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Abstract: The study of the mechanical behavior of materials intended for dental restorations is of crucial
importance in the production of a finished product. In the present work, two resins were used for the
material matrix, Bisphenol A diglycidyl methacrylate (Bis-GMA), hydroxyethylmethacrylate (HEMA)
and a nanofiller (SiO2). This study focuses on the influence of nanoparticle size (30, 50, 100 and 150
nm) on the mechanical properties (flexural strenght and modulus, compression strenght and modulus
and work of fracture) of the manufactured composite materials. The results showed improvements in the
mechanical integrity of the samples, but differed depending on the size of the nanoparticles added. These
differences are closely related to the active surface of the nanoparticles, leading to differences in fillerresin matrix compatibility.
Keywords: resin, Bis-GMA, HEMA, SiO2 nanoparticles

1. Introduction
Since ancient times, man has made a case study regarding the choice of materials for operative
dentistry. Through trial and error along centuries of testing, researchers have never stopped developing
new materials and techniques in order to prevent tooth structure loss, tooth wear or dental trauma.
Currently the range of materials existing in this crucial area for society is larger than ever, and this trend
seems to be in perpetual consolidation. An important role in the properties of biomaterials for the
adhesion of biological cells is played by the composition of the material used and its charge [1 - 3], as
well as by the affinity for water and surface roughness [4].
These biomaterials are subjected to physical and biological study, and the level of interaction with
the human body is analyzed [5, 6]. The basic requirements of biomaterials are mechanical characteristics,
biocompatibility [7] and resistance to corrosion in body fluids and tissues [8]. Biocompatibility is the
ability of the substance to interact with fluids and tissues of the body without causing undesirable harm
to the body, such as toxicity and irritant effects, inflammatory and allergic reactions [9, 10].
In the production of novel biomaterials for dentistry applications, biocompatibility and biodegradability are considered main characteristics [11].
In addition, using inorganic nanofillers to improve the polymer matrix properties is a widely used
technique to achieve improved performance [12]. Commonly used additives in the preparation of
composite materials that are often processed with silane coupling agents are silica nanoparticle [13, 14].
G. Canché-Escamilla et al. studied the incorporation of nanoparticles with silica and PMMA through
a polymerization process used as dental biomaterials. They observed that the use of hybrid filler
nanoparticles allowed to incorporate a larger amount of inorganic filler. In this case, the hybrid
nanoparticles did not show agglomerations of material, obtaining a uniform distribution [11].
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Dental implants are obtained through various techniques that involve refining and mixing monomers,
such as dimethacrylate triethylene glycol (TEGDMA), bisphenol A diglycidyl methacrylate (Bis-GMA),
bisphenol A ethoxylated dimethacrylate (Bis-EMA) and dimethacrylate urethane [15]. Contraction,
viscosity, and reactivity are directly determined by the composition of the dental resin. The mechanical
properties and the absorption of water differs based on the method the biomaterial is obtained, but also
on the nature of components [16].
Monomers used in the matrix of composite materials for dental purposes are divided into two broad
categories: strongly viscous monomers, such as Bis-GMA, urethane dimethacrylate (UDMA); and
diluent monomers, such as hydroxyethylmethacrylate (HEMA), TEGDMA, etc. [17-19]. Depending on
the polymerization of the monomers, composite materials have various physical, chemical properties
and clinical performance [20, 21]. The biomaterials obtained were studied by the photo-differential
scanning calorimetry (DSC) system for the reactivity of monomeric molecules and the dependence of
the conversion of the double bond on the structure of the monomer. They observed that UDMA resins
were significantly more reactive than Bis-GMA resins [22].
The global growth in tolerance to antibiotics contributes to the use of new infection prevention
methods, and the use of metal oxides may be an interesting method for the production of antimicrobial
biomaterials, since they have a significant antibacterial effect [23].
Coupling agents, like vinyltriethoxysilane and methacryloxypropyl-trimethoxysilane, increase the
adherence between the resin and the surface of the filler particles. To reinforce the bond to the interface,
modifications to the surface of the filler particles were also carried out (e.g., roughening and aggregation
of the particles, resulting in mechanical retention).
Nanoparticles have been available for some time, but the early ones, formed agglomerations during
the production process, thus limiting their use for dental composites. Subsequent research has led to the
possibility of particle separation, generating a uniform dispersion offering the possibility to be
incorporated into composites.
Liu et al. has studied the influence of SiO2 nanoparticle concentration in the poly(Bis-GMA)-grafted
silanized hydroxyapatite whisker (PGSHW) [24]. Light permeability and filler packing density were
enhanced through the incorporation of s-SiO2 nanoparticles in PGSHW (mass ratio 2:4), which
effectively improved water sorption and solubility of the biomaterial. Physical and mechanical properties
as well as in vitro bioactivity were significantly improved by the obtained PGSHW/s-SiO2 [24] .The
objective of this work was to observe the effect of 4 nanoparticle dimensions on the Bis-GMA/ HEMA
resins, which from the knowledge acquired by the authors in this study field, it represents a novelty.
Based on the obtained composites, several mechanical properties were analyzed.

2. Materials and methods
2.1. Materials
For the composite materials, Bisphenol A diglycidyl methacrylate (Bis-GMA) was used as main
monomer and hydroxyethylmethacrylate (HEMA) was the co-monomer. As initiator and co-initiator,
camphorquinone and dimethyl aminoethyl methacrylate were added to the mixture. The SiO2
nanoparticles with 30, 50, 100 and 150 nm dimension were used as composite fillers. All substances
were purchased also from Sigma-Aldrich.
Mixtures of 60% Bis-GMA with 30% HEMA were prepared under mechanical stirring. A
concentration of 9 wt.% SiO2 was added to the pure monomers and the monomer mixtures.
The composites of Bis-GMA/HEMA were produced by the following process: the monomers were
mixed with camphorquinone and dimethyl aminoethyl methacrylate, both of which amounted to 1 wt%.
In order to ensure a homogeneous viscous solution, high power mechanical stirring was used. After 60
min, the SiO2 nanoparticles were carefully added and continuously stirred for 24 hours. The composition
of the obtained samples is presented in Table 1.
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Table 1. Sample concentrations
SiO2 nanoparticles
Bis-GMA [%]

HEMA [%]

60

Conc.[wt.%]

Size [nm]

0

0
30
50
100
150

40

10

Light curing of the resin was initiated through a 30 min irradiation with UV/Vis light by a 375 W
mercury vapor lamp (L 6/58, Famed-1) in ISO standardized Teflon molds.
2.2. Characterization
The obtained Bis-GMA/HEMA – SiO2 biomaterials were tested for flexural strength (Fs), flexural
modulus (Ey), work of fracture (EWF) and compressive strength (Cs) by using an Instron universal test
machine (China-Made, Universal Testing Machine). Sample measurements (l=25 mm, w=2mm, h=2
mm) and test specifications were performed according to ISO 10477 and ISO 4049 standards.
The flexure strength was measured by charging in 4-point bending. The load applicator is not a
single point source, it consists in two points divided by a well-prescribed width. The advantage of
the 4-point technique is that it focuses the stress across a larger beam area, thus indicating that the
beam can collapse in this region. To analyze the compression strength of the obtained composites, an
axial force was applied to a cylindrical specimen at a constant strain rate, setting up tensile and shear
stresses that cause failure inside the sample [25].
Mechanical properties were calculated by applying the following formulas:
Flexural strength (Fs):
3∙𝐹∙𝑙
𝐹𝑠 = 2∙𝑏∙ℎ2
(1)
Flexural modulus (Ey):
𝐸𝑦 =

𝑙3 ∙𝐹1

(2)

4∙𝑓∙𝑏∙ℎ3

Work of fracture (EWF):
𝑬𝑾𝑭 =

𝑨

(3)

𝒃∙𝒉

where:
• F – the applied load at highest point (N);
• l – span length;
• b – test specimen width;
• h – test specimen thickness;
• F1 – load at a suitable point in the straight line portion of the trace (N);
• f – test specimen deflection (mm);
• A - the load applied to deflect and fracture the specimen (J) [26].

3. Results and discussions
Any dental restorative or prosthetic content, as well as natural teeth, must have adequate
functional integrity to resist in the oral cavity for a long period of time, ideally throughout the patient's
entire life. Therefore, the study of mechanical properties is extremely important.
One of the key threats of dental reconstruction is the formation and propagation of cracks and the
potential failure of dental implants obtained from composite resins. The addition of nanoparticles to
the resin to improve the mechanical strength of the composite is one of the methods of interest.
It is well established that Bis-GMA / HEMA polymers achieve a high crosslinking between
monomers, one of the reasons is the fact that HEMA molecules are much smaller [27, 28], creating a
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good mobility of the Bis-GMA molecules to move in the nanocomposites. In addition to the neat
sample, the addition of nanoparticles will only increase mechanical stability.
However, even in the nanoscale, there are still notable variations, with the majority being related
to their size. Decreasing the particle diameter will lead to an increase in the active surface area, as
depicted in Figure 1.

Figure 1. Graphical and schematic representation of correlation
between nanoparticle size and active surface area
The active surface area was calculated based on SiO 2 bulk density of 2.64 g·cm -3 and simple
geometry equations. Of course, these values are theoretical and are extracted from the ideal shape of
a nanoparticle, the sphere. A higher surface area of nanoparticles is understood as a larger number of
connections with the polymer chains, which therefore will likely increase the mechanical properties
of composite resins.
It is very important to take into account that nanoparticles can lead towards agglomeration under
a certain nanometric size due to an enhanced collision energy between particles at the mixing step,
which can cause significant defects in the matrix resin structure that can only be detected with a
microscope.
Following the study of the mechanical strength of the samples obtained, it was observed that the
addition of SiO2 nanoparticles significantly improved the flexural strength (Fs) of the resin
composites compared to the Bis-GMA / HEMA blend, as it can be observed in Figure 2.
By decreasing the SiO2 nanoparticles dimension it was observant that the flexural strength is
improved. Addition nanoparticles with a size of 150 nm show a decrease in mechanical properties due
to the overcrowding of the fillings which brings a disadvantage in the resin matrix.
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Figure 2. Flexural strength
All the composites showed stronger flexural properties with the addition of SiO2 nanoparticles than
the neat resin (Figure 2 and 3). The flexural strength (Fs) and flexural modulus (Ey) of the composites
was stronger when the SiO2 nanoparticles dimension was 50 and 100 nm, reaching a peak value for the
material with 50 nm SiO2 nanoparticle.

Figure 3. Flexural modulus
The flexural properties increased over 30% for the samples with 50 nm and 100 nm SiO2 nanoparticle
compared to the neat resin. At further increasing the nanoparticle size up to 150 nm, the flexural strength
(Fs) as well as the flexural modulus (Ey) values of the corresponding composites began to decrease.
Flexural stability is strongly related to the interaction between polymeric chains and nanoparticles.
A lower nanoparticle size will lead to a higher number of phisical and chemical bonds with the polymer
chains. This means that stress is uniformly distributed across the structure, and a more efficient transfer
between matrix and filler is reached. On the other hand, increasing filler size will not cause a pronounced
mechanical resistance, confirmed by the flexural properties of the 150 nm SiO2 blended resin composite.
However, for the sample with filler of 30 nm size, a slow decrease in flexural strength and modulus is
observed. This could be a consequence of agglomeration tendency at very low nanoparticle dimensions,
resulting in micro-defects in structure, which generate sample failure.
It is observed in Figure 4, that compressive strength was enhanced directly proportional to
nanoparticle size, which is translated as a good binding strength due to filler addition.
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Figure 4. Compressive strength
In compressive state of the studied composite resins, nanoparticles play a different role. In the case
of flexural tests, sample failure occurs in an area intentionally subjected to high stress due to opposite
directions of the polymer chains movement. When discussing compression tests, mechanical stress
occurs as a result of pressing polymer chains between them. Here the energy transfer between the
polymer and the nanoparticle is higher and uniform throughout the structure of the material. The defects
caused by the agglomeration of nanoparticles are not so obvious, because they are compacted as the load
increases, which is why in the case of materials with the addition of 30 nm nanoparticles, the
compressive strength is higher than in the case of other materials.
Since fracture is one of the key modes of failure for dental composites, this property is highly
important to their characterization. Since most methods of obtaining materials do not offer the possibility
of obtaining ideal structures, the application of specific charge allows the material to break due to
structural defects. Thus the strength characteristics are reduced compared to those measured on ideal
surfaces. The composites showed significant improvement in terms of work of fracture by increasing the
SiO2 nanoparticles dimension to 50 nm. Instead, due to the presence of structural defects, the fracture
rezistance decreases at higher and lower nanoparticle sizes.

Figure 5. Work of fracture
The strong chemical bond between biomaterial and nanoparticles results in a uniform stress
distribution and is able to minimize the occurrence of stress concentration, leading to a significant
increase in the mechanical properties of the resulting composites .
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4. Conclusions
The study showed that the presence of silicon dioxide nanoparticles can significantly improve the
properties of composite biomaterials compared to the control sample. The mechanical strength of resins
with the addition of SiO2 nanoparticles has been improved, due to the strong chemical bond between the
resin matrix and the nanoparticles. The greatest improvement in mechanical properties was observed in
samples with the addition of SiO2 nanoparticles with a size of 50 nm in Bis-GMA / HEMA resin. By
changing of SiO2 dimension above or below 50 nm, the interface between the nanoparticles and the neat
resins can restrict the enhancement of the mechanical properties of the composites, as observed in the
case of SiO2 nanoparticles with 150 nm size or in the case of the 30 nm size particles, which could be
linked to nanoparticle agglomeration.
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