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5.1	 �Introduction

Composite resins as the most commonly used 
dental material for a variety of applications have 
greatly evolved since they were introduced with 
an aim to fulfill different mechanical, biological, 
and esthetic requirements [1]. Progress in com-
posite material formulation, such as improved 
filler morphology and improved existing poly-
meric matrix, and novel monomer technologies 
may improve the disadvantages of resin compos-
ite materials [2, 3]. Therefore, investigations as 
well as knowledge and understanding of their 
properties are the foundations for establishing the 
clinical use guidelines.

The degree of conversion (DC) can be defined 
as the extent to which monomers react to form 
polymers or as the ratio of C=C double bonds 
that are converted into C–C single bonds [4]. 
A high degree of composite polymerization is an 
essential material feature for obtaining optimal 
physical and mechanical properties and biocom-

patibility [5–9] and has a crucial impact on the 
utmost success of a composite restoration. It 
strongly affects each property of a composite 
material such as hardness, strength, elastic modu-
lus, water sorption, solubility, color stability, 
dimensional stability with consequential micro-
leakage, secondary caries, and possible pulpal 
reactions [3, 6]. Various factors like filler particle 
size and loading, monomer type and amount, 
polymerization initiator type and concentration 
[10, 11], the shade and translucency of the mate-
rial [7], intensity and wavelength of the light 
source, and irradiation time [12] can influence 
the DC of dental composite materials.

It would be ideal to have all of the composite 
resin monomers converted to polymer during the 
polymerization reaction. However, the conver-
sion is never complete and reaches a degree of 
about 50% to 75% for conventional composites 
[13]; for bulk-fill composite materials, values 
range from 50% to 81% [14, 15] and for pre-
heated conventional and bulk-fill composites 
from 67% to 84% [16]; 24  h post-cure values 
vary from 68% to 86% [17], while for the experi-
mental remineralizing composites based on 
amorphous calcium phosphate, DC values can 
reach even up to 87% [18].

In this chapter, factors determining DC, 
composite properties dependent upon DC, and 
methods for the evaluation of DC will be 
described.
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5.2	 �Factors Determining 
the Degree of Conversion

The characteristics of dental composite resins 
result from their perplexed composition which 
means resin and filler type and amount. Factors 
determining DC can be classified as intrinsic and 
extrinsic.

5.2.1	 �Intrinsic Factors

Intrinsic factors imply composite properties and 
include resin composition, filler composition, 
and photoinitiator system [2].

Composite resins consist of the mixtures of 
various methacrylate monomers which are con-
verted into a cross-linked polymer matrix during 
the polymerization reaction. Optimal combina-
tion of monomers is of exceptional importance in 
achieving a composite resin with outstanding 
properties. The DC is primarily determined by 
the structure and relative ratio of the individual 
monomers [19, 20]. The most common base 
monomers in contemporary commercial compos-
ites are bisphenol A-glycidyl methacrylate (Bis-
GMA, molecular weight: 512  g/mol) and 
urethane dimethacrylate (UDMA, molecular 
weight: 471 g/mol). The Bis-GMA monomer is 
characterized by high molecular weight, rigid 
structure, and high viscosity. Its main benefits are 
lower polymerization shrinkage, fast setting, and 
strong and stiff polymeric networks [19]. 
However, its high viscosity impairs mobility dur-
ing polymerization and prevents the polymer 
from attaining high DC values. For this reason, 
the Bis-GMA-based resins are admixed with 
monomers of lower viscosity, e. g., triethyleneg-
lycol dimethacrylate (TEGDMA), urethane 
dimethacrylate (UDMA), or bisphenol A poly-
ethylene glycol diether dimethacrylate (Bis-
EMA) in order to improve the final DC [3]. 
Comonomers based on Bis-EMA, a monomer of 
high molecular weight and lower viscosity, usu-
ally show higher DC than the Bis-GMA/
TEGDMA mixtures [21, 22]. Other monomers 
with higher molecular weight aimed to reduce 
shrinkage such as urethane dimethacrylate resin 

DX511 from Dupont (molecular weight: 895 g/
mol) have been developed. On the other hand, 
dimer acid-based monomers have also relatively 
high molecular weight, i.e., 673–849 g/mol, and 
have been shown to have high DC while undergo-
ing lower polymerization shrinkage than Bis-
GMA systems [23, 24]. Tricyclodecane (TCD) 
urethane low viscosity monomers have lower 
shrinkage and polymerization stress but also high 
DC compared to others containing conventional 
dimethacrylates [1, 25].

The DC gradually decreases with increasing 
thickness of a composite resin layer. Curing light 
is attenuated by the absorption and scattering as 
the layer thickness increases and fewer radicals 
are formed to initiate polymerization [26]. The 
bulk-fill composite materials have been devel-
oped to fulfill challenging request of higher effi-
ciency and enable adequate polymerization up to 
4 or 5 mm depth. Optical properties between con-
ventional and bulk-fill composites differ vastly. 
Bulk-fill composites are generally more translu-
cent in order to ensure sufficient curing of thick 
increments [27]. Usually, the intensity of the cur-
ing light that reaches the bottom of a composite 
layer is considerably lower than that on the sur-
face. To compensate the polymerization decrease 
in deeper layers, it is possible to improve the 
absorption spectrum and the initiator’s reactivity, 
to increase the translucency of the materials and 
to optimize the LED light source [28, 29]. This 
approach combines intrinsic factors dealing with 
photoinitiator system and translucency of com-
posites with extrinsic ones which include polym-
erization conditions.

In any case, concerning intrinsic factors, pho-
toinitiator which is almost always used is a com-
bination of camphorquinone (CQ) and various 
types of tertiary amines [30]. However, other 
photopolymerization systems such as phenylpro-
panedione (PPD), mono- or bis-acylphosphine 
oxides (MAPO and BAPO), benzoyl germanium, 
or benzil [31, 32] have also been introduced. 
There is a difference among photoinitiators 
regarding initiation of polymerization—while 
each converted CQ molecule generates only one 
free radical, others are able to generate several, 
e.g., two for MAPO and four for BAPO [33]. 
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Dibenzoyl germanium derivatives are also more 
light reactive than CQ [34]. While taking into 
account advantages of some photoinitiators over 
the CQ system, one should also consider them in 
relation to comonomer composition and ratio, 
filler content and size, as well as some extrinsic 
factors such as light spectrum, irradiance, and 
irradiation time.

Unavoidable factor in composite resins are 
fillers responsible for reducing monomer content 
and consequently for many crucial properties of 
the material such as strength, resistance to occlu-
sal loads, shrinkage, handling, translucency, 
opalescence, radiopacity, etc. To increase depth 
of cure, it is necessary to increase the translu-
cency of composites by decreasing the filler con-
tent and increasing filler size in an effort to ensure 
that more photons penetrate into deeper layers 
[28]. The amount of scattered and absorbed light 
influences the light transmittance through a com-
posite material. Large filler-matrix interface area 
causes a considerable light scattering because of 
differences in the refractive indices between filler 
particles and resin matrix [14], while similar 
refractive indices of the components of compos-
ites have been shown to improve translucency in 
experimental materials.

5.2.2	 �Extrinsic Factors

5.2.2.1	 �Light Sources and Curing 
Conditions

Preferred curing mode of composite resins is 
photopolymerization, and complete understand-
ing of the photopolymerization process is essen-
tial for achieving optimal properties of the 
material. Light curing has greatly revolution-
ized dentistry and is required in almost any clin-
ical procedure. Technology behind light sources 
in dentistry changed from UV curing (wave-
length about 365  nm) to a visible light curing 
(wavelength about 470 nm) that was introduced 
in 1976.

Quartz-tungsten-halogen lights were the main 
light source for photopolymerization for decades. 
During that time, a wide range of adaptations and 
improvements were made such as bulb power 

increase, output values increased from average to 
extreme, the adaptation of curing gun, and intro-
duction of different curing modes [28]. The spec-
tral emission of conventional curing lights 
includes wavelengths that induce heating of the 
resin and tooth during curing. Despite their popu-
larity, conventional halogen light-curing units 
have serious drawbacks, such as a limited effec-
tive lifetime (40–100 h), reflector and filter deg-
radation over time due to high operating 
temperatures, and the significant amount of heat 
produced during curing. Many halogen units 
have been shown to not reach the minimum 
power output specified by the manufacturers 
[35]. The most frequently used photoinitiator in 
resin composites, CQ, is sensitive to light in the 
blue region of the visible spectrum, with an 
absorption peak at 470 nm. Therefore, every light 
source with adequate irradiance in this region can 
be used as a curing unit. To overcome the prob-
lems of halogen technology, alternative light 
sources have been suggested, such as argon laser 
[36], pulsed laser [37, 38], plasma light [39, 40], 
and blue superbright light-emitting diodes 
(LEDs) [8, 9].

Today, LEDs are the light source of choice 
due to much higher efficiency compared to previ-
ous technologies. Their emission in the blue part 
of the spectrum is attained by using indium gal-
lium nitride and matches the maximal absorption 
of the most frequently used photoinitiator CQ 
[28]. The first generation of LEDs (commercial) 
was introduced in the beginning of the new mil-
lennium. Their typical design was a combination 
of multiple, individual LED from 7 to 64 LEDs 
[28]. These units have a narrow spectral distribu-
tion range and are much more energy efficient 
(30% compared to 4% of halogen lights is used 
into light) and can be battery-powered. This LED 
generation demonstrated an irradiance of 150–
350  mW/cm2 [41]. Photoactivated composites 
can be successfully cured with lower irradiance 
while maintaining high final DC and minimizing 
shrinkage stress [8]. Second generation of LEDs 
implies 1 W chips into curing lights generating 
140  mW/cm2 output and 5  W chip generating 
600 mW/cm2 output which means great increase 
in output in the similar wavelength range [28]. 
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Third generations of LEDs were developed in 
order to enable polymerization of restorative 
materials using different photoinitiators. They 
feature high irradiance at multiple wavelengths 
as well as appropriate shape and dimension of the 
light guide to closely approach every area in the 
mouth.

There are many curing factors influencing DC 
such as the “total energy” concept, meaning that 
the radiant energy is the product of irradiance and 
exposure time (which means the higher the irra-
diance, the shorter the exposure time), tempera-
ture buildup during light-curing procedures, 
maintenance of curing units, as well as measure-
ments of the power density [41].

The photopolymerization method has a pro-
found influence on DC and shrinkage stress [42]. 
High-intensity lights provide higher DC values, 
but they also produce higher contraction stress. A 
slower curing process that allows composite flow 
may act for stress relaxation during polymeriza-
tion [43]. The aim of optimal photopolymerization 
is to enable, for as long as possible, the pre-gel 
phase and to decrease the rate of polymeric chain 
growth, allowing more plastic deformation to 
occur and preventing the buildup of interfacial 
stresses [13]. For this purpose, modified photo cur-
ing protocols with variable intensities throughout 
the cure cycle were devised [44, 45].

5.2.2.2	 �Pre-heating of Composites
Increased curing temperature favors radical and 
monomer mobility which in turn results with a 
higher DC [16, 46]. This affects both physical 
and mechanical polymer properties as well as the 
biocompatibility of pre-heated composites. 
Raising the cure temperature reduces viscosity 
and enhances molecular mobility and collision 
frequency of reactive species. On the other hand, 
it postpones diffusion-controlled propagation, 
which then increases the final limiting conversion 
[46]. Pre-heating composites before photo curing 
decreases their viscosity, enhances marginal 
adaptation, and reduces microleakage [16]. 
However, increased degree conversion of pre-
heated composite resins leads to higher shrinkage 
and possibly greater polymerization shrinkage 
stress [47].

The effect of temperature on the DC depends 
on the photoinitiator system. In the study of 
Tauböck et al. [16], the only bulk-fill composite 
material showing higher DC upon pre-heating 
contains an additional germanium-based photo-
initiator besides CQ/amine system [34]. Unlike 
the aforementioned report [47], this study showed 
that composite resin pre-heating can reduce 
polymerization shrinkage forces of bulk-fill and 
conventional composite resins, whereas the DC 
remains the same or increases [16].

5.2.2.3	 �Post-cure Reaction
Post-cure polymerization is a direct result of the 
nature of multifunctional methacrylate polymer-
ization reaction. A considerable increase in vis-
cosity and a decrease of reactive species mobility 
are caused by the initial rapid reaction [18, 48]. 
Free radicals and unreacted monomers remain 
trapped within the matrix shortly after the start of 
illumination. The reaction has the potential to 
continue at a slow rate [49] and can be continued 
for as long as there are free radicals available and 
reactants which are sufficiently mobile [50].

Post-cure reaction was found to be more 
extensive in materials with an initially lower 
DC.  In cases of highly polymerized materials, 
reactive sites are immobilized in the polymer net-
work, while in samples with an initially lower 
DC, a higher amount of unreacted radicals allows 
increased mobility to make contact with other 
reactive species. According to Burtscher [49], 
even a small increase in the extent of DC toward 
the end of polymerization process can greatly 
influence the density of cross-linking and opti-
mize the properties of composite resins. From the 
clinical standpoint, the post-cure DC increase 
(Fig. 5.1) implies that final mechanical properties 
and biocompatibility of a composite are not 
attained immediately after curing but rather 
developed gradually over the post-cure period. In 
the study of Par et al. [17], the highest post-cure 
increase was achieved in materials with patented 
modified UDMA as well as proprietary mono-
mers analogous to Bis-GMA and Procrylat resin. 
It is possible that these modified monomers acted 
to alter polymerization kinetics and retard the 
conversion of monomers [51].

Z. Tarle and M. Par



67

5.3	 �Composite Properties 
Dependent on the Degree 
of Conversion

The DC is a fundamental attribute of a cured 
composite since it affects virtually all other mate-
rial properties [2]. Most of these properties are 
important for the clinical success of the restora-
tion, either in short or long term [52]. Although 
the composition of contemporary composites is 
fine-tuned to attain optimal DC and the related 
properties if properly handled and light-cured 
[15, 53, 54], poor DC due to unfavorable curing 
conditions or operators’ insufficient understand-
ing of the curing procedure may affect critical 
material properties and increase the risk of clini-
cal failure [55]. The influence of the DC on vari-
ous composite properties is described below.

5.3.1	 �Mechanical Properties

Higher DC implies that more double bonds were 
consumed for the formation of an infinite poly-
meric network and that lower amount of unre-
acted monomer is left to plasticize the network 
structure [56]. Both of these factors improve 

mechanical properties, such as strength, elastic 
modulus, hardness, and glass transition tempera-
ture [56–60]. However, the well-known correla-
tion between the DC and mechanical properties 
is valid only for a given composite formulation 
since mechanical properties do not depend solely 
on the DC but also on multiple other factors, 
most prominently filler load and resin composi-
tion [19, 61, 62]. While the filler load and particle 
geometry are primary determinants of mechani-
cal properties, monomer composition determines 
the mobility of reactive medium during polymer-
ization, consequently influencing the final DC 
and polymer structure. In this regard, varying the 
monomer composition could increase the final 
DC by virtue of increasing the resin mobility, but 
this does not necessarily improve material prop-
erties [14, 63]. For example, increasing the ratio 
of the diluent monomer TEGDMA in a Bis-
GMA/TEGDMA copolymer improves the DC 
but renders the composite very brittle [19, 64]. 
Conversely, increasing the ratio of Bis-GMA 
may not reduce strength or hardness despite the 
decline in final DC [56, 57]. This exemplifies that 
the molecular architecture of monomers is an 
important determinant of mechanical proper-
ties—excessively increasing DC at the cost of the 
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Fig. 5.1  Degree of conversion of some commercial composites measured immediately after light curing and 24 h post-
cure. Error bars denote ±1 standard deviation. Reprinted with permission from [17]
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ratio of high molecular weight monomers impairs 
final mechanical properties of the cured resin. 
Thus, tailoring a composite with optimal DC and 
mechanical properties implies attaining a delicate 
balance between the stiffer “base” monomers and 
the DC-improving diluent monomers [19].

The kinetics of polymerization reaction, which 
is for a given composite determined by light-curing 
conditions, governs the final polymeric structure 
and the relative amount of cycles, linear chains, and 
cross-links [65]. Additionally, the polymeric net-
work is substantially heterogeneous, containing 
high-DC microgel regions, regions of lower DC 
and unreacted monomer pools [66]. The heteroge-
neity is DC dependent and increases at higher con-
versions [67]. These complex structural features are 
not described by the DC [68, 69] and can only be 
assessed indirectly through measurements of mate-
rial softening, glass transition temperature, or 
dielectric properties [58, 70, 71]. Thus, although 
the mechanical properties on macro- and microscale 
might appear constant and correlate well with the 
DC, a considerable heterogeneity always exists on 
the fundamental scale. The DC is simply the aver-
age measure of consumed double bonds which pro-
vides information on neither structural heterogeneity 
nor cross-linking density [72, 73]. Even within a 
given material, the final polymeric structure is 
highly dependent on light-curing conditions [74, 
75], and the same DC values may not necessarily 
suggest identical polymer architecture and mechan-
ical properties [45, 76]. Besides, small changes in 
the DC at late stages of polymerization can have a 
considerable effect on mechanical properties, as 
they mostly contribute to cross-linking [71], result-
ing in an exponential improvement in mechanical 
properties [77]. All of these facts indicate that 
although the DC correlates well with mechanical 
properties on the clinically relevant scale, it does 
not provide a complete description of subtle differ-
ences in network structure on the molecular level.

5.3.2	 �Polymerization Shrinkage 
and Shrinkage Stress

The polymerization reaction of methacrylates is 
inseparably linked to volumetric shrinkage, due 

to the conversion of intermolecular distances 
among separate monomer molecules of 0.3–
0.4  nm into the distance of covalent bonds of 
about 0.15 nm [19]. As described previously, the 
amount of shrinkage is linearly related to the DC 
[78]. While a high DC is desirable to ensure opti-
mal composite properties, it is accompanied with 
high volumetric shrinkage, contributing to the 
interfacial stress [79]. Attaining high DC and 
preserving marginal integrity are therefore con-
flicted aims, and this issue persists throughout the 
history of dental composites [80].

Unlike volumetric shrinkage, shrinkage 
stress developed under constrained conditions 
shows a highly nonlinear dependence on the 
DC. Shrinkage stress is a function of volumetric 
shrinkage and elastic modulus, both of which rise 
simultaneously during polymerization and are 
directly dependent on the DC [81]. Whereas low 
levels of the DC either allow viscous flow (prior 
to gelation) or high compliance due to low elastic 
modulus (prior to vitrification), at later stages of 
polymerization, the stress buildup increases rap-
idly [82]. After the vitrification point, the mate-
rial is characterized by high elastic modulus, and 
small increases DC can have a huge impact on 
the shrinkage stress [83].

A popular approach for mitigating shrink-
age stress in a clinical setting is by using mod-
ulated curing protocols, so-called soft start or 
pulse delay curing [44, 45]. The former com-
bines a period of low irradiance followed by a 
high irradiance, whereas the latter introduces 
a time delay between two expositions. Both 
approaches are intended to allow more viscous 
flow to diminish the shrinkage stress buildup as 
well as to change the relative amount of linear 
chains and cross-links [44, 75]. Some authors 
argued that the observed benefits in terms of 
reduced shrinkage stress are not due to delayed 
gelation or vitrification but due to inferior DC 
or network microstructural differences resulting 
from the modulated curing protocols [60, 84]. It 
is important to note that some of the modulated 
protocols may impair material properties without 
being reflected on the DC [45]. The previously 
discussed subtle structural differences arising 
from different curing conditions may be the rea-
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son for the conflicting literature reports on the 
stress-decreasing efficiency of modulated curing 
protocols [2, 60, 83, 85, 86]. The material depen-
dence of the effect of different curing protocols is 
another possible explanation for the inconsistent 
literature evidence about their benefits [87].

5.3.3	 �Biocompatibility

Various components are released in an aqueous 
environment from a cured composite material: 
monomers, components of the photoinitiator sys-
tem, and various degradation products [88, 89]. 
As the most abundant mobile species present 
within the cured composite, residual monomer 
has traditionally been attributed the majority of 
the toxic effect, but other compounds may elute 
in comparable or even higher amounts [89] and 
exert a toxic effect [90]. The final DC of contem-
porary dental composites ranges from about 50% 
to 80%, suggesting that 20–50% of double bonds 
remained unreacted [21]. However, not all of 
these bonds can be eluted, since most of them are 
embedded in the polymeric network as pendant 
double bonds [91]. It is estimated that only 
5–10% of the total amount of unreacted double 
bonds is capable of being eluted from the cured 
composite, amounting to approximately 2  wt% 
of the resin component [88]. The inverse relation-
ship between the DC and the amount of eluted 
monomers is well documented in the literature 
[91–93]. Higher DC not only leaves less free 
monomer available for leaching out of the cured 
composite but also implies a denser network 
which reduces water diffusivity [94], thus hinder-
ing the release of monomer and other leachable 
species. The inverse relationship between the DC 
and biocompatibility is particularly relevant for 
the class of “bulk-fill” composites, whose appli-
cation in thick layers may lead to the higher 
release of potentially toxic compounds [92]. An 
additional concern regarding bulk-fill composites 
is due to manufacturer’s recommendations of 
very short curing times which may be insufficient 
to attain optimal DC throughout thick layers [15, 
95]. It should be noted that despite an established 
correlation, the DC is not a single determinant of 

the amount of available leachable species, since 
different architectures of polymer network as a 
function of curing conditions may lead to differ-
ent amounts of leachable molecules within a sin-
gle material at similar DC values [75, 91].

In addition to the release of potentially toxic 
components, biocompatibility issues related to 
low DC arise from the propensity of unreacted 
monomers to promote bacterial colonization 
[96]. Furthermore, some products of composite 
degradation can influence biofilm formation and 
survival of S. mutans on restoration surfaces [97]. 
This is particularly relevant to the development 
of secondary caries at the proximal cavity floor 
[98], which has the highest risk of remaining 
undercured in a clinical situation, especially 
when the “bulk-fill” technique is used. The risk 
of secondary caries at this site is additionally 
heightened by faster degradation of poorly cured 
composite [99].

5.3.4	 �Water Sorption, Solubility, 
Degradation, and Color 
Stability

The amount of water absorbed by a composite is 
mainly determined by the filler ratio and hydro-
philicity of the resin [94, 100]. Although the 
polymeric matrix is insoluble, it can be pene-
trated and expanded by water molecules which 
show affinity to certain functional groups or 
bonds contained within the network, e.g., 
hydroxyl groups and ester or ether bonds [101]. 
By affecting the network density, the DC deter-
mines the amount and diffusivity of absorbed 
water [94]. Additionally, DC also determines the 
amount of unreacted monomer, which can leach 
out of the polymerized material. Thus, both water 
sorption and solubility show a good correlation 
with the DC for a given composite [102].

All composite components undergo a degrada-
tion process when exposed to oral environment; 
polymeric network is cleaved by hydrolysis and 
enzymatic breakdown, siloxane bonds at the 
filler/matrix interface are hydrolyzed, and compo-
nents of filler particles are solubilized and eroded 
[88, 103, 104]. Since all of these reactions occur 
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in an aqueous medium, the DC-dependent mobil-
ity and amount of water within the polymeric net-
work determine the extent and rate of degradation 
[94]. Additionally, DC affects the amount of unre-
acted monomer which by its elution forms porosi-
ties within the material, allowing more water 
sorption and facilitating degradation [101]. Color 
stability is jeopardized by material degradation 
and uptake of pigment particles from oral envi-
ronment, both of which depend on porosity and 
water sorption [105, 106]. Exposition to water 
diminishes mechanical properties by plasticiza-
tion and swelling of the matrix [107]. These 
effects are more pronounced in the case of low 
DC and lead to increased abrasive wear [108].

As is the case with other DC-dependent prop-
erties, the correlation of water sorption, solubility, 
and degradation with the DC does not hold for 
comparison across different composites due to the 
influence of multiple other factors. Additionally, 
the same material with similar DC values attained 
under various curing conditions can show differ-
ent water sorption and susceptibility to degrada-
tion [45], once again highlighting the fact that DC 
by itself is insufficient for a complete character-
ization of the network structure, as it is consider-
ably influenced by structural complexities that 
cannot be described with a simple proportion of 
converted double bonds [65, 76, 109].

5.4	 �Methods for the DC 
Evaluation

5.4.1	 �Vibrational Spectroscopies: 
Infrared and Raman

5.4.1.1	 �Theoretical Background
Every molecule is characterized by a specific set 
of energetic states that are determined by its 
atomic arrangement. The collection of energetic 
transitions between these states gives rise to the 
pattern that is unique for a certain chemical com-
pound. Probing the sample by means of vibra-
tional spectroscopies gives a spectrum in which 
the transitions between vibrational states are rep-
resented by spectral bands. The position of the 
band within the spectrum is determined by transi-

tion energy between vibrational states and is 
commonly expressed in wavenumbers (cm−1). By 
assigning the specific vibrational band to a cer-
tain functional group or bond within the mole-
cule, vibrational spectroscopies can provide both 
qualitative and quantitative information [110]. 
The translation of spectroscopic data into abso-
lute concentration values requires the usage of 
calibration curves, which relate the concentration 
of a particular species with the intensity of its 
respective vibrational band. Alternatively, the 
ratio of concentrations can be calculated without 
using calibration curves; instead the spectra can 
be normalized by using the internal standard, i.e., 
the vibrational band whose intensity remains 
constant [111]. In the case of dental composites, 
this means using a band which undergoes no 
change throughout the polymerization. Thus, the 
DC calculations do not require calibration curves, 
as only the relative amount of the double bonds 
consumed during polymerization is evaluated 
[112, 113]. Since the double C=C bonds are con-
tained within different monomers, the underlying 
assumption is that their infrared absorptivity and 
Raman scattering intensity are independent on 
the molecular structure of the monomer. This 
assumption holds for infrared absorptivity, while 
the Raman scattering intensity of the C=C bonds 
may differ among different monomers [114]. 
However, this difference is neglected when eval-
uating the DC by means of Raman spectroscopy, 
since the spectra of polymerized and unpolymer-
ized material used for the calculation have quali-
tatively the same monomer composition [114].

The physical phenomena behind the infrared 
and Raman spectroscopy are different; however, 
both methods are equally used for the DC mea-
surements and give similar results [29, 115]. The 
choice of the method probably depends on the 
convenience for a particular experimental design 
and availability of the instrumentation. Overall, 
infrared spectroscopy is considered more tradi-
tional method for DC measurements and is more 
frequently used [15, 16, 53, 68, 116].

5.4.1.2	 �Infrared Spectroscopy
Infrared spectroscopy is based on absorption of 
photons with energy equal to the energy difference 
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between molecular vibrational energy states. The 
infrared spectrometer operates by illuminating the 
sample with infrared beam and recording the radi-
ation that is transmitted through or reflected from 
the sample. The remaining radiation carries infor-
mation on how much of the incident radiation was 
absorbed for a particular wavelength and is used to 
produce the vibrational infrared spectrum. Most of 
the contemporary infrared spectrometers are based 
on an interferometer and use Fourier transform to 
convert an interferogram into a spectrum, thus the 
term Fourier-transform infrared (FTIR) spectros-
copy [117].

Infrared spectroscopy can be performed in dif-
ferent regions of the infrared spectrum, which are 
named after their relative position to the visible 
light as near-infrared (14,000–4000 cm−1), mid-
infrared (4000–400  cm−1), and far-infrared 
(400–4 cm−1) [117]. The DC of dental compos-
ites is commonly measured in the mid-infrared 
region by quantifying the change in the intensity 
of the vibrational band at 1640 cm−1 that corre-
sponds to the stretching vibration of aliphatic 
C=C bonds in methacrylate molecules [112]. 
Assuming the proportionality of the aliphatic 
C=C bonds concentration to the corresponding 
vibrational band intensity, information on the 
amount of converted bonds can be extracted by 
comparing the band intensity in polymerized and 
unpolymerized material [114]. As an internal 
standard, the band at 1610 cm−1 representing the 
aromatic C=C absorption is commonly used. The 
availability of this vibrational band depends on 
the presence of methacrylate monomers contain-
ing an aromatic core, such as Bis-GMA and Bis-
EMA.  In composites based on aliphatic 
monomers, e.g., UDMA, the vibrational band at 
1610 cm−1 is absent, and other alternative refer-
ence bands are used [53, 118].

For spectrum processing, various methods of 
baseline subtraction and band deconvolution can 
be performed [119–121]. The linear relationship 
between the aliphatic C=C concentration and the 
corresponding band intensity is highly dependent 
on the baseline selection. Different baselines may 
cause considerable variations in the final DC 
results, reaching up to 20% [120]. Further issue 
related to the baseline position is the change in 

intensity of the nearby C=O band at 1715 cm−1 
due to the conjugation of C=O group with C=C 
bonds consumed during polymerization [64, 
122]. Thus, some authors recommended using 
band height instead of the band area, since the 
former is less affected by the baseline change 
[115]. Another procedure that may affect the DC 
values is the decomposition procedure (peak fit-
ting) that is performed to resolve partially over-
lapping bands at 1610 and 1640  cm−1 [119]. 
However, it was shown that accurate DC calcula-
tions can also be performed using original, unfit-
ted spectra [120]; thus, some authors find the 
fitting procedure unnecessary [115]. In any case, 
the variations in spectra processing do affect the 
final results to a various degree [115, 120, 123], 
and this fact should be considered when compar-
ing DC values among different studies. 
Unfortunately, the detailed information about 
spectra processing is rarely reported in research 
papers.

Vibrational band intensities are used to calcu-
late the DC by the equation [124]:
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where IC=C and Ireference represent the band inten-
sity of aliphatic C=C stretching (1640 cm−1) and 
the intensity of the reference band (Fig. 5.2). In 
this equation, the expression contained within the 
fraction essentially represents the ratio of the ali-
phatic C=C bonds remaining after polymeriza-
tion, while subtracting this value from unity gives 
the percentage of the consumed double bonds, 
which is the definition of DC [112].

Sample preparation for infrared measure-
ments varies according to the mode of collecting 
the spectra. The most classical technique for 
recording in transmission mode involves grind-
ing the tested material, mixing it with potassium 
bromide (KBr) powder, and pressing the mixture 
into a thin pellet [16]. The pellet contains only a 
small concentration of the sample (0.3–1% by 
weight), dispersed in the KBr matrix which is 
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transparent for infrared radiation. The pellet is 
then illuminated with an infrared beam, and the 
transmitted radiation is registered by a detector 
(Fig.  5.3). Main shortcomings of this approach 
are its destructiveness and elaborate sample prep-
aration. Alternatively, infrared spectrum can be 
recorded in transmittance mode by pressing a 
composite into a sufficiently thin film [124] or in 
reflectance modes—attenuated total reflectance 
(ATR) and diffuse and specular reflectance. ATR 
mode is gaining popularity due to its convenience 
[125], whereas other reflectance modes are prac-
tically possible but not widely employed. In the 
ATR mode, the sample is positioned in a tight 
contact with the crystal of high refractive index, 
e.g., zinc selenide, diamond, or germanium. By 
directing the infrared beam at a certain angle onto 
the crystal, light is totally reflected from the bor-
der between the crystal and the sample. During 
the process of total reflection, infrared light pen-
etrates the sample, while the absorption occurs at 
the crystal surface in contact with the sample. 
After multiple internal reflections, attenuated 
beam exiting the crystal is guided to the detector 
[117]. The major advantage of ATR is that it 
requires no additional sample preparation besides 

applying the uncured composite paste or clamp-
ing the polymerized composite sample onto the 
crystal (Fig. 5.4). ATR mode also allows evalua-
tion of polymerization kinetics through the real-
time DC measurements during the light curing 
with high data acquisition rate [126, 127].

The caution must be exercised when recording 
the spectra in the mid-infrared region, since the 
vibrational bands of interest (1640 and 1610 cm−1) 
are located within the absorption spectrum of 
water [117]. Therefore, the samples must be dry, 
and the air humidity in the sample compartment 
must be kept constant; otherwise, water vibra-
tional bands may interfere with the DC measure-
ment. The effect of water can be eliminated by 
purging the sample compartment with inert gas 
(e.g., nitrogen) or by switching to the near-
infrared region in which the vibrational bands 
used for DC evaluation are not affected by the 
presence of water [111]. Measuring the DC in 
near-infrared region provides some additional 
advantages. Due to lower absorptivity in the 
near-infrared region, much higher path-lengths 
are allowed (up to 4  mm), enabling measure-
ments through the bulk of the samples without 
any previous preparation [128]. If the sample 
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Fig. 5.2  The part of the 
infrared spectrum used 
for the DC evaluation. 
The spectra of uncured 
and cured sample are 
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change in intensity of 
the band at 1640 cm−1 is 
used to calculate the DC
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geometry is precisely determined, using near-
infrared eliminates the need for the internal stan-
dard, and only the intensity of the =C-H2 vibration 
band at 6165 cm−1 is assessed for the DC calcula-
tion [128, 129]. Despite these benefits, the near-
infrared region is much less often used for DC 
measurements than the mid-infrared.

5.4.1.3	 �Raman Spectroscopy
Raman spectroscopy probes molecular vibrations 
by means of inelastic Raman scattering. Unlike 
the elastic (Rayleigh) scattering, inelastic scatter-
ing is characterized by different energies of inci-
dent and scattered photons. Raman scattering is 
induced by exciting a molecule to a virtual energy 

a b

c d

e f

Fig. 5.3  Sample preparation for infrared spectroscopy in 
transmission mode. A small amount of composite sample 
(a) is ground with potassium bromide into powder (b), 

pressed into a pellet (c, d) which is mounted into a holder 
(e), and positioned inside the sample compartment of (f) 
an infrared spectrometer
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state and its subsequent relaxation to an energy 
state that is either higher or lower than the origi-
nal state. If the molecule undergoes an excitation 
from ground energy state and then relaxes to one 
of the higher energy states, the energy of scat-
tered photon is lower than that of the incident 
photon (Stokes Raman scattering). Inversely, the 
excitation from one of the excited vibrational 
energy states and then relaxation to the ground 
energy state result with the scattered photon hav-
ing higher energy than the incident photon (anti-
Stokes Raman scattering, Fig. 5.5). In both cases, 
the energy difference represents the Raman shift 
and corresponds to the characteristic vibrational 
energy transition of a molecule [110].

In a Raman spectrometer, the scattering effect 
is induced by illuminating the sample with mono-
chromatic laser radiation in the ultraviolet, visi-
ble, or near-infrared region. The light scattered 
on the sample is collected with a lens, and the 
elastically scattered photons (Rayleigh) are fil-
tered out. These photons have the same energy as 
the incident photons emitted by a laser and carry 
no information on vibrational spectrum of the 
molecule. Only the small portion of photons 
which were inelastically scattered (about 1 in 10 
million) is led to the detector for the reconstruc-
tion of the Raman spectrum [130]. Various 
Raman spectrometers offer a wide range of exci-
tation laser wavelengths. Since the Raman scat-

tering intensity is proportional to the negative 
fourth power of the excitation wavelength, shorter 
wavelengths are beneficial due to higher signal 
intensity. However, shorter wavelengths induce 
more unwanted fluorescence which interferes 
with the signal in the spectral region of interest. 
This can be overcome by using the excitation 
laser of longer wavelength (near-infrared), since 
its energy is insufficient to excite the energetic 
transitions responsible for fluorescence [114]. 
Such infrared lasers are usually a part of the 
hybrid FTIR/FT-Raman instruments that share 
the same optics and hardware for both tech-
niques. The drawback of near-infrared excitation 
is lower intensity of Raman scattering and the 
need to use higher laser power or longer acquisi-
tion times in order to improve the signal [18]. 
Another important consideration regarding the 
selection of excitation wavelength is to avoid its 
overlapping with the absorption spectrum of the 
photoinitiator system [131], in order to avoid any 
additional photocuring during the measurement.

Raman and infrared spectroscopy are comple-
mentary techniques, as each vibrational transi-
tion may be active in infrared, Raman, or both. 
Generally, infrared spectroscopy is more sensi-
tive for polar bonds, yielding strong vibrational 
bands with high signal-to-noise ratio, whereas 
Raman is more appropriate for examining nonpo-
lar bonds. The vibrational bands pertaining to 

a b

Fig. 5.4  Attenuated total reflectance (ATR) accessory of 
the infrared spectrometer and experimental setup for real-
time measurements. Uncured composite is applied in the 
direct contact with zinc selenide crystal of the ATR acces-

sory (a). The light-curing unit tip is positioned immedi-
ately above the composite sample, allowing spectra 
recording and light curing to be performed simultaneously 
(b)
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aliphatic C=C and aromatic C=C used for the DC 
assessment are well detectable in both Raman 
and FTIR; thus, both methods can be used inter-
changeably. The Raman spectrum is processed 
by baseline subtraction and deconvolution simi-
larly to the infrared spectrum, and the same equa-
tion (Eq. 5.1) is used for the DC calculation. As 
in the case of the infrared spectroscopy, the 
parameters of spectra processing that influence 
the final DC results [115] are often reported with 
insufficient parameters, affecting the inter-study 
comparability of DC values.

Raman can be advantageous over the infrared 
spectroscopy due to much simpler sample prepa-
ration. The uncured or cured composite is 
mounted on the sample holder “as is” and aligned 
with the laser beam (Fig.  5.6), eliminating the 
need for laborious preparation of KBr pellets or 
using the accessories for various reflectance 
modes in the case of infrared spectroscopy [17]. 
The measurements can be done in situ, on sam-
ples of any geometry and without damaging the 
samples. Another advantage of Raman spectros-

copy is its insensitivity to water, which eliminates 
the need to control the environmental humidity 
and allows measurements on wet samples. Raman 
spectrometer can be coupled with a microscope 
to enable focusing of the laser beam onto small 
areas of the sample (micro-Raman) for assessing 
the local DC (Fig. 5.7). A set of such local mea-
surements can be used to create a DC map and 
investigate the DC as a function of the position 
within the sample [132].

There are several drawbacks regarding the use 
of Raman for DC measurements. Due to the low 
intensity of Raman scattering, longer acquisition 
times are needed to obtain a good signal-to-noise 
ratio compared to the infrared measurements. 
This prevents real-time DC monitoring and 
may also present a problem if measurements 
are performed before the slowly developing DC 
has stabilized [133]. Thus, Raman is more suit-
able for assessing the DC in what can be con-
sidered a static system, which usually means 
24  h after light curing [134]. Another concern 
regarding Raman spectroscopy may be localized 

Rayleigh
scattering

Energy

Virtual states

1st vibrational state

Ground state

DE

Stokes Raman
scattering

Anti-Stokes
Raman

Scattering

Fig. 5.5  A schematic representation of elastic (Rayleigh) 
and inelastic (Raman) scattering. Inelastically scattered 
photons have either lower (Stokes) or higher (anti-Stokes) 

energy than the incident photons. This energy difference 
(ΔE) represents Raman shift
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temperature increase at the spot excited with 
laser beam, which may increase the mobility of 
unreacted monomers and free radicals, thus fur-
thering the polymerization. The concerns about 
detrimental effect of heating by excitation laser 
were expressed for biological samples [135], but 
there are no reports of the laser heating effect on 
the DC of dental composites.

5.4.1.4	 �Limitations of the 
Spectroscopic Techniques

The inherent shortcoming of infrared and 
Raman spectroscopy is their inability to differ-
entiate between the aliphatic C=C bonds that 
originate from methacrylate monomers from 
these contained within the silane molecules. 
The double bonds in silane molecules undergo 
conversion in the same way as the monomeric 
double bonds, but they show lower reactivity, 

especially if located in deeper parts of the silane 
layer [136]. The amount of silane varies greatly 
among composites due to differences in the filler 
load and particle size [54]. Both these factors 
determine the effective particle surface area that 
needs to be covered with silane. For instance, 
in experimental composites with low filler load 
(40–50 wt%) and a small amount of nano-sized 
particles, up to 4.4% of the total number of C=C 
bonds were contained within silane molecules 
[18]. Commercial composites contain much 
higher filler loads, and the contribution of the 
silane to the total filler load ranging from 2.8% 
to 9.0% [137] is not negligible. In light of these 
facts, the net conversion of C=C bonds from 
methacrylate monomers is generally somewhat 
higher than the spectroscopically determined 
DC, which takes into account both monomeric 
and silane C=C bonds.

Fig. 5.6  Sample compartment of a FT-Raman spectrom-
eter. The sample in its original state is mounted on the 
universal holder and aligned with the excitation laser 

beam. The lens collects scattered photons, which are sub-
sequently filtered and led to the detector
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A major issue regarding laboratory investiga-
tions of DC is its sensitivity to experimental con-
ditions that are often not sufficiently controlled. 
The DC is commonly investigated as a function of 
material, layer thickness, and curing protocol 
[15]; however, some important factors are either 
ignored or beyond the control of investigators. 
For example, mold size and reflectivity play an 
important role in the reflection of curing light 
from mold borders [138, 139]. Furthermore, the 
mold material determines its thermal capacitance 
and conductivity, thus affecting the heat dissipa-
tion from the specimen. The amount of the mate-
rial contained in the specimen influences the 
amount of released heat and temperature rise, 
which has an impact on polymerization kinetics 
and final DC values [140]. Additionally, environ-
mental temperature and storage conditions affect 
the polymerization kinetics both during and after 
light curing [133]. The aforementioned differences 

in spectra processing further contribute to the 
variability of the DC results. All of these facts 
must be considered when comparing DC results 
obtained from different experimental setups. 
Currently no standardized method for the DC 
evaluation exists, but developing one in the future 
would highly improve the interlaboratory compa-
rability of results [141].

5.4.2	 �Indirect Methods for the DC 
Evaluation

In addition to the spectroscopic techniques which 
are considered “direct” methods for the DC eval-
uation, the extent of conversion can be assessed 
indirectly by several methods that measure vari-
ous other properties which change along with the 
DC.  Due to the complex influence of multiple 
factors that are either unknown or difficult to 
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Fig. 5.7  Raman spectrum of the uncured composite 
(black) and spectra collected from various depths of the 
cured sample. The sample of a conventional composite 
was light cured from one side, and measurements were 
done at increasing distance (“depth”) from the cured sur-
face. All spectra are normalized to the reference band at 
1610 cm−1 so that intensities of the band at 1640 cm−1 can 

be directly compared. Lower intensities of the band at 
1640 cm−1 indicate higher consumption of aliphatic C=C 
double bonds at the surface and nearby depths (1 and 
2 mm), whereas DC considerably declines as the measure-
ment depth increases further, approaching that of the 
uncured material
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assess, some of these properties are useful only 
as approximate indicators of the polymerization 
progress, and most of them are impossible to 
translate into absolute DC values. Among the 
indirect methods, microhardness testing is by far 
the most frequently used but also often criticized. 
Together with another classical (and disputed) 
method, the ISO 4049 depth of cure, microhard-
ness is classically used to evaluate the efficiency 
of curing at depth. These and other less conven-
tional methods for indirect DC assessment are 
briefly described below.

5.4.2.1	 �Microhardness
Microhardness measurements are performed by 
impressing a diamond indenter of a specific 
geometry into the composite surface. The surface 
of indentation is measured and together with a 
known force of indentation used to calculate the 
microhardness value [142]. In practical terms, 
microhardness represents the resistance of a 
material to plastic deformation and wear by abra-
sion. Due to a good correlation between micro-
hardness and DC [69, 77], this method has a long 
history of use for indirectly measuring the effi-
ciency of cure [73] (Fig. 5.8). The correlation is 
valid only when the DC and microhardness val-
ues are compared for samples of various conver-
sions within a single composite formulation and 
does not hold for different composites as both 

properties are independently influenced by other 
factors [143]. Microhardness shows an exponen-
tial dependence on DC [77, 144] since it is con-
siderably influenced by cross-linking which is 
scarce in the early stage of the polymerization 
and increases as the polymerization progresses 
[48]. Thus, the sensitivity of microhardness mea-
surements increases at higher conversions, allow-
ing the detection of small changes in the DC [77].

5.4.2.2	 �The Depth of Cure (DoC) 
Concept

Since the curing light is attenuated while passing 
through a composite material due to light scatter-
ing and absorption, there is a gradual decline in 
the DC through the composite layer (Fig.  5.1) 
[17]. The DoC concept is intended to detect the 
distance from the composite surface at which the 
DC heterogeneity becomes clinically unaccept-
able. Thus, the DoC is defined as the maximum 
thickness of a composite material that can be 
adequately cured in a single layer [69]. The term 
“adequately” has raised much dispute rendering 
the DoC concept itself rather controversial. 
Basically, the cure is defined as adequate if 
microhardness values are higher than 80% of the 
maximum value which is often, but not always, 
obtained at the surface [15]. Although originally 
devised for microhardness, the similar principle 
of identifying the depth with 80% of the maxi-

a b

Fig. 5.8  Micrograph of indentations made on the top (a) and bottom (b) of a 6-mm-thick specimen of a bulk-fill com-
posite. Greater surface area of the bottom indentation (b) reflects DC decline due to the curing light attenuation at depth
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mum value has also been applied to the DC [145]. 
Alternatively, the 90% of the maximum DC value 
is sometimes considered as the “adequate cure” 
[132], since it was estimated that 80% reduction 
in hardness corresponds to 90% reduction in DC 
[146]. A major issue with the DoC concept is that 
the postulated cutoff values (whether microhard-
ness or DC) are selected completely arbitrarily 
with neither physical meaning nor any measur-
able change in composite properties occurring at 
the threshold value [147]. The gradual decline in 
all composite properties with depth is inevitable, 
but there is no clear rationale for setting either the 
80% or 90% cutoff value for any of the measured 
properties. Despite the controversy and lack of 
physical foundation, the DoC concept continues 
to be used to assess curing efficiency, and 80% of 
the maximum microhardness value is routinely 
quoted as adequate [15, 145, 146, 148]. An alter-
native definition of the DoC, as the depth of tran-
sition from glassy to rubbery state, has been 
proposed [69]. Despite being more physically 
justified, this approach is not commonly used as 
a criterion for the DoC.

5.4.2.3	 �ISO 4049 Depth of Cure
The simplest method to evaluate light-curing effi-
ciency as a function of depth is devised by the 
International Organization for Standardization 
(ISO) and known as the ISO 4049 DoC. Briefly, a 
cylindrical composite specimen is prepared in a 
stainless-steel mold with the diameter of 4 mm. 
Both apertures of the mold are covered with 
Mylar strips, and the composite is cured through 
the upper aperture. Immediately after light cur-
ing, the specimen is removed from the mold, and 
the uncured material is removed with a plastic 
spatula. The height of the remaining cylinder is 
measured with a micrometer and divided by two. 
The obtained value is regarded as the maximum 
thickness of the composite increment that can be 
cured in a single exposition, i.e., the DoC [149].

Unlike other DoC testing methods, the ISO 
4049 DoC requires no sophisticated instrumenta-
tion. It is intended for a quick and cost-effective 
screening of the relative performance of various 
combinations of composite materials and curing 
conditions, without claiming any correlation with 

mechanical properties or clinical performance 
[138]. There is much criticism of the ISO 4049 
DoC, arising from the lack of either physical or 
clinical rationale for the procedure and calcula-
tion performed, poor correlation with values 
obtained by other DoC methods [69], sensitivity 
on the operator technique, and dependence on the 
mold characteristics [138, 139]. Despite criti-
cism, the ISO 4049 DoC test fulfills the basic 
requirement of a standard testing method, which 
is to be as simple and as reproducible as possible 
[150] and is currently mandatory for determining 
maximum layer thickness and recommended cur-
ing times for all commercial composites [139].

5.4.2.4	 �Other Indirect Indicators 
of Conversion

Differential scanning calorimetry [151] and dif-
ferential thermal analysis [152] measure the 
enthalpy of the polymerization reaction and make 
use of the known amount of heat released for a 
mole of the methacrylate functional group con-
verted (approximately 55 kJ/mol) to calculate the 
DC [153]. By measuring the heat flow in real 
time, information on polymerization kinetics can 
be obtained [154].

Polymerization shrinkage can be used to indi-
rectly evaluate the DC in a similar manner. Since 
each mole of converted double bonds contributes 
to a particular amount of polymerization shrink-
age of approximately 20 cm3/mol [155], shrink-
age data can be translated into DC [156].

Softening in ethanol and glass transition tem-
perature are indirect measures of cross-linking 
density, since more cross-linked polymeric net-
works are less prone to hardness deterioration in 
a solvent and undergo glass transition at higher 
temperatures [58, 70]. Although the cross-linking 
density increases along with the DC, it must not 
be considered a simple function of the DC since 
cross-linking is independently affected by curing 
conditions which influence the rates of initiation 
and termination and thus control the number of 
active growth centers [2].

Light transmittance undergoes a gradual 
change as the DC increases, due to the changes in 
resin refractive index and consumption of photo-
initiator [157]. Although the clear relationship 
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with DC cannot be determined due to the convo-
lution of many simultaneously occurring pro-
cesses, monitoring the light transmittance in real 
time is a simple method that can provide some 
insight into polymerization kinetics [126, 158].

Impedance spectroscopy operates by measur-
ing electrical properties of the sample over the 
range of alternating current frequencies. Since 
the formation of polymeric network occurring 
during polymerization is reflected as the change 
in electrical conductivity, the latter can be used 
for real-time monitoring of the polymerization 
kinetics [159, 160].
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