.
The SBS of Transbond XT was significantly greater than those of the Fuji
Ortho LC and Fuji IX Fast. This finding agrees with several other publications, where
brackets bonded with resin composite and pre-treated with 37% phosphoric acid
resulted in higher SBS compared to RMGIC or GIC bonded brackets (16-19). Most
failure patterns show equal distributions of cement on the bracket and tooth surface or
debond from the bracket base. In general the composite resin breaks cohesively or
adhesively from the bracket base. The low SBS of the enamel-cement interface of Fuji
Ortho LC and Fuji IX Fast can be explained by the weak bond strength of the cementenamel interface or the different geometry in the test set up (see below). The SBS of
this interface is significantly lower (see Table 6.2) than the cohesive SBS of the
cement and the adhesive SBS of the cement-button interface, giving apparently rise to
debonding from the enamel surface. In contrast, composite resins, like Transbond XT,
seem to debond through the cement or at the bracket interface. In this study the SBS of
cement-enamel was not significantly different compared to the cohesive strength of the
material (see Table 6.2), which can explain the cohesive failure and the different
debonding pattern for the composite resins bonded brackets.
The SBS of bracket-cement-enamel specimens cemented with Fuji IX Fast (4.9
MPa) was significantly lower than the SBS of cement-enamel specimens (14.2 MPa).
A possible explanation for this is the geometry and combination of materials of the
tested specimens. Due to the low Young’s modules of the cement, (ca. 10 GPa)
loading of the cement-enamel specimens resulted in deformation of the cement
cylinder. This gave rise to tensile stress at the top of the cement-enamel surface and
compressive strength at the bottom of the cement cylinder. In case of the bracketcement-enamel specimens the applied load was more homogeneously distributed,
because of the stiffer (ca. 200 GPa) stainless steel bracket on top of the cement.
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Because of the complex shape and therefore the unknown stress distribution inside a
bracket or button it is hard to quantify these effects. Nevertheless, it has been shown
that the position of loading on the bracket (20) and the type of bracket (21) can give
significant differences in SBS. For example, Klocke et al. found that loading close to
the bonding surface gave a significant higher SBS 22.7 (4.2) MPa compared to loading
at the outer surface of the bracket on the wings 9.4 (3.0) MPa.(20) Finite element
analysis based on the experimental data could prove the above mentioned reasoning.
The SBS is generally used to evaluate the bonding systems in the laboratory. In
principle, comparison between specimens or methods is justified, but extrapolation of
these results in the clinical situation is not straightforward. For example, based on the
SBS of this study (see Table 6.2) and one found in the literature (22), the bond strength
of GIC is comparable to the SBS of clinically often used RMGIC. Therefore, one can
tentatively conclude that GICs provide sufficiently high SBS to retain brackets under
clinicical conditions. Nevertheless, clinical reports show high failure rates for GICs
(up to 50%) within an average orthodontic treatment period.(2) Apparently the SBS is
not adequate enough for evaluation of the bracket-cement-enamel system.
As mentioned earlier, Pickett et al. showed that the in vitro SBS of brackets
bonded with Transbond XT of 12.8 (3.1) MPa reduced to 5.5 (2.2) MPa over time.
Several reasons were given as possible factors to explain this reduction in bond
strength.(4) A deteriorating effect of water on GICs (23) as well as on resin composite
based cements (9) has been observed in various studies. Previous experiments showed
a decrease of the mechanical strength of resin based materials up to 20%.(15) Longterm storage over 180 days showed that there were no clinical relevant increases or
decreases in SBS for a resin composite and RMGICs in a bracket-cement-enamel
system.(21) Apparently, the masticatory forces and the forces of the orthodontic
treatment give rise to such an amount of fatigue that the bond strength of cements,
bonded to the enamel or bracket, is reduced with 50% to 60%. Lohbauer et al. (24)
found a similar decrease in strength for restorative composites in 4-point bending
fatigue tests using the staircase method.
In this study the staircase method was used to determine the SBFL. Although
there is some concern about this type of fatigue testing, because of its nonconservative approach to the outcomes and lack of lifetime prediction capacity (10), it
is the method of first choice in this study.(25) The SBFL’s of the specimens in this
study were only 65% to 42% from the initial SBS, except for the Fuji IX Fast cementenamel and Fuji Ortho LC bracket-cement-enamel specimens. The latter specimens
did not show a significant effect of fatigue at 10,000 cycles. No significant differences
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were observed in the Fuji IX Fast specimens, cement-enamel, bracket-cement-enamel,
cement-only, and bracket-cement. Apparently the strength of these specimens is
determined by the cohesive strength of the cement if the specimens are cyclically
loaded. Also the cohesive strength of Fuji Ortho LC was not significantly different
from the bracket-cement and bracket-cement-enamel specimens. On the other hand the
SBFL of Fuji Ortho LC was marginally lower than the SBFL of the bracket-cement
and bracket-cement-enamel specimens. For these results it seems that the reduced
strength level can be explained by a slow crack growth mechanism in the cement due
to the brittle nature and the low cohesive strength of these materials. In brittle
materials flaws have a predominant effect on the fatigue characteristics and these
materials do not show a clear relationship between fatigue life and stress.(25) The
resin based cement, Transbond XT, showed a different type of behaviour. The SBFL
of the cement and bracket-cement were significantly higher than the SBFL of the
cement-enamel and the bracket-cement-enamel specimens. It seems that the cementenamel interface was the weakest link in this group. It is noteworthy that Erickson et
al. found a reduction of 57% of the bond strengths for enamel-composite specimens
using Single Bond as bonding system.(12) A SBS of 25.3 MPa was reported, which
decreased to 14.6 MPa after 100,000 cycles. Interestingly, Titley et al. reported that
the ARI score shifted from mainly adhesive at the bracket-side after 24 hours to
mainly adhesive at the enamel-side after 180 days for the stainless steel brackets, but
the SBS did not decrease.(21) It was beyond the scope of this paper to study these
effects by means of fractographics, which will be a topic for further research. In
contrast to the Transbond XT and Fuji IX Fast specimens, the bracket-cement-enamel
bonding of Fuji Ortho LC did not show a significant reduction of the SBFL compared
to the SBS. Synergy of the good fatigue resistance of the cement-enamel bonding of
the glass ionomer content and on the other hand the high SBFL of the resin part might
be an explanation for these remarkable results.
In the literature, the recommended bond strength of the bracket-cement-enamel
system varies as mentioned from 2.9 to 10.0 MPa.(3-6) Most of these data are based
on short-term SBS or tensile measurements. Pickett et al. (4) showed that the in vitro
shear bond strength of 12.8 (3.1) MPa was reduced to 5.5 (2.2) MPa in vivo. This
study shows that the decreased in vivo SBS is mainly due to fatigue induced by
dynamic loading. Based on the in vitro SBS one could tentatively conclude that GICs
provide sufficiently high strength to retain brackets under clinical conditions. This was
in contrast to the clinical reports, where high debonding values (50%) for GICs were
observed. Evaluation based on the SBFL results shows that Fuji Ortho LC and
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Transbond XT are not significantly different, but both are significantly stronger than
Fuji IX Fast. These findings represent the clinical observations where both the RMGIC
and resin composite cements show a failure rate of ca. 5% and the GICs 50%. Based
on the results of the bracket-cement-enamel system of Fuji Ortho LC a SBFL of at
least 11 MPa is required as the recommended bond strength. Furthermore, it shows
that using SBS alone for evaluation lead to misinterpretation, because materials that
provide high initial strengths do not obviously reveal the best fatigue resistance.
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Chapter 7
7.1 Abstract

The aim of this study is to determine the in vitro shear and tensile bond strength
of the bracket-cement-enamel system.
The shear strength was determined by loading the short and the long side of the
bracketbase. Testing took place after storing the specimens 72 hours in 37ºC water.
Fractures were analyzed with the adhesive remnant index (ARI) and scanning
electronic microscopy (SEM). The stresses in the system were analyzed with finite
element analysis (FEA) models of the experimental setup to identify the initial fracture
point and the stress distribution at fracture. Statistical analysis was performed using
ANOVA and the Tukey post hoc test for the bond strengths (p < 0.05).
The ARI scores were analyzed using the Kruskal-Wallis one way analysis of
variance on ranks (ANOVA). ANOVA showed significant differences between the
three experiments. Loading the short side of the bracket resulted in the highest average
bond strength value. Tensile loading gave the lowest results. The finite element models
(FEMs) were supported by the earlier bond strength findings and the SEM pictures.
The finite element analysis (FEA) revealed peak stresses in the cement during loading
and made clear that shear testing is sensitive to loading angles.
It is concluded that the stress distribution over the bracket-cement-enamel
system is not homogeneous during loading. Fractures are initiated at peak stress
locations. As a consequence the size of the bonding area is less predictive for bond
strength values. The bracket design and the way of loading may be of more relevance.

92

A comparison of FEM-analysis with in vitro bond strength tests

7.2 Introduction
Bracket bond failure during an orthodontic treatment is a recurring event with
the consequence that the bracket must be rebonded. This influences the treatment time
negatively. The bracket failures are mostly explained by interfering with contact
loading, improper performance of the bonding procedure, fatigue of the bonding
material, or a combination of these factors.(1) To get an insight into the strength of the
bracket-cement-enamel bond, in vitro tests are performed. With these tests the force
necessary to debond a bracket is measured. The values are measured as force (Newton)
but most often reported as strength (Pascal), which is calculated by dividing the force
by the bonding area. Furthermore, the enamel specimen is usually examined under a
microscope to identify the mode of failure; cohesive or adhesive. This mode of failure,
which is represented in the adhesive remnant index (ARI), should give an idea of the
weakest part of the bonding system.(2)
The variance among the reported bond strength values in different studies is
probably caused by the amount of variables that is involved in these tests. This makes
interpretation and comparison with existing literature data difficult. As mentioned
above, the bond strength is reported in Pascal, which assumes that the complete
bonding area is equally loaded at the measured force at fracture. According to finite
element analysis (FEA) this is unlikely.(3) Katona showed that the force distribution
during a shear, tensile or rotational test is not homogeneous at all.(3) It is most likely
that a fracture, during loading, starts at a weak point in the system, usually a void,
crack or at the border of the bracket.(4) Because of the brittle nature of the cement (4)
these initial cracks lead to complete fracture and debonding of the bracket. The elastic
property of the bracket and the cement used, play a role in the debonding, which is
confirmed by the difference in bond strength between ceramic and stainless steel
brackets bonded with the same cement.(5) It is therefore interesting to get an insight in
the stress distribution prior to debonding and the location of the fracture initiation.
Together with knowledge of the fracture propagation pattern and the force measured at
debonding this can lead to a better understanding of bracket bond failures and
eventually to prevention of this problem.
The aim of this study is to reveal the fracture mechanisms of bracket debonding
by applying finite elemental analysis (FEA) on in vitro bond strength test specimens
and scanning electronic microscopic (SEM) photographs.
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7.3 Materials and methods
In this study the tensile and shear bond strength of the bracket-cement-enamel
system were measured and their fractures were analyzed using Scanning Electronic
Microscopy (SEM). The obtained tensile and shear bond strength were used as input
for finite element modelling and analysis of the test specimen.
Specimen preparation
Enamel specimens were made of bovine teeth, collected from 2 year old cattle.
The crowns of the teeth were sectioned from the roots and embedded in Polymethyl
methacrylate (PMMA). After setting of the PMMA, the buccal surfaces were ground
with sandpaper until grit 1200, ensuring a standard smooth bonding surface. Mesh
based brackets (Mini Twin, “A”Company Orthodontics, San Diego, CA, USA; size 3.0
x 4.2 mm), intended for bonding to central upper incisors, were bonded to these
surfaces using Transbond XT (3M Unitek, Monrovia, Ca, USA). Pre-treatment of the
bonding area was according to the manufacturers instructions and consists of 35%
phosphoric acid etching (Ultradent Products, South Jordan, Utah, USA) followed by
the application of a thin layer of adhesive resin (3M Unitek, Monrovia, California,
USA). Light curing was performed using a Elipar Trilight curing unit (3M-ESPE
Dental Products, Seefeld, Germany) in a standard mode at 750 mW/cm2. Fifteen
specimens per group were stored in tap water of 37°C for 72 hours.
Tensile and shear bond strength determination
The tensile bond strength was determined as previously described.(6) The
specimens were attached to the crosshead using a round stainless steel wire with a
diameter of 1 mm bend in a U-form and tied with a harness ligature to the bracket. The
free ends of the wire were clamped in the connecting piece of the crosshead. A hinge
in the connecting piece together with the round wire made vertical alignment of the
specimen possible (vertical alignment is necessary for homogeneous stress distribution
during the test). The shear bond strength was determined in two directions. The
brackets were loaded at the short and the long side of the bracket. For both tests the
specimens were placed in a brass block in which the bracket was located exactly at the
edge of the holder as described previously (Chapter 6). The bond strength tests were
carried out in a universal testing machine (Hounsfield Ltd., Redhill, Surrey, UK) at a
crosshead speed of 0.5 mm/min. Average tensile and shear bond strengths were
calculated by dividing the measured load at fracture by the bonding area.
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After testing, the type of fracture was scored using the adhesive remnant index
(ARI) (2) to identify the weakest point in the bracket-cement-enamel system. A score
of 0 indicates that no adhesive was left on the enamel, 1 indicates that less than half of
the adhesive remained, 2 indicates more than half of it remained, and 3 indicates that
all the adhesive remained on the enamel surface. The scores were determined with a
stereomicroscope at a magnification of 25x.
Statistical analysis
One-way analysis of variance (ANOVA) was used to test the effect of the
different test methods. The Tukey post hoc test was performed to show individual
differences. Differences in ARI scores were analyzed using the Kruskal-Wallis one
way analysis of variance on ranks. A P-level <0.05 was considered significant. The
software used was SigmaStat Version 3.0 (SPSS Inc, Chicago, USA).
SEM analysis of the specimens
After fracture, one specimen of each test mode was selected for SEM analysis
of the fracture surface. These specimens were gold plated using a sputter coater
(Edwards Sputter Coater S 150B, Edwards and Philips, West Sussex, England).
Examining took place with a Scanning Electronic Microscope (20 XL, Philips,
Eindhoven, The Netherlands) at a 25x magnification.
Finite element analysis
A three-dimensional simplified finite element analysis (FEA) model with the
three loading modes of the bracket-cement-enamel system was created. The finite
element modelling was carried out with FEMAP software (FEMAP 8.10, ESP,
Maryland Height, MO, USA), while the analysis was carried out with CAEFEM 7.3
(CAC, West Hills, CA, USA). The dimensions of the enamel block representing an
abutment tooth, were 6.0 mm long, 5.0 mm width, and 1.0 mm in height. The cement
layer was 4.2mm long, 3.0 mm width and 200 μm in height. The dimensions of the
bracket-cement-enamel system are represented in Figure 7.1. The models were
composed of 23,392 parabolic hexagonal solid elements. The material properties
(Table 7.1) were assumed to be isotropic homogenous and linear-elastic.(7, 8) The
nodes at the bottom of the enamel were fixed (no translation or rotation in any
direction). To make the results comparable, a standardized load of 100 N was applied
at the points indicated with arrows in Figure 7.2. With the peak stress results of the
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virtually loaded models and the obtained average bond strength results of the in vitro
tests, the peak stresses inside the specimens at fracture could be calculated.

Figure 7.1

The geometric measures of the bracket-cement-enamel system. The upper
drawing shows an occlusal view. The lower drawing is viewed from a mesial
or distal side.

Table 7.1

The elastic properties of the materials used in the finite element model.

Material
Stainless steel
Enamel
Composite (Transbond XT)

Young’s modulus (MPa)
210,000
84,000
5,000

7.4 Results
The results of the three bond strength tests are summarized in Table 7.2. The
lowest bond strength values are observed with the tensile test, while the shear tests
resulted in significant higher bond strength values. Comparing the shear tests shows
that loading the short side gives higher fracture bond strength values compared to
loading the long side. The ARI scores (see Table 7.3) of the three test modes did not
differ significantly. The average score was between 2 and 2.5 indicating that most of
the adhesive remained on the enamel. After fracture the specimens are also studied
with SEM. The specimens that are loaded on the long or short side show a fracture
pattern which starts adhesively between the cement and the bracket and changes into a
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cohesive fracture (see Figure 7.4A and 7.4B). The tensile loaded specimens show a
completely adhesive fracture between the bracket and the cement (see Figure 7.4C).
Table 7.2

The average bond strengths in N and MPa together with the standard
deviations. The small letters indicate a significant difference between the tests
at a P-level of 0.05. In the third column the peak stresses are calculated on
basis of the FEMs. The results of the shear tests are calculated with a loading
angle of 0 degrees.
Force (Newton) Strength (MPa)

Tensile strength
Shear strength long side
Shear strength short side
Table 7.3
Test
Shear long
Shear short
Tensile

69.4a (5.7)
117.4b (9.6)
153.9c (12.4)

5.7a (1.8)
9.6b (2.5)
12.4c (2.8)

Calculated debonding peak
force (Newton)
17.9 (1.5)
18.7 (1.5)
31.1 (2.6)

The ARI-scores and the average ARI score.
0
1
0
0

1
3
2
2

2
4
7
6

3
7
6
7

Average
2.3
2.3
2.1

The FEM represents a stainless steel bracket bonded to enamel with a
composite cement. The models with the different loading modes; (A) tensile, (B) long
side, and (C) short side, are shown in Figure 7.2. The sectional view of the cement
layer depending on the three loading modes; (A) tensile, (B) long side, and (C) short
side loading mode are shown in Figure 7.3. The obtained results show that the force
distribution of the three different loading modes is not homogeneous. Tensile loading
gives rise to the highest peak stress located at the short sides of the bracket (25.8
MPa), while loading the system on the long and short side results in 15.9 and 20.6
MPa, respectively. With these results the peak stresses responsible for the fracture of
the in vitro specimens could be calculated. The values are presented in the third
column of Table 7.2. Based on the experimental data it was expected that the peak
stress of the short side loading situation would have been the lowest. For that reason
the load angle on the model with load on the short side is varied between 0-10°. The
calculations on the different loading angles result in different stress distribution and
peak stresses. The results are graphically depicted in Figure 3D – H.
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Figure 7.2

The FEMs of the bracket-cement-enamel system. The loading vector is
indicated with an arrow. All models are loaded with 100 N. The colors show
the resulting stress distributions during loading in MPa.
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Figure 7.3

The stress distributions during loading in the cement layer. The colors
represent the actual stress when the bracket is loaded with 100 N. The Figures
A, B and, C show the cements of the three different loading procedures. At the
right side (D, E, F, G and, H) shear loading of the short bracket side is shown
under different angles.
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Figure 7.4

A, B and, C: The SEM pictures show the bonding areas of the debonded
specimens. The upper two underwent a shear test. The left specimen is loaded
at the short left side, the right one is loaded at the long side at the bottom. The
lower picture is loaded in a tensile way. The fracture patterns resulting from
both shear tests give a rather similar view. The fracture starts cohesively at the
pressure side and transfers in an adhesive failure at the far end the bonding
area. Difference between the two is the presence of fracture lines in the
specimen loaded at the short side which run perpendicular at the loading
direction. These lines are not present in the specimen loaded at the long side.
The specimen loaded in a tensile way does not show a clear fracture pattern.
The start of the crack at one of the short sides is most likely.

7.5 Discussion
The in vitro bond strength is tested in tensile and shear. The latter test was
performed in two modes; the short and long side of the base, respectively. Significant
differences in bond strength between tensile and shear tests are reported.(9) That
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significant differences, measured between the two shear tests, can occur is in general
not well recognized. The location of loading is usually not reported in the literature.
The obtained results clearly demonstrate that the location of the load and the stress
distribution inside the bracket-cement-enamel system is an important parameter in
strength testing.
In a previous study specimens consisting of small stainless steel buttons with a
round base bonded with Transbond XT to bovine enamel were investigated (Chapter
6). The shear bond strength for the bracket-cement-enamel system was found to be
23.7 MPa. This shear bond strength is higher compared to the shear bond strength
values of this study (9.6 MPa and 12.4 MPa for loading the long and short side
respectively). Apparently, small stainless steel buttons with a round base distribute the
applied load better resulting in relative lower local peak stress and as a result a higher
shear bond strength. That stress distribution play an important role in tensile and shear
testing has already been recognized. For that reason tensile and shear testing is
commonly performed on small specimens (< 1 mm2), e.g. micro tensile and shear bond
strength testing.
In order to understand the peak stress and distribution during load of the
bracket-cement-enamel system a FEM was created. When a standardized load of 100
N was applied to the model a peak stress of 25.8 MPa within cement layer was found.
Experimentally an average load of fracture of 69.4 N was observed. From these values
one can estimate that the experimental peak stress within the cement layer causing the
failure was 0.694 x 25.8 = 17.9 MPa. For the shear bond strength with loading on the
long side an experimental peak stress of 18.7 MPa was found. These two values are in
good agreement and close to the 23.7 MPa which was previously observed with the
small round buttons. The shear bond strength with loading on the short side resulted in
an experimental peak stress of 31.1 MPa, which is much higher compared to the two
other values. A straightforward explanation based on stiffness, curvature of the
bracket, cement layer thickness, could not clarify this observation completely. A close
look at the design of the bracket revealed that the bracket base and the wings have
exactly the same dimensions (see Figure 7.1). Therefore, if the edge of bracket base
and wingtip are in contact with the base plate of the shear bond testing device the
bracket base is always exactly parallel to the loading direction. The shear bond test
which was loaded on the short side is in this respect different, i.e. the bracket base is
larger than the wings. During the testing in the universal testing machine the specimen
has some degree of freedom, which can result in a small angle between the bracket
base and the loading direction. A small variation in loading angle may have a relative
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high effect on the peak stress. This was investigated with a FEA (see Figure 7.3). The
analysis showed that variation in the loading angle and bracket base between 0 and 10º
resulted in a peak stress from 20.6 to 10.3 MPa, respectively. Based on the
experimental determined shear bond strength is the angle in the experiments was
approximately 7.5º.
The SEM pictures and de high ARI scores showed that the weakest point in the
bracket-cement-enamel system is the cement bracket side. The fracture patterns of the
tensile test showed a clear debonding between the cement and the bracket, while the
shear test showed a more complex but reproducible fracture pattern. During loading
the initial stress is localized in the cement on the edge of the bracket, as was shown by
the FEA analysis. When the peak stress exceeds the bond strength between the cement
and the bracket a crack develops, which travels at this interface. At a certain point the
bracket starts to behave like a cantilever. At that moment the loading direction changes
in a combined tensile-shear force resulting in a cohesive fracture pattern. After fracture
most of the adhesive remained at the enamel side. An explanation for this finding is
the presence of more defects at the bracket side compared to the enamel side. Fractures
start at locations in the bonding area where these defects are present and the stress is
high.(4)
7.6 Conclusions
Loading a bracket at the short side resulted in a significant higher bond strength
compared to loading at the long side. This could be explained by the angle of loading.
The highest stress concentrations during shear loading are located at the side of
loading. The obtained results were rationalized with the FEA. The models showed a
large stress non-homogeneity of the bracket-cement-enamel system during loading and
the usefulness of these models was supported by the in vitro test results and the SEM
photographs. Because of the difficulty of controlling the loading angle in most shear
tests, bond strength testing for comparison and clinical reasons can be best performed
in a tensile mode instead of a shear mode.
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8.1 Introduction
Bracket bonding plays a key role in orthodontic treatment today. As a
consequence premature debonding is an unfavourable side effect. It can cause a delay
in the treatment time and in the daily program of the orthodontist. The majority of
premature debonds is assumed to be a result of failure of the bonding material, the
followed procedure, or interfering bite forces.(1)
It is the general opinion that the type of orthodontic cement is one of the main
variables in the success of the bracket bonding process. Most orthodontists use resin
based composite to adhesively bond their brackets to the teeth. The application of
these resin composites requires etching of the enamel resulting in loss of tooth
material. Due to its good bond to the enamel it is difficult to remove the remaining
cement after debonding of the bracket. The use of glass ionomer cements (GICs) as an
alternative orthodontic luting agent has the advantage that GIC achieves a chemical
bond to the enamel without prior etching. The polyalkenoic acids slightly pit the
enamel to enable the formation of a thin hybrid layer. Removal of this layer after
debonding of the brackets is easy, can shorten the total chair time, and might lead to
less enamel damage compared to procedures involving resin composite cements.
Another advantage of GICs is the ability to release fluoride over a long period of time.
This thesis aims to provide a better understanding of the bonding quality of
orthodontic brackets to enamel in general and with GICs in particular.
8.2 Orthodontic bond strength in general
The “bond strength” is defined as the strength necessary to debond one material
from another and according to the International System of Units reported in Pascal
(N/m2). It is obtained when a load, measured at fracture, is divided by the bonding
area. This definition assumes that the load is homogeneously applied at the specimen
and that the bonding area is fully responsible for the resistance against the load. In
orthodontic research bond strength is usually determined of a bracket-cement-enamel
system.
The variables involved in orthodontic bond strength testing are not only the
cement and the bracket. The influence of storage time, storage medium, storage
temperature, temperature at the moment of testing, enamel type, preparation method of
the specimens, curing technique, test set up, and test speed are all variables that might
affect the test result. From the review described in the second chapter it was concluded
that storage time, enamel type, and crosshead speed are unlikely to influence the bond
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strength significantly. The bracket-cement-enamel system is therefore the most
important factor in this field.
From the literature was concluded that most bracket failures take place within
the cement or at the bracket cement interface. Therefore this part of the bracketcement-enamel system should be enhanced for a better bond. If this is possible, will
the cement-enamel interface then show up to be the weakest part?
8.3 Testing method
Because of the intended similarity of the testing to the clinical situation most in
vitro bond strength tests are performed in a shear mode. As shown in the second
chapter of this thesis the variability in bond strength test results is large. This makes
comparison of the found results with the literature and the interpretation difficult.
Alternatives for shear testing are tensile or rotational tests. In the tensile test the
bracket is pulled off the enamel perpendicular to the surface. In a rotation test a
bracket is twisted of the surface. Both tests imitate the clinical situation less accurately
compared to the shear test. The problem with the rotation test is the technical difficulty
of performing the test. An important aspect in comparing the debonding mechanism of
the rotational test, the tensile test, and the shear test is the distribution of stresses in the
cement interface. In the first two tests the stress application is more uniform, leading to
a more homogeneous stress distribution over the bracket-cement-enamel system
during testing. This makes the bonding area “more responsible” for the resistance
against the load application and therefore the results are more precise.
In general, another problem of in vitro testing is its predictive value for the
clinical situation and often its lack of standardization. Only few clinical reports of
bond strengths are known. These reports, which are considered as the gold standard of
clinical bond strength, do not match the in vitro results. Standardization of bond
strength testing may solve the problem of not comparable test results reported in the
literature. It should be clear, that if the aim is to test a material or curing method by
comparing the obtained data with already published results in literature, then the
method of testing should be identical. If an in vitro study claims to be clinically
predictive it should be checked with in vivo experiments.
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8.4 The bracket-cement-enamel system
The purpose of this thesis is to provide a better understanding of the bonding
quality of orthodontic brackets to enamel in general and of GICs in particular. The
focus of bond strength testing in general is mainly on an increase of bond strength
sought in a tensile or a shear mode. After the bond strength testing the weakest link of
the bracket-cement-enamel system is usually determined using the adhesive remnant
index (ARI score) described by Årtun.(2) The involved main variables are the enamel,
the bracket, and the cement. In this study the enamel was no topic of research. The
focus of this thesis was on the cement and the bracket.
The results of chapter 5 of this thesis suggest that the proposed improvement of
the adhesion at the weakest part of the bonding, between the bracket and the cement,
did not lead to a higher bond strength of a bracket to enamel. An explanation for this
finding is a possible insufficient bracket pre-treatment. Another possible explanation
can be that not the alteration of the mesh influences the bond strength, but other
mechanisms like the elasticity of the bracket, cement, or the combination.
In chapter 6 and 7 this was studied more in detail. In chapter 6 the separate
components of the bracket-cement-enamel system were investigated. The total system
was used as control. The results showed that the bond between the bracket and the
cement was the strongest part. The total system provided the weakest bond strength
results for two of the three cements. The cement-enamel bond was slightly higher.
Taking into account that most failures take place between the bracket and the cement
this is surprising. One of the explanations can be that the local stresses vary in the
different components when combined. This is due to the fact that the different
components, enamel, cement, and bracket, have completely different E-moduli.
Altering the design of the bracket is directly related to the stiffness of the system and
therefore influences the bond strength. Also the material of the bracket, e.g. stainless
steel, plastic, or ceramic, and the E-modulus of the components of the bracket-cementenamel system can have an influence on the bond strength and failure rate.(3)
Not only the initial bond strength was determined in chapter 6, also the
influence of fatigue was investigated. Reason for this was the assumption that in the
clinical situation the cement is vulnerable to fatigue as a result of the forces acting on
it. This turned out to be true. Similar to results of the sparsely available literature on
this topic the bond strength dropped with approximately 50%.(4) This indicates that
the bond strength found in vitro tests needs to be twice as high compared to the clinical
needs.
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To visualize the lack of homogeneous stress distribution during an orthodontic
bond strength test a finite element model (FEM) was composed in chapter 7. It
revealed the non-homogeneous stresses present during testing, when a specimen was
loaded in different directions. During loading peak stresses are produced leading to an
initial fracture of the cement. Because of the brittle property of the cement, the fracture
propagates until full debonding. These results led to the theory that not only the
elasticity of the bracket-cement-enamel system but also the angle of loading plays a
key role in the resistance against different loads. Improvement of the bond strength
might therefore be found in enhancement of these properties.
8.5 Enhancement of glass ionomer bond strength
Bonding brackets with resin composite has next to a rather predictable,
acceptable bonding also some disadvantages. The bonding is due to the procedure time
consuming, vulnerable to water contamination, invasive into the enamel and a
preference location for bacteria. Therefore an alternative is requested. The most
appropriate alternative seems to be GIC. GICs consist of an acid and a base and mainly
bind chemically to enamel. Resin modified glass ionomer cement (RMGIC) possess
two bonding mechanisms. As well as the chemical bonding of the conventional glass
ionomer part, the resin part of the material binds micromechanically with enamel. The
main advantages are the minimal invasive bonding and the release of fluoride. The
main disadvantage is the low bond strengths of both materials, which is for GIC lower
than for RMGIC.
In 2001, Towler et al. (5) found an improvement of the GIC curing reaction
when ultrasound was applied to the setting material. The reason for this improvement
was not completely clear. Several explanations were proposed; the influence of a
setting acceleration as a result of heat generation was one of the possibilities. In the
same report a benefit for orthodontic purposes was suggested. The practical
performance and the influence of the application of ultrasound or heat to the initial
setting reaction bracket cement was therefore investigated and described in chapter 3.
The results showed that the application of ultrasound or heat to the setting material
enhances the initial bond strength. No clear difference was found between the two
processes. The ideal application temperature and its effect in the long term remained
unclear. The ability of achieving a setting on command for glass ionomer cement was
not known either. These properties were investigated in chapter 4. In this chapter it
was shown that a setting on command could be achieved when a temperature between
60 and 70°C was applied. As a result of the faster setting the materials reached the
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maximum strength earlier. It should be noticed that ideal environmental conditions,
e.g. curing in oil, positively influence the effect of the heat application. If curing took
place under water conditions the faster setting did not result into spectacularly higher
long term strengths. This makes the GIC still unusable for orthodontic purposes. If
water uptake can be prevented a significant bond strength rise might be expected, high
enough for clinical use. It is worthwhile testing this in vitro as well as in vivo.
8.6 Conclusions
In conclusion, the present study showed in detail the complexity of a seemly
simple problem, the adhesion of bracket to a tooth. The findings clearly showed that:
o Taking into account that Transbond XT is a clinical well performing composite,
an in vitro shear bond strength of 9.3- 15.4 MPa is sufficient (chapter 2).
o Accelerated setting by means of heat or ultrasound results in significantly
higher tensile bond strengths for glass ionomer cements (chapter 3).
o Heat application and curing in a water-free surrounding improves the strength
of conventional glass ionomer cement significantly. Also an “on command”
setting can be achieved with the application of sufficient heat, however the
material is not useable for bracket bonding purposes because of the
inappropriate bond strength (chapter 4).
o To improve the bond strength, alteration of the elasticity of the different
components of the bracket-cement-enamel system might be more successful
than searching for improvement of the weakest link determined by the adhesive
remnant index (chapters 5 and 6).
o In vitro experiments showed that fatigue has a significant reducing influence on
the bond strength (chapter 6).
o None of the applied loading directions on a bracket-cement-enamel system
resulted in a homogeneous stress distribution within the cement layer.
Therefore the value of presenting bond strengths in Pascal should be discussed.
In this view performance of tensile tests instead of shear tests is recommended
(chapter 7).
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8.7 Future prospects
As recommended by many authors a standardized bond strength test protocol is
desirable but probably not realizable. Therefore the approval for clinical use of luting
cements is in the hands of manufacturers. To omit possible prejudicial opinions,
studies comparing in vivo results with in vitro results are of great value.
This research showed clearly that the bond strength of brackets cemented with
GIC is lower than when RMGIC or resin composites are used. Because of the
favourable properties of the GIC and with the knowledge that ideal curing
circumstances improve the strength, future research should focus on further
improvement of the strength of the cement. Therefore, a clinical in vivo testing, using a
proper study design, may hopefully be justified in the near future.
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Chapter 1 describes briefly the history of orthodontics, the development of
resin composite and its use in orthodontics. In 1965 for the first time the direct
bonding technique for orthodontic purposes was described. Since then testing of
orthodontic cements led to more than 500 scientific articles up to the present date. In
this chapter the different in vitro tests are described. Furthermore, the factors that
possibly influence these tests are described. The search for improvements and
alternatives resulted in the resin based materials that are used nowadays, glass ionomer
cement being the most obvious alternative. The aim of this thesis is to provide a better
understanding of the bonding quality of orthodontic brackets to enamel in general and
with glass ionomer cements in particular.
In chapter 2 for Transbond XT (one of the most frequent used light curing
resin composite bonding agents) the current literature is reviewed. The bond strength
itself, bond strength in relation to time, the influence of possible external variables on
the bond strength, such as speed of the tensilometer during testing and type of enamel
is evaluated. After application of the in- and exclusion criteria to the systematically
searched articles 61 publications remained. Conclusions drawn from the results of the
selected literature are that the average bond strength measured is between 9.3 - 15.4
MPa and the material being fully cured after 24 hours. The type of enamel and
crosshead speed do not seem to influence the bond strength significantly.
In earlier presented papers a positive effect of the application of ultrasound to
curing cement is described. Therefore in chapter 3 the influence of ultrasound on
bracket bonding with glass ionomer cement is evaluated. Three glass ionomer cementbased materials are used, Fuji Ortho LC, Fuji IX Fast and Fuji Plus. The brackets are
bonded with these cements and cured respectively with ultrasound, heat, or according
to the manufacturer’s instructions. After 15 minutes the specimens are fractured in
tensile mode. The results show that heat curing has an effect on all groups while
ultrasound application only benefits the resin modified glass ionomer cements, Fuji
Ortho LC and Fuji Plus. It is concluded that accelerating the setting still not results in
bond strength values that can compete with composite materials after 15 minutes
setting. These findings result in questions concerning the working mechanism of the
accelerated setting and the ideal setting environment for glass ionomer cements.
It is clear that temperature plays an important role in setting glass ionomer
cements. The susceptibility to water absorption is also assumed to be essential. These
two properties, the influence of temperature and storage medium on the setting
cement, are researched in chapter 4. Two conventional glass ionomer cements, Fuji
IX Fast and Ketac Molar, are used. In the first part of the research the working and
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setting times are determined using a Wilson’s rheometer at different temperatures. For
the second part of the research cylindrical specimens are prepared. These specimens
are stored for different time periods, in different media, oil or water, and at different
temperatures. The compressive strength of these specimens is measured. The results
show that a temperature between 60 °C and 70 °C, applied during setting, gives a
significant higher initial compressive strength and reaction speed, resulting in an
almost “on command” curing for both materials. The storing temperature, time, and
medium has a significant influence on the compressive strength of Ketac Molar and
Fuji IX Fast. This should be taken into consideration when using these materials either
in the clinic or for research purposes.
In chapter 5 the influence of different bracket base treatments on the bond
strength and the location of fracture (ARI score) is investigated. According to
literature most of the bracket failure takes place within the cement or between the
bracket and the cement. This indicates that the bracket-cement interface is the weakest
part of the bracket-cement-enamel system. The hypothesis therefore is that altering the
base might have a positive influence on the tensile and shear bond strength. Next to the
control group three bracket base pre-treatments are performed: sandblasting,
tinplating, and silicoating the base. The results do not show a clear positive effect in
any of the base pre-treatments.
To quantify the variation in bond strength of the different components of the
bracket-cement-enamel system shear tests are performed on these components and
described in chapter 6. The complete bracket-cement-enamel system is used as a
control. Not only the initial strength is determined, but also the influence of repeated
mechanical loading. The shear strength fatigue limit shows a similar pattern for all
three cements. The bracket-cement bond gives the highest results while the bracketcement-enamel system showed the weakest results for two of the three cements. This
is remarkable taking into account that most failures take place within the cement or
between the cement and the bracket. A repeated mechanical loading of 10,000 cycles
on the specimens gives an average strength reduction of 50%.
In chapter 7 the influence of shear loading the long and short sides of the
bracket is investigated. Furthermore the stresses present at fracture are analysed with
scanning electronic microscopy (SEM) and rationalized with models calculated with
finite element analysis (FEA). The results show that the shear strength of identical
brackets, loaded at the long as well as at the short side, differed. There are several
possible explanations for these results. It is most likely that the angle of loading plays
a key role. When the load application is not completely perpendicular to the base, not
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only a shear force is applied, but also a compressive force. The resistance against
compression is higher then against shear loading. It is concluded that because of the
non-homogeneity of the stress distribution during these shear tests and the difficulty in
controlling the test variables, bond strength testing can best be performed in a tensile
mode.
Conclusions
In conclusion, the present study shows in detail the complexity of a seemingly
simple problem, the adhesion of a bracket to a tooth. According to the literature
Transbond XT is a clinical well performing orthodontic composite-based cement with
an average in vitro shear bond strength of 9.3- 15.4 MPa. Based on experimental work
described in this thesis, in vitro experiments show that the bond strength of Transbond
XT, Fuji IX Fast and Fuji Ortho LC to enamel is significantly reduced by fatigue. Heat
application and curing in a water-free surrounding improves the strength of
conventional glass ionomer cement significantly. An “on command” setting can be
achieved with the application of sufficient heat. Accelerated setting by means of heat
or ultrasound results in significantly higher tensile bond strengths for glass ionomer
cements. Still, it is not recommended to use these materials for bracket bonding
because of the inappropriate bond strength.
Models calculated with Finite Element Analysis show that none of the applied
loading directions on a bracket-cement-enamel system result in a homogeneous stress
distribution within the cement layer. Therefore bond strengths in Pascal as well as load
to failure in Newton should be discussed. In this view performance of tensile tests
instead of shear tests is recommended. To improve the bond strength, alteration of the
elasticity of the different components of the bracket-cement-enamel system might be
more successful than searching for improvement of the weakest link determined by the
adhesive remnant index.
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Hoofdstuk 1 beschrijft in het kort de geschiedenis van de orthodontie, de
ontwikkeling van tandheelkundige composietmaterialen en het gebruik hiervan in de
orthodontie. In 1965 werd voor het eerst de directe hechtingstechniek voor
orthodontische doeleinden beschreven. Sindsdien heeft het onderzoek naar
orthodontische cementen geresulteerd in meer dan 500 wetenschappelijke artikelen. In
dit hoofdstuk worden de in vitro testen, die in dit vakgebied worden toegepast,
beschreven. Verder komen de factoren die de uitkomsten van deze testen kunnen
beïnvloeden aan de orde. Het zoeken naar verbeteringen en alternatieven leidde tot de
ontwikkeling van composietcementen die tegenwoordig in de orthodontie worden
toegepast. Glasionomeer cement is het meest voor de hand liggende alternatief. Het
doel van dit onderzoek is om een beter begrip te krijgen van de hechtingskwaliteit van
orthodontische brackets aan glazuur in het algemeen en van het gebruik van
glasionomeer cement in het bijzonder.
In hoofdstuk 2 wordt de literatuur gerecenseerd voor één van de meest
toegepaste, lichtuithardende orthodontische composietcementen: Transbond XT. De
schuifsterkte in het algemeen, de schuifsterkte in relatie tot de tijd, de invloed van
externe variabelen op de hechtsterkte zoals de snelheid van de trekbank tijdens de test
en het type glazuur, zijn beoordeeld. Na het toepassen van de in- en exclusie criteria
op de systematisch gezochte artikelen bleven er 61 wetenschappelijke publicaties over.
De conclusies die werden getrokken uit de resultaten van de geselecteerde artikelen
zijn dat de gemiddelde schuifsterkte tussen de 9,3 en 15,4 MPa ligt. Het materiaal is
volledig uitgehard na 24 uur en het type glazuur en de trekbanksnelheid lijken
nauwelijks invloed te hebben op de gemeten hechtsterkte.
In eerder gepubliceerde artikelen wordt een positief effect van het in contact
brengen van verhardend cement met ultrasone trilling beschreven. Om deze reden
wordt in hoofdstuk 3 de invloed van ultrasone trilling op de brackethechting
onderzocht wanneer glasionomeer cement wordt gebruikt. Hiervoor zijn 3 materialen
op glasionomeer cement-basis gebruikt, namelijk: Fuji Ortho LC, Fuji IX Fast en Fuji
Plus. De brackets zijn geplakt met deze cementen waarna er ultrasone trilling of
warmte werd geappliceerd. De verharding van de controle groep verliep volgens de
instructies van de fabrikant. Na 15 minuten werden de monsters met behulp van een
trektest gebroken. De resultaten laten zien dat het toedienen van warmte een positief
effect heeft op alle drie de materialen terwijl de toediening van ultrasone trilling alleen
de hechting van de kunststof gemodificeerde glasionomeer cementen, Fuji Ortho LC
en Fuji Plus, bevordert. Geconcludeerd wordt dat het versnellen van de
verhardingsreactie nog niet resulteert in een toename van de hechtsterkte, zodanig dat
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die vergelijkbaar is met die van composieten 15 minuten na aanvang van de
verharding. Deze bevindingen resulteren in vragen met betrekking tot het
werkingsmechanisme
van
de
verhardingsversnelling
en
de
ideale
verhardingsomstandigheden voor glasionomeer cementen.
Het is duidelijk dat temperatuur een belangrijke rol speelt tijdens het verharden
van glasionomeer cementen. De gevoeligheid voor waterabsorptie wordt ook als
cruciaal gezien. Deze twee eigenschappen, de invloed van temperatuur en
bewaarmedium op het verhardende cement, zijn onderzocht in hoofdstuk 4. Twee
conventionele glasionomeer cementen, Fuji IX Fast en Ketac Molar, zijn hierbij
gebruikt. In het eerste deel van dit onderzoek zijn de “verwerkingstijd” en de
“verhardingstijd” bepaald bij verschillende temperaturen met behulp van de Wilson’s
rheometer. Voor het tweede deel van het onderzoek zijn cilindrische monsters
gemaakt. Deze monsters zijn bij verschillende temperaturen bewaard in olie of in
water gedurende verschillende tijdsperioden. De druksterkte van deze monsters is
vervolgens bepaald. De resultaten tonen aan dat een verhardingstemperatuur tussen 60
°C and 70 °C een significant hogere initiële druksterkte en verhardingssnelheid geeft,
waarbij het laatste leidt tot een verharding die vrijwel ‘op commando’ voor beide
materialen verloopt. Ook de bewaartemperatuur, de bewaartijd en het medium waarin
het monster bewaard wordt zijn significant van invloed op de druksterkte van Ketac
Molar en Fuji IX Fast. Dit zijn factoren waar rekening mee dient gehouden te worden
wanneer deze materialen klinisch of voor onderzoeksdoeleinden worden gebruikt.
In hoofdstuk 5 is de invloed van verschillende voorbehandelingen van de
bracketbasis op de hechtsterkte en de plaats van de breuk (ARI scores) onderzocht. Uit
de literatuur blijkt dat de meeste breuken plaatsvinden in het cement of tussen de
bracket en het cement. Dit betekent dat de bracket-cement hechting waarschijnlijk de
zwakste schakel is in het bracket-cement-glazuur systeem. De hypothese is daarom
geformuleerd dat verandering van de basis een positieve invloed zou kunnen hebben
op de schuif- en treksterkte. Naast de controlegroep zijn er drie bracketbasis
voorbehandelingen, namelijk: zandstralen van de basis, vertinnen van de basis en de
basis voorzien van een gesilaniseerde glaslaag. De resultaten laten geen duidelijk
positief effect van één van de voorbehandelingen zien.
Om de variatie in hechtsterkte van de verschillende componenten van het
bracket-cement-glazuur systeem te kwantificeren is de individuele schuifsterkte
gemeten van deze componenten en beschreven in hoofdstuk 6. Het gehele bracketcement-glazuur system werd als controlegroep gebruikt. Niet alleen de initiële
schuifsterkte werd gemeten maar ook de invloed van herhaalde mechanische belasting.
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Deze schuifsterkte vermoeiingslimiet liet eenzelfde patroon zien voor de drie
cementen. De hechting tussen de bracket en het cement gaf de hoogste resultaten
terwijl het totale systeem de laagste resultaten gaf voor twee van de drie cementen. Dit
is opmerkelijk omdat veel breuken plaatsvinden in het cement of tussen het cement en
de bracket. Het 10.000 keer mechanisch belasten van een monster gaf een gemiddelde
sterkte daling van 50%.
In hoofdstuk 7 is de invloed van trekbelasting en van schuifbelasting op de
lange en de korte zijde van een bracket onderzocht. Tevens zijn de spanningen
aanwezig op het moment van breuk geanalyseerd met een scannende elektronen
microscoop en verklaard met eindige elementenanalyse. De resultaten tonen aan dat de
schuifsterkte van identieke brackets, belast op de lange of de korte zijde, verschillen.
Er zijn verschillende verklaringen voor dit resultaat. De meest voor de hand liggende
verklaring is dat de hoek waaronder belast wordt een belangrijke rol speelt. Wanneer
een kracht niet volledig loodrecht op de basis wordt uitgeoefend dan is er niet alleen
sprake van een schuifkracht maar ook van een duwkracht. De weerstand tegen een
duwkracht is groter dan tegen schuifkracht. Er is geconcludeerd dat vanwege de niethomogene krachtenverdeling die optreedt tijdens dit soort schuiftesten en vanwege de
moeilijkheid om de testvariabelen onder controle te houden, hechtsterkte testen het
beste kunnen worden uitgevoerd in een trekopstelling.
Conclusies
Geconcludeerd kan worden dat dit onderzoek in detail de ingewikkeldheid van
een ogenschijnlijk simpel probleem, de hechting van een bracket aan een tand, laat
zien. Volgens de literatuur is Transbond XT een klinisch goed presterend
orthodontisch composiet cementeermateriaal met een gemiddelde in vitro schuifsterkte
van 9,3-15,4 MPa. Experimenteel in vitro onderzoek, beschreven in dit proefschrift,
laat zien dat de hechtsterkte van Transbond XT, Fuji IX Fast en Fuji Ortho LC
significant afneemt als gevolg van vermoeiing. Warmte applicatie en het verharden in
een watervrije omgeving verhoogt de sterkte van conventioneel glasionomeer cement
significant. Ook een ‘op commando’ verharding kan bij deze materialen worden
bereikt door voldoende warmte toe te dienen. Een versnelde verharding als gevolg van
de toediening van ultrosone trilling of warmte heeft een significante hogere treksterkte
tot gevolg. Ondanks deze verbetering wordt niet geadviseerd om deze materialen
klinisch toe te passen vanwege de onvoldoende hechteigenschappen.
Modellen berekend met eindige elementen analyse toonden aan dat geen van de
toegepaste belastingsrichtingen op het bracket-cement-glazuur systeem leidde tot een
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homogene spanningsverdeling in de cementlaag. Om deze reden zou de presentatie
van de resultaten in Mega-Pascal moeten worden heroverwogen. In lijn met het
voorgaande is het aan te bevelen om trektesten uit te voeren in plaats van schuiftesten.
Om de hechtsterkte te verbeteren is het aan te bevelen de elasticiteit van de
verschillende componenten van het bracket-cement-glazuur systeem te onderzoeken en
te verbeteren in plaats van te zoeken naar verbetering van de zwakste schakel, bepaald
met de “adhesive remnant index”.
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“Een proefschrift is nooit klaar maar op een zeker moment wel af”. Zo ook in dit
geval. Het voelt dubbel maar is dat zeker niet. Op het moment van afronding komt de
overweging en het besef hoe tot het resultaat gekomen is. De totstandkoming van dit
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bij mij af.
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mogelijk. Bedankt voor de mooie ervaringen die we op die manier konden opdoen.
Prof. dr. C.L. Davidson, beste Carel, jij was afdelingsvoorzitter op het moment dat ik
student-assistent werd van de afdeling materiaalwetenschappen. Dat je nu zitting
neemt is de promotiecommissie stel ik zeer op prijs. Je zegt altijd dat het beginnen van
een onderzoek een stuk eenvoudiger is dan het afronden. Ik kan dit inderdaad beamen.
Dr. P. Pallav, beste Pallav, bedankt voor de uitleg die je me hebt gegeven over
breukmechanica. Het was voor mij niet altijd meteen even helder maar uiteindelijk wel
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Mijn jaargenoten tijdens de specialisten opleiding, Thomas Mattousch, Peter Nijkamp,
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Alle overige afdelingsgenoten van de afdelingen orthodontie en materiaalkunde wil ik
eveneens bedanken voor de steun die ze mij tijdens het voltooien van dit proefschrift
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Machiel Hoogendoorn, Babette Schepel, Matthijs Metsers, Norman Lie, Jelte Drent,
Halil Bulut, Martin Engel, Steven Rademacher en Gijs Wermerbol bedank ik voor de
gegevens die jullie tijdens hun wetenschappelijke stage voor mijn onderzoek hebben
verzameld.
Paranimfen Duygu Kara en Peter Nijkamp.
Beste Duygu, we leerden elkaar kennen tijdens jouw stage bij materiaalkunde en zijn
vervolgens beide een promotietraject ingegaan; elk in een ander gedeelte van de
tandheelkunde. Dit schept een hechte vriendschapsband. Ik heb groot respect voor de
manier waarop jij jouw leven in Nederland vorm geeft en je staande houdt. Ik ben blij
daar deelgenoot van te zijn en vind het heel plezierig dat je mijn paranimf bent.
Beste Peter, de jaren tijdens de opleiding hebben wij elkaar goed leren kennen. Naast
het werken op de afdeling aten we samen en liepen congressen en symposia af. We
hebben veel samen gedeeld en sliepen zelfs soms in hetzelfde (door jou betaalde)
hotelbed! We hebben daardoor een goede vriendschap gekregen. Dank hiervoor en
voor het feit dat je paranimf wilt zijn.
Naast mijn schoonouders, Tineke en Harro, wil ik graag Hanno, Hajo en alle familie
en vrienden die ik hier niet bij naam noem bedanken voor de steun en belangstelling
die ik gekregen heb. Wie ik echter niet wil overslaan te noemen is mijn zus Aafke
omdat je mijn enige en allerliefste zus bent. We hebben altijd een bijzonder goede
band gehad en die hebben we nog steeds.
Lieve papa en mama, mijn dankbaarheid naar jullie is voor mij zo vanzelfsprekend dat
ik het zelden zo uitspreek. Dit is een mooie gelegenheid. Jullie hebben mij gevormd tot
wat ik ben maar tevens nooit belemmerd in wat ik wilde worden. Er was altijd alle
ruimte voor, maar ook de stimulans tot ontplooiing. Dat een tandheelkundestudie meer
voor de hand lag dan een opleiding tot vlieger wisten jullie veel eerder dan ik. Het is
een goede keus geweest, leidend naar waar en wat ik nu ben. Bedankt voor alle steun,
goede zorgen, adviezen en liefde die ik gekregen heb.
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Lieve Kirsten en Jort, eindelijk is het klaar. Het klinkt misschien clichématig maar
Kirsten, jij bent altijd mijn rots in de branding, de stille kracht en stabiele factor op de
achtergrond. Je legde me nooit een strobreed in de weg, luisterde altijd als er iets was
en hielp waar dat kon. Hierdoor heb ik de ruimte gekregen om dit proefschrift te
voltooien. Ik realiseer me terdege dat dit niet altijd vanzelfsprekend is en vind je ook
daarom geweldig. Ons lieve, kleine mannetje, op wie we zo trots zijn, heeft hier
allemaal nog geen weet van. Het is fantastisch om te zien hoe Jort in zijn kleine
wereldje alles onderzoekt en begint te lachen wanneer hij weer iets ontdekt heeft.
Dit alles overziend besef ik hoeveel mensen mij gesteund, gestimuleerd en een warm
hart hebben toedragen. Ik kom daarom behalve tot de conclusies van dit proefschrift,
tot nog een andere conclusie: namelijk dat ik een bevoorrecht mens ben!
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