
 
Journal of Dental Biomaterials. 2018;5(1) 

Review Article

Recent Advances and Future Perspectives for Reinforcement of 
Poly(methyl methacrylate) Denture Base Materials: A Literature 
Review 
Abdulrazzaq Naji Sa; Jafarzadeh Kashi Tb; Behroozibakhsh Mc*; Hajizamani Hd; Habibzadeh Se

aPh.D Student , Foundation of Technical Education, College of Health and Medical Technology, Baghdad, Iraq 
and Department of Dental Biomaterials, School of Dentistry, International Campus, Tehran University of Medical 
Sciences, Tehran, Iran
bAssociate professor , Iranian Tissue Bank and Research Center, Department of Dental Biomaterials, School of 
Dentistry, Tehran University of Medical Sciences, Tehran, Iran
cAssistant professor, Research Center for Science and Technology in Medicine, Department of Dental Biomaterials, 
School of Dentistry, Tehran University of Medical Sciences, Tehran, Iran
dPh.D Student, Research Center for Science and Technology in Medicine, Department of Dental Biomaterials, School 
of Dentistry, Tehran University of Medical Sciences, Tehran, Iran
eAssistant Professor, Department of Prosthodontics, Tehran University of Medical Sciences, International Campus, 
School of Dentistry, Tehran, Iran

ARTICLE INFO Abstract

Article History:
Received: 25 June 2017
Accepted: 8 January 2018

Poly(methyl methacrylate) (PMMA) is the most common material used to 
fabricate complete and partial dentures. Despite its desirable properties, it 
cannot fulfill all mechanical requirements of prosthesis. Flexural fatigue 
due to repeated masticatory and high-impact forces caused by dropping 
are the main causes of denture fractures. In the past, different reinforcing 
agents such as rubbers, macro fibers, and fillers have been employed to 
improve the mechanical properties of denture base resins. Development 
of Nano dentistry has introduced new approaches for reinforcement of 
dental materials. Interest in nanostructure materials is driven by their high 
surface area to volume ratio, which enhances interfacial interaction and 
specific new biological, physical, and chemical properties. Researchers 
to reinforce PMMA resins have used Nanoparticles (Nps) which were 
comprised of silver, Titania (TiO2), zirconia (ZrO2), alumina, and ceramic. 
Although different reports describe the use of nanofiber and nanotubes in 
dental composites, few studies have evaluated the reinforcement potential 
of nanofiber and nanotubes in PMMA denture base resins. The current 
article aims to review the different attempts to enhance the mechanical 
properties of denture base materials. We also focus on recent advances 
and potential future developments for reinforcement of the PMMA acrylic 
resins.
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Introduction

Poly(methyl methacrylate)(PMMA)was introduced 
in 1937 by Wright [1]. PMMA has been extensively 
used as a denture base material because of its 
desirable properties. Satisfying aesthetics, ease 
of processing, durability, chemical stability, 
light weight, and acceptable cost are some of the 
favorable properties. Despite these characteristics, 
the denture base materials do not have sufficient 
mechanical properties for every intended purpose. 
Flexural fatigue due to repeated masticatory forces 
and high-impact forces caused by dropping the 
prosthesis are the main intraoral and extraoral causes 
of denture fractures, respectively [2]. Flexural 
fatigue occurs consequent to repeated flexing and 
can be described as growth and propagation of 
microcracks in the stress concentration areas [3]. 
Midline fractures, which are a common problem 
for patients who wear maxillary complete dentures, 
usually occur due to cyclic deformation consequent 
to flexural fatigue. A survey by Darbar et al.[4] has 
reported that 29% of failures in dentures occurred 
at the midline labial frenum. Impact failures 
usually happen as a result of accidental dropping 
during cleaning, coughing or sneezing, or sudden 
strokes to the denture [3]. Therefore, the ability 
of a denture base material to withstand crack 
propagation and impact forces is an important 
factor which affects its performance. Hence, there 
is a need for enhancement of the mechanical 
properties of PMMA based materials to achieve 
stronger and more fracture-resistant dentures 
[5]. Chemical modification and the addition of 
some fibers, fillers, and rubberlike substances 
are different methods introduced to improve the 
mechanical properties of PMMA-based materials.
[3] Here, we provide a general background about 
different attempts to improve the mechanical 
properties of denture base materials, and review 
recent advances and potential future developments 
for reinforcement of the PMMA acrylic resins.

Discussion

Rubbers, fibers and fillers
In this section, we review different attempts that 
have been launched during past decades to improve 
the mechanical properties of denture base resins. 

Rubbers, different fibers, and fillers are some 
additives employed to reinforce dental resins. In 
addition, we mention the latest advances for each 
reinforcing agent.

Rubber reinforced poly(methyl methacrylate) 
(PMMA)
Adequate impact strength and fracture toughness 
are 2 of the most important requirements for denture 
based resins. One of the main drawbacks of PMMA 
denture bases is low fracture toughness; thus, the 
conventional denture base polymers are susceptible 
to breakage with high mastication forces and during 
accidents. Many studies have been performed 
to evaluate the toughness and mechanisms of 
toughness improvement in rubber-modified acrylic 
polymers [6, 7]. In rubber-reinforced polymers, 
the resin matrix is filled with a rubbery particle 
which has a modulus of elasticity lower than that 
of the polymer matrix and a higher Poisson’s ratio 
than the matrix. Therefore the reinforced polymer 
will have a lower modulus and a higher Poisson’s 
ratio compared to the unmodified polymer. The 
most significant advantage of this modification 
is an increase in toughness as well as ultimate 
elongation in comparison with the relatively brittle 
resin acrylic material [8]. In this structure, the 
rate of crack propagation through the PMMA will 
decelerate at the interface of the rubber and resin 
since the rubber reinforced resins can absorb greater 
amounts of energy compared to the unmodified 
resins. One problem of these reinforced dentures 
is increased flexibility due to low Young’s modulus 
[3].Rodford [6, 7] has described the development of 
high impact strength denture base materials using 
butadiene-styrene rubber. Butadiene-styrene is a 
low molecular weight rubber (15-35 000), which 
has the advantage of up to 30% incorporation in 
PMMA without excessive increase in viscosity. This 
polymer contains reactive (acrylate) end groups 
which facilitate grafting to the PMMA.Alhareb 
et al. [9, 10] have suggested that nitrile butadiene 
rubber (NBR) particles and treated ceramic fillers 
could improve impact and fracture resistance of 
heat-polymerized PMMA denture base resins. 
This research concluded that the optimum addition 
of the filler in the polymer matrix was 7.5% 
NBR together with 2.5% Al2O3(Alumina)/2.5% 
YSZ(Yttria-stabilized zirconia). They proposed 
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that in cases that need high impact strength and 
fracture toughness, reinforcement of PMMA 
denture base by NBR with ceramic fillers could be 
the best choice for removable prosthodontics.

Fibers
Polymer fiber composites are materials composed 
of a polymer matrix and a reinforcement fiber, 
which is the stronger Constituent of the composite. 
In a polymer fiber composite, the fibers are 
embedded in a polymer matrix. The polymer 
matrix forms a continuous phase that surrounds 
the fibers; thus, the applied loads are transferred 
from the polymer matrix to the fibers.One of the 
most important factors that affect the strength 
of the composite is proper adhesion of the fibers 
to the polymer matrix. This adhesion makes it 
possible to transfer the stresses from the matrix to 
the fibers. The stiffness of the fibers is an important 
characteristic for strengthening of brittle materials 
like denture base resins. Impregnation of the fibers 
into the polymer matrix is another important factor 
which affects the strength of the fiber reinforced 
composite [11]. In some studies, reinforcement 
of denture PMMA resin has failed due to the 
stress concentrations around the embedded fibers. 
This phenomenon often happens as the result of 
poor distribution of the reinforced fibers and bad 
adhesion between resin matrix and fibers.Nylon 
fibers are one of the fibers used as a reinforcing 
agent for PMMA due to their resistance to shock 
and frequent stressing, high resistance to abrasion 
and creep, elastic memory, and cyclic stress 
conductivity [12]. Larson et al. have reported 
the use of carbon fibers to improve the strength 
of denture bases [13]. Carbon fiber is applied in 
many studies to improve the mechanical properties 
of the matrix because of its inherent high strength 
and optimal combination of the carbon fibers and 
matrix [14]. Mainly,  carbon fibers have been used 
to enhance fatigue and impact strength [15]. Despite 
good mechanical properties, cytotoxicity of carbon 
fibers is problematic [15]. Moderate cytotoxicity 
has been determined by Özen et al. [16] for heat-
polymerized acrylic resin reinforced with both glass 
and carbon fiber. The aramid fibers, which have 
high resistance to impact forces, are another agent 
for reinforcing denture base materials. They have 
excellent wettability compared to carbon fibers 

and do not need treatment by a coupling agent. 
Biological evaluations have shown no evidence for 
any cyto-genotoxic effects of aramid fibers [17]. 
Disadvantages of these fibers include their yellow 
hue and poor adhesion to acrylic resin materials. It 
is also reported that the rough surfaces of materials 
reinforced with aramid fibers are difficult to polish 
as the result of exposed fibers at the surface of 
the material [18]. Recently, a novel botryoidal 
aramid fiber reinforcement of a PMMA resin was 
introduced by Xinye et al. [19]. In this research, 
they achieved a homogeneous fiber distribution 
in the resin matrix by separation of each fiber via 
grafting of microspheres to aramid fibers. The 
researchers proposed that this new approach could 
successfully improve the mechanical properties of 
fiber reinforced composites along with acceptable 
safety in vitro. However, they suggested that 
more experimentation would be required to fully 
evaluate the long-term mechanical performance and 
biocompatibility of this novel composite in vivo.
Glass fibers have been considered as reinforcing 
materials for denture base resins because of their 
excellent aesthetics, superior strength, and good 
biocompatibility [20]. Jaikumar et al. [21] found 
that higher flexural strength of the acrylic resin 
specimens reinforced with glass fibers compared to 
high impact denture base resins. The same results 
were reported by Hamouda et al. in 2014 [22].Unalan 
et al. [23] stated that the form of glass fiber could 
affect the transverse strength of reinforced denture 
base resins. They obtained the highest transverse 
strength in samples reinforced with chopped strand 
mat form.  Vallittu et al. [24] evaluated the effect 
of fiber concentration on fracture resistance of 
acrylic resin and observed better enhancement 
in fracture resistance of resin-modified materials 
at higher concentrations of glass fibers. Sang-
Hui et al. [25] evaluated the effects of glass fiber 
mesh with different amount of fibers and various 
structures on the mechanical properties of dentures. 
They concluded that the content of the glass fiber 
mesh was more important than the structure, and 
determined that between 4.35 and 4.73 vol% was 
the most effective concentration. Nagakura et al. 
[26] reported that the flexural modulus of glass-
fiber-reinforced thermoplastics (GFRTPs) use in 
removable partial dentures (RPDs) increased from 
1.75 to 7.42 GPa with increased glass fiber content 
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from 0 to 50 mass%, such that the flexural strength 
and modulus of GFRTP with a fiber content of 
50 mass% were 3.9 and 4.2 times, respectively, 
of unreinforced polypropylene. The position of 
glass fibers in resin matrix could also affect the 
mechanical properties. It has been reported that 
placing the fibers normal to the loading force could 
enhance the mechanical properties [27]. Goguta et 
al. [28] reported that impact strength of PMMA 
reinforced with stick glass fibers significantly 
increased when stick fibers were placed parallel to 
the long axis of the specimen and perpendicularly 
to the force direction.The mechanical properties of 
PMMA reinforced with glass fibers also depends 
on good adhesion between fibers and the resin 
matrix. In order to achieve better adhesion, glass 
fibers are treated with silane coupling agent before 
loading into the resin matrix. Several studies have 
reported that the reinforced resins with silane-
treated fibers have higher transverse strength and 
fracture resistance than acrylics that have untreated 
glass fibers [29, 30].

Fillers
Metals in various forms such as wires, plates, and 
fillers have been incorporated into PMMA to improve 
thermal conductivity and radiopacity, as well as 
mechanical properties. One of the disadvantages of 
PMMA is its low thermal conductivity. The high 
thermal conductivity of denture bases leads to 
improved tissue health, a better sense of taste, and 
reduction of the foreign body feeling of dentures. 
Various studies have added metal fillers to improve 
the thermal conductivity of acrylic resins [31, 32].
The reinforcement of polymers used in dentistry 
with metal strengtheners has been considered by 
many researchers. [31-33] One of the drawbacks 
of metal fillers is that they do not chemically bond 
to resins.  Different efforts have been made to 
enhance the adhesion between the metal to resin 
matrix such as silanization, sandblasting, and metal 
adhesive resins [3]. The incorporation of metals as 
a reinforcement agent into PMMA have limited 
value because of the negative effects on esthetics, 
stress concentration, and minor influence of metal 
wires on flexural fatigue resistance [3]. Ceramic 
fillers are also incorporated as reinforcing fillers in 
PMMA denture base resins. Silicon dioxide (SiO2), 
commonly used reinforcing filler in dental materials, 

has been used as filler in elastomers and composite 
resins. However, McNally et al. [34] reported 
that the addition of untreated and surface treated 
silica could not be recommended as a reinforcing 
agent for denture base resins. Hydroxyapatite 
(HA), Ca10(PO4)6(OH)2, is another filler employed 
in different dental materials. Incorporation of HA 
fillers into PMMA resin has resulted in supe¬rior 
mechanical properties including flexural strength 
and modulus [35]. However, the mechanical 
properties of PMMA reinforced with HA could be 
limited because of the incompatibility between the 
PMMA and HA. Modification of the composite has 
been proposed to improve the interfacial interaction 
between the HA filler and PMMA [36, 37]. Tham 
et al. [37] suggested that the silane coupling agent 
[3-methacryloxypropyltrimethoxy silane (γ-MPS)] 
could significantly enhance the mechanical and 
thermal properties of the PMMA/HA composite 
due to enhanced adhesion between HA particles 
and the resin matrix. Reinforcement of denture base 
resins using mica has also been proposed in some 
studies [38]. Muscovite mica, a hydrated silicate, is 
the most common type of mica. It is predominately 
white. Muscovite mica is commonly employed for 
reinforcement of polymers. Incorporation of mica 
into polymeric matrix increases stiffness, strength, 
scratch resistance, dimensional stability, and 
lowers the coefficient of linear thermal expansion.
[39]. Unalan et al. have evaluated the effects 
of different ratios of silanized mica filler on the 
surface hardness of a denture tooth material and 
obtained the best surface hardness value by the 
addition of 10% mica and 10% glass to the denture 
teeth material [40]. 

Nanoscaled reinforcement materials
The concept of nanotechnology was first introduced 
in 1959 by Feynman. Since then, nanotechnology 
has been widely used in many applications, 
including medical sciences, and plays an important 
role in diagnosis, treatment, and regenerative 
medicine [41]. A nanomaterial is an object, which at 
least one of its dimensions is at the nanometer scale 
(approximately 1 to 100 nm). Nanomaterials are 
categorized according to dimension – those with all 
3 dimensions less than 100 nm [nanoparticles (Nps) 
and quantum dots]; those that have 2 dimensions 
less than 100 nm (nanotubes, nanofibers, and 
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nanowires); and those that have one dimension less 
than 100 nm (thin films, layers, and coatings) [42]. 
The development of nanodentistry has led to nearly 
perfect oral health by the use of nanomaterials 
and biotechnologies, including nanorobots and 
tissue engineering. New opportunities in the field 
of dentistry include local anesthesia, treatment of 
dentin hypersensitivity, use of nanomaterials in 
preventive dentistry, and use of different nanofillers 
and nanofibers in composites to achieve better 
esthetics and mechanical properties [43]. Here, 
we focus on new applications of nanomaterials for 
reinforcement of PMMA dental base materials.

Nanofillers
Recently, researchers have proposed the 
incorporation of nanofillers for reinforcement 
of denture base resins. Size, shape, surface area, 
concentration, and dispersion of nanofillers into 
resin matrix all affect the mechanical properties of 
the filler/resin composite. Alumina NPs, zirconia 
(ZrO2) NPs, titania (TiO2) NPs, silver NPs, gold 
NPs, Pt NPs, HA NPs, SiO2 NPs, and nanoclay 
particles  are among the fillers that have been 
introduced to enhance the mechanical properties 
of denture base acrylics [35]. Here, we focus on 
some of the most common reinforced nanofillers 
that have been used for prosthodontics approaches.
Silver Nps have been considered due to their 
distinctive physical, chemical, and biological 
properties, including high electrical and thermal 
conductivity, chemical stability, and non-linear 
optical behavior. It has been reported that silver 
Nps exhibit broad-spectrum bactericidal and 
fungicidal activities at very low concentrations 
[44]. Controversial results have been reported 
about the influence of silver NPs on the mechanical 
properties of denture base resins. [45, 46]. More 
studies should be conducted to evaluate the effects 
of different concentrations of silver Nps on various 
types of acrylic resins. The benefit of antibacterial 
properties of silver Nps has not been wiped out by 
the adverse effect on the mechanical properties of 
the denture base material. Modification of polymers 
with nanoscaled TiO2 have also been of interest 
with researchers because of its unique properties. 
Pleasing color, high biocompatibility, excellent 
mechanical properties, low cost, high stability, and 
appropriate antimicrobial effects are among the 

desirable properties which make TiO2 a favorable 
additive for biomaterials [47]. TiO2 Nps have been 
used as an additive to improve both mechanical and 
antibacterial properties of different dental materials 
[48]. TiO2 exhibits great oxidizing power under UV 
radiation, and can decompose organic materials and 
bacteria. It has been reported that powdered TiO2  
can kill Streptococcus mutans, Escherichia coli, 
and Candida albicans [49].Controversial results 
have been reported by different researchers about 
the effect of TiO2 Nps on mechanical properties of 
acrylic resins [50, 51]. Good wettability between 
fillers and the matrix is an important factor in 
order to improve the composite’s properties. It 
has been shown that incorporation of silanized 
TiO2 NPs in PMMA resin matrix increases the 
impact strength, transverse strength, and surface 
hardness of the resin [50, 52]. Different attempts 
have made to add ZrO2 Nps to PMMA denture base 
material to improve the mechanical properties. 
Gad et al. [53] reported higher transverse strength 
in reinforced samples with ZrO2 Nps compared to 
unreinforced repaired resin. They suggested that 
ZrO2 Nps might be considered as a new approach 
for denture base repair. Asopa et al. [54] reported 
similar results with significantly higher transverse 
strength in the reinforced specimens that used 
ZrO2 Nps compared to the control group. In 
their study, incorporation of ZrO2 Nps into resin 
matrix adversely affected the impact strength and 
surface hardness. Ahmed et al. [55] also reported 
enhanced flexural strength, fracture toughness, 
and hardness in heat-polymerized acrylic modified 
by the addition of zirconium oxide nanofillers. 
The improved mechanical properties could be 
attributed to particle sizes of the ZrO2 Nps. Also, 
the phase transformation of ZrO2 from tetragonal to 
monoclinic absorbs the energy of crack propagation 
in a procedure called transformation toughening. 
Good distribution and surface treatment such as 
silanization of nano-size particles may affect their 
reinforcing effect [53]. It has been proposed that 
Nps have to be distributed evenly within the resin 
matrix; otherwise, they may adversely affect the 
mechanical properties of the resin composite at 
higher concentrations of added fillers due to the 
agglomeration of ZrO2 Nps [53, 56]. 
Nanofibers
Different reports have described the nanofiber-
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reinforced effect in dental composites [57, 58]. 
Based on our findings, few studies have evaluated 
the reinforcement potential of nanofibers in 
PMMA denture base resins. Glass nanofibers, 
HA nanofibers, fibrillar silicate, and polymeric 
nanofibers have been introduced for reinforcement 
of dental materials [59]. It has been suggested that 
extreme reduction in fiber diameter size to the 
nanometer scale causes improvements in strength, 
modulus, and toughness. Fibers are the preferred 
reinforced materials compared to particles since 
they can provide a larger area for load transfer 
and promote toughening mechanisms such as fiber 
bridging and fiber pullout (Figure 1) [60]. One 
of the limitations for the use of nanofibers as a 
reinforcing agent is their incomplete wetting  by 
resin, which compromises strength as the result of 
air inclusion and voids [61]. Another drawback of 
nanofibers is inadequate dispersion into the resin 
matrix that leads to the creation of bundles. These 
bundles may even act as defects and adversely 
influence the mechanical properties of the resin 
matrix and resultant composite [62]. Glass 
nanofibers are among the nanofibers introduced in 
the field of dentistry. Amorphous SiO2 (glass) is 
used in commercially available dental composites 
because most requirements of dental composites 
could be obtained by the addition of appropriate 
amounts of glass. In addition, the refractive index 
of glass approximates that of dental resins and 
consequently gives a translucent appearance to the 
dental composite, which is similar to the structure 
of human teeth. Conventionally, dental resin 
composites are modified with glass particles that 

range from tens of nanometers to several microns. 
Despite these properties, the mechanical properties 
of the glass particle reinforced composites are 
not adequate for use in large stress-bearing areas. 
The electrospun glass nanofibers are expected 
to improve the mechanical properties of dental 
resins considerably more than micron-scaled glass 
particles/fibers. The nano-scaled glass fibers have 
desired properties of small fiber diameter, large 
aspect ratio, and high mechanical properties. When 
a micro-crack in the dental resin matrix is formed 
under an applied stress across the crack planes, 
the thin and long nano-scaled glass fibers remain 
intact and support the applied load. Therefore, 
crack propagation is inhibited by the fibers with 
simultaneous reinforcement of the matrix. In 
comparison with micron-sized glass fibers, the 
glass nanofibers are over 10-times thinner and 
contain significant surface Si–OH groups that 
can readily interact with different silane coupling 
agents. Consequently, the interfacial bonding 
between the resin matrix and the nanoscaled 
silanized glass fiber can be extremely powerful 
[59, 63].HA is another reinforcing agent used in 
forms of particles and fibers in numerous dental 
materials due to its mineral releasing effect, 
biocompatibility, and strength [64, 65]. Mechanical 
performances of dental resins could be reinforced 
using inorganic fibers such as HA nanofibers. 
Good dispersion of HA nanofibers into a resin 
matrix at low mass can significantly improve the 
mechanical properties of the composite, while 
a higher mass fraction of the nanofibers cannot 
effectively reinforce the resin due to the formation 

Figure 1: Fiber bridging of micro and macro fibers across micro- and macrocracks
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of bundles that may even serve as defects. Chen 
eta al. have reported that good dispersion of HA 
nanofibers could be obtained by surface treating 
of nanofibers with glyoxylic acid (GA) [62].
In another attempt, Fong used nylon 6 nanofiber 
to reinforce dental restorative resin composites 
and obtained higher mechanical properties in 
reinforced samples. This study suggested that 
when a heavy force was imposed on the composite, 
the existent nanofibers effectively deflected the 
crack due to the powerful linking force between 
the nylon 6 nanofibers and resin matrix. When the 
crack broke away from the nylon 6 nanofibers, a 
large number of fracture lines were created on the 
fracture surface that caused tremendous energy 
consumption during the fracture [66]. A core-shell 
structure of a polyacrylonitrile (PAN) and PMMA 
nanofibers is also used as a reinforcing agent for 
Bisphenol A Glycidyl Methacrylate (BisGMA) 
dental resins [67].  In this core-shell structure the 
PMMA is located in the shell and surrounded by 
a dental resin matrix. After curing, liner PMMA 
chains become interpenetrated and entangled with 
the cross-linked resin matrix network and produce 
a strong nano interface linking force with strong 
interfacial adhesion between nanofibers and resin 
matrix, which would consequently enhance the 
mechanical properties of the resultant composite 
[59].It has been reported that incorporation of 
PAN nanofibers into BisGMA, Triethylene glycol 
dimethacrylate (TEGDMA) resin blends increased 
the toughness of the material. This toughening 
effect depended on the resin monomer solution 
composition and nanofiber/resin ratio [68].

Nanotubes
The introduction of nano-scale material offers 
new, promising additives for improvement of 

the mechanical properties of dental composites 
because of their high surface area to volume 
ratio. This property increases the interfacial 
interaction between nano materials with the resin 
matrix and consequently induces the specific 
biological, physical, and chemical properties 
in resin composites. In terms of high surface 
area, nanotubes consist of long cylinders with 
a hollow cavity at their center. They exhibit 
increased surface area compared with Nps. The 
aspect ratio of nanotubes is usually more than 10 
and it can reach up to several thousand [69]. It is 
reported that the open-ended tubular structure of 
the nanotubes may allow the methyl methacrylate 
monomer to enter into the tubes by capillary 
action and undergo polymerization. Thus, the 
higher degree of cross-linking leads to increased 
load transfer within the nanotube-resin composite. 
The acrylic resins modified with nanotubes may 
exhibit considerably higher mechanical properties 
than the conventional ones. Crack bridging in the 
tubular structure of nanotubes by fiber pullout 
from the matrix has been reported in some 
studies as the main reason for improvement of the 
mechanical properties of modified resin acrylics 
[70].Carbon nanotubes (CNTs), ZrO2 nanotubes, 
TiO2 nanotubes, and halloysite nanotubes (HNT) 
are among the nanotubes used for reinforcement 
of dental materials.CNTs are the most well-
known nanotubes that have been introduced to 
reinforce materials. CNTs are strong, resilient, and 
lightweight. They have excellent mechanical and 
electrical properties [71] and are classified into 2 
main types according to the structure of the CNTs 
– single-walled and multi-walled (Figure 2) [72].
Studies have shown superior mechanical properties 
in CNT modified polymer-based composites 
compared to unmodified composites. In addition to 

Figure 2: Schematic representation of single-walled and multi-walled carbon nanotubes (CNTs)
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be completely split in the existence of polar solvents 
and mechanical agitation. Because of the presence 
of a rich Si–OH group on the outer layer of the 
HNTs, a very strong interfacial linking force can 
be produced between the silanized halloysite and 
resin matrix [59]. Reham evaluated the mechanical 
properties of PMMA resin modified with HNT and 
concluded that incorporation of low percentages of 
HNTs into PMMA resin significantly increased the 
hardness values, whereas the flexural strength and 
Young’s modulus did not significantly improve [80].
Recently, ZrO2 nanotubes have been greatly used 
in optoelectronic devices, biomedical materials, 
and industrial catalysts due to their distinctive 
pore structures and large specific surface area. It is 
reported that the untreated ZrO2 nanotubes have a 
better reinforcing effect compared to those treated 
with a silane coupling agent. ZrO2 nanotubes have 
unique long tubular structures. When the untreated 
ZrO2 nanotubes are mixed with PMMA resin 
matrix, the chains of the polymer form a three-
dimensional network with added nanotubes without 
any bonding effect. Hence, under an applied force, 
the polymer chain can slip along the nanotube axis 
and, consequently, bending stress and bending 
displacement may improve. On the other hand, 
the silane coupling agent can play a connective 
role between the polymer chains and the ZrO2 
nanotubes to prevent the polymer from sliding over 
the surface of the nanotubes. This would reduce 
the reinforcing effect of the nanotubes [81].The 
TiO2 nanotubes (TNTs) have been considered in 
medicine due to their high-specific surface area, 
photocatalytic property, and ion-exchangeability. 
The tubular form of TiO2 has a surface area of 250 
m2/g that results from the internal and external 
surfaces, and the surfaces between the layers of the 
walls, which vary from 2 to 10. The surface area of 
TNTs is approximately 5 times that of the Nps [69]. 
Recently, TNTs have been considered for different 
biological applications such as drug delivery, 
bio-scaffolds, titanium-based implants, and 
reinforcement of resin composites. Byrne et al. [82] 
reported improved Young’s modulus and strength 
of modified polystyrene with functionalized 
TNTs. Porras et al. [83] also described improved 
mechanical properties of polyethylene oxide/
chitosan composite reinforced with synthesized 
TNTs. Improvement of mechanical properties of 

the high intrinsic strength and moduli, CNTs can 
transfer the stress 10 times more than conventional 
additives [73]. Single-walled CNTs can be used as 
promising agents to reinforce dental resins due to 
their ultrahigh specific surface area and exceptional 
physical performances. The bent single-walled 
CNTs can recover their original shape on strain 
release without direct fracture [74]. The reinforcing 
effect of CNTs may be restricted because of weak 
interfacial adhesion with the resin matrix as well 
as the tendency of nanotubes for agglomeration, 
which causes poor distribution throughout the 
matrix. The atomically smooth surface of the 
nanotubes reduces the linking force between the 
nanotubes and the resin matrix, which limits load 
transfer from the resin matrix to the nanotube 
[75]. Hence, good dispersion and enhancement 
of linking forces between nanotubes and the resin 
matrix are 2 main factors that affect the reinforcing 
effect of CNTs. Sonication, chemical modification, 
surfactant treatment, solution casting, in situ 
polymerization of monomers, and the combination 
of these are methods have been introduced to 
enhance the dispersion of CNTs [76, 77]. Zhang et 
al. [77] modified single-walled carbon nanotubes 
( SWCNTs) with nano-SiO2. They observed good 
levels of dispersion and improved flexural strength 
in the modified resin composite. Wang et al.[72] 
reinforced PMMA denture base material with 0.5 
wt%, 1 wt%, and 2 wt% of multiwalled CNTs 
and dispersed them with sonication. Their results 
showed improved flexural strength by the addition 
of 0.5% and 1%  multi-walled carbon nanotubes 
(MWCNTs) into the PMMA resin, but not for the 
2% MWCNTs modified group due to improper 
dispersion of MWCNTs throughout the matrix. 
They concluded that MWCNTs adversely affected 
the fatigue resistance of PMMA resins, particularly 
with higher concentrations of MWCNTs. HNT has 
a tubular structure with 2 layers of aluminosilicate 
(Al2Si2O5(OH)4•2H2O) [78]. Abundance, easy 
purification, safety, biocompatibility, and ease of 
handling are advantages of halloysite [59, 79]. 
The chemical characteristic of the outer surface of 
HNTs is close to SiO2, whereas the inner surface 
approximates Al2O3. Nano-sized crystals of HNTs 
have high mechanical properties. Separation of 
HNTs in halloysites and dispersing them evenly 
throughout the resin matrix is simple. The HNT can 
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resin based cement reinforced with TNTs was also 
reported by Khaled et al. [84] In another attempt, 
Dafar et al.[85] evaluated the mechanical properties 
of flowable dental resin composites reinforced with 
TNTs, and reported improved fracture toughness 
and Young’s modulus in the experimental resin 
composite.Recently, Abdulrazzaq Naji et al. 
incorporated 2.5 wt% and 5 wt% TNTs into the 
PMMA denture base material and evaluated 
the fracture toughness, flexural strength, and 
microhardness of modified denture base resins. 
They observed significant enhancement in all 
evaluated mechanical properties. The researchers 
noted that these improved mechanical properties 
were a linear function of the concentration of 
added TNTs [86].

Conclusions 

In this review, we provided a general background 
about the efforts to enhance the mechanical 
properties of denture base materials and relevant 
new aspects. Rubbers, different macro fibers, 
metallic, and ceramic fillers have been used for 
decades as reinforcing agents for PMMA denture 
base resins. The concept of nanotechnology 
presents a new era for reinforcement of materials 
because of the high surface area to volume 
ratio and the specific biological, physical, and 
chemical properties of nanomaterials. Nps that 
include silver Nps, TiO2 Nps, ZrO2 Nps, alumina 
Nps, and ceramic Nps have been employed to 
improve the mechanical properties of denture base 
resins. Recently, nanofibers and nanotubes have 
been introduced to reinforce dental materials. 
Nanofibers/tubes with higher surface area to 
volume ratio than Nps provide higher mechanical 
properties of reinforced composites compared to 
Nps.Different mechanisms have been presented for 
the reinforcing effect of nanofibers/tubes. A larger 
surface area can provide a larger area for load 
transfer and facilitate toughening mechanisms such 
as fiber/tube bridging and fiber/tube pullout. Higher 
degrees of cross-linking due to the incorporation 
of monomers into hollow parts of nanotubes 
have been suggested to reinforce nanotubes. 
Uniform dispersion and complete wetting of 
the nanofibers/tubes are 2 important factors that 
affect the reinforcing effect of nanofibers/tubes.

Further studies have to be conducted on using 
nanofiber/tubes in PMMA denture base resins in 
order to evaluate the reinforcing mechanism of 
these additives. The use of nanofibers/tubes may 
offer a new approach for reinforcement of PMMA 
resins and possibly be considered as promising 
reinforcing agents for denture base resin materials 
in the future.

Conflict of Interest: None declared

Refrences

1. Peyton FA. History of resins in dentistry. Dent 
Clin North Am. 1975;19:211-22.

2. Wiskott HW, Nicholls JI, Belser UC. Stress 
fatigue: basic principles and prosthodontic 
implications. Int J Prosthodont. 1995;8:105-16.

3. Jagger DC, Harrison A, Jandt KD. The 
reinforcement of dentures. J Oral Rehabil. 
1999;26:185-94.

4. Darbar UR, Huggett R, Harrison A. Denture 
fracture--a survey. Br Dent J. 1994;176:342-5.

5. Zappini G, Kammann A, Wachter W. Comparison 
of fracture tests of denture base materials. J 
Prosthet Dent. 2003;90:578-85

6. Rodford R. The development of high impact 
strength denture-base materials. J Dent. 
1986;14:214-7.

7. Rodford RA. Further development and evaluation 
of high impact strength denture base materials. J 
Dent. 1990;18:151-7.

8. Broutman LJ, Panizza G. Micromechanics 
studies of rubber-reinforced glassy polymers. Int 
J Polym Mater. 1971;1:95-109.

9. Alhareb AO, Akil HM, Ahmad ZA. Mechanical 
Properties of PMMA Denture Base Reinforced 
by Nitrile Rubber Particles with Al2O3/YSZ 
Fillers. Procedia Manufacturing. 2015;2:301-6.

10. Alhareb AO, Akil HM, Ahmad ZA. Impact 
strength, fracture toughness and hardness 
improvement of PMMA denture base through 
addition of nitrile rubber/ceramic fillers. Saudi J 
Dent Res. 2016;8:26-34.

11. Vallittu PK. A review of fiber-reinforced denture 
base resins. J Prosthodont. 1996;5:270-6.

12. Kohli S, Bhatia S. Polyamides in dentistry. 
International Journal of Scientific Study. 
2013;1:20-5.



Reinforcement of Poly(methyl methacrylate) Denture Base Materials

jdb.sums.ac.ir J Dent Biomater 2018;5(1)   499        

13. Larson WR, Dixon DL, Aquilino SA, et al. The 
effect of carbon graphite fiber reinforcentent on 
the strength of provisional crown and fixed partial 
denture resins. J Prosthet Dent. 1991;66:816-20.

14. Zheng J, Xiao Yu, Gong T, et al. Fabrication 
and characterization of a novel carbon fiber-
reinforced calcium phosphate silicate bone 
cement with potential osteo-inductivity. Biomed 
Mater. 2015;11:015003.

15. Alla RK, Sajjan S, Alluri VR, et al. Influence 
of fiber reinforcement on the properties of 
denture base resins. Journal of Biomaterials and 
Nanobiotechnology. 2013;4:91-97.

16. Özen J, Sipahi C, ÇAĞLAR A, et al. In vitro 
cytotoxicity of glass and carbon fiber-reinforced 
heat-polymerized acrylic resin denture base 
material. Tur J Med Sci. 2006;36:121-6.

17. Henderson JD Jr, Mullarky RH, Ryan DE. Tissue 
biocompatibility of kevlar aramid fibers and 
polymethylmethacrylate, composites in rabbits. 
J Biomed Mater Res. 1987;21:59-64.

18. Grave AM, Chandler HD, Wolfaardt JF. Denture 
base acrylic reinforced with high modulus fibre. 
Dent Mater. 1985;1:185-7.

19. He X, Qu Y, Peng J, et al. A novel botryoidal 
aramid fiber reinforcement of a PMMA resin 
for a restorative biomaterial. Biomater Sci. 
2017;5:808-16.

20. Kumar G, Nigam A, Naeem A, et al. Reinforcing 
Heat-cured Poly-methyl-methacrylate Resins 
using Fibers of Glass, Polyaramid, and Nylon: 
An in vitro Study. J Contemp Dent Pract. 
2016;17:948-52.

21. Jaikumar RA, Karthigeyan S, Ali SA, et al. 
Comparison of flexural strength in three types of 
denture base resins: An in vitro study. J Pharm 
Bioallied Sci. 2015;7:S461-4.

22. Hamouda IM, Beyari MM. Addition of glass 
fibers and titanium dioxide nanoparticles to the 
acrylic resin denture base material: comparative 
study with the conventional and high impact 
types. Oral Health Dent Manag. 2014;13:107-12.

23. Unalan F, Dikbas I, Gurbuz O. Transverse 
Strength of Poly-Methylmethacrylate Reinforced 
with Different Forms and Concentrations of 
E-Glass Fibres. OHDMBSC. 2010;9:144-147.

24. Vallittu PK, Lassila VP, Lappalainen R. Acrylic 
resin-fiber composite--Part I: The effect of fiber 
concentration on fracture resistance. J Prosthet 

Dent. 1994;71:607-12.
25. Yu SH, Cho HW, Oh S, et al. Effects of glass fiber 

mesh with different fiber content and structures 
on the compressive properties of complete 
dentures. J Prosthet Dent. 2015;113:636-44.

26. Nagakura M, Tanimoto Y, Nishiyama N. 
Fabrication and physical properties of glass-
fiber-reinforced thermoplastics for non-metal-
clasp dentures. J Biomed Mater Res B Appl 
Biomater. 2017;105:2254-2260.

27. Galan D, Lynch E. The effect of reinforcing 
fibres in denture acrylics. J Ir Dent Assoc. 
1989;35:109-13.

28. Goguta L, Marsavina L, Bratu D, et al. Impact 
strength of acrylic heat curing denture base resin 
reinforced with E-glass fibers. TMJ. 2006;56:88-
91.

29. Vallittu P. Curing of a silane coupling agent 
and its effect on the transverse strength of 
autopolymerizing polymethylmethacrylate—
glass fibre composite. J Oral Rehabil. 
1997;24:124-30.

30. Prasad AH, Kalavathy, Mohammed HS. Effect 
of Glass Fiber And Silane Treated Glass Fiber 
Reinforcement On Impact Strength Of Maxillary 
Complete Denture. Annals and Essences of 
Dentistry. 2011;3:7-12.

31. Sehajpal SB, Sood VK. Effect of metal fillers 
on some physical properties of acrylic resin. J 
Prosthet Dent. 1989;61:746-51.

32. Yadav P, Mittal R, Sood VK, et al. Effect 
of incorporation of silane-treated silver and 
aluminum microparticles on strength and 
thermal conductivity of PMMA. J Prosthodont. 
2012;21:546-51.

33. Zhang X, Zhang X, Zhu B, et al. Mechanical and 
thermal properties of denture PMMA reinforced 
with silanized aluminum borate whiskers. Dent 
Mater J. 2012;31:903-8.

34. Mc Nally L, O’sullivan DJ, Jagger DC. An in 
vitro investigation of the effect of the addition 
of untreated and surface treated silica on the 
transverse and impact strength of poly (methyl 
methacrylate) acrylic resin. Biomed Mater Eng. 
2006;16:93-100.

35. Gad MM, Fouda SM, Al-Harbi FA, et al. PMMA 
denture base material enhancement: a review 
of fiber, filler, and nanofiller addition. Int J 
Nanomedicine. 2017;12:3801-12.



Abdulrazzaq Naji S et al. 

500    jdb.sums.ac.ir J Dent Biomater 2018;5(1)        

36. Pan Y, Liu F, Xu D, et al. Novel acrylic resin 
denture base with enhanced mechanical 
properties by the incorporation of PMMA-
modified hydroxyapatite. Progress in Natural 
Science: Materials International. 2013;23:89-93.

37. Tham WL, Chow WS,  Mohd Ishak ZA. 
Simulated body fluid and water absorption effects 
on poly (methyl methacrylate)/hydroxyapatite 
denture base composites. Express Polym Lett. 
2010;4:517-28.

38. Mansour MM, Wagner WC, Chu TM. Effect 
of mica reinforcement on the flexural strength 
and microhardness of polymethyl methacrylate 
denture resin. J Prosthodont. 2013;22:179-83.

39. Shepherd PD, Golemba FJ, Maine FW. 
Mica as a Reinforcement for Plastics. ACS 
Publications.1974;134:41-51.

40. Unalan F, Gurbuz O, Nihan N, et al. Effect 
of mica as filler on wear of denture teeth 
polymethylmethacrylate (PMMA) resin. Balkan 
Journal of Stomatology. 2007;11:133-137.

41. Grumezescu AM. Nanobiomaterials in Dentistry 
Applications of Nanobiomaterials. 1st. USA: 
Elsevier; 2016. p.498.

42. Luisa  F, Duncan S. European Commission.
NANOTECHNOLOGIES: Principles, 
Applications, Implications and Hands-on 
Activities. Luxembourg: Office for Official 
Publications of the European Communities; 
2012. p.406. 

43. Hoshika S, Nagano F, Tanaka T, et al. Expansion 
of nanotechnology for dentistry: effect of 
colloidal platinum nanoparticles on dentin 
adhesion mediated by 4-META/MMA-TBB. J 
Adhes Dent. 2011;13:411-6.

44. Sivakumar I, Arunachalam KS, Sajjan S, et al. 
Incorporation of antimicrobial macromolecules 
in acrylic denture base resins: a research 
composition and update. J Prosthodont. 
2014;23:284-90.

45. Ghaffari T, Hamedi-Rad F. Effect of Silver Nano-
particles on Tensile Strength of Acrylic Resins. J 
Dent Res Dent Clin Dent Prospects. 2015;9:40-3.

46. Sodagar A, Kassaee MZ, Akhavan A, et al. Effect 
of silver nano particles on flexural strength of 
acrylic resins. J Prosthodont Res. 2012;56:120-4.

47. Chatterjee A. Properties improvement of 
PMMA using nano TiO2. J Appl  Polym Sci. 
2010;118:2890–7.

48. Elsaka SE, Hamouda IM, Swain MV. Titanium 
dioxide nanoparticles addition to a conventional 
glass-ionomer restorative: influence on physical 
and antibacterial properties. J Dent. 2011;39:589-
98.

49. Matsubayashi Y, Sugawara T, Kuroda  S, et al. 
Studies on the bactericidal effects of titanium 
dioxide for the utilization of medical material. 
IEICE Technical Report. 2005;12:21-24.

50. Sodagar A, Bahador A, Khalil S, et al. The 
effect of TiO2 and SiO2 nanoparticles on flexural 
strength of poly (methyl methacrylate) acrylic 
resins. J Prosthodont Res. 2013;57:15-9.

51. Harini P, Mohamed K, Padmanabhan TV. Effect 
of Titanium dioxide nanoparticles on the flexural 
strength of polymethylmethacrylate: an in vitro 
study. Indian J Dent Res. 2014;25:459-63.

52. Alwan SA, Alameer SS. The effect of the addition 
of silanized Nano titania fillers on some physical 
and mechanical properties of heat cured acrylic 
denture base materials. J BCD. 2015;27:86-91.

53. Gad M, ArRejaie AS, Abdel-Halim MS, et al. 
The Reinforcement Effect of Nano-Zirconia 
on the Transverse Strength of Repaired Acrylic 
Denture Base. Int J Dent. 2016;2016:7094056.

54. Asopa V, Suresh S, Khandelwal M, et al. A 
comparative evaluation of properties of zirconia 
reinforced high impact acrylic resin with that 
of high impact acrylic resin. Saudi J Dent Res. 
2015;6:146-51.

55. Ahmed MA, Ebrahim MI. Effect of zirconium 
oxide nano-fillers addition on the flexural 
strength, fracture toughness, and hardness 
of heat-polymerized acrylic resin. WJNScE. 
2014;4:50-57.

56. Gad MM, Rahoma A, Al-Thobity AM, et al. 
Influence of incorporation of ZrO2 nanoparticles 
on the repair strength of polymethyl 
methacrylate denture bases. Int J Nanomedicine. 
2016;11:5633-43.

57. Uyar T, Cokeliler D. The Improvement of Dental 
Composite Properties with Electromagnetically 
Aligned Nanofiber. MRS Proceedings. 2014; 
1685:u06-12.

58. Uyar T, Cokeliler D, Dogan M, et al. Electrospun 
nanofiber reinforcement of dental composites 
with electromagnetic alignment approach. Mater 
Sci Eng C Mater Biol Appl. 2016;62:762-70.

59. Li X, Liu W, Sun L, et al. Resin composites 



Reinforcement of Poly(methyl methacrylate) Denture Base Materials

jdb.sums.ac.ir J Dent Biomater 2018;5(1)   501        

reinforced by nanoscaled fibers or tubes 
for dental regeneration. Biomed Res Int. 
2014;2014:542958.

60. Chen L, Yu Q, Wang Y, et al. BisGMA/
TEGDMA dental composite containing high 
aspect-ratio hydroxyapatite nanofibers. Dent 
Mater. 2011;27:1187-95.

61. Boyd SA, Su B, Sandy JR, et al. Cellulose 
nanofibre mesh for use in dental materials. 
Coatings. 2012;2:120-37.

62. Chen L, Xu C, Wang Y, et al. BisGMA/TEGDMA 
dental nanocomposites containing glyoxylic 
acid-modified high-aspect ratio hydroxyapatite 
nanofibers with enhanced dispersion. Biomed 
Mater. 2012;7:045014.

63. Gao Y, Sagi S, Zhang L, et al. Electrospun nano-
scaled glass fiber reinforcement of bis-GMA/
TEGDMA dental composites. J Appl Polym Sci. 
2008;110:2063-70.

64. Arcis RW, Lopez-Macipe A, Toledano M, et 
al. Mechanical properties of visible light-cured 
resins reinforced with hydroxyapatite for dental 
restoration. Dent Mater. 2002;18:49-57.

65. Cucuruz AT, Andronescu E, Ficai A, et al. 
Synthesis and characterization of new composite 
materials based on poly(methacrylic acid) and 
hydroxyapatite with applications in dentistry. Int 
J Pharm. 2016;510:516-23.

66. Fong H. Electrospun nylon 6 nanofiber reinforced 
BIS-GMA/TEGDMA dental restorative 
composite resins. Polymer. 2004;45:2427-32.

67. Cheng L, Zhou X, Zhong H, et al. NaF-
loaded core–shell PAN–PMMA nanofibers 
as reinforcements for Bis-GMA/TEGDMA 
restorative resins. Mater Sci Eng C Mater Biol 
Appl. 2013;34:262-9.

68. Vidotti HA, Manso AP, Leung V, et al. Flexural 
properties of experimental nanofiber reinforced 
composite are affected by resin composition and 
nanofiber/resin ratio. Dent Mater. 2015;31:1132-
41.

69. Bavykin DV, Walsh FC. Titanate and titania 
nanotubes: synthesis, properties and applications. 
Cambridge, UK: Royal Society of Chemistry; 
2010. p. 154.

70. Khaled SM, Charpentier PA, Rizkalla AS. 
Synthesis and characterization of poly(methyl 
methacrylate)-based experimental bone cements 
reinforced with TiO2-SrO nanotubes. Acta 

Biomater. 2010;6:3178-86.
71.  Cadek M, Coleman JN, Barron V, et al. 

Morphological and mechanical properties of 
carbon-nanotube-reinforced semicrystalline and 
amorphous polymer composites. Appl Phys Lett. 
2002;81:5123-5.

72. Wang R, Tao J, Yu B, et al. Characterization 
of multiwalled carbon nanotube-polymethyl 
methacrylate composite resins as denture base 
materials. J Prosthet Dent. 2014;111:318-26.

73. Harris PJ. Carbon nanotubes and related 
structures: new materials for the twenty-first 
century. AAPT. 2002;3:463-464.

74. Li X, Fan Y, Watari F. Current investigations into 
carbon nanotubes for biomedical application. 
Biomed Mater. 2010;5: 22001.

75. Hamouda IM. Current perspectives of 
nanoparticles in medical and dental biomaterials. 
J Biomed Res. 2012;26:143-51.

76. Chen J, Rao AM, Lyuksyutov S, et al. Dissolution 
of full-length single-walled carbon nanotubes. J 
Phys Chem B. 2001;105:2525-8.

77. Zhang F, Xia Y, Xu L, et al. Surface modification 
and microstructure of single-walled carbon 
nanotubes for dental resin-based composites. J 
Biomed Mater Res B Appl Biomater. 2008;86:90-
7.

78. Joussein E, Petit S, Churchman J, et al. Halloysite 
clay minerals–a review. Clay minerals. 
2005;40:383-426.

79. Vergaro V, Abdullayev E, Lvov YM, et al. 
Cytocompatibility and uptake of halloysite clay 
nanotubes. Biomacromolecules. 2010;11:820-6.

80. Abdallah RM. Evaluation of polymethyl 
methacrylate resin mechanical properties 
with incorporated halloysite nanotubes. J Adv 
Prosthodont. 2016;8:167-71.

81. Yu W, Wang X, Tang Q, et al. Reinforcement of 
denture base PMMA with ZrO 2 nanotubes. J 
Mech Behav Biomed Mater. 2014;32:192-7.

82. Byrne MT, McCarthy JE, Bent M, et al. 
Chemical functionalisation of titania nanotubes 
and their utilisation for the fabrication of 
reinforced polystyrene composites. J Mater 
Chem. 2007;17:2351-8.

83. Porras R, Bavykin DV, Zekonyte J, et al. 
Titanate nanotubes for reinforcement of a poly 
(ethylene oxide)/chitosan polymer matrix. 
Nanotechnology. 2016;27:195706.



Abdulrazzaq Naji S et al. 

502    jdb.sums.ac.ir J Dent Biomater 2018;5(1)        

84. Khaled S, Miron RJ, Hamilton DW, et al. 
Reinforcement of resin based cement with titania 
nanotubes. Dent Mater. 2010;26:169-78.

85. Dafar MO, Grol MW, Canham PB, et al. 
Reinforcement of flowable dental composites 
with titanium dioxide nanotubes. Dent Mater. 
2016;32:817-26.

86. Abdulrazzaq Naji S, Behroozibakhsh M, 
Jafarzadeh Kashi TS, et al. Effects of 
incorporation of 2.5 and 5 wt% TiO2 nanotubes 
on fracture toughness, flexural strength, and 
microhardness of denture base poly methyl 
methacrylate (PMMA). J Adv Prosthodont. 
Forthcoming.


