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Distance and Time Effect on Shear Bond Strength of
Brackets Cured with a Second-generation

Light-emitting Diode Unit
Kimberly Gronberga; P. Emile Rossouwb; Barbara H. Millerc; Peter Buschangd

ABSTRACT
Objective: The aims of this study were to evaluate increasing exposure times and distance be-
tween source (light-emitting diode) and adhesive composite on the shear bond strength (SBS) of
stainless steel brackets.
Materials and Methods: Stainless steel maxillary incisor brackets (3M Unitek, Monrovia, Calif)
were bonded to the facial surfaces of 120 bovine incisors. The bond of each specimen in eight
randomly divided groups was tested to failure using an Instron Universal Testing Machine (Instron
Corp, Canton, Mass). The mode of failure was evaluated using the adhesive remnant index (ARI).
Results: There were significant SBS differences between exposure times; 5-second exposures
were significantly less than at 20-and 40-second exposures; SBS increased in a curvilinear fash-
ion. Significant differences were recorded neither in the frequencies of ARI scores nor the SBS
in relation to distance. Significant differences in the frequencies of ARI scores were observed
when comparing the 5-second cure time to other time periods, indicating incomplete polymeri-
zation in the bracket base.
Conclusions: SBS increased with increasing time periods in a curvilinear fashion, with no differ-
ence between the distances evaluated from source to specimen. (Angle Orthod 2006;76:
682–688.)
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INTRODUCTION

Light-emitting diode (LED)–curing units are promis-
ing alternatives for the curing of dental composites.1

LEDs generate light in very narrow wavelengths2; no
light in the ultraviolet or infrared range is generated,
eliminating the need for filters and preventing excess
heat production. No hot filaments are used as in hal-
ogen units and thus there is no need for cooling fans,
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allowing the unit to be cordless. Halogen units work at
approximately 1% efficiency compared with LEDs and
are approximately 10% efficient in converting electrical
current into light.3 Furthermore, the wavelength of light
emitted from LEDs is about 470 nm, ideally matched
to the absorption wavelength of the camphorquinone
(CQ) photoinitiator used in most composites.4 More-
over, LEDs are resistant to shock and vibration, re-
quire little power to operate, and have longer life spans
and more consistent light output than Quartz halogen
(QTH) lights.5

Numerous factors are involved in the conversion of
monomer to polymer in composite resin, including
wavelength of light, intensity of irradiation (power den-
sity in mW/cm2), duration of exposure, and distance
from source to specimen.6,7 In evaluating the effect of
wavelength, no significant differences were found in
depth of cure or Knoop hardness between composite
cured with an LED light at 450 nm (100 mW/cm2) and
with a halogen unit (adjusted to 100 mW/cm2).8 How-
ever, when the wavelength of the LED unit was in-
creased to 470 nm, a greater depth of cure and degree
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TABLE 1. Distribution of Successfully Tested Specimens in Each
Group

Distance
(mm)

Irradiation Time (s)

5 10 20 40 Total

1 15 15 15 15 60
10 15 14a 15 15 59
Total 30 29 30 30 119

a Specimen came out of mold, discarded.

of conversion of monomer to polymer was found in
comparison with the QTH when both were adjusted to
100 mW/cm2.9 Thus when irradiance is controlled,
there is a greater cure with the LED at 470 nm than
the QTH. More conversion of monomer to polymer oc-
curs because the wavelength of the LED light is closer
to the peak absorption of the CQ photoinitiator.

No differences in shear bond strength (SBS) of or-
thodontic brackets or in adhesive remnant index (ARI)
scores were found among commercial LED units with
lower irradiance values (150 mW/cm2) and conven-
tional halogen units (1030 and 400 mW/cm2).10 Re-
cently, LED lights have been designed with irradiance
values of up to 1000 mW/cm2 (3M Unitek, Monrovia,
Calif). These changes coupled with proper wavelength
of light emission suggest that decreased curing times
may be adequate for composite polymerization.

Increasing exposure time with standard QTH light
directly increases the cure of composite resins, al-
though in a nonlinear relationship. More polymeriza-
tion occurs with increases in duration of exposure, with
less of an increase between higher time periods.11–15

LED and QTH units showed higher mean SBS as the
curing time is increased (10, 20, or 40 seconds), with
less of an increase between higher exposure times.16

Distance between composite and light sources
could affect composite polymerization because the ir-
radiance of a point light source decreases as an in-
verse square function of distance. However, dental
curing units are collimated and working ranges are
small, leading to a less acute decrease in irradiance
with increasing distance. LED lights showed significant
decreases in power output at 10 mm from the light tip
to the radiometer compared with the QTH units.17 In
addition, mean hardness of the composites decreased
with increased distance from light tip to composite in-
creased (2 to 9 mm) for both LED and QTH lights.18

The depth of cure also decreased with increased ir-
radiation distance.19

LED light technology has many potential advantag-
es over standard QTH light units including higher ir-
radiance values, and manufacturers (3M Unitek) pub-
licize reduced exposure times for orthodontic bonding.
Exposure-time effects in orthodontic bonding are un-
clear with LED-curing units. Furthermore, because
power density decreases with increasing distance from
light source to composite, guidelines for the position
of the LED light to the resin must be formulated. The
aims of this study were to evaluate (1) the effect of
increasing LED exposure times on the SBS of ortho-
dontic brackets and (2) the SBS of orthodontic brack-
ets when the LED light source is moved greater dis-
tances from the composite/bracket base.

MATERIALS AND METHODS

A total of 135 freshly harvested bovine incisors with-
out visible enamel defects, selected for bonding, were
disinfected with 0.5% Chloramine-T solution and
stored in a plastic container with deionized water and
thymol crystals. The crown specimens, mounted in
small epoxy cylinders with the facial surfaces exposed
and parallel to the bases of the cylinder, were random-
ly assigned to one of eight experimental LED groups
(Table 1). Each group contained 15 teeth.

Before bonding, the teeth were prepared using the
following sequence: (1) sanded with #600-grit silicon
carbide paper (Allied High Tech Products Inc, Rancho
Dominguez, Calif) to create a flat surface without ex-
posing underlying dentin, (2) polished for 10 seconds
with a rubber prophy cup and fluoride-free pumice
(Moyco, York, Pa), (3) rinsed for 10 seconds with de-
ionized water, (4) acid etched for 15 seconds as per
manufacturers instructions with 37% phosphoric acid
(3M Unitek), (5) rinsed for 15 seconds with deionized
water, (6) air dried for 5 seconds to produce a chalky
enamel surface, and (7) coated with Transbond XT
primer (3M Unitek).

Stainless steel maxillary incisor brackets with Trans-
bond XT adhesive composite (3M Unitek) were placed
on the bonding surface by hand and fully seated into
position using a modified articulator20 to deliver a stan-
dardized pressure (600 g). Excess adhesive was re-
moved with a sharp explorer and then light cured ac-
cording to the assigned group. Curing was carried out
with the tip of the light guide parallel to the base of the
bracket with half of the curing time at the mesial of the
bracket and half at the distal. Distance from the brack-
et base (1 or 10 mm) was controlled by a device
mounted on the articulator. Each specimen was sub-
sequently stored in deionized water at 378C for 24
hours. Shear testing to failure, at random with the in-
vestigator blinded, occurred using an Instron Universal
Testing Machine with a 5-kN load cell (Model 4301,
Instron Corp, Canton, Mass). Each bracket base was
positioned parallel to the direction of the force with the
shear debonding force applied at a crosshead speed
of 0.5 mm/minute.

A standard QTH reference group of 15 teeth was
prepared using the same protocol, as described pre-
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FIGURE 1. Sample of ARI scores 0, 1, 2, 3; scanning electron microscope photographs, 253. ARI indicates adhesive remnant index.

TABLE 2. Mean Shear Bond Strength (MPa) in Relation to Exposure Time and Distance From Light Source to Composite

Irradiance Time (s)

5

Mean SD

10

Mean SD

20

Mean SD

40

Mean SD

Distance (mm) 1 9.8 5.6 11.7 5.4 13.7 5.8 17.1 7.0
10 5.2 2.8 11.8 5.9 15.9 6.5 17.9 7.1

Group mean 7.5 4.9 11.76 5.6 14.8 6.1 17.5 6.9

viously. Curing occurred with the tip of an Ortholux XT
halogen curing light (3M Unitek) parallel to the base
of the bracket with 10 seconds of the curing time at
the mesial of the bracket and 10 seconds at the distal
as per manufacturer’s instructions.

After debonding, each specimen was examined,
with the investigator blinded to group association, un-
der a light microscope (203) to determine the mode
of bond failure on the basis of the ARI scores21 (Figure
1). Interoperator agreement was 100% for ARI scor-
ing.

The following statistical analyses were used to eval-

uate the normally distributed data: two-way analysis of
variance (ANOVA) for the effects of distance and time;
a post hoc test (Scheffe multiple comparisons) for dif-
ferences in exposure duration; and chi-square test to
determine frequency and significant differences for
ARI scores. Significance was determined as P , .05.

RESULTS

Table 1 describes the distribution of tested speci-
mens. The mean SBS for each of the four LED-curing
times and two distances are shown in Table 2. Mean
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FIGURE 2. Mean shear bond strength (MPa) in relation to exposure
time.

TABLE 3. Scheffe Multiple Comparisons of the Mean Shear Bond
Strength Differences Between Exposure Timesa

Comparisons of Mean Differences

5–10 s 5–20 s 5–40 s 10–20 s 10–40 s 20–40 s

NS *** *** NS * NS

a NS indicates not significant.
* P , .05.
*** P , .001.

TABLE 4. Absolute (Abs) and Relative (Rel) Frequency (%) of ARI
Scores in Relation to Distance From Light Source to Compositea,b

Distance
(mm)

ARI Scores

0

Abs Rel

1

Abs Rel

2

Abs Rel

3

Abs Rel Total

1 10 16.7 16 26.7 28 46.7 6 10 60
10 11 18.6 11 18.6 26 44.1 11 19 59
Total 21 27 54 17 119

a Abs, absolute number of scores; Rel, % of total.
b X2 5 2.5, df 5 3, P 5 .473.

FIGURE 3. ARI Frequency in relation to distance from source to
specimen. ARI indicates adhesive remnant index.

FIGURE 4. ARI frequency in relation to exposure time. ARI indicates
adhesive remnant index.

TABLE 5. Absolute (Abs) and Relative (Rel) Frequency (%) of ARI
Scores in Relation to Exposure Timea,b

Time (s)

ARI Scores

0

Abs Rel

1

Abs Rel

2

Abs Rel

3

Abs Rel Total

5* 2 6.7 3 10 14 46.7 11 36.7 30
10 8 27.6 7 24.1 11 37.9 3 10.3 29
20 5 16.7 7 23.3 16 53.3 2 6.7 30
40 6 20 10 33.3 13 43.3 1 3.3 30
Total 21 27 54 17 119

a Abs, absolute number of scores; Rel, % of total.
b X2 5 22.8, df 5 9, P 5 .007.

SBS increased with increasing exposure time periods
in a curvilinear relationship, with the greatest increas-
es in bond strength occurring at the lowest exposure
times (Figure 2). Two-way ANOVA revealed, with re-
spect to SBS, no significant interaction between time
and distance (F 5 1.903, P 5 .133); no significant
differences between the 1 and 10 mm distances (F 5
0.079, P 5 .779); significant differences among time
groups (F 5 15.847, P , .001). Bond strengths at 5
seconds were significantly less than those at 20 sec-
onds (P , .001) and 40 seconds (P , .001) (Table
3). In addition, SBS at 10 seconds were significantly
less than those at 40 seconds (P 5 .004). A control
group, cured with a QTH light for a total of 20 seconds,
tested with a mean SBS of 20.6 6 4.0 MPa.

No significant differences in ARI scores were shown
in relation to distance (P 5 .454) (Figure 3; Table 4);
however, the ARI scores were significantly different in
relation to time (P 5 .001) (Figure 4; Table 5). Signif-
icant differences in frequencies of ARI scores were

seen between 5 and 10 seconds (P 5 .018), 5 and 20
seconds (P 5 .026), and 5 and 40 seconds (P 5 .033).
No significant differences were seen for any other time
periods in relation to frequencies of ARI scores. No
enamel fractures were detected under 203 magnifi-
cation.



686 GRONBERG, ROSSOUW, MILLER, BUSCHANG

Angle Orthodontist, Vol 76, No 4, 2006

FIGURE 5. Shear bond strength (MPa) in relation to exposure time;
comparison of the literature.

DISCUSSION

The present study assessed an LED light-curing unit
with an irradiance value much higher than standard
QTH lights. SBS were evaluated at lower and higher
than recommended exposure times to describe fully
the relationship of time and SBS at varying time peri-
ods. The present data show less increase between the
means of SBS at increasing time periods as seen in
the curvilinear relation in Figure 2. Mean SBS at 5 sec-
onds were significantly less than at 20 and 40 sec-
onds. The difference between 5 and 10 seconds (P 5
.059) would probably become significant with a greater
sample size. No significant differences were found be-
tween higher exposure time periods (Table 2), sup-
porting a curvilinear function of increasing cure with
increasing time periods; other bonding studies show
the same general trend14,16 (Figure 5). It is also notable
that above 5 seconds of total exposure time, all mean
SBS in this study were greater than 8 MPa, a level
which may be sufficient to withstand normal orthodon-
tic force.22 None of the previous studies evaluated
bond strength down to this low time period.

Although there were no significant differences in ARI
scores in relation to light source to resin distance, the
ARI scores were significantly different in relation to ex-
posure time. The 5-second cure group showed a sig-
nificantly higher frequency of ARI scores of 3 (all com-
posite left on the tooth instead of the bracket). In ad-
dition, at this lowest time period, almost twice as many
ARI scores of 3 at 10 mm were recorded compared
with 1 mm. These results may be because of a lack
of cured adhesive in the metal mesh of the bracket
bases.

A scanning electron micrograph image of a repre-
sentative sample cured for 5 seconds showed that an
adhesive failure occurred between the bracket mesh
and composite (Figure 1, ARI 3). Transillumination
through enamel would allow the light to reach the in-
terface between the tooth and composite easier than
the junction of composite to bracket. This is supported
by other studies15,23 in which brackets irradiated for the

shortest time period left a higher percentage of ad-
hesive on the tooth surface. Maximum conversion of
monomer to polymer allows composites to achieve op-
timal physical properties.24,25 Stronger bonds may have
been due not only to greater polymerization of the
overall adhesive but also specifically to greater poly-
merization of the adhesive in the mesh of the metal
bracket. For the samples with greater polymerization,
this would give a stronger interlocking of the composite
in the bracket base mesh and lead to increased frac-
tures within the adhesive (cohesive fracture) rather
than at the junction of bracket and adhesive (adhesive
fracture).

No significant difference was found in SBS in the
present study for samples cured at 1 or 10 mm from
the LED light source. With increased source to spec-
imen distance, power output has been shown to de-
crease in a linear relationship for LED lights.13 There-
fore, a linear decrease in bond strength as distance
increase is expected. However, Bennett and Watts13

showed that even at the greatest source to specimen
distance of 8 mm, the lowest depth of cure for all lights
was greater than 1 mm deep. The adhesive thickness
used in the bonding of orthodontic brackets is 1 mm
or less, and the latter may prove to be clinically insig-
nificant. The thin adhesive layer (,1 mm) used and
relatively small differences in distance may explain
why no dissimilarity was observed in bond strength for
the two distances in the present study (Figure 3).

Irradiance values for the LED group (ø800 mW/cm2)
were higher than the QTH group (ø400 mW/cm2), but
when controlling for time, the group cured with a hal-
ogen light presented with a higher bond strength; the
differences may be attributed to the wavelength of the
light produced. LED units emit light in a very tight
wavelength around 470 nm, whereas QTH units emit
a much broader spectrum of light. This does not make
the QTH light as efficient as the LED at initiating CQ,
the most common photoinitiator in composites. How-
ever, some composites contain other photoinitiators in
addition to CQ, so called coinitiators, which absorb
light at shorter wavelengths (,410 nm),26 which only
the QTH light may be emitting. In a previous study, an
LED light did not perform as well as a QTH light with
respect to Knoop hardness with certain composites.27

If the LED unit was used, the Knoop hardness of the
composite containing coinitiators was in most cases
significantly lower when compared with that cured by
the halogen unit. Lower hardness indicates a lower
degree of monomer conversion.28 Thus, clinicians
need to be cognizant of the composition of the com-
posite used and the wavelength required for optimum
polymerization. In this study, Transbond XT composite
was used to bond the brackets to enamel. The exact
composition of this composite is proprietary informa-
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tion; however, it may have coinitiators in its three-part
initiator system. Although this may have led to slightly
higher bond strengths for the QTH group, it is impor-
tant to note that bond strengths attained after curing
with the LED light for more than a total of 5 seconds
were all at acceptable levels.22

The variability of the data could be attributed to the
use of bovine enamel. However, bovine enamel was
shown to be a suitable substitute for human enam-
el.29,30 Variability between specimens could also be at-
tributed to surface enamel differences from that of the
deeper layers.31 In a search of three recent bonding
studies, variability was compared with that of the pre-
sent study. These studies ranged from 48% to 66%,
21% to 77%, and 23% to 39% variability in mean bond
strength16,32,33 compared with 39% to 65% for the pre-
sent study. The comparative studies all used extracted
molar teeth and still yielded high amounts of variability.
Thus, bovine enamel is not the only possible expla-
nation for variability. This emphasizes the overall tech-
nique sensitive nature of all such studies, despite the
medium of specimens used and attempts to standard-
ize processes. The clinician must be aware of the pos-
sibility for even higher variability in a clinical setting.

CONCLUSIONS

• The mean SBS increased curvilinearly to time of ex-
posure (Figure 2; Table 5).

• Exposures at or above 10 seconds total per bracket
were deemed to be at a clinically acceptable level.24

Longer time exposures appear unnecessary.
• No statistically significant difference was noted be-

tween mean SBS at 1 or 10 mm of source to spec-
imen distance.

• Specimens exhibiting the lowest bond strengths
demonstrated higher frequencies of ARI score 3 (all
the composite left on the tooth); a clinician should
not assume that an acceptable bond strength was
obtained if a bracket was undesirably debonded with
all composite remaining on the tooth, blaming the
occurrence on patient misuse.

• Inadequate polymerization in the bracket mesh itself
may actually lead to lower than usual bond
strengths.
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