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Abstract

Resin-based composites (RBCs) are widely used in restorative dentistry, and their clinical
performance depends on the degree of conversion (DC). Light-curing units are used to
initiate polymerization, but factors such as the distance between the light source and
the composite surface as well as different exposure modes can affect DC. This study
aimed to evaluate the effect of curing distance on the DC of resin-based composites under
different polymerization modes. Specimens of a standardized resin-based composite were
prepared and cured using a light-emitting diode (LED) curing unit at varying distances
(0 mm, 2 mm and 4 mm). Three exposure modes were applied: standard, soft-start, and
pulse. The DC of the cured composites was determined using Raman scattering spectra
measurements. The DC differed significantly depending on the evaluated factors and the
measurement location within the samples (top vs. bottom). For measurements taken at the
top of the samples, a highly significant effect of material type on the degree of conversion
was observed (p-value < 0.001). Distance also showed a statistically significant influence
(p-value = 0.049), whereas exposure mode did not significantly affect DC at the top surface
(p-value = 0.391). Both curing distance and exposure mode significantly influence the
polymerization efficiency of resin-based composites. Minimizing the distance between the
light source and composite surface improves the DC, and selecting an appropriate exposure
mode can partially compensate for increased distance. Clinicians should consider these
factors to optimize the mechanical properties and longevity of composite restorations.

Keywords: resin-based composites; polymerization; degree of conversion; light-emitting
diode; exposure mode; composite restoration

1. Introduction
Resin-based composites (RBCs) are among the most commonly used materials for

direct tooth restorations [1]. Their well-known advantages, such as ease of handling,
strong adhesion, and excellent aesthetic qualities, are counterbalanced by certain limita-
tions, including polymerization shrinkage and the potential release of toxic or allergenic
monomers [2,3]. For many years, extensive research has focused on evaluating the long-
term stability of the polymer network under the challenging conditions of the oral environ-
ment [4,5]. Increasing attention has been directed toward the fact that the physicochemical
properties of composite materials depend not only on their chemical composition but also
on the techniques employed during placement and polymerization [6]. These materials are
highly technique-sensitive, and even minor deviations during the restorative procedure
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may lead to a compromised filling, reduced mechanical performance, or an increased risk
of pulpal irritation and postoperative complications [7]. An undisputed key indicator of the
quality and performance of RBCs is the degree of conversion (DC)—that is, the percentage
of carbon–carbon double bonds in the monomer that are converted into single bonds during
polymerization. The DC directly influences the physical and biological properties of the
final restoration, including hardness, strength, polymerization shrinkage, color stability,
and biocompatibility [8,9].

The process of RBC polymerization is influenced by numerous factors, including the
composition and optical properties of the resin (type of monomers, fillers, and pigments),
the method of application, and the parameters of the curing light, such as light intensity
(irradiance), exposure duration, polymerization mode, and, critically, the distance between
the light-curing tip and the composite surface [10].

Numerous studies have shown that increasing the distance between the light source
and the composite surface may adversely affect the quality of polymerization, particu-
larly in deeper or less accessible areas of the restoration [11]. Furthermore, the quality
of polymerization also depends on the curing mode, including the type of light source
(LED or halogen), irradiance, exposure time, and polymerization protocol (e.g., incremental
vs. bulk-fill techniques). In clinical practice, the curing light tip is often positioned at a
certain distance from the composite surface rather than in direct contact. This increased
separation may result in incomplete polymerization, which can compromise the longevity
of restorations and lead to defects such as porosity, reduced hardness, greater polymer-
ization shrinkage, monomer release, and even microleakage [12]. Moreover, increased
distance from the curing light tip correlates with altered post-gel volumetric shrinkage and
non-uniform shrinkage strain distribution within the RBC [13].

Despite the clear recommendations to polymerize the material from the shortest possi-
ble distance, there are clinical situations in which this is not feasible. This primarily applies
to Class II cavities located on the proximal surfaces of posterior teeth. The depth of these
cavities often ranges from 3 to 6 millimeters, with the additional height of the surrounding
cusps (1–2 mm) further increasing the distance. As a result, the resin-based composite can
be polymerized from a distance greater than 4–6 mm [14]. Until recently, it was believed
that the main mechanism predisposing Class II RBC restorations to secondary caries was
microleakage at the margins—particularly at the gingival margin, which often lacks suf-
ficient enamel to ensure optimal adhesion due to tooth anatomy [15]. Technique-related
factors were also considered important, including the quality of cavity preparation, the
effectiveness of isolation, and the precision of matrix and wedge placement. Patient-related
factors, such as the consumption of simple sugars and oral hygiene habits—especially
interdental hygiene—should also be taken into account. Scientific studies have clearly
demonstrated that composite restorations on interproximal surfaces are significantly more
susceptible to secondary caries than those on other surfaces [16–18]. Unfortunately, there is
still no clear evidence in the literature that the high incidence of secondary caries in Class
II restorations may be related to the low conversion rate of the composite material used.
Naturally, under clinical conditions, conducting a study that could demonstrate a direct
relationship between secondary caries and this single factor is practically impossible.

In response to these clinical challenges, curing light manufacturers have introduced
various exposure modes. Research has indicated the advantages of the soft-start mode over
other curing protocols. According to the literature, the soft-start mode reduces polymeriza-
tion shrinkage stresses compared with the standard mode, thereby limiting the formation
of marginal gaps and improving the seal and mechanical integrity of the restoration [19,20].
However, our research has shown that soft-start mode was the least resistant to increasing
distance [21]. The type of composite also influences the polymerization behavior. There
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is still no clear consensus in the scientific literature regarding the optimal polymerization
protocol for flowable or bulk-fill resin-based composites [22,23]. In this study the authors
analyzed three completely different materials, differing in the type of resin and filler as
well as clinical indications, in order to assess the trend in DC and potential correlation with
the irradiation mode.

Despite extensive research on resin-based composite polymerization, most previous
studies have evaluated either curing distance or exposure mode independently, often
focusing on a single composite type. Limited evidence is available regarding the com-
bined influence of curing distance, exposure mode, and material composition on the
degree of conversion at different depths within the restoration. Moreover, although in-
adequate polymerization has been suggested as a potential contributing factor to clinical
failure in deep posterior restorations, no consensus exists regarding the optimal curing
strategy under realistic clinical conditions where direct contact between the light-curing
unit and the composite surface is not always achievable. Addressing this gap may pro-
vide clinically relevant guidance for optimizing polymerization protocols in challenging
restorative scenarios.

Therefore, this study aimed to evaluate the effect of the distance between the curing
light source and the composite surface on the degree of conversion of various RBCs under
different polymerization exposure modes. We hypothesize that factors such as distance,
type of exposure, and the type of composite material influence the degree of conversion
depending on the surface of the sample. This investigation seeks to identify optimal clinical
parameters for light curing that ensure reliable and durable composite restorations while
maintaining optimal polymerization efficiency under realistic clinical conditions.

2. Materials and Methods
2.1. Tested Materials and Light-Curing Protocols

In this in vitro study, three dental restorative materials were used. Detailed character-
istics of the materials are presented in Table 1.

Table 1. Detailed characteristics of the dental restorative materials used in the study.

Material Material Group Manufacturer Composition Lot Number

Filtek One Bulk Fill
Restorative,
Shade A2

Nano-composite 3M/ESPE, Seedfeld,
Germany

Organic matrix: AUDMA, UDMA,
1,12-dodecane-DMA 20 nm silica;
Filler fraction (wt%/vol%)
76.5/58.4, Fillers: 4–11 nm
zirconia, ytterbium trifluoride
filler consisting of agglomerate 100
nm particles

11670118

Evetric,
Shade A2

Nano-hybrid
composite

Ivoclar Vivadent,
Schaan, Liechtenstein

Organic matrix: Bis-GMA,
Bis-EMA, UDMA; Filler fraction
(wt%/vol%) 80–81/55–57, Fillers:
barium glass, ytterbium
trifluoride, mixed oxide,
copolymers (size 40–3000 nm)

Z0939B

G-aenial Universal Flo,
Shade A2 Flowable composite GC Europe, Leuven,

Belgium

Organic matrix:
Urethanedimethacrylate,
Bis-MEPP, TEGDMA; Filler
fraction (wt%/vol%) 69/50, Fillers:
silicon dioxide, strontium glass,
pigment (size 16–200 nm)

2501081
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Three types of light-curing protocols were applied. A total of 27 experimental groups
were created, consisting of three types of RBCs, each cured using three different exposure
modes and at three distances (Table 2).

Table 2. Curing protocols used in the experimental subgroups.

Group Resin-Based Composite Curing Protocol Distance Sample Size n

1 Bulk fill standard 0 mm 3
2 Bulk fill standard 2 mm 3
3 Bulk fill standard 4 mm 3
4 Bulk fill soft start 0 mm 3
5 Bulk fill soft start 2 mm 3
6 Bulk fill soft start 4 mm 3
7 Bulk fill pulse 0 mm 3
8 Bulk fill pulse 2 mm 3
9 Bulk fill pulse 4 mm 3
10 Flow standard 0 mm 3
11 Flow standard 2 mm 3
12 Flow standard 4 mm 3
13 Flow soft start 0 mm 3
14 Flow soft start 2 mm 3
15 Flow soft start 4 mm 3
16 Flow pulse 0 mm 3
17 Flow pulse 2 mm 3
18 Flow pulse 4 mm 3
19 Evetric standard 0 mm 3
20 Evetric standard 2 mm 3
21 Evetric standard 4 mm 3
22 Evetric soft start 0 mm 3
23 Evetric soft start 2 mm 3
24 Evetric soft start 4 mm 3
25 Evetric pulse 0 mm 3
26 Evetric pulse 2 mm 3
27 Evetric pulse 4 mm 3

2.2. Specimen Preparation

All specimen preparation was performed by a single operator to minimize variability.
A total of 81 composite specimens (4 mm in diameter and 2 mm in height) were prepared,
with three samples per experimental group. All materials, kept at room temperature, were
inserted into the mold and intentionally overfilled. The material was covered with Mylar
tape and pressed down with a metal spatula to even out the surface and remove excess
material. Additionally, the Mylar tape prevented the formation of an oxygen-inhibition
layer. First, samples of the three materials were prepared and exposed at a distance of
0 mm. Subsequently, additional samples were prepared and exposed at a distance of
2 mm. Finally, samples were prepared and exposed at a distance of 4 mm. Each sample
was replicated three times. Each specimen was light-cured for 20 s using one of the three
curing models, according to the manufacturer’s instructions (Woodpecker LED.H, Guilin
Woodpecker Medical Instrument Co., Guilin, China). Three light-curing models were used
in the study:

A. Standard mode, LED works in full power, 1000 mW/cm2.
B. Soft start mode, LED turns from weak to stronger and reaches the highest power in 5 s.
C. Pulse mode, LED pulsating between 850—1000 mW/cm2 in 2 s intervals.
The light-curing procedure was repeated while gradually increasing the distance

between the light-curing unit (LCU) and the composite surface. The LCU was fixed in a
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holder, and the distance to the mold was adjusted using spacer rings to achieve 0, 2 and
4 mm separations. The lamps were fully charged and placed on the charger to maintain
the maximum charge. Light irradiance measurements were made using a photometer
Bluephase Meter II (Ivoclar Vivadent, Glattpark, Switzerland), with measurement range
from 300 to 4000 mW/cm2.

After polymerization, the lower surface of each specimen was marked, and all samples
were stored in light-proof containers filled with distilled and deionized water at 37 ± 1 ◦C
for 24 h to complete the post-polymerization process.

2.3. Degree of Conversion Analysis

The convenient way for the determination of conversion degree (DC) in methacrylate
materials is to use the relative intensities of bands at 1639 cm−1 and 1609 cm−1 observed
in Raman spectra [24]. Those bands are related to aliphatic and aromatic CC stretching
vibrations—the 1639 cm−1 band is due to -CH=CH2 stretching vibrations, which changes
drastically in intensity with the polymerization of sample, while the 1609 cm−1 band is
treated as an internal standard because its intensity is conserved during the process.

The Raman spectra of the samples were measured in a backscattering geometry using a
Labram HR 800 spectrometer (Horiba Jobin Yvon, Villeneuve d’Ascq, France) with a He-Ne
laser (λ = 632.8 nm) as an excitation source and a liquid-nitrogen cooled CCD detector. For
calibration the Si line at 520.7 cm−1 was used. The laser beam was focused on the top and
bottom of the sample using a ×50 objective. To prevent local overheating and thermally
induced changes the power of the laser beam at the sample was reduced to about 0.9 mW.
The single-spectrum acquisition time was 20 s and the spectrum of every sample (from
top and bottom surface) was determined after averaging 40 accumulations. The spectra
were recorded in the 1550–1800 cm−1 spectral region at room temperature (22 ◦C) and the
spectral resolution was less than 2 cm−1.

The obtained Raman spectra were fitted and deconvoluted using Fityk 1.3.1 soft-
ware [25]. First the simple 2-point background was subtracted from the spectra in the
regions 1575–1660 cm−1 (for bulk-fill samples) and 1590–1655 cm−1 (for the rest). Next,
the spectra were fitted using the Lorentzian peak shape function, assuming 4 (for bulk-fill
samples) or 2 peaks in the region. All the functions were fitted to the experimental data
using the Levenberg–Marquardt algorithm as implemented in Fityk 1.3.1 software. For
calculation of conversion degree the integral intensity (area) ratio was used according to
the equation

DC (%) = (1 − Is/Ip) × 100,

where
Is = I1639/I1609

I1639, I1609—integral intensities (area) of the bands observed at 1639 and 1609 cm−1 in
the spectra of the sample.

Ip = Ip1639/Ip1609

Ip1639, Ip1609—integral intensities (area) of the bands observed at 1639 and 1609 cm−1

in the spectra of the pure (uncured) reference appropriate for specific samples.

2.4. Statistical Analysis

The determined degrees of conversion were analyzed using a three-way analysis of
variance (ANOVA) in the model with the interaction. Two independent ANOVA models,
separately for top and bottom surfaces of samples, were applied, including the following
factors: material type (3 levels), exposure mode (3 levels), and distance from the curing tip
(3 levels). All subgroups met the assumptions in accordance with statistical requirements.
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For the post hoc analyses the Tukey test was used. The significance level was defined as
α = 0.05. The statistical analysis was performed using Statistica 13.3 (Statsoft,
Cracow, Poland).

3. Results
The representative spectra of the cured and uncured samples of all three composites

are presented in Figure 1 and the exemplary deconvoluted Raman spectra are presented in
Figure 2.

Figure 1. The representative Raman scattering spectra of the cured (red and blue) and uncured (black)
samples prepared with Evetric (top panel), BulkFill (middle panel), and Universal Flo (bottom
panel). The vertical magenta lines indicate the positions of the bands used for calculations of the
conversion degree—1639 cm−1 (aliphatic CC stretching) and 1609 cm−1 (aromatic CC stretching).
Note that for the Bulk Fill sample the 1609 cm−1 band is a component of the larger spectral feature.
The deconvolution of the spectra from the middle panel are presented in Figure 2.

The DC differed significantly depending on the evaluated factors and the measure-
ment location within the samples (top vs. bottom). Detailed comparisons are presented in
Figure 3 and summarized statistically in Tables 3 and S1. For measurements taken at the
top of the samples, a highly significant effect of material type on the degree of conversion
was observed (p-value < 0.001). Distance also showed a statistically significant influence
(p-value = 0.049), whereas exposure mode did not significantly affect DC at the top surface
(p-value = 0.391). None of the two-way or three-way interactions reached statistical signifi-
cance for top measurements.
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Figure 2. The deconvolution of Raman scattering spectra from the middle panel of Figure 1. The spec-
tra were deconvoluted using 4 Lorentzian peaks (see details in text and in Table S2 in Supplementary
Materials). The filled peaks were used for calculations of the conversion degree.
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Figure 3. Comparison of the degree of conversion at the top (A) and bottom (B) of the sam-
ples depending on the interaction between type of material (Bulk fill, Evetric, Flow), exposure
mode (pulse, soft start, standard), and distance (0 mm, 2 mm, 4 mm). Vertical bars indicate 95%
confidence intervals.
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Table 3. Results of comparisons of the degree of conversion at the top and bottom of samples
according to the evaluated parameters and their interactions.

Degree of Conversion—Top of the
Sample

Degree of Conversion—Bottom of the
Sample

F p-Value F p-Value

Material 183.59 <0.001 * 68.56 <0.001 *

Exposure mode 0.96 0.391 3.66 0.032 *

Distance 3.20 0.049 * 2.83 0.068

Material × Exposure mode 0.08 0.988 1.30 0.280

Material × Distance 0.60 0.665 0.61 0.656

Exposure mode × Distance 1.38 0.252 1.71 0.161

Material × Exposure mode × Distance 1.10 0.380 1.23 0.298

* significant differences.

At the bottom of the samples, material type again had a significant effect on DC
(p-value < 0.001). In contrast to the top surface, exposure mode significantly influenced
DC at the bottom (p-value = 0.032), while distance did not reach statistical significance
(p-value = 0.068). Similarly, no significant interactions between material, exposure mode,
and distance were detected for bottom measurements.

Across all experimental conditions, the degree of conversion was generally higher at
the top of the samples compared with the bottom. This trend was consistent regardless of
material type, exposure mode, or irradiation distance. The absence of significant interaction
effects indicates that the influence of each factor on DC was independent and did not differ
substantially between the top and bottom surfaces (Figure 3).

Tukey’s post hoc test revealed numerous statistically significant pairwise differ-
ences, primarily between different material types, confirming the dominant role of ma-
terial composition in determining DC values. Differences related to distance and ex-
posure mode were less pronounced and were mainly observed in top-surface measure-
ments. Comparisons within the same material across varying exposure modes and dis-
tances frequently did not reach statistical significance, particularly at the bottom surface
(Table S1).

4. Discussion
In a previous study, the authors focused on the analysis of the amount of light reaching

the exposed surface from the lamp, considering various exposure modes and variable
distance [21]. The study showed that increasing the distance most strongly affected the
soft mode, causing a significant decrease in light irradiance measured by the photometer.
We can assume that with an output energy above 1000 mW/cm2, in the standard mode,
approximately 996 mW/cm2 reaches the sample at a distance of 2 mm, and after increasing
the distance to 4 mm this value becomes 906 mW/cm2. For the soft start and pulse modes,
the data were: 985 and 884 mW/cm2, and 993 and 893 mW/cm2, respectively.

However, that study analyzed only the amount of light energy reaching the radiometer
surface. In dental practice, the depth of cavities varies, ranging from fractions of a millimeter
to several millimeters [26]. The thickness of a composite layer is typically 1–2 mm or more
(layers of 4 mm for bulk fill), and clinicians almost never position the curing light directly
at a 0 mm distance due to the tooth anatomy [27]. Taking these variables into account, we
designed a new study aimed at providing a deeper insight into the sample and creating
a three-dimensional map of RBC polymerization. We employed Raman spectroscopy, as
it is a well-established method for determining the degree of conversion. This technique
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offers high precision and versatility, and it is particularly valuable due to its ease of use
and capability for in situ and depth-profiling measurements [28].

The discussion refers to the results analyzing the degree of conversion obtained
not only by Raman spectroscopy but also by Fourier transform infrared spectroscopy
(FTIR). Both methods are based on monitoring the same functional group by observing
the reduction of C=C double bonds during polymerization. They offer complementary
advantages and limitations [29,30].

The number of samples used for Raman analyses varies among studies and typically
ranges from 50 to 150, with an n value of 3 to 5 per group [31–34]. It is generally accepted
that 3–5 samples are sufficient to estimate measurement variability. Many studies to
date have examined exposure modes primarily in terms of LED power, comparing low-
power and high-power settings [35,36]. Polymerization performed with an advanced
LED curing unit over a shorter exposure time (e.g., 3 s) has been shown to produce
variable polymerization efficiencies across different types of composite resins. To achieve
more homogeneous polymerization, extending the exposure duration to 10 s or longer to
20–40 s is recommended [37,38]. Therefore, in our study, we employed three exposure
modes commonly used in commercial LED light-curing units (LCUs). The power and
exposure time values adopted in this study (1000 mW/cm2 for 20 s) align with current
clinical recommendations [39,40].

Numerous studies have shown that increasing the distance between the curing light
and the composite surface beyond 4 mm results in insufficient polymerization. There-
fore, we focused on distances of 0, 2, and 4 mm, which realistically reflect clinical
conditions [11,36,40].

In this study, three commonly used composite materials with clearly different compo-
sitions and clinical indications were evaluated: an aesthetic nanohybrid composite typically
used for anterior restorations (Evetric), a bulk-fill composite designed for posterior teeth
(Filtek One Bulk Fill), and a multipurpose flowable composite (G-aenial Universal Flo).
The flowable resin-based composite achieved the highest degree of conversion at the top of
the specimen, reaching 74%. At the bottom of the sample, the DC exceeded 60%, which
represents a very favorable outcome and is consistent with findings reported by other
authors [41,42]. In contrast, the bulk-fill composite exhibited the lowest conversion among
all tested materials. Although the top of the specimen achieved a DC above 55%, which
is generally considered sufficient, the DC at the bottom did not exceed 45%. Numerous
studies on various composite resins suggest that the optimal monomer conversion typically
ranges between 52% and 75% [40,43,44]. However, the literature currently lacks a clearly
defined, clinically acceptable minimum threshold for conversion [23]. Nevertheless, it has
been suggested that conversion values below 55% may be insufficient for occlusal surfaces
subjected to high masticatory loads [22]. As noted by Jakupovic, achieving a high DC in
bulk-fill composites is particularly critical due to their increased layer thickness, which
may reach up to 4 mm; therefore, special attention should be paid to ensuring adequate
polymerization at greater curing distances [45]. Our findings confirm Jakupovic’s observa-
tions, as Filtek One Bulk Fill showed the greatest sensitivity to increasing distance from the
LED light-curing unit. At the bottom of the specimen, the DC did not reach the suggested
minimum value of 55%. It has been demonstrated that increasing irradiation time may
enhance the polymerization process by prolonging the propagation phase of free radicals,
which can contribute to a higher DC in light-cured resin composites [46,47]. Moreover,
the study by Gömleksiz demonstrated that double exposure of a composite, even from
an increased distance, can result in a higher DC than a single 20 s exposure applied close
to the surface [40]. This finding represents a valuable and practical recommendation for
clinical application.
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For several years, researchers have been analyzing the differences in polymerization
reactions under the influence of various exposure modes. The original standard mode is
characterized by rapid free radical generation, resulting in faster polymer cross-linking, but
it also results in internal stress. The soft-start mode exhibits a slower rate of polymerization
initiation. This results in a longer pre-gel period, allowing for stress relaxation. However,
the final DC depends on the subsequent exposure phase. It seems reasonable to first expose
the sample using the standard mode and then supplement it with the soft-start mode. The
pulse mode exhibits similar effects to the soft-start mode, also providing time for stress
relaxation thanks to interruptions in energy emission [22,48,49]. It should be noted that a
higher filler particle content limits the mobility of the monomers and can hinder full cross-
linking [50]. Composites containing finer particles may have a smaller interparticle spacing,
which promotes better light penetration and, therefore, a potentially higher conversion rate.
At the same time, irregular or mixed shapes can affect light scattering and the final DC [51].
Our research confirms the results obtained by previous researchers. The Flow material
tested, containing the least filler, had the highest DC, while Bulk Fill had the lowest DC.
Evetric, containing mixed particles, yielded intermediate results, which may be related to
the aforementioned increased light scattering.

The soft-start mode proved to be the most effective for polymerizing the composite
at the top surface of the specimen and was only slightly inferior to the standard mode
at the bottom surface. The DC values were appropriate and reached 69% at the top and
56% at the bottom in the soft-start mode, compared with 67% and 57%, respectively, in the
standard mode. These findings confirm our previous observations regarding the influence
of exposure modes at increasing curing distances [21]. We demonstrated that increasing
the distance between the curing light and the composite surface by 2–4 mm resulted in a
sufficient DC at the top of the specimen, reaching nearly 70% at 2 mm and approximately
60% at 4 mm. These results are consistent with those reported by other researchers [52].
The lower conversion observed at a 0 mm exposure distance may be related to a mismatch
between the diameter of the composite specimen and that of the LED light tip. The pulse
mode, even at increased distances from the irradiated surface, provided acceptable light
intensity sufficient for effective polymerization at the top of the specimen. However, DC
values obtained with this mode were the lowest among all tested exposure protocols.
Consequently, this mode may be considered for use or recommended with caution in deep
cavities with vital pulp, as it may reduce the risk of pulp overheating [53,54].

Among the tested materials, the flowable RBC exhibited the highest DC values. G-
aenial Universal Flo contains TEGDMA and a low-viscosity dimethacrylate monomer
(BisMPEPP), which belongs to the BisEMA-type monomer family. Previous studies have
shown that the incorporation of lower-viscosity monomers into resin composites may
enhance resin matrix mobility and facilitate free radical diffusion during polymerization,
which can promote a higher degree of conversion [39]. Similarly, Yu et al. reported
that resin systems characterized by lower initial viscosity and greater molecular mobility
may achieve higher conversion levels due to improved radical propagation and reduced
light scattering within the material [52]. However, since the exact monomer ratios in the
investigated material are not disclosed by the manufacturer, the present results should not
be interpreted as evidence of a direct effect of a specific monomer. Instead, the higher DC
observed for this material may be associated with the overall characteristics of its monomer
system and viscosity, which can influence polymerization efficiency.

Evetric also achieved relatively high DC values, although lower than those observed
for G-aenial Universal Flo. This difference may be attributed to the higher molecular
weight of the monomers used in Evetric. As reported by Gömleksiz, monomers with
higher molecular weight exhibit reduced mobility, which may limit the final DC of the
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composite [40]. The addition of UDMA further benefits this material, providing greater
flexibility compared to Bis-GMA systems. This improves fracture resistance and allows the
composite to better absorb masticatory forces without brittle fracture [55]. Considering the
wide variability in composite composition and behavior, it appears necessary to develop
material-specific polymerization protocols tailored to the individual properties of each
resin-based composite [35].

Limitations and Future Directions

The present study has several limitations that should be acknowledged. As an in vitro
investigation, it cannot fully replicate the complexity of the oral environment. Clinical
factors such as the operator’s technique, patient-related variables, the presence of saliva,
fluctuations in pH, and intraoral temperature variations may all influence polymerization
outcomes and were not reproduced in this experimental design. In addition, only curing
distances of 2 mm and 4 mm were evaluated; however, in clinical practice, the depth of
posterior restorations may exceed 4 mm, which should be considered when interpreting
the results.

The sample size was intentionally small, consistent with a preliminary study design,
and no a priori power analysis was performed, limiting the statistical power and gener-
alizability of the findings. Due to the pilot nature of the study and the small sample size
(n = 3 per group), formal normality and variance tests have very limited statistical power
and may not provide reliable conclusions. For this reason, the analysis should be inter-
preted as exploratory, aiming to identify potential trends in the influence of the investigated
factors rather than to provide definitive statistical inference. Radiant exposure was not
directly quantified at each curing distance and mode, and only a single increment thickness
was assessed. Also, a study limitation may be the fact that without using a rigid surface
during curing, the flexible strip may allow oxygen diffusion, creating a partially inhibited
zone at regions with poor contact, affecting the top surface conversion. Furthermore, the
physicochemical and mechanical properties of the materials were not evaluated, and the
degree of conversion was not correlated with outcomes such as microhardness or flexural
strength. Potential bias related to Raman spectral fitting parameters cannot be excluded,
and no thermal measurements or aging procedures were conducted to assess long-term
material stability.

Future studies should therefore include larger sample sizes with appropriate power
calculations, evaluate thicker (e.g., 4 mm) bulk-fill increments, directly measure delivered
radiant exposure under all curing conditions, correlate degree of conversion with mechan-
ical and thermal properties, and incorporate aging protocols to better reflect long-term
clinical performance.

5. Conclusions
Within the limitations of this study, the findings demonstrate that:

■ Material composition is the primary determinant of degree of conversion.
■ Curing distance significantly affects polymerization efficiency, particularly at the

top surface.
■ Exposure mode influences polymerization behavior at the bottom surface.
■ Flowable composites achieved the highest degree of conversion across conditions,

whereas bulk-fill material showed greater sensitivity to increased curing distance.

These findings provide experimental evidence supporting the selection of material-
specific and distance-adjusted curing protocols in clinical practice.

https://doi.org/10.3390/ma19071390
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Clinical Significance

This study confirms that the polymerization efficiency of resin-based composites de-
pends on material composition, curing protocol, and the distance from the LCU. The use
of a flowable liner in deep cavities, combined with a standard curing mode, appears to
provide the highest degree of conversion. Due to the relatively low degree of conversion
observed, clinicians should exercise caution when using bulk-fill materials in thick incre-
ments. Future studies should investigate the impact of insufficient polymerization on the
mechanical and biological properties of these materials, and clinical trials are warranted to
confirm these in vitro findings under real-world conditions.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ma19071390/s1. Table S1: Results of Tukey post hoc test com-
parisons. Table S2: The parameters of Lorentzian peaks obtained in spectra deconvolution shown in
Figure 2. FWHM is Full Width at Half Maximum.
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