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Abstract This in vitro study evaluated the influence of one
halogen and two light-emitting diode (LED) curing units on
the curing depth of a conventional hybrid and two
translucent resin composites by measuring the Knoop
microhardness. In the first part of the study, a conventional
hybrid resin composite and three curing units (one halogen:
40 s polymerization time, two LEDs: 10 and 20 s) were
used. Ten cylindrical resin composite samples were
prepared for each curing unit and each polymerization time
tested. After polymerization, the soft part of the samples
was removed. The samples were embedded in a polyacrylic
resin and separated in the middle towards the direction,
top–bottom. On the section plane, Knoop microhardness
measurements were performed every 1 mm, starting at
0.5 mm under the surface. In the second part of the study,
two translucent resin composites and a conventional hybrid
composite resin were cured with the three curing units, and
the microhardness was measured as mentioned above. The
difference between the curing units tested was found
statistically significant (p=0.0009), as well as the difference
between the materials concerning curing depth (p=0.0001).
Both translucent materials achieved microhardness values
equal to the 80% of the surface values, in depths 3.5–
5.5 mm, depending on the curing units used.
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Introduction

The degree of the conversion affects the physical properties
and the clinical performance of the resin composite
materials [4, 20, 30]; therefore, it plays an important role
in determining the ultimate success of the restoration [6, 29].
It is known that the degree of conversion of the composite
resins ranges between 55 and 73% [21]. With high-
molecular-weight monomers such as BisGMA or urethane
dimethacrylate (UDMA), there is always an incomplete
polymerization and significant concentration of unreacted
C=C remaining within the resin, when it is cured with visible
light at the oral temperature. In addition to the unreacted
monomer, additional unreacted (C=C) structures may be
present, from diluents such as TEGDMA. The incomplete
polymerization is believed to be mainly because of the
limitations on the mobility of molecules imposed by the
rapid formation of a cross-linked polymeric network [4].

In general, total energy—the product of light intensity
and exposure time—determines the mechanical properties
of the resin composites. As light passes through the
material, it is absorbed and scattered, attenuating the
intensity and reducing the effectiveness of the light for
resin polymerization [12, 26]. If the amount of light
reaching the resin composite is reduced, the depth of cure
could be decreased. Depth of cure for the visible-light-
cured composite resins is a function of the filler size and
composition, shade and translucency of the material, the
intensity of the light source, and the length of irradiation
exposure as well as monomer composition and the
polymerization initiators concentration [12].

Halogen curing units are routinely used as curing units
for the resin composites. However, the fact that they
generate high operating temperature, large quantity of heat,
and have a limited effective lifetime of 100 h results in a
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reduction in their curing efficacy over time, insufficient
physical properties, and an increased risk of premature
failure of restoration [5, 8–16]. Therefore, in the past years,
to overcome the problems of the halogen light curing unit
(LCU), the use of light-emitting diode (LED) technology
has been proposed for the curing of the resin composites
[10, 12]. The LED LCUs have shown to have an effective
lifetime of 10,000 h and not to require the use of filters to
produce blue light [23].

The surface hardness of dental composites is often used
to measure the curing ability of LCUs [5–17] and the depth
of cure of resin composites [19]. The surface hardness of
resin composites correlates with the degree of monomer
conversion [6] and is therefore used as an indirect
measurement of curing depth in the present study. Knoop
hardness measurement is one of the several suitable
methods available for the determination of the surface
hardness. The depth at which a resin composite achieves
the 80% of its maximum hardness was used in several
studies [4, 28] to represent the depth at which a resin
composite can be used, having a satisfying hardness. This
criterion was used in the present study.

In the past years, a great number of LED curing units
have been introduced in the market recommending a
sufficient polymerization in a curing time less than 40 s.
Additionally, several translucent materials are fabricated,
and they are proposed to be used in layers thicker than 2.5
mm, after polymerized once.

The aims of this study were to examine the following
hypothesis: (a) that the two LED curing units can have a
better curing performance than a halogen after evaluating
the curing depth of a conventional hybrid composite resin

(in two different shades), using the Knoop hardness test and
(b) that the two translucent resin composites can be cured in
layers thicker than 2.5 mm, comparing them with a
traditional hybrid resin composite after using three different
curing units.

Materials and methods

Characterization of the curing units

Two LED and one halogen curing units were used in the
present study. The LED curing units Smartlite PS
(Dentsply DeTrey, Konstanz, Germany) and Ultralume 5
(Ultradent, USA) were used for 10 and 20 s exposure
time. Smartlite PS had a wavelength range of 450–490 nm
and a power density of 950 mW/cm2. Ultralume 5 had a
wavelength range of 370–500 nm and a power density of
1,063 mW/cm2. The halogen curing unit was the Elipar
Highlight (3M ESPE, Germany), used with 40 s exposure
time, with the soft start mode. It had a power density of
150 mW/cm2 for the first 20 s and a maximum power
density of 780–800 mW/cm2 for 20–40 s. The spectral
power density of the curing lights was determined with a
visible curing light meter, the Cure Rite (Dentsply, USA).
The wavelength ranges of the LED LCUs mentioned were
given by the manufacturers.

Resin composites

Three light-cured hybrid resin composites were used in this
in vitro study, Tetric Ceram\, in shades A2 and A3 and two

Table 1 Composite materials
used in the study

aManufacturers’ data

Tetric Ceram\ Adamant\ QuiXfil

Manufacturer Ivoclar Vivadent GmbH,
Ellwangen, Germany

Ivoclar Vivadent GmbH,
Ellwangen, Germany

Dentsply DeTrey GmbH,
Konstanz, Germany

Color A2, A3 Transparent Universal
Main
composition

Silanized barium glass,
ytterbium trifluoride,
Ba-Al-fluorosilicate glass,
highly dispersed silica
dioxide, spheroid mixed
oxide, Bis-GMA, UDMA,
TEGDMA, catalysts,
stabilizers and pigmentsa

Barium glass, ytterbium
trifluoride, highly
dispersed silica dioxide,
spheroid mixed oxide,
Bis-GMA, UDMA,
TEGDMA, catalysts,
stabilizers and
pigmentsa

Bisphenol-A-
dimethacrylate, UDMA,
TEGDMA,
trimethylolpropane
trimethacrylate, butane-
1,2,3,4-tetracarboxylic
acid, bis-2-hydrohyethyl
methacrylate,
photoinitiator and
accelerator:
dimethylaminobenzoic
acid ethyl estera

Filler particle
size

0.04–3.0 μma 0.04–7 μma 1–10 μma

Filler loading 79.0% weighta 81.0%weighta 86.0% weighta

Co-initiators Noa Noa Noa

Batch numbers F09282 F09113 0307000196
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translucent resin composites, Adamant\ and QuixFil™.
These two translucent resin composites are recommended
by the manufacturers for use in increments thicker than 2.5
mm. The list of the materials, their composition, the batch
numbers, and the manufacturers are given in Table 1.

Construction of the samples

The samples were prepared using forms, given by Dentsply
DeTrey GmbH, which allowed the production of standard-
ized cylindrical specimens with 8-mm thickness and 4-mm
diameter. A nontranslucent paper (3M ESPE, Seefeld,
Germany) was used as an underground. The resin composites
were placed into the forms using a composite instrument. A
translucent plastic matrix strip (Kerr Hawe, Switzerland) was
put over them before curing to avoid the oxygen-inhibited
superficial layer with lower hardness. On top of the matrix, a
glass slide was placed to straighten the surface. Every sample
was then cured only once, for 10, 20, and 40 s, respectively.
After curing, the unpolymerized soft part at the bottom of the
samples was removed with a scalpel, and the rest was stored
in distilled water, at room temperature for 24 h. After that,
each sample was embedded in a polyacrylic resin (Technovit,

Kulzer, Germany), and then it was separated under running
water in the middle towards the direction, top–bottom. On
the section plane, Knoop microhardness measurements were
made every 1 mm, starting 0.5 mm under the surface up to
7.5 mm, if possible, using 0.5 N load.

For the first part of the study, four groups of Tetric
Ceram\ (ten samples each) were prepared with each LED
LCU, one group with shade A2 and one group with shade
A3, for each exposure time tested, 10 and 20 s. For the
halogen LCU, two groups were prepared: one with
shadeA2 and one with shade A3, both exposed for 40 s.

For the second part of the study, five additional groups (with
ten samples each) were prepared of each translucent composite
materials, cured with each of the three LCUs. The exposure
times used were the same with the first part of the study.

The hardness values (in percent) at all depths (0.5–7.5 mm)
and for all groups compared to the surface hardness are given
in Figs 1, 2, and 3. For the LED LCUs, the 20 s were
selected as exposure time, as recommended by the manu-
facturers, to be compared with the recommended 40 s of the
halogen curing unit. For the Tetric Ceram\, the shade A2
was selected to be compared with the two translucent
materials at the second part of the study.
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Fig. 2 Adamant\: Knoop hardness in percent of the surface hardness
in each depth and for each group (LED 1: Smartlite PS, LED 2:
Ultralume 5)
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Fig. 3 QuiXfil: Knoop hardness in percent of the surface hardness in
each depth and for each group (LED 1: Smartlite PS, LED 2:
Ultralume 5)
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Results

For the statistical analysis of the data, the repeated
measures analysis of variance with up to three between
factors and one within (depth) was used. Because of the fact
that the data were not normally distributed, the logarithms
of the values were used for the statistical analysis.
According to the correlation analysis evaluating the
relationship between the mean values and the standard
deviations, it was shown that the log-transformed data were
normally distributed (p=0.1347).

In the first part of the study, the microhardness measure-
ments for Tetric Ceram\ could be performed up to a depth
of 3.5 mm. Under this depth, the resin composite is so soft
that it could be removed with a scalpel. Almost in all of the
cases, the 80% of the surface hardness was achieved at the
depth of 2.5 mm. Only the exposure to Smartlite PS for 10 s
was shown to have controversial results, as shown in Fig. 1.
However, at the depth of 2.5 mm, curing with the halogen
resulted in higher microhardness values compared to the
LED LCUs. This difference was statistically significant, but
not in any case (Table 2).

According to the general linear models procedure,
Ultralume 5 produced statistically significant higher micro-
hardness values than the Smartlite PS, for the 10 s exposure
time (p=0.03). There was no significant difference between
the two LED LCUs, for the 20 s exposure time.

Between the three curing units tested (halogen, t=40 s,
and LED, t=20 s), there were found statistically significant
differences (p=0.0009), for the shades A2 and A3. These
differences are shown in Table 2, where the results of the
Tukey’s studentized range test for both shades are given.
According to the Tukey’s test, for the shade A2, halogen
produced statistically significant higher microhardness
values (p≤0.05) compared to the two LED units at 0.5
and 2.5 mm. For this shade, at 1.5 mm, no significant
difference was found between the three curing units
(p>0.05). The same test showed, for the shade A3, no

significant difference between the halogen and Smartlite PS
(p>0.05), while halogen was found to produce significantly
higher microhardness values (p≤0.05) compared to Ultra-
lume 5. Between the two LED LCUs, for this shade,
Smartlite PS was significantly better (p≤0.05) than Ultra-
lume 5 at 0.5 and 1.5 mm, while at 2.5 mm, no significant
difference was found between them (p>0.05).

In the second part of the study where the curing depth of
the transparent materials Adamant\ and QuiXfil was
compared to that of Tetric Ceram\, the three resin
composites were found to differ significantly (p=0.0001).
According to the statistical analysis, Adamant reached the
80% of the surface microhardness at a depth of 3.5 mm
when it was cured with the halogen or the Smartlite PS.
Curing with Ultralume 5 resulted in a depth of cure up to
4.5 mm. For QuiXfil, the 80% of the surface hardness was
reached at a depth of 4.5 mm when the material was cured
with the halogen LCU. Similar results were given by
Ultralume 5. As shown in Fig. 3, curing with Smartlite PS
could transfer the satisfying limit of the 80% to 5.5mm.
Between the three tested LCUs, QuiXfil, Ultralume 5 (10
and 20 s), and the 20 s of Smartlite PS resulted in higher
hardness values compared to Halogen and the 10 s of
Smartlite PS.

Tukey’s studentized range test (p≤0.05) for the three
restorative materials (Table 3), and the three LCUs (LEDs,
t=20 s, and halogen, t=40 s), showed the following
concerning microhardness:

(a) For the halogen curing unit, no significant difference
(p>0.05) was found between the three resin composites.

(b) For Smartlite PS, no significant difference was found
between Tetric Ceram\ and Adamant\. QuiXfil
polymerized with Smartlite PS produced significantly
higher microhardness values compared to Tetric
Ceram\. No significant difference was found between
Adamant\ and QuiXfil for the depths 0.5, 1.5, and 3.5
mm, after polymerization with Smartlite PS.

Table 2 Results of the Tukey’s test concerning Knoop microhardness at different depths, achieved with three different LCUs for the composite
Tetric Ceram\ for both colors A2 and A3 (curing time: LED LCUs, 20 s, and halogen, 40 s)

Variables Significant differences for color A2 Significant differences for color A3

Depth 0.5 mm Halogen>Ultralume 5 Halogen>Ultralume 5
Halogen>Smartlite PS Smartlite PS>Ultralume 5
Ultralume 5≈Smartlite PS Halogen≈Smartlite PS

1.5 mm Halogen≈Ultralume 5≈Smartlite PS Halogen>Ultralume 5
Smartlite PS>Ultralume 5
Halogen≈Smartlite PS

2.5 mm Halogen>Ultralume 5 Halogen>Ultralume 5
Halogen>Smartlite PS Halogen>Smartlite PS
Ultralume 5≈Smartlite PS Smartlite PS≈Ultralume 5

Results of Tukey’s test: > indicates statistical significance (p≤0.05) and ≈ indicates no statistical significance
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(c) For Ultralume 5, no significant difference was found
between Tetric Ceram\ and Adamant\. QuiXfil
polymerization with Ultralume 5 produced significant-
ly higher microhardness values compared to Tetric
Ceram\, for the depths 1.5–3.5 mm. No significant
difference was found between QuiXfil and Adamant\

at the depths 1.5, 2.5, and 3.5 mm, after curing with
Ultralume 5.

Discussion

The need for an adequate polymerization of the resin
composites to result in good physical properties of the
materials creates a dilemma to the clinicians concerning the
selection of the appropriate LCU.

Several studies [2, 16] have addressed the application of
blue LED technology to cure better dental materials. In
comparison of the camphoroquinone (CQ) absorption
spectrum with the emission characteristics of halogen
lights, it is found that only a small portion of the halogen
emission spectrum actually is used to activate the photo-
initiator molecules. It has been shown that blue light in
different parts of the absorption spectrum of CQ has a
different effectiveness, and that light near to the absorption
peak (468 nm) is more effective at curing [16, 30].

Previous studies [13, 27] have used bottom/top Knoop
hardness ratios to obtain a percentage depth of cure, and if
that value exceeded 80%, specimens were considered to be
adequately cured. According to this criterion, all three LCUs
tested in the first part of our study succeeded the 80% of the
hardness of 0.5 mm under the top surface at a depth of 2.5
mm for Tetric Ceram\. Only the 10-s exposure in Smartlite
PS for the shade A2 was shown not to achieve this curing
depth. In the present study, maximum hardness (surface
hardness) was determined as the hardness 0.5 mm beneath

the surface and not on the surface of the samples because of
the fact that the samples used in the present study were not
polished like it would be in clinical situation. In our study,
the “surface” hardness was found to vary with significant
difference depending on the LCU used. That is, in contrast
with the findings of Lindberg et al. [11], who found that the
composite closer to the surface was equally well cured with
all the LCUs tested. The different LCUs and the different
exposure times used could be the reason for the different
results. In the study of Lindberg et al. [11] a longer exposure
time was used.

In the first part of the present study, it was shown that
the halogen LCU produced higher microhardness values
compared to the two LED LCUs, for a standard resin
composite in two shades.

Our results from the first part of the study coincide with
those of previous studies [5, 10] which showed that the
halogen LCUs produced significantly harder composite
surfaces, up to a depth of 2.5 mm, than did the LED LCUs.
However, our findings with the conventional hybrid resin
composite come in contrast with the results of Mills et al.
[16], who used a power density of 290 mW/cm2 from LED
unit and 300 mW/cm2 halogen LCU to compare the depths
of cure of resin composites. Under those conditions, the
LED LCU cured hybrid resin composites of medium shades
significantly deeper than did the halogen LCU. This is in
line with the results of the second part of the study
concerning the translucent resin composites.

The important parameter concerning the performance of
the different LCUs is the amount of light energy with an
appropriate wavelength emitted during irradiation [30].
Additionally, the CQ conversion, within the resin composite,
is correlated with the radiant exposure and the power
densities of the LCUs [3].The power density values received
from the measurements with curing radiometers involve the
whole energy output, more than just the narrow CQ

Table 3 Results of the Tukey’s test concerning Knoop microhardness at different depths, achieved with three different LCUs for the three
composite materials (curing time: LED LCUs, 20 s, and halogen, 40 s)

Halogen Smartlite PS Ultralume 5

0.5 mm Tetric Ceram\≈QuiXfil≈Adamant\ QuiXfil≈Adamant\ QuiXfil>Adamant\

QuiXfil>Tetric Ceram\ QuiXfil≈Tetric Ceram\

Adamant\≈Tetric Ceram\ Adamant\≈Tetric Ceram\

1.5 mm Tetric Ceram\≈QuiXfil≈Adamant\ QuiXfil≈Adamant\ QuiXfil≈Adamant\

QuiXfil>Tetric Ceram\ QuiXfil>Tetric Ceram\

Adamant\≈Tetric Ceram\ Adamant\≈Tetric Ceram\

2.5 mm Tetric Ceram\≈QuiXfil≈Adamant\ QuiXfil>Adamant\ QuiXfil≈Adamant\

QuiXfil>Tetric Ceram\ QuiXfil>Tetric Ceram\

Adamant\≈Tetric Ceram\ Adamant\≈Tetric Ceram\

3.5 mm Tetric Ceram\≈QuiXfil≈Adamant\ QuiXfil≈Adamant\ QuiXfil≈Adamant\

QuiXfil>Tetric Ceram\ QuiXfil>Tetric Ceram\

Adamant\≈Tetric Ceram\ Adamant\≈Tetric Ceram\

Results of Tukey’s test: > indicates statistical significance (p≤0.05) and ≈ indicates no statistical significance
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spectrum. Therefore, halogen-based lights, in most cases,
demonstrate higher power densities than LEDs. Manufac-
turers of LED LCUs warn against using radiometers to
compare LED performance with that of halogen-based
LCUs. The Cure Rite curing light meter which is used in
the present study can give only a rough guide concerning
some of the LCUs measured. Especially for Ultralume 5,
which has a large (10×14 mm) oval curing footprint, larger
than the measurement’s position of the Cure Rite (8 mm), it
could be possible that the irradiance measured in the present
study may show not the exact results.

According to our results, the performance of the two LED
LCUs differed significantly for the two shades of the resin
composite tested. For the shade A2, no significant difference
was found between the two LED LCUs. For the shade A3,
Smartlite PS had a significantly better performance for the
depths 0.5 and 1.5 mm compared to Ultralume 5. This
finding may be explained by the fact that Ultralume 5 has a
wavelength range of 370–500 nm instead of the spectrum of
Smartlite PS, which is centered in the 450–490 nm region
near the sensitivity peak of CQ in 465 nm. The difference
between the results of the two shades could be the fact that
the concentration of CQ in lighter shades is lower.

In some previous studies [5, 8], the difference of the
number of the LEDs was assumed to have a significant
effect on the performance of the LED LCUs. Ultralume 5
contains five LEDs, while Smartlite PS contains only one
5-W LED. However, Ultralume 5 has a larger footprint, and
only one of the five LEDs (blue LED) has the major role on
the polymerization of the resin composites. The other four
(yellow) are placed peripherally and have only a neglect-
able influence on the cure of the materials. Therefore, the
difference on the number of the LEDs contained is not
probably the reason for the different performance of the two
LED curing units in the present study.

The energy density of LCUs can be calculated after
multiplying the power density with the exposure time. For
the units tested in the present study, the total energy densities
calculated are: 1,063 mW/cm2×20 s=21,260 mJ/cm2 for
Ultralume 5, 950 mW/cm2×20 s=19,000 mJ/cm2 for
Smartlite PS and (150 mW/cm2×20 s)+(800 mW/cm2×
20 s)=19,000 mJ/cm2 for the halogen LCU. These are the
energy densities produced by the LCUs based on the
measurements of the curing light meter. According to
the values mentioned above, there was no big difference
between the LCUs. Although the halogen LCU has a smaller
power density in comparison to the two LED LCUs, the fact
that a longer polymerization time was used resulted in similar
total energy density. It can be concluded that the exposure
time used was a significant parameter for the results found in
the present study between the three LCUs. This parameter is
the one that differs between the different studies [11, 17]. The
higher temperature produced by the halogen boosts the

polymerization, and therefore, it can be also a reason for
the good results of the halogen LCU [1, 22].

In the second part of the present study, the three
composite materials were found to behave differently. The
depth in which the measurements were able to be
performed varied between the resin composites from 3.5
to 7.5 mm. The analysis showed that the hardness of
QuiXfil was satisfying (80% of the hardness at 0.5 mm) at
the depth of 4.5 mm compared with the halogen and
Ultralume 5. Curing of QuiXfil with Smartlite PS resulted
in an increase of curing depth up to 5.5 mm. This is a
result with high clinical significance. This material can be
used in thick increments and result in satisfying micro-
hardness after cured once with any type of LCU. The
Tetric Ceram\, according to the results of the present
study, can be used in layers with maximum of 2.5-mm
thickness, independently of the curing unit used. For
Adamant\, it was shown that it could be used in
increments of 3.5 mm when it is cured with halogen and
Smartlite PS and in increments of 4.5 mm when it is cured
with the Utralume 5. According to the above results, it
seems that, based on the criterion of the 80% of the
surface hardness, Smartlite PS can achieve for QuiXfil and
Adamant\ a better curing depth compared to Ultralume 5
and halogen. However, it must be mentioned that the
absolute microhardness values of QuiXfil cured with
Smartlite PS were in the same level as with that achieved
with the halogen LCU, but lower to that achieved after
curing with Ultralume 5. Concerning the translucent
materials tested, these findings are in line with previous
studies [17, 24, 25] that showed that the LED LCUs
achieved a greater depth of cure with the halogen LCUs,
when hybrid resin composite and ormocer were polymerized.

Many light-cured resin composites contain only the photo-
initiator CQ for the generation of free radicals, and thus the
polymerization reaction [18]. Some resin composites contain
other photoinitiators in addition to CQ, the so-called
co-initiators, which absorb light at shorter wavelengths
(<410 nm) [18]. This is shown in the study of Uhl et al.
[25], where the measurements with a penetrometer showed
that the LED LCU achieved greater depth of cure than the
halogen LCU. The results for the different resin composites
were explained by the authors by the fact that one of the
resin composites contains, in addition to CQ, co-initiators
which absorb light at wavelengths shorter that 410 nm.

However, none of the resin composites used in the present
study contained co-initiators beyond the photoinitiator CQ,
according to the information given by the manufacturers.
The results, however, were different between the three resin
composites. The difference of the composition of the resin
composites used, the higher amount of the filler loading, and
the translucency of the two resin composites seem to be the
reason for their greater curing depth compared to the
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standard hybrid resin composite. QuiXfil contains in its
matrix also, besides the photoinitiator CQ, the accelerator
dimethylaminobenzoic acid ester. This may also be a reason
for its different performance.

In conclusion, within the limitations of this study, the
present findings showed that that the LED LCUs were able
to achieve at least similar depths of cure with those of the
halogen unit in less curing time. The short exposure time is
one of the beneficial characteristics of the LED LCUs since
their introduction in the dental market.

However, as far as the Tetric Ceram\ is concerned, the
halogen LCU was found to produce higher Knoop hardness
values compared to the two LED LCUs. The effectiveness
of cure associated with LED curing lights was material
dependent. However, it must be mentioned that the present
results correspond only to the parameters (exposure times
and resin composites) tested in the present studies.
According to the two translucent resin composites, the
hypothesis made in the aims of the present study can be
accepted. These resin composites were found to be able to
have a satisfying hardness for the clinical use, at a depth of
at least 4.5 mm, after being cured once. Further experi-
ments are necessary to investigate the shrinkage behavior of
the translucent materials, when they are used in layers
thicker than 2.5 mm and cured with halogen or LED LCUs,
so that their clinical advantage can be confirmed.
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