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Abstract Dental resin composites have become the primary
choice of most practitioners for the direct restoration of teeth
owing to their esthetics and properties, both of which are
highly dependent upon the microstructure of the materials.
The type, size, amount, and distribution of the reinforcing
fillers are all critical determinants of the optical and physical
properties of the composite. The chemistry of the resin mono-
mers and the quality of the highly cross-linked network
formed during the polymerization reaction significantly influ-
ences these properties. Finally, the transfer of stress from the
weaker resin matrix to the stronger and stiffer reinforcing
fillers is accomplished by ensuring a strong interfacial linkage
between the two phases, typically via a silane coupling agent.
Recent work characterizing and describing the influence of the
microstructure of dental composites on their properties and
performance are reviewed in this manuscript.
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Introduction

The microstructural features of dental composites exert a
significant influence on the properties and performance of
these materials. Dental composites fail primarily from the
recurrence of dental decay around existing restorations and
from fracture of the restorative material [1]. Both of these
phenomena are likely related to the formulation of the

materials, which influences factors such as shrinkage, bonding
to tooth, resistance to cracking, and durability, and depend
upon the composite microstructure.

The mechanical properties of dental composites are largely
determined by the filler component, mainly because the prop-
erties of the reinforcing fillers are much higher than that of the
polymer resin matrix. Dental composites have previously
been shown to conform reasonably well to predictive models
based on mechanics of complex viscoelastic structures, and
not to a simple “rule of mixtures” relationship where the
property is linearly related to the filler volume [2].More recent
studies confirm this dependence of mechanical properties on
filler loading in commercial composites [3]. However, filler
size, shape, and distribution are also important, especially for
properties such as wear [4]. Further, the quality of the interfa-
cial coupling between the reinforcing filler and the polymer
resin matrix is critical for allowing the stress transfer between
the matrix and filler, which deviates significantly from the
ideal. The role of the polymer matrix also cannot be under-
stated, because the chemical composition of the monomers,
the extent of their polymerization, and the quality of the highly
cross-linked network all significantly influence the physical
properties of the final structure. Dental composites made from
di-functional monomers with more rigid backbones and
forming more highly converted and cross-linked networks
are generally stronger and tougher than those made frommore
flexible monomers, or from compositions with lower conver-
sion [5]. Thus, predicting the properties of the typical dental
composite is complex and dependent upon characterizing
each component of its microstructure. The following is a
review of articles on the filler, matrix, and coupling agent,
concentrating on those published in the past several years.

Filler Phase

Avariety of ceramics and glasses have been used as fillers for
dental composites. These materials are typically produced, or
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ground, to a sub-micrometer size for enhanced polish reten-
tion, and exist in spherical or irregular shapes. Recent studies
have reported on the morphology of the fillers of different low
viscosity dental composites and filled sealants, showing them
to contain both spherical and irregularly shaped particles,
depending upon brand, in a broad distribution of sizes [6, 7].
The concept of incorporating a distribution of filler sizes,
rather than a monomodal formulation, is consistent with the
fact that reducing the inter-particle spacing, i.e., fitting smaller
particles into spaces between larger particles, enhances the
wear resistance, hardness, and strength of the composite, in
part by minimizing the volume of the resin matrix [8]. The
more highly filled materials are also more resistant to degra-
dation of properties in solvents, such as ethanol [6].

Recently, one group reported on a comparison of the prop-
erties of composites with two different monomodal filler
distributions, one being submicron in average size (approxi-
mately 400 nm but with all particles below 1 μm), and the
other being micron sized (approximately 1000 nm average
size but with all particles below 4 μm) [9]. The composites
had similar radiopacity, strength, and creep resistance. The
material with the submicron filler had lower elastic modulus
and reduced degree of conversion (DC), but had higher hard-
ness, higher gloss, and less surface roughness, and was able to
maintain this smoother surface better than the larger particle
composite after toothbrush abrasion.

Surface Finish

Large particles serve as good crack deflectors and enhance the
strength of a composite. However, these particles also lead to
higher surface roughness and reduced surface gloss [10], thus
negatively affecting the optical properties of the composite. In
fact, in a recent study using a series of different sized fillers of
spherical (100–1000 nm) and irregular (450–1500 nm) shape
to make dental composites with equivalent filler volume,
surface roughness, as measured by Ra value, was reduced
for composites with smaller fillers and spherical fillers [11].
Interestingly, in an unrelated study using composites made
from these same fillers, it was shown that wear was also
reduced with spherical fillers [4]. More recently, these same
fillers were used to investigate the effect of filler size on void
formation and fracture toughness of experimental composites
[12]. The study showed that void formation was enhanced in
composites with larger fillers (but the same filler volume),
from a low of 0.27 % voids for a composite with a trimodal
distribution of irregular and spherical fillers to a high of
3.53 % for a composite with a unimodal distribution of
1500-nm irregular fillers. This outcome would seem to be
supported by the concept of enhanced filler packing with
smaller fillers or multimodal filler distributions. Though the
study did not show a correlation between void formation and

fracture toughness, the composite with the statistically
highest fracture toughness had the trimodal filler distribu-
tion and the lowest void content. Having a high filler
volume has also been shown to make it easier to create
a high polish on composites [13].

Degree of Cure and Shrinkage

As the filler volume increases in the formulation of a dental
composite, the amount of monomer available to react and
produce shrinkage during curing is reduced. This relationship
is essentially linear. This phenomenon has been reported
many times, including very recently in a systematic study
in which filler volume was varied and DC and shrinkage
were measured [14].

Another recent study has evaluated the effect of the size of
nanoparticles on the DC and mechanical properties of resin
composites, showing DC to be reduced (65.2 % down to
59.5 %) as the particle size was increased from 7 to 40 nm
[15]. The lower DC with larger particles in the nano-sized
range was ascribed to enhanced light scattering, though there
was little effect on mechanical properties.

Another study has shown a relationship between reduced
polymerization shrinkage stress for composites containing
spherical vs. irregular fillers of the same size and volume
[16]. This result was consistent with the reduced shrinkage
found for the same composites containing spherical fillers,
and attributed to a likely reduced DC [17].

Fracture, Toughness, and Fatigue Behavior

The filler component has a great influence on the dental
composite’s ability to resist crack initiation and propagation,
two critical determinants of fracture, as well as its response to
abrasion and contact loading leading to wear. Because these
properties influence the overall clinical performance of dental
composites, it is important to better elucidate the manner in
which the filler microstructure influences important proper-
ties, such as fracture, toughness, and fatigue.

A recent study of dynamic fatigue using biaxial flexure
testing revealed that composites with a broader distribution of
filler particle sizes had a higher resistance to subcritical crack
growth and therefore an enhanced in vitro lifetime [18].
Theoretically, this would result in an enhanced clinical
longevity via greater resistance to crack growth in restora-
tions that ultimately leads to catastrophic fracture. However,
in a follow-up study, this group examined the fracture
toughness, initial fracture strength, and cyclic fatigue resis-
tance of the same composites, and showed that the presence of
larger particles led to enhanced fracture toughness owing to
greater crack deflection energy-dissipating mechanisms [19••].
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However, composites with smaller fillers had improved fatigue
resistance owing to the fact that they were more creep compli-
ant, thus allowing them to dissipate lower load cyclic energy
more efficiently. Thus, composites with larger fillers would be
expected to be more resistant to the rapid introduction of high
contact forces, such as when teeth impact on one another or the
patient bites down rapidly on a hard object, while those with
smaller fillers would be superior under the conditions of lower
cyclic stresses, such as normal chewing.

Current evidence seems to point in the direction of lower
mechanical properties for most nanohybrid composites [20].
These materials typically incorporate pre-polymerized resin
fillers (PPRF) that reduce overall monomer content to reduce
shrinkage, but are not as strong as solid glass-reinforcing
fillers. Composites with PPRF do polish well, and in fact have
been shown to produce composites that retain smoother sur-
faces after abrasion than commercial hybrid composites con-
taining a high concentration of irregular-shaped fillers [21]. In
contrast, the incorporation of clusters of nano-sized inorganic
particles in a commercial composite does not negatively affect
mechanical properties, in large part because of the fact that
high filler loadings can be accomplished and the particle
clusters serve as efficient reinforcing agents [22–24].

Recent studies have reported on composites with enhanced
fracture toughness due to the incorporation of other types of
fillers, such as ceramic nanofibers [25] and hydroxyapatite
whiskers [26]. These particles provide toughening through
enhanced energy-dissipating events during crack propagation,
such as crack deflection, bridging, pinning, and fiber pullout.
These toughening mechanisms have previously been identi-
fied for dental composites containing nano- and micro-sized
fillers as well [22].

Resin Phase

While most of the improvements made to composites through-
out the years have involved the filler technology, more recent-
ly, modifications on the chemistry of monomers have been
proposed in an attempt to address some of the challenges
associated with these materials. One of the main drawbacks
with the use of composites is still the inherent volumetric
shrinkage associated with the polymerization of methacry-
lates. Because this shrinkage takes place under confinement
owing to the adhesion to the walls of the preparation, stress is
transferred to the bonded interface, which in turn can damage
the margins by causing discoloration, leakage, and eventually
secondary decay. Stress results from a complex interaction
between shrinkage, conversion, and elastic modulus develop-
ment [27•]. Because high conversion and high modulus are
always desired, the efforts to reduce stress have focused on
reducing shrinkage or directly reducing stress [27•].

Apart from shrinkage and polymerization stress, another
issue correlated to the resin matrix is the degradation of the
material by hydrolysis and enzymatic attack of the methacry-
late ester bonds over time [28], which is especially problem-
atic because the DC of commercially available composites
rarely surpasses 65–70 % [1]. The aging process not only
weakens the restoration, but also jeopardizes esthetic param-
eters such as loss of gloss, staining, and increased surface
roughness [29, 30]. Each of these issues, along with more
recent attempts to resolve them, will be discussed in the
subsequent sections.

Volumetric Shrinkage and Shrinkage Stress

Conventional composites based on bisphenol A-glycidyl meth-
acrylate (BisGMA) usually require the addition of a low vis-
cosity diluent to allow for the inclusion of a larger concentra-
tion of fillers and to improve DC. However, the increase in DC
and the fact that such diluents, in general, are also of low
molecular weight, lead to higher volumetric shrinkage and
shrinkage stress [31]. Fairly recently, manufacturers have con-
centrated on a series of strategies to reduce shrinkage and
shrinkage stress, including the development of high-
molecular-weight monomers. Commercial examples include
theDimer dicarbamate dimethacrylate, present in N’Durance™
and DX-511, a technology developed by Dupont™, used in
GC's Kalore™ [32]. Another strategy is to employ monomers
with an intrinsically lower, molar shrinkage coefficient, such as
those that polymerize through a ring-opening mechanism. In
simple terms, the polymerization of these monomers results in
less shrinkage per molecule engaging in network formation. To
date, one commercial material based on oxirane chemistry has
been released [33], which presents on average 50 % less
shrinkage and reduced stress, but mechanical properties com-
parable to that of methacrylate counterparts [32, 34]. Since
then, spiro-ortho carbonates [35, 36] and other ring-opening
monomers [37] have been designed with that aim. Along the
same lines, liquid crystalline, bisphenyl epoxy resins have also
been described for use as dental composites, with the advantage
of increasing hardness and flexural modulus and decreasing
water sorption and coefficient of thermal expansion, as well as
inducing phase separation [38]. Apart from reduced shrinkage,
one additional advantage of the epoxy resins is their hydropho-
bicity, which could contribute to decreased water sorption/
solubility [32, 34]. However, challenges associatedwith cationic
polymerizations, especially in a moist environment such as the
oral cavity, make the restorative procedure even more technique
sensitive. Clinical studies using commercially available mate-
rials tend to agree that conventional dimethacrylate resins and
low-shrinkage products behave similarly in terms of marginal
degradation [39, 40]. Even in vitro studies have demonstrated
that not all materials marketed as “low shrinkage” lead to lower

Curr Oral Health Rep (2014) 1:205–212 207



stress values, likely owing to the complex relationship between
DC, volumetric shrinkage, and elastic modulus [41–43].

Another way of reducing the shrinkage is the inclusion of
pre-polymerized additives. Similar to higher molecular weight
monomers, this approach reduces the concentration of func-
tional groups available to react per unit volume of material.
Though the idea is not necessarily new, more recently non-
functionalized [44] and functionalized pre-polymerized parti-
cles have been described [45–47]. Star-shaped photocurable
poly(methyl methacrylate) macromonomers have been shown
to increase conversion, improve the potential for crosslinking,
and reduce shrinkage [44]. Additionally, nanogels have
been used to successfully reduce shrinkage and stress in
dimethacrylate networks, while keeping mechanical proper-
ties similar to the controls [45]. The advantage of this type
of additive is that the structure can be designed to target
specific properties (refractive index, toughness, hydrophilicity)
and also to include polymerizable functionalities and/or
photoinitiator molecules to locally control polymerization rate
[48, 49]. Polyhedral oligomeric silsesquioxanes (POSS) have
also been described for use as dental materials [50, 51]. POSS is
an organic-inorganic hybrid nanoparticle consisting of a silica
cage core, as well as other organic groups attached to the corners
of the cage. The addition of small amounts of POSS leads to
material reinforcement and increased resistance to wear [50].

While reducing polymerization shrinkage is a good ap-
proach to reducing stress, more recently, efforts have concen-
trated on directly reducing polymerization stress. As the po-
lymerization reaction progresses for multifunctional mono-
mers, network development gradually imposes limitations to
diffusion of reactive species, which become trapped in a cross-
linked network. In this transition from a viscous to a visco-
elastic state, the onset of a significant increase in elastic
modulus (vitrification stage) coincides with the onset of ap-
preciable stress development [52]. One approach to reduce
stress is to manipulate polymerization reaction conditions to
delay gelation/vitrification. This can be accomplished with the
use of thiol-enes or thiol-methacrylate formulations, in which
chain-transfer reactions of the thiol to the vinyl effectively
work to delay the point in conversion at which stiffness starts to
develop, hence delaying and significantly reducing polymeri-
zation stress [27•, 53, 54]. By judiciously choosing the co-
monomer systems, these materials can also present mechanical
properties comparable to the conventional dimethacrylate ma-
terials, but with higher conversion and lower stress [54, 55].
Drawbacks with this technology that have delayed its commer-
cial implementation include the foul odor and stability concerns
(shelf-life) associated with thiol-containing materials. As alter-
natives, thiol-terminated oligomeric additives have been pro-
posed, with increased mechanical properties, increased conver-
sion, and decreased stress [53].

The use of polymerization-induced phase-separation
(PIPS) has also been advocated as a way to accommodate

shrinkage development during polymerization [56]. PIPS
leads to the formation of a multi-phase polymer structure with
heterogeneous domains distributed co-continuously or in
droplet-matrix fashion [57, 58]. By tailoring the monomer
systems (or additives) it is possible to combine desirable
properties of different networks, as well as create opportuni-
ties for shrinkage and stress relaxation at interfacial regions
between the domains [57, 58]. For example, the use of liquid
crystals has been recently proposed as one way to effectively
drive phase separation in dental materials [59, 60].

Another more recent approach is the use of covalently
adaptable networks, capable of undergoing stress relaxation
via addition-fragmentation chain transfer [61, 62]. This resin
system contains allyl sulfide functional groups, which enable
stress relaxation within the polymerizing network through
rearrangement of its connectivity without reducing cross-
linking density or ultimately mechanical properties. In other
words, this is a non-degradative process of chain fragmenta-
tion and recombination, and allows the material to retain its
physico-chemical and mechanical properties before and after
the mechanism is initiated [61, 62].

Incomplete DC, Depth of Cure, andMaterial Degradation

The polymerization reaction in restorative composites is photo-
initiated with visible light and relies on deep light penetration to
assure the achievement and maintenance of good mechanical
properties. Barriers to light penetration include scattering by the
filler particles and the inner shielding effect of camphorquinone
(the photo-initiator acts as a filter to specific wavelengths). For
most commercial composites, this means the material needs to
be placed in relatively thin increments, increasing placement
time and the sensitivity of the restorative technique. Recently, a
series of bulk-fill composites were introduced, claiming to be
curable in 4- to 5-mm increments using the same exposure
time/intensity recommended for conventional composites [63].
This is in theory made possible by either a reduction in the filler
content (many are flowable composites), improving the translu-
cency of the material by altering the filler/matrix composition, or
by changing the photoinitiator system [64, 65]. One manufactur-
er has developed a germanium-based photoinitiator (Ivocerin™)
claiming improved depth of cure in regular consistency compos-
ites. To date, in vitro studies have demonstrated that, in general,
mechanical properties (flexural strength/modulus andmicrohard-
ness) and conversion tend to be similar or lower for bulk-fill
materials, even when polymerized in 2-mm increments [65].
However, the depth of cure assessed with the International
Standards Organization (ISO) standard is greater for bulk-fill
materials [66, 67], attributed to their increased translucency [63].

Independent of the restorative technique, a good depth of
cure is necessary to ensure adequate mechanical properties, as
well as to minimize the potential for degradation of the resin
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matrix and bonded interface accompanying poorly cured ma-
terials [68]. Leachable components from conventional mate-
rials include the actual monomers and some of their degrada-
tion products, such as triethylene glycol and bishydroxy-
propoxy-phenyl propane [69, 70]. These products have been
demonstrated to regulate bacterial adhesion and colonization
[71, 72], as well as to pose potential toxicity concerns, espe-
cially when used in dental adhesives [72–75]. Several direct
restorative materials are in fact conducive of biofilm coloni-
zation, and therefore, antimicrobial composites have also been
proposed [76, 77]. The most common approaches are based
either on charged sites within the monomer (e.g., quaternary
alkylammonium functionalities) [76, 78], or the addition of
triclosan monomer units [77] or Irgasan-containing delivery
beads [79].While general mechanical properties and polymer-
ization efficiency remain unaltered in comparison to conven-
tional counterparts, the biological activity and substantivity of
such materials remain to be elucidated.

Apart from biofilm-related concerns, the potential for deg-
radation of methacrylate-based composites and adhesives by
hydrolysis and enzymatic attack has prompted the develop-
ment of methacrylamide-based materials [80, 81]. Some of
these materials produce less leachable components when
stored in water or organic solutions [81], and in the case of
tertiary methacrylamides, have also demonstrated resistance
to esterase degradation [83]. This is important to preserve
mechanical and optical properties, as well as reduce the
amount of leachates, including the potential for bisphenol A
(BPA) release in BisGMA-based materials [83].

Coupling Agents

Coupling agents are used to chemically adhere the inorganic
filler to the organic resin matrix, as well as to enhance particle
wetting so as to maximize filler loading in the resultant com-
posite [27•]. Both the chemical adhesion of filler to resin and
increased filler load improves resin composite mechanical
properties and clinical performance. The most commonly
used coupling agent for dental resin composites is 3-
methacryloxypropyltrimethoxysilane (MPS). However, com-
posites incorporating fillers bonded with MPS are subject to
chemical degradation over time because of water sorption and
hydrolysis of the fillers. As a result, researchers have investi-
gated alternative composite formulations, either using alterna-
tive coupling agents or an alternative filler that precludes the
necessity for a coupling agent [27•].

Itota et al. theorized that a coupling agent with greater
hydrophilicity and alkalinity compared with 3-MPS would
increase fluoride release and alkalinity, resulting in de-
creased recurrent caries [84]. To test this hypothesis, the
authors fabricated experimental composites in which a
fluoroboroaluminosilicate glass filler was silanated with

3-MPS or 3-aminopropyltrimethoxysilane (3-AS). A composite
with non-silanated filler particles was also tested. The composite
made with 3-AS showed significantly increased water sorption,
fluoride release, and pH compared with the other two groups.
However, the pH neutralizing effect decreased with time and
there was no significant difference among the groups in artificial
caries lesion formation. There was no evaluation of the effect of
increased water sorption on mechanical properties.

Another group evaluated the effect of altering filler particle
structure to eliminate the use of a coupling agent altogether.
They fabricated a nano-structured resin composite made up of
anodic porous alumina that used mechanical interlocking of
the porous filler particle with the resin matrix in lieu of using a
coupling agent. The storage modulus of the composite made
with porous particles was higher than that of the non-porous
counterpart and comparable to two commercial nanofilled
composites. Artificial aging resulted in less degradation in
the storage modulus of the porous particle composite com-
pared with the commercial composites, although at higher
testing temperatures, the absolute values were similar [85•].

Conclusions

The properties of dental composites are highly dependent
upon the quality and concentration of the reinforcing fillers,
the polymer network forming monomers, and the coupling
agent that links the two to support stress transfer from the
weaker polymer to the stronger filler. Recent studies have
investigated the effect of reinforcing particle size and shape,
as well as interfacial modifications, on the performance of
dental composites. However, improvements are limited, and
current materials still do not have adequate strength to resist
intra-oral fracture like more high-strength materials. Significant
developments have taken place in producing new monomers
for the resin matrix binder, focusing on reducing shrinkage and
its accompanying stress, and making more degradation-
resistant materials. While current materials are of very high
quality, improvements are needed, a fact that fuels intensive
research and development.
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