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Abstract

This paper presents a review that summarises research conducted over the past few decades on enhancing acrylic denture base
resin, specifically focusing on the effects of fibre, filler, and nanofiller additions on the properties of poly (methyl methacrylate)
(PMMA). The review incorporates scientific papers, abstracts, and studies published between 2015 and 2023, which explore the
impact of additives, fibres, fillers, and reinforcement materials on PMMA. According to the reviewed studies, the addition of
fillers, fibres, nanofillers, and hybrid reinforcement materials has been shown to enhance the properties of PMMA denture base
material. However, it is important to note that most of these investigations were limited to in vitro experiments and did not
thoroughly explore the bioactivity and clinical implications of the modified materials. Based on the findings of the review, it is
concluded that there is no single ideal denture base material. However, the properties of PMMA can be improved through certain
modifications, particularly the addition of silanised nanoparticles and the use of a hybrid reinforcement system. These
modifications have shown promising results in enhancing the performance of PMMA as a denture base material.
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1. Introduction

The science of dental materials focuses on the study of including the study of physical properties (e.g. hardness,
various materials used in dentistry, including those for fillings,  strength, elasticity), chemical properties (e.g. reactivity, cor-
crowns, bridges, dentures, and orthodontic appliances. It rosion resistance), biological properties (e.g. interaction with
involves understanding the composition, properties, and be-  oral tissues, bacterial adhesion), and aesthetic properties (e.g.
haviour of these materials, as well as their interaction withthe ~ colour, translucency) [1].
oral environment. The field encompasses multiple aspects, Dental materials play a vital role in dentistry by remedying,
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restoring, and preserving oral health. When portions of teeth
or oral tissues are lost due to oral diseases, accidents, or other
factors, dental materials are commonly used for replacement
or repair [2]. In cases where a substantial portion of a tooth is
lost or weakened, dental crowns or bridges may be required.
These restorations are typically made from materials such as
ceramics, metal alloys, or a combination of both [3]. The
chosen materials should possess excellent strength, durability,
and aesthetics to ensure long-term functional and cosmetic
results.

Dental materials are also used in other applications, in-
cluding dentures, dental implants, orthodontic appliances, and
periodontal treatments. Each of these applications requires
specific material properties to achieve successful outcomes
[4]. In dental restorations, various biomaterials can be used
individually or in combination, including metals, ceramics,
polymers, and composites. The selection of the appropriate
material or combination of materials depends on several fac-
tors, including patient-specific considerations, dentist pref-
erences, and the characteristics of the materials themselves.
These characteristics include elastic modulus, fatigue strength,
chemical resistance, fracture toughness, hardness, aesthetic
appearance, and overall strength. Based on these factors,
dentists evaluate the advantages and disadvantages of dif-
ferent materials to determine the best option for the patient’s
needs and preferences. In some cases, a combination of ma-
terials may be used, such as a metal substructure covered with
a ceramic layer for dental crowns or composite resin bonded
to a metal framework for dental bridges [5, 6].

Denture base fabrication involves considerations of mate-
rial types, material enhancements, and surface treatments to
create functional and comfortable denture bases [7]. These
bases are typically made from polymers, specifically acrylic
resins, which offer advantages such as ease of manipulation,
biocompatibility, and the ability to be custom-fitted to the
patient’s oral tissues. There are different types of acrylic
resins available, including heat-cured, self-cured, and mi-
crowave-cured variants. Poly (methyl methacrylate) (PMMA)
is a widely used resin-based restorative material, particularly
for removable dentures. PMMA has been the dominant pol-
ymer for denture bases in dentistry for many years [8]. It
offers several advantages that make it ideal for denture base
fabrication, including biocompatibility, ease of manipulation,
aesthetic versatility, good mechanical properties, and repair-
ability [9]. The denture base is the portion of the denture that
rests on the oral mucous membranes, supporting the artificial
teeth while providing stability and retention. It serves as the
foundation of the denture and is custom-made to fit the con-
tours of the oral tissues, including the gums and underlying
bone [10].

When selecting a material for denture base fabrication,
several key physical properties are required to ensure optimal
performance. The denture base material should have suffi-
cient stiffness to securely hold the artificial teeth during
chewing and reduce uneven loading on the underlying oral
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mucous membranes. This helps distribute forces evenly,
preventing discomfort or tissue irritation [11]. Additionally,
the denture base material should exhibit good aesthetics,
resembling the natural appearance of the gums and oral tis-
sues. This contributes to the overall aesthetic outcome of the
denture, providing a more natural-looking smile [12].

Biocompatibility is crucial to ensure that the material is
well-tolerated by the oral tissues, causing minimal or no ad-
verse reactions. It should not irritate the mucous membranes
or trigger allergic responses [13]. The material should also
have high bond strength to ensure effective adhesion between
the denture base and artificial teeth or other denture compo-
nents, such as metal frameworks or clasps. This enhances the
stability and longevity of the denture [14]. Radiopacity, or the
ability of the material to be visible on dental X-rays, is im-
portant for identifying the denture base material and assessing
any underlying issues or changes in the oral tissues during
routine examinations [15].

The denture base material should also be easily repairable
in case of damage or fractures, allowing for convenient and
cost-effective maintenance over time [16]. Favourable phys-
ico-mechanical properties are essential, including appropriate
hardness, durability, and resistance to wear and fracture. The
material should withstand normal masticatory forces as well
as any parafunctional habits (e.g. teeth grinding or clenching)
the patient may have [17]. Moreover, the denture base mate-
rial should be biologically inert, meaning it should not cause
adverse reactions or inflammation when in contact with oral
tissues [18]. Water absorption can lead to the development of
unpleasant odours over time. Therefore, it is desirable for the
denture base material to have low water absorption and emit
minimal odour when exposed to moisture. This helps main-
tain oral hygiene and reduces potential embarrassment or
discomfort for the denture wearer [19].

Denture manufacturers and dentists are continually re-
searching and exploring new materials and techniques to
improve denture designs. While there have been significant
advancements in denture materials, ongoing efforts continue
to address certain physical and mechanical concerns associ-
ated with these materials [20]. Researchers and manufacturers
are actively developing new materials and techniques to
overcome these challenges. For example, advancements in
polymer chemistry have led to the creation of more resilient
and flexible denture base materials with improved fracture
resistance and wear properties. Reinforcing agents, fillers, and
nanoparticles are also being incorporated to enhance the
mechanical properties of denture base materials [21].

Poly (methyl methacrylate) (PMMA) is a type of plastic
resin formed through the polymerisation of methyl methac-
rylate (MMA) monomer [22]. PMMA is commercially
available under various brand names, including Plexiglas,
Perspex, Plazcryl, Limacryl, R-Cast, Acrylex, Altuglas, Pol-
ycast, Acrylite, Acrylplast, Oroglass, and Lucite. It is also
commonly referred to as acrylic glass or simply acrylic [23].
While these commercial brands of PMMA may have slight
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variations in formulation and processing techniques, they all
share the fundamental chemical structure and properties of
PMMA [24].

PMMA is particularly valued for its excellent optical clarity,
allowing it to mimic the appearance of natural teeth and gums.
This transparency is especially important in dentistry, as it
contributes to the aesthetic outcome of dentures and other
dental restorations [25]. Another key advantage of PMMA is
its high weather resistance. It is resistant to discolouration and
degradation when exposed to environmental factors such as
sunlight or UV radiation. Additionally, PMMA is known for
its durability and impact resistance, making it well-suited for
use as a denture base [23, 26].

2. Materials and Methods

A systematic and comprehensive search was conducted
across multiple scientific databases, including PubMed,
Scopus, and Google Scholar, to identify and retrieve relevant
studies for this literature review. The search focused on pub-
lications from 2015 to 2023, using a predefined set of key-
words to ensure a thorough exploration of the existing body of
knowledge. These keywords included denture base materials,
dental materials, mechanical properties of polymers,
polymethyl methacrylate (PMMA) denture base, acrylic
denture base materials, PMMA properties in dentistry, chal-
lenges of PMMA denture bases, mechanical properties of
PMMA dentures, thermal properties of PMMA for dentures,
PMMA copolymers for denture bases, hybrid polymer den-
ture materials, reinforcement of PMMA denture bases, na-
noparticle-reinforced PMMA, PMMA reinforced with fibers,
nanotube-reinforced PMMA dentures, water absorption and
solubility of PMMA, wear resistance of PMMA denture ma-
terials, and color stability in PMMA dentures.

To refine the search process and improve the precision of
retrieved literature, Boolean operators (AND, OR, and NOT)
were employed. These operators facilitated the inclusion of
the most pertinent studies while filtering out irrelevant pub-
lications, thereby ensuring the relevance and specificity of the
final selection.

The selection of literature for this review was guided by
clearly defined inclusion and exclusion criteria to ensure the
relevance, quality, and reliability of the studies considered.
The inclusion criteria encompassed peer-reviewed original
research articles, systematic and narrative reviews, book
chapters, and other scholarly works published in English.
Only studies explicitly focusing on denture base materials and
their properties, particularly those investigating polymeric
materials such as PMMA, were included.

Conversely, studies were excluded if they fell under any of
the following categories: editorials, conference abstracts,
opinion pieces, or non-peer-reviewed publications. Addi-
tionally, non-English language studies and research that did
not specifically address denture base materials or poly-
mer-based dental applications were omitted. Studies lacking

experimental data or empirical findings relevant to the re-
search objectives were also excluded to maintain the scientific
rigour of the review.

The initial search yielded 500 articles. After removing 110
duplicate entries, 390 articles remained for further evaluation.
Screening commenced with a preliminary review of article
titles and abstracts, leading to the exclusion of 90 articles
deemed irrelevant to the scope of this review. A full-text
assessment was subsequently conducted on the remaining 300
articles, applying the predefined inclusion and exclusion
criteria. This rigorous evaluation led to the exclusion of a
further 108 studies that did not meet the eligibility criteria.
Ultimately, 192 articles were deemed suitable for inclusion in
this review.

The systematic and methodical approach employed in this
selection process ensured that only the most relevant,
high-quality, and scientifically robust studies were incorpo-
rated into the final analysis. This methodological rigor
strengthens the validity and reliability of the literature review,
providing a solid foundation for the subsequent discussion
and analysis of denture base materials.

3. Historical Review of the Development
of the Denture Base Materials

Denture-based material fabrication has seen significant
developments and advancements over the years. Polymers,
particularly acrylic resins, have been widely used in this field
for several decades due to their favourable properties and ease
of fabrication. However, ongoing efforts continue to improve
these materials and explore alternative options [27]. Acrylic
resins, such as PMMA, have been the most commonly used
denture base materials [28]. To enhance their mechanical
properties, cross-linking agents are used during polymerisa-
tion, resulting in cross-linked acrylic resins with improved
strength and durability [29].

High-impact resins are a variation of acrylic resins that
incorporate rubber particles (usually butadiene-based) to
enhance impact strength and toughness [30]. Polyamide (ny-
lon) resins have gained popularity as an alternative denture
base material due to their flexibility and durability.
CAD/CAM denture fabrication has revolutionised the indus-
try by using computer-aided design (CAD) and comput-
er-aided manufacturing (CAM) technologies to create precise
and customised dentures [31].

Flexible denture base materials are made from thermo-
plastic materials, such as polyolefins or elastomers, offering
patients greater comfort and adaptability. In certain cases
where high strength and rigidity are required, metal denture
base materials, such as cast cobalt-chromium alloys or tita-
nium, may be used [32].

The Japanese have a rich history of woodcarving and were
among the earliest to produce wooden dentures during the 8th
century. These dentures were carved from a single piece of
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fragrant wood, with natural teeth fixed onto the denture base
using screws or other techniques. However, one of the chal-
lenges of using wood as a denture base material is its suscep-
tibility to moisture. Wood tends to absorb moisture, which can
cause denture bases to warp, crack, or deteriorate over time,
posing both hygienic and aesthetic challenges for denture
wearers [33, 34].

There was a significant gap in denture development be-
tween the 8th and 17th centuries. It was during the 17th cen-
tury that Pierre Fauchard, often regarded as the father of
modern dentistry, made notable advancements in prosthetic
methods, including dentures [35, 36]. Fauchard used a variety
of materials for denture fabrication, including human teeth as
well as teeth made from hippopotamus or elephant ivory.
These materials provided better stability compared to wooden
dentures. However, despite the improvement in stability,
aesthetic and hygienic challenges persisted [37].

The use of natural human or animal teeth posed difficulties
in achieving a natural appearance, as the colour and shape of
these teeth often did not perfectly match the patient's re-
maining natural teeth. Additionally, maintaining hygiene and
preventing oral infections was a concern due to the porous
nature of these materials and the limitations in sterilisation
techniques at the time [38, 39].

Ivory dentures offered improved stability and aesthetics,
but their major drawback was the scarcity and high cost of
ivory. Sourced from animals such as hippopotamuses and
elephants, ivory was not easily available. Obtaining it re-
quired specialised resources and labour, making it a limited
and expensive material for denture fabrication. As a result,
ivory dentures became a luxury option, affordable only to a
select few, while their high cost restricted widespread use
among the general population [40].

The use of polymers as denture base materials can be traced
back to the latter part of the 19th century [41]. Charles
Goodyear played a significant role in introducing the concept
of rubber production in 1839 when he discovered the process
of vulcanisation, which involves heating rubber with sulphur
to create a harder and more durable material [42]. Nelson
Goodyear, Charles Goodyear's brother, further developed the
vulcanisation process in 1851, making it more efficient and
practical. This advancement opened up new possibilities for
the use of rubber in various applications [43].

In 1854, Thomas Evans, a dentist, utilised vulcanised rub-
ber as a denture base material [43, 44]. He fabricated dentures
for both Charles Goodyear Senior and Charles Goodyear
Junior using this material. The resulting denture base, known
as vulcanite, exhibited a reddish-brown colour and possessed
several notable properties [45, 46].

Vulcanite proved advantageous for denture fabrication due
to its hardness, stability, and resistance to deformation. Ad-
ditionally, it was relatively easy to shape and adapt to the oral
tissues of patients. These characteristics made vulcanite a
popular choice for dentures in the late 19th and early 20th
centuries [47].
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After its introduction in the mid-19th century, vulcanite
remained the primary denture base material for approximately
75 years. Its durability, stability, and ease of shaping con-
tributed to its widespread use during that time [48]. However,
in the 1930s, a new material called PMMA was introduced for
denture fabrication. PMMA offered several advantages over
vulcanite, including improved aesthetics, better colour stabil-
ity, and a stronger bond with artificial teeth [49].

Dr Bean cast the first complete aluminium base in 1867 and
is also credited with developing a casting machine around that
time. In the 1880s, an innovative aluminium casting process
called pressure die casting was developed by Charles Martin
Hall in the United States and Paul Hé&oult in France. This
process involved injecting molten aluminium into a metal
mould under high pressure to create complex shapes and
precise castings. It revolutionised aluminium casting by ena-
bling mass production and improved accuracy [50, 51].

Although aluminium was once considered for denture bases,
its use was later discouraged due to difficulties in relining,
high fabrication costs, and concerns over its potential link to
Alzheimer’s disease. However, it is important to clarify the
scientific basis of these concerns [52].

PMMA was first clinically evaluated by Wright in 1937,
who determined that it met all the requirements of an ideal
denture material [53]. By 1946, approximately 95% of all
dentures were made from PMMA, marking a significant ad-
vancement in the application of acrylic resin. Initially, acrylic
resins were produced through heat polymerisation. However,
in 1947, German researchers developed a new method using
chemical accelerators for polymerisation, leading to the in-
troduction of self-polymerising resins [54, 55]. PMMA and its
co-polymers continued to be widely preferred due to their
numerous advantages. Over time, these materials became the
most popular choice for non-metallic denture base materials
[56].

4. Polymeric Denture Base Material

In 1973, new acrylic polymers were introduced in dentistry,
replacing previously favoured denture materials such as cel-
luloid, PVC, porcelain, phenol-formaldehyde, wood, vul-
canite, bone, and ivory. These earlier materials had undesira-
ble properties, including poor strength and aesthetics, which
made them unsuitable for use as denture base materials [57,
58].

A polymer is a large molecule composed of repeating
subunits called monomers. These monomers are small mol-
ecules that can react with each other to form a polymer chain.
The monomer is the smallest repeating unit in the polymer
structure. When two different but compatible monomers react
together, they form a copolymer. Copolymers are polymers
that contain two or more different types of monomers within
their chain structure. The properties and characteristics of
copolymers can vary depending on the composition and ar-
rangement of the monomers within the chain [59, 60].
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Polymers have been extensively used in both restorative
and prosthetic dentistry. In the 1940s, resin-based materials
began to be used for dental restorations, marking a significant
advancement in dental materials [61]. While polymers have
proven highly beneficial in dentistry, not all polymeric mate-
rials are ideal for clinical applications due to certain limita-
tions, such as fracture resistance and radiopacity [62].

Fracture resistance is a critical property for dental materials,
especially those used in restorations and prosthetics that are
subjected to significant forces during mastication. Some pol-
ymeric materials may have lower fracture resistance compared
to other dental materials, such as metals or ceramics. This can
make them more prone to cracking or breaking under stress,
leading to the failure of the dental restoration or prosthetic [63].

PMMA resin, specifically polymethyl methacrylate, gained
recognition in the 1930s as one of the best materials for fab-
ricating removable denture bases. It was highly regarded for
its superior physical, biological, and aesthetic properties,
making it highly suitable for dental applications [64].

PMMA resin’s colourless and transparent nature, along
with its high degree of translucency, allowed it to achieve
excellent aesthetics in dentistry. When used as a denture base
material, PMMA resin mimicked the appearance of natural
gums, enhancing the overall aesthetic outcome of the denture.
Its translucency enabled a natural blending with the underly-
ing oral tissues, resulting in a lifelike appearance [65].

In terms of biological properties, PMMA resin demon-
strated biocompatibility, meaning it was well-tolerated by oral
tissues. This biocompatibility ensured that the material did not
cause adverse reactions or allergies when in contact with the
mouth. It was crucial for removable denture bases to be made
from materials that did not irritate or harm oral tissues, and
PMMA resin met this requirement effectively [66].

The discovery of rubber vulcanisation by Charles Goodyear
played a significant role in the development of polymer ma-
terials for dentistry. Today, dental resins, including polyme-
thyl methacrylate (PMMA) and acrylic resin, are commonly
used in denture fabrication [67]. PMMA-based materials are
widely used in the fabrication of denture bases, artificial teeth,
and other dental prostheses. However, some patients may find
PMMA-based denture bases too hard or uncomfortable. In
such cases, softer liners can be used to improve the fit and
comfort of the denture. These liners are typically made from
rubber-like polymers that are compatible with PMMA [68].

While many rubber-like polymers are compatible with
PMMA, not all of them are suitable for long-lasting dentures.
The flexibility of the material needs to be balanced with du-
rability to ensure the denture can withstand the forces of
chewing and maintain its shape over time [69]. Apart from
denture liners and bases, various types of polymers are used in
different applications within dentistry. Tissue conditioners are
temporary soft materials used to provide relief for irritated
oral tissues and aid in the healing process. Impression mate-
rials, restoratives, temporary restoratives, and custom trays
for impressions can also be made from different types of
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dental resins and polymers [70, 71].

PMMA was developed as a hard plastic by Dr Walter
Wright and the Vernon brothers in 1930 at the Rohm and Haas
Company in Philadelphia. PMMA quickly gained popularity
in dentistry and became a major material in dental restoratives
and prosthodontics. In addition to restoratives and prostho-
dontics, PMMA was also commonly used as an impression
material until 1999 [72, 73]. PMMA gained widespread use in
dentistry due to its favourable properties, such as being
lightweight, chemically stable, and having good aesthetics. It
became widely used as a denture base material in the 1930s
and 1940s and remains in use today [74].

In the case of Al-Shalawi et al., they combined the me-
chanical attributes of polymethyl methacrylate (PMMA), a
synthetic polymer commonly used in bone cement, with the
properties of another material, possibly a natural polymer [74].
This combination resulted in a composite material that ex-
hibited long-term durability, similar to freshly prepared
PMMA, even after being in use for 15-24 years [74].

Natural polymers have been utilised for various purposes
for centuries. They are sourced from plant- and ani-
mal-derived materials such as wood, rubber, silk, cotton, wool,
and leather [75]. These polymers, including cellulose, pro-
teins, starches, and enzymes, are obtained through physio-
logical and biological processes in plants and animals [76].

With advancements in scientific research and technology, it
has become easier to characterise and understand the proper-
ties of these natural polymers. Moreover, researchers have
been able to develop different types of polymers by assem-
bling small organic molecules through chemical reactions.
This has led to the creation of novel materials with tailored
properties and functionalities [77].

Synthetic or man-made polymers have become widely used
across various industries due to their cost-effectiveness and
the ability to tailor their properties during the fabrication
process. Unlike natural polymers, which are derived from
natural sources such as plants or animals, synthetic polymers
are produced through chemical reactions and processes [78].

The structural composition of synthetic polymers can be
precisely controlled, allowing for the manipulation of prop-
erties such as strength, flexibility, thermal stability, and
chemical resistance. By adjusting the monomers used, the
polymerisation process, and other factors, manufacturers can
create polymers with specific characteristics to suit a wide
range of applications [79].

One significant advantage of synthetic polymers is their
low cost compared to natural materials like metal and wood.
Plastics, for example, can be produced in large quantities at
relatively low costs, making them an attractive alternative for
many applications. Additionally, synthetic polymers often
possess superior properties compared to their natural coun-
terparts, such as higher strength-to-weight ratios, corrosion
resistance, and electrical insulation properties [80, 81]. Figure
1 presents the ideal properties required for materials used in
denture-based applications.
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Translucency.
Mimic the oral mucosa in
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Radiopaque.

Lightweight.
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and cleaning.
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Biological
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Non-irritating.
Non-toxicity.
Non-mutagenicity.

Non-carcinogenic.

Highly insoluble in saliva
and oral fluids.
Non-reactive to nutrients.
Chemically bond to

artificial teeth.

High elastic modulus,
proportional limit,
resilience, fatigue

strength,

and impact strength.

Figure 1. Ideal properties required for materials for denture base applications.

4.1. Classification of Polymeric Denture Base
Materials

Acrylic resin has been widely used in the fabrication of
dentures due to its favourable properties. It is a thermosetting,
transparent plastic made from a synthetic polymer called
polymethyl methacrylate (PMMA). The production of acrylic
resin involves several processes, including emulsion
polymerisation, bulk polymerisation, and solution polymeri-
sation. Although the development of acrylic resin began in
various laboratories in 1928, it was not until 1933 that it be-
came commercially available through the efforts of the Rohm
& Haas Company [82, 83].

The International Organization for Standardization (ISO)
has established standards for polymeric denture base materials,
categorising them into five types according to 1SO 20795-1:
2013 (Table 1). Among these, Types 1 and 2 are commonly
used in dental practice. This paper focuses on reviewing Type
1, which refers to PMMA as a heat-processed polymer in
powder and liquid form [84].

Type 1 PMMA, as a heat-processed polymer, is widely
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used in the fabrication of denture bases. It involves mixing a
polymer powder with a liquid monomer to form a dough-like
consistency. This dough is then heat-cured in a controlled
environment, allowing it to polymerise and solidify, ulti-
mately forming the denture base.

The advantages of using Type 1 PMMA include:

1. Transparency, which provides a natural appearance for

the denture base.

2. Ease of adjustment and repair if necessary.

3. Good hiocompatibility and satisfactory physical prop-

erties for denture applications [85, 86].

However, Type 1 PMMA also has some limitations:

1. It can be prone to discolouration over time due to factors

such as staining from food and beverages.

2. It may exhibit relatively low impact strength and sus-

ceptibility to fracture under certain conditions [87].

In conclusion, Type 1 PMMA is a widely used material for
denture fabrication. Its heat-processing properties and desir-
able characteristics make it a suitable choice for denture bases.
However, it is important to recognise its limitations and en-
sure proper maintenance and care to maximise the longevity
and functionality of dentures made from Type 1 PMMA.
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Table 1. Classification of denture base polymers according to 1SO 20795-1: 2013.
Type Class Description
Heat-processing polymers, liquid and powder

Heat-processed (plastic cake)

Auto polymerization polymers, powder, and liquid

N N

Auto polymerization powder, powder, and liquid
- Thermoplastic powder or blank

- Light-activated materials

g A W N N P

- Microwave-cured materials

4.2. Types of Additives Used to Reinforce PMMA Denture Base

Several types of additives can be used to reinforce PMMA denture base materials. These additives are incorporated to enhance
various properties of the denture base resin.
Some commonly used additives include:
. Fibres (e.g., glass fibres, carbon fibres, polyethylene fibres)
. Fillers (e.g., silica, alumina, zirconia particles)
. Metal oxides (e.g., titanium dioxide and aluminium oxide nanoparticles)
. Mineral reinforcements (e.g., glass or ceramic particles)
. Nanotube technology (e.g., carbon nanotubes or other nanoscale reinforcements)
. Hybrid reinforcements, which involve combining different types of additives to achieve synergistic effects. For example, a
combination of fibres, fillers, and nanoparticles may be added to PMMA denture base material to improve its physical,
mechanical, environmental, and thermal properties (see Figure 2).

o Ul WDN P

Glass Fiber

Fibers

Fiber with Fiber Nylon

Reinforcement

Fillers with Fillers Aramid Fibers

Fiber with Fillers

Hybrid
Reinforcement

Fillers Polyethylene Fibers

Reinforcement Carbon Fiber

Additives
Reinforcement

Carbon Nanotubes Glass

Materials

Halloysite Nanotubes Silica

Metal Oxides
Reinforcement

Nanotechnology

. Ceramic Particles
Reinforcement

HA Aluminum Oxide

Silicon Dioxide Minerals Zirconium Dioxide
Reinforcement

Zinc Oxide Titanium Dioxide

Figure 2. Different types of additives are used to reinforce PMMA denture base.

been found to enhance various mechanical properties and
4.2.1. Fibres characteristics of resins used in denture fabrication. The ad-

PMMA denture base reinforcement with fibres has indeed dition of fibres can improve the flexural strength, modulus of
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elasticity, and impact strength of the PMMA denture base. It
also enhances other important properties, such as hardness,
water absorption resistance, fatigue resistance, and fracture
toughness [88]. Various types of fibres have been investigated
for their potential use as reinforcements in PMMA denture
bases.

Nylon, polyamide fibre, and polyethylene are among the
fibres that have been studied. These fibres are chosen for their
desirable mechanical properties, biocompatibility, and ability
to enhance the aesthetics of the denture. By incorporating
these fibres into PMMA denture bases, dentists and dental
technicians can create dentures with improved durability and
longevity. This can lead to better patient satisfaction and a
reduced need for denture repairs or replacements [89].

Glass fibre (GFs) reinforcement has been shown to have
significant positive effects on the mechanical properties of
acrylic resin, including impact strength, toughness, flexural
strength, and Vickers hardness. When GFs are incorporated
into acrylic resin, they act as reinforcing agents, enhancing the
overall strength and toughness of the material [90]. The GFs
distribute stress more effectively, which helps to resist crack
propagation and improve impact resistance; flexural strength
is also improved with the addition of GFs [91].

Alhotan et al. [92], investigated the effect of adding E-glass
fibre with an average size of 14 to 18 pm into PMMA denture
base material at different concentrations of 1.5, 3, 5, and 7 wt.%
found that the flexural strength (FS) and surface hardness (VH)
of PMMA dentures were significantly improved with the
addition of 5 and 7 wt.% E-glass fibre compared to the
PMMA matrix. The GFs reinforce the resin, making it more
resistant to flexural forces and reducing the likelihood of
fractures or failures. Furthermore, the incorporation of GFs in
this study enhanced the hardness of PMMA resin. This im-
provement in hardness can contribute to better wear resistance
and overall durability of the denture [92].

Indeed, the effect of GFs reinforcement on the impact
strength of heat-polymerised acrylic denture base material
(PMMA) has been studied by researchers such as [93].
Alhotan et al. [93], investigated the effect of adding E-glass
fibre with an average size of 14 to 18 pm into PMMA denture
base material at different concentrations of 1.5, 3, 5, and 7 wt.%
examined its impact strength (IS) and fracture toughness (Kc).
The results of this study showed that the KIC of PMMA
dentures was significantly higher with all concentrations of
added E-glass fibre compared to the PMMA matrix. In addi-
tion, the IS of reinforced PMMA dentures was significantly
increased with the addition of 3, 5, and 7 wt.% of E-glass fibre
compared to PMMA without fibres. The glass fibres act as
reinforcement, distributing the impact forces more evenly and
effectively throughout the material, which helps to prevent
crack propagation and increases the material's ability to
withstand sudden impacts [94].

A study conducted by Alhotan et al. [48] investigated the
effects of adding treated E-glass fibres with a silane coupling
agent into PMMA denture base material at different concen-
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trations (1.5, 3, 5, and 7 wt.%) on water sorption, hygroscopic
expansion, and solubility. The study involved immersing the
control and reinforced PMMA samples in water for 180 days
at room temperature and measuring various parameters. The
study observed that the values of water sorption and mass
sorption reached equilibrium within 180 days for all tested
groups. While there was a noticeable difference in water
sorption and mass sorption between the added E-glass fibre
groups and the PMMA matrix, this difference was not statis-
tically significant.

In other words, the inclusion of E-glass fibres did not sig-
nificantly increase water sorption compared to the PMMA
matrix. Researchers found that there were no significant dif-
ferences in hygroscopic expansion percentage values between
each respective PMMA-reinforced group and the control
group [48]. This suggests that the addition of E-glass fibres
did not lead to a significant increase in the hygroscopic ex-
pansion of the PMMA denture base material. Over a 28-day
desorption period, there were no significant differences in the
values of solubility and mass desorption between the PMMA
matrix and the reinforced PMMA groups. This indicates that
the presence of E-glass fibres did not lead to significant
changes in solubility or mass desorption of the PMMA mate-
rial.

Based on the study's findings, it can be concluded that the
inclusion of E-glass fibres treated with a silane coupling agent
into PMMA denture base material at the specified concentra-
tions did not result in significant increases in water sorption,
hygroscopic expansion, or solubility compared to the PMMA
matrix [48].

Nylon is a synthetic polymer belonging to the polyamide
family. Nylon and aramid are notable examples of polyamide
fibres (Kevlar, DuPont, Wilmington, DE, USA). In denture
base reinforcement, nylon fibres have been investigated for
their potential to enhance the mechanical properties of denture
base resins [95]. Denture base reinforcement with nylon of-
fers several advantages and beneficial properties, leading to
improved aesthetics and functional performance [96].

The advantages associated with using nylon as a rein-
forcement material in denture bases include excellent aes-
thetics, low density, abrasion resistance, insolubility in sol-
vents, higher melting point, resistance to chemical attack,
comfort and adaptability, flexibility in partially edentulous
patients, resistance to shock and repeated stress, and higher
fatigue resistance [97]. A study by Abbas et al. [98] examined
the effect of nylon fibres on the impact strength (IS) of
heat-cure acrylic resin (PMMA\). The results indicated that the
IS of heat acrylic was increased and improved with the in-
corporation of nylon fibres compared to the IS of the control
group.

Aramid fibres, such as Kevlar, manufactured by DuPont,
are also a type of polyamide fibre [99]. Aramid fibres are
known for their exceptional strength and resistance to impact
and abrasion. They have been extensively used in applications
requiring high-strength materials, such as ballistic protection,
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aerospace components, and structural reinforcements [100].
In dentistry, aramid fibres have been studied for their potential
to reinforce denture base resins and improve their mechanical
properties [101].

A study by He et al. [102] examined the effect of aramid
fibre at several concentrations (1.5, 2.5, 3.5, and 4.5 wt.%) on
the mechanical properties (flexural and compressive strength)
of the PMMA/aramid composite. This study suggested that
the flexural strength of the PMMA composite significantly
increased to 114.37 MPa, a 27% improvement compared to
the PMMA matrix. In addition, the compressive strength of
the PMMA/aramid composite also increased to approximately
136.3 MPa compared to PMMA without aramid.

Polyethylene fibres (PE) have been reported to enhance the
impact strength of PMMA. When polyethylene fibres are
incorporated into PMMA, they can improve the toughness
and elastic modulus of the material, contributing to its overall
mechanical properties [94]. Raszewski [103] investigated the
effect of adding polyethylene fibres at 5 wt.% on the flexural
strength and impact resistance of heat-cured PMMA. This
study found that the flexural strength and impact resistance of
heat-cured PMMA were increased and improved after poly-
ethylene fibres were added. The reinforcement with PE fibres
can enhance the mechanical properties of the acrylic denture
resin. The improved flexural strength indicates that the den-
ture becomes more resistant to deformation and fracture when
subjected to bending forces [104].

Abdulazeez et al. [104] found that the use of PE fibre
(pre-silanised) as a reinforced filler in the composite (PMMA)
led to an increase in the flexural strength (FS) of the compo-
site up to 154.69 MPa compared to the control group. The FS
of composites was also improved with other fibre materials in
this study.

The same results were obtained by Apimanchindakul et al.
[105] when they used ultra-high-molecular-weight polyeth-
ylene (UHMW-PE) at 1 and 2 wt.% to improve the flexural
strength (FS) of self-cured acrylic resin. The results of this
study showed that the addition of 2 wt.% of PE led to an
increase in the FS of self-cured acrylic (PMMA), whereas the
addition of only 1 wt.% of PE to self-cured PMMA resulted in
the lowest FS.

According to another study, the reinforcement of
heat-cured PMMA resin with silanised polypropylene fibres
(PP) has been found to enhance the mechanical properties of
the PMMA material. Mahmood [106] studied the improved
mechanical properties (hardness, impact, and flexural strength)
of heat-cured acrylic (PMMA) with the incorporation of 2 wt.%
silanised PP fibres. The results showed that the hardness,
impact resistance, and flexural strength of heat-cured PMMA
were significantly increased with the addition of polypro-
pylene fibres. This indicates that the incorporation of silanised
PP fibres can improve the material's resistance to forces ap-
plied perpendicular to its surface, its tensile strength, and its
ability to withstand impact [106].

Previous studies have explored the use of carbon fibre (CF)
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as a means of strengthening denture bases [107]. Carbon fibre
reinforcement is primarily aimed at improving the fatigue
resistance and overall strength of denture base materials.
Carbon fibre has been found to possess high strength and an
ideal combination with matrix material, leading to enhanced
mechanical properties of denture base materials [107]. The
incorporation of carbon fibre into denture base matrices has
been investigated in various research studies.

Sosiati et al. [108] explored the effect of carbon fibre (CF)
on the flexural strength (FS), compression strength, and water
absorption properties of PMMA-based composites. The study
found that the FS properties (flexural strength and modulus)
of the CF/PMMA composites presented significantly higher
values compared to the control group and PMMA composites
with other reinforcement materials used in this study, due to
the good mechanical properties of CF. In addition, the com-
pression strength of the PMMA base composite was signifi-
cantly increased with the addition of CF into the PMMA
composite. At the same time, the CF/PMMA composite
showed the lowest water absorption [108].

The high strength of carbon fibre contributes to improved
tensile strength, flexural strength, and impact resistance of the
denture base material [107]. According to a study by H. So-
siati et al., they investigated the effect of treated carbon fibre
(CF) on the tensile and flexural strength, as well as the thermal
properties of Sisal/PMMA composites. The CF was treated by
immersing it in a 68% HNO; solution for various durations,
ranging from 24 to 96 hours. The outcome of the study
showed that the mechanical properties (tensile and flexural
strength) of the composites improved by incorporating the
treated CF into the Sisal/PMMA composites. Additionally,
the thermogravimetric (TGA) analysis indicated that the sta-
bility of the PMMA composites was increased with the addi-
tion of CF in the composites [107].

4.2.2. Fillers

Studies have demonstrated that the incorporation of dif-
ferent fillers significantly enhances the physico-mechanical
properties of PMMA denture bases [48, 109]. Fillers such as
glass fibres, silica, or ceramic particles can enhance the
strength of the denture base resin. These fillers act as rein-
forcing agents, increasing the material's resistance to fracture
or deformation under applied forces [110, 111]. Fillers such as
nanoscale particles, like silica nanoparticles, can improve the
physicochemical properties of the PMMA resin [112].

A study by Hata et al. focused on improving the mechanical
and physico-chemical properties of PMMA-based resin by
incorporating a silanised nano-silica filler, adding 6 wt.% of
silanised nano-silica filler. The results of the study showed
that the addition of the nano-silica filler led to a significant
improvement in various mechanical properties of the
PMMA-based resin. Specifically, the flexural strength (re-
sistance to bending), flexural modulus, and Vickers hardness
(resistance to indentation) values of the filler-loaded resin
were significantly higher than those of the pure resin. This


http://www.sciencepg.com/journal/ijbmr

International Journal of Biomedical Materials Research

http://www.sciencepg.com/journal/ijomr

suggests that the incorporation of the filler contributed to the
overall mechanical strength and rigidity of the resin. Moreo-
ver, the physicochemical properties of the PMMA-based resin
were improved. In terms of water sorption, there was no sig-
nificant difference between the water sorption values of the
pure resin and the filler-loaded resin [113].

However, a notable finding was that no water solubility was
observed for the filler-loaded PMMA-based resin, whereas
the pure resin exhibited some level of solubility. The absence
of water solubility in the filler-loaded resin suggests improved
resistance to degradation when exposed to water. The study
concluded that the addition of the silanised nano-silica filler to
the PMMA-based resin resulted in enhanced mechanical
properties (higher strength, stiffness, and hardness) as well as
improved physicochemical properties (reduced solubility)
[113].

The addition of fillers enhances the material's ability to re-
sist bending or breaking, providing better mechanical stability
and reducing the risk of fracture [114]. Incorporating impact
modifiers or toughening agents as fillers can enhance the
impact resistance of the denture base resin. These fillers help
absorb and dissipate energy upon impact, reducing the like-
lihood of damage [115]. Some fillers, such as inorganic par-
ticles or fibres, can enhance the dimensional stability of
PMMA resin. This means that the denture base material is less
prone to changes in shape or size due to temperature varia-
tions or moisture absorption [116]. The specific type, size, and
concentration of fillers used can influence the extent of im-
provement in the physicomechanical properties of PMMA
resin. Additionally, it is crucial to ensure good dispersion and
interfacial bonding between the fillers and the resin matrix to
maximise their reinforcing effects [117].

The properties of nano-fillers-reinforced resin, such as
PMMA, are influenced by several factors, including the shape,
size, type, and quantity of the added particles. Nanofillers,
which are typically nanoparticles or nanofibres, are used to
enhance the mechanical, thermal, electrical, and other prop-
erties of polymer matrices [118]. In terms of thermal proper-
ties, the presence of nanofillers in PMMA can improve its
thermal properties. The high surface area of nanofillers facil-
itates heat transfer within the composite material, leading to
improved thermal conductivity. Additionally, nanofillers can
act as barriers to heat flow, reducing the coefficient of thermal
expansion and enhancing dimensional stability. By incorpo-
rating nanofillers into PMMA, these materials can exhibit
enhanced thermal stability, reduced flammability, increased
tensile strength, improved impact resistance, and other de-
sirable properties compared to pure PMMA [119, 120].

4.2.3. Metal Oxides

Metal oxides are commonly used as fillers in PMMA den-
ture base materials to improve their properties. There are
many metal oxide fillers used in dentistry, specifically to
enhance the properties of PMMA denture base materials.
Aluminium oxide (Al,O3), zirconium dioxide (ZrO,), and

titanium dioxide (TiO,) are commonly used metal oxides in
PMMA denture base materials to improve various properties
[121], such as mechanical properties (including flexural and
impact strength, and fracture toughness, making the dentures
more resistant to deformation and fracture) [122], physical
properties (such as reducing surface roughness and minimis-
ing the wear of denture teeth and opposing natural teeth dur-
ing mastication) [123], environmental properties (such as
water and saliva absorption and solubility) [124], and thermal
properties (such as TGA and DSC) [125].

The addition of Al,O5; to PMMA denture base materials can
indeed improve various properties, such as mechanical,
physical, thermal, and environmental properties [27, 126].
The inclusion of Al,O; powder in PMMA can enhance its
thermal conductivity. Al,O3 is a ceramic material known for
its excellent thermal conductivity. When added to PMMA as a
filler, it can improve the overall heat transfer characteristics of
the composite material [127]. Additionally, treating Al,O;
particles with a coupling agent before incorporating them into
the denture base resin leads to improvements in the compres-
sive, tensile, and flexural strength, as well as water resistance
of the reinforced denture base material [128]. Silanised Al,O5
nanoparticles have been found to enhance the thermal prop-
erties and flexural strength of acrylic resin, while also re-
ducing solubility and water absorption [27].

Kundie et al. conducted research aimed at studying how the
addition of alumina micro- and nanoparticles to PMMA
denture base materials affects their mechanical and thermal
properties. The Al,O; particles were treated with
3-methacryloxypropyl (y-MPS) to improve their compatibil-
ity with the PMMA matrix [129]. Different concentrations of
Al,O3 particles were added to the PMMA matrix. For mi-
cro-composites, the filler volume fractions were 0.5, 1, 2, 5,
and 7 wt.%, while for nano-composites, they were 0.13, 0.25,
0.5,1, 2, and 5 wt.%.

Fracture toughness and flexural tests were performed to
evaluate the effects of filler size and loading on the mechan-
ical properties. Both micro- and nano-particles led to in-
creased fracture toughness. The addition of 0.5 wt.% Al,O,
nanoparticles resulted in a 39% increase, reaching a maxi-
mum value of 2.02 MPa m*/2. Flexural strength did not show
the same improvement as fracture toughness [129]. However,
the flexural modulus increased with higher filler content.
Thermogravimetric analysis (TGA) was conducted to assess
the thermal stability of the PMMAJ/AI,O; composites. Mi-
cro-composites exhibited higher thermal stability compared to
nano-composites. The study also investigated the water ab-
sorption and solubility characteristics of the prepared com-
posites. The absorption and solubility of the composites were
slightly higher than those of the control PMMA. The re-
searchers suggested that using low concentrations of Al,Os
nanoparticles could be promising for improving the mechan-
ical properties of PMMA denture base materials in future
studies [129].

A research study conducted by Rohim et al. investigated the
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effects of adding Al,O; nanowires (Al,O3 NWSs) at different
weight fractions (wt.%) on the mechanical and tribological
properties of heat-cured PMMA denture base material. The
researchers created nanocomposite samples by incorporating
Al,O3 nanowires into heat-cured acrylic resin. The nanofiller
concentrations tested were 0, 0.1, 0.3, 0.5, 0.7, and 0.9 wt.%
of Al,O3 NWSs [130]. The fabrication process involved a water
bath method. To assess the mechanical properties, a micro-
hardness test was performed on all specimens. Microhardness
values were recorded to understand how the incorporation of
nanowires influenced the hardness of the material. The study
also investigated the tribological properties (properties related
to wear and friction) of both pure PMMA and its nanocom-
posites. This was done using a pin-on-disk tester under dry
sliding conditions. The wear rate and coefficient of friction
(COF) were measured and analysed.

Results indicated that as the nanofiller content (Al,O3 NWs)
increased, there were improvements in the Vickers hardness
number (VHN), wear rate, and COF. Specifically, there was
an enhancement in these properties up to a certain concentra-
tion of nanofiller. VHN improved with increasing nanofiller
content up to 0.5 wt.% of Al,O3; NWs, while the wear rate and
COF improved up to 0.7 wt.% of Al,O3 NWSs. The study also
explored the impact of applied loads on wear behaviour. It
was observed that the wear rate increased significantly with
increasing applied loads up to 50N. On the other hand, the
coefficient of friction decreased with increasing applied loads
up to 40N [130].

Additionally, the study conducted by Gallab et al. focused
on investigating the effects of incorporating Al,O3 NPs into
PMMA denture base materials. The researchers fabricated
PMMA nanocomposites with varying weight fractions (0.2,
0.4, 0.6, 0.8, and 1 wt.%) of Al,O; NPs and compared their
properties to pure PMMA samples (used as a control). The
findings of the study indicated that the addition of Al,O3; NPs
led to significant enhancements in the mechanical and tribo-
logical properties of PMMA denture base materials. The
elastic modulus of PMMA dentures increased by 20.27%
when 0.6 wt.% of Al,O; NPs were added. The highest mean
value of elastic modulus achieved was 3.56 GPa [126]. The
compressive yield strength of PMMA dentures improved by
14.7% (138.21 MPa) with the addition of 0.6 wt.% of Al,O3
NPs compared to unfilled PMMA.

The hardness of the PMMA dentures was enhanced, with
the highest improvements achieved with the addition of 0.8
and 1 wt.% of Al,O; NPs (86.5 and 88.1 kgf/mm?). The
fracture toughness of PMMA dentures increased with the
incorporation of 0.8 and 1 wt.% of Al,O; NPs, with im-
provements of 1.3 and 1.32 MPam'/, respectively. The
tribological (wear and friction) characteristics of PMMA
dentures were positively impacted by the addition of Al,Os
NPs. The lowest coefficient of friction (COF) and wear rate
were observed at a filler content of 0.6 wt.% of Al,O; NPs
[126].

The study by Omar et al. aimed to explore the utilisation of
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PMMA composite materials suitable for dentures, while also
investigating the properties of these materials. The research-
ers sought to enhance the properties of PMMA resin by in-
corporating nano-Al,Oj; at various percentages (ranging from
1,15, 2, 2.5, and 3 wt.%). The study's findings indicated that
the inclusion of nano-Al,Oz; had a positive impact on the
properties of the composite materials. The density of the
composite materials increased as the percentage of
nano-Al,O3 increased. The composite materials exhibited
higher compressive strength as the concentration of
nano-Al,O; increased. [131]

The tensile strength of the composite materials improved
with the addition of nano-Al,Os. The impact strength of the
materials also increased as the percentage of nano-Al,O; in
the composite increased. The hardness of the composite ma-
terials showed an increase with the addition of nano-Al,Os
[131]. On the other hand, the porosity of the composite ma-
terials decreased as the concentration of nano-Al,O; increased.
The flexural strength of the materials decreased as the per-
centage of nano-Al,O; increased [126].

However, Karci et al. [132] evaluated the effect of adding
Al,O3 NPs at ratios of 1, 3, and 5 wt.% to heat-cured PMMA
resins on flexural strength. The results of the study showed a
significant increase in the flexural strength (FS) of PMMA
with the addition of 1 wt.% of Al,O3; NPs, reaching up to
118.94 MPa. In contrast, the FS of heat-cured PMMA was
reduced to 108.1 MPa when the concentration of Al,O; NPs
was increased to 5 wt.%, compared to the 1 wt.% and unre-
inforced heat-PMMA.. Furthermore, the study found that the
optimum ratio of Al,O3 NPs was up to 1 wt.%. The decrease
in FS of heat-cured PMMA, as shown in the electron mi-
croscopy images, was attributed to the less homogeneous
dispersion of Al,O3 NPs at higher ratios of nanofiller [132].

Additionally, a study by Aboshama et al. examined the
flexural strength of strengthened denture base resin
(heat-cured PMMA\) after adding different concentrations of
Al,O; NPs at 1, 2, and 3 wt.%. The results showed that the
highest mean value of FS for PMMA was obtained with the
control group, while the mean FS value decreased from 77.96
to 54.22 MPa with the addition of 2 wt.% of Al,O; NPs. The
study also found that the addition of the metal oxide Al,O;
NPs into heat-cured PMMA led to a reduction in FS with all
concentrations [121]. This phenomenon of reduced FS in
PMMA is explained by the presence of agglomerates and
voids in the material, which results from factors such as in-
creased filler content. These agglomerates (clusters of filler
particles) and voids (empty spaces) can significantly affect the
material's performance and durability. The presence of ag-
glomerates and voids can create stress concentrations within
the material, which may become points of weakness and
potential failure [121].

Several studies have shown that the addition of ZrO, fillers
in PMMA can indeed improve certain properties of the
PMMA denture base. ZrO, is a ceramic material with excel-
lent mechanical and thermal properties, and when incorpo-
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rated as fillers in PMMA, it can enhance several characteris-
tics [133-135]. Some of the improvements observed with the
addition of ZrO, fillers in PMMA include a significant in-
crease in tensile strength, flexural strength, and impact re-
sistance. The strong bonding between the ZrO, particles and
the PMMA matrix enhances the overall mechanical perfor-
mance of the material [114].

Alhotan et al. investigated the effect of adding ZrO, to
PMMA denture base material at different concentrations (1.5,
3, 5, and 7 wt.%) on its flexural strength (FS) and surface
hardness (VH). The results showed that the FS of the PMMA
denture was significantly improved with the addition of 3 wt.%
ZrO, compared to the PMMA matrix. The highest surface
hardness of the PMMA denture base was obtained with the
addition of 1.5 wt.% ZrO, [92].

In another study, Alhotan et al. examined the effect of
adding ZrO, with an average size of 25 to 50 nm into PMMA
denture base material at different concentrations (1.5, 3, 5,
and 7 wt.%) on its impact strength (IS) and fracture toughness
(Kic). The results showed that the K,c of the PMMA denture
was significantly improved with the addition of 1.5 and 3 wt.%
ZrO, compared to the PMMA matrix. The highest KIC of the
PMMA denture was achieved with the addition of 3 wt.%
ZrO, compared to the PMMA matrix and other reinforced
concentrations. However, the IS of the PMMA denture base
only slightly increased [93].

The study by Azmy et al. investigated the influence of in-
corporating ZrO, NPs into PMMA denture base materials on
the flexural strength (FS), impact strength (1S), hardness (VH),
and wear resistance (WR) of PMMA. The study used two
concentrations of ZrO, NPs at 3 and 7 wt.%. The results of the
study showed that both FS and IS were significantly increased
with the addition of ZrO, NPs in PMMA compared to the
control group without filler [124]. The FS increased up to 87.3
MPa with the addition of 7 wt.% compared to unreinforced
PMMA, which had 59.4 MPa. Additionally, the addition of 7
wt.% of metal oxide into the PMMA denture increased the IS
of the composite from 1.87 to 3.3 KJ/m% At the same con-
centration of ZrO, NPs in the PMMA composite, the VH also
increased to 44.4 kgf/mm?, compared to pure PMMA, which
had only 37.9 kgf/mm? The WR of reinforced PMMA with 3
wt.% of ZrO, NPs had the lowest WR at 0.0016 pm, com-
pared to PMMA without filler, which had a WR of 0.0025 pm.
The improvement in the properties of the PMMA denture base
in this study was attributed to the uniform distribution of small
ZrO, NPs [124].

The nanoparticles were uniformly distributed within the
polymer matrix. This distribution helps fill the spaces be-
tween the linear chains of the polymer, which restricts the
movement of the polymer chains. This suggests that the ma-
terial becomes more resistant to breaking and bending under
applied loads. When sufficient stresses are applied, and mi-
crocracks begin to propagate within the material, the ZrO,
NPs undergo a crystalline transformation from tetragonal to
monoclinic. This transformation absorbs the energy of the
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microcrack and halts its propagation. The transformation of
ZrO, NPs causes the material surrounding the crack to go into
a compressed state. This compression places the microcrack
under stress, effectively stopping its further propagation
[124].

In the study conducted by Alfahdawi et al. [136], the focus
was on investigating the effect of different concentrations of
ZrO, on the transverse and impact strengths of acrylic resin,
specifically polymethyl methacrylate (PMMA). According to
the findings of the study, the addition of ZrO, nanofillers to
PMMA resulted in a significant improvement in both trans-
verse and impact strengths. The researchers tested various
concentrations of ZrO,, including 2, 4, 6, and 8 wt.%. The
study revealed that as the concentration of ZrO, increased, the
transverse and impact strengths of the PMMA composite also
increased. Specifically, incorporating an 8 wt.% concentration
of ZrO, led to the greatest enhancement in material charac-
teristics [136].

Furthermore, the addition of silanised ZrO, NPs to acrylic
resin has been shown to offer additional benefits, according to
Beketova et al. [137]. Specifically, at certain percentages of
addition (1 and 2 wt.%), the composite material exhibited
improvements in fatigue strength, surface roughness, and
hardness. Additionally, the apparent porosity, water sorption,
and solubility of the acrylic resin decreased with the incor-
poration of silanised ZrO, NPs [137]. These findings suggest
that the use of ZrO, NPs in acrylic resin can enhance its me-
chanical properties, surface characteristics, and durability.
The specific percentages of addition and the silanisation
process may vary depending on the study and the desired
outcomes [137].

However, the study by Asopa et al. found that the addition
of ZrO, NPs in concentrations of 10 and 20 wt.% led to a
decrease in the surface hardness and impact strength of the
acrylic resin. This may be because the particles were not well
dispersed in the matrix, leading to aggregation and a reduced
reinforcement effect [138]. The results of a study by Gad et al.
[139] investigated the effects of adding ZrO, NPs to denture
composites. According to the study, the maximum enhance-
ment was achieved with a composite that contained 5 wt.% of
ZrO, NPs. However, the study also found that increasing the
amount of NPs to more than 2.5 wt.% resulted in agglomera-
tions and clustering, which negatively impacted the flexural
and impact strength of the composite. This highlights the
importance of carefully controlling the amount of ZrO, NPs
added to denture composites to ensure optimal performance
[139].

Gad et al. reported that agglomeration of ZrO, NPs occurs
when the addition percentage exceeds 5 wt.%, leading to
cluster formation and material deterioration rather than
strengthening. Therefore, to achieve maximum properties, the
loading percentage of ZrO, NPs should be kept below a cer-
tain threshold, typically around 5 wt.% [139, 140].

Additionally, the study by Aboshama et al. investigated the
improvement of flexural strength (FS) of strengthened denture
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base resin (heat-cured PMMA) after the addition of several
concentrations of ZrO, NPs at 1, 2, and 3 wt.%. The outcome
of the study showed that the mean value of FS of PMMA
decreased from 77.96 to 56.06 MPa with the addition of 2 wt.%
of ZrO, NPs [121]. Furthermore, the incorporation of ZrO,
NPs at different concentrations led to a decrease in the FS of
heat-cured PMMA compared to PMMA without the added
metal oxide. The effects of increasing filler content in
heat-cured PMMA,, poor dispersion, and the resulting impact
on the resin matrix continuity could lead to material defects
and weakening, which in turn results in a decrease in the mean
values of FS of PMMA [121].

The addition of TiO, (titanium dioxide) particles into
PMMA can have several beneficial effects on the properties
of PMMA [141]. The incorporation of TiO, into PMMA has
been found to improve impact strength, surface roughness,
and hardness, resulting in increased surface durability and
flexural strength of the material. This means that the PMMA
composite with TiO, particles is more resistant to bending or
deformation under applied loads [142, 143]. Ahmed et al.
reported that the addition of TiO, particles to PMMA led to an
increase in hardness and fracture toughness. The study found
that the fracture toughness of PMMA increased by up to ap-
proximately 20% when reinforced with TiO, particles [144].

Similarly, the study by Alhotan et al. reported that the ad-
dition of TiO, particles to PMMA led to an improvement in
thermal conductivity. The study found that the thermal con-
ductivity of PMMA increased by up to approximately 35%
when reinforced with TiO, particles. These findings highlight
the potential of using TiO, particles to reinforce PMMA and
improve its properties. This has led to increased interest in
developing PMMA composites reinforced with TiO, particles
for a wide range of applications [48, 93].

Hashem et al. found that the addition of TiO, nanoparticles
into PMMA improved the wear resistance of the material. The
wear resistance was found to increase by up to 27% upon the
addition of 3 wt.% TiO, nanoparticles [145]. This improve-
ment in wear resistance can be attributed to the formation of a
hard and abrasion-resistant surface layer on the PMMA due to
the addition of TiO, nanoparticles. Additionally, the research
revealed that the introduction of TiO, nanoparticles into
PMMA resulted in notable enhancements in material proper-
ties. Specifically, the hardness of the tested material increased
by 20%, 30%, and 34% when 1, 2, and 3 wt.% TiO, were
added to pure PMMA, respectively [145].

Furthermore, the flexural modulus exhibited an increase
ranging from 11% to 31%, culminating in a linear increase in
flexural strength to 106.7 MPa, representing a remarkable 95%
increase compared to pure PMMA. Through Dynamic Me-
chanical Analysis (DMA), it was observed that the storage
modulus increased from 1500 to 2120 MPa as the test fre-
quency escalated from 0.01 to 100 Hz. Simultaneously, the
loss modulus also experienced growth, rising from 120 to 222
MPa concerning the test frequency. Likewise, as the temper-
ature rose from 25<C to 120 <C, the storage modulus displayed
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a significant decrease, diminishing from 1820 to 300 MPa,
with the glass transition temperature of PMMA measured at
118.6<C [145].

Furthermore, Alrahlah et al. also found that the addition of
TiO, nanoparticles (TiO,NP) into PMMA improved the
thermal stability of the material. They found that the addition
of 3 wt.% TiO,NP into PMMA resulted in a significant in-
crease in the onset of thermal degradation temperature and a
decrease in the rate of thermal degradation [146]. This indi-
cates that the addition of TiO, NP can improve the thermal
stability of PMMA, making it more suitable for use in
high-temperature applications.

In addition to the mechanical and electrical properties, the
addition of TiO,NP also improves the optical properties of
PMMA [146]. The study by Aziz [147] found that the addition
of 3 wt.% TiO,NP into PMMA increased light absorption
capacity, making the specimens darker than pure PMMA.
This is due to the high atomic number of TiO,NP, which
allows it to absorb more light than the polymer matrix [147].

Another study by Naji et al. aimed to investigate the effect
of TiO, nanotubes (NTs) on the mechanical properties and
antimicrobial effect of PMMA nanocomposites [148]. The
TiO, NTs were prepared by the alkaline hydrothermal process
and were added to PMMA at different concentrations of 2.5
and 5 wt.%. The results showed that the hardness and flexural
strength of the samples filled with TiO, NTs were signifi-
cantly higher compared to the control samples. Furthermore,
the fracture toughness was also improved in the filled samples,
except for the sample filled with 2.5 wt.% TiO, NTs.

In terms of antimicrobial effect, the study found that the
presence of TiO, NTs resulted in a significant reduction in the
planktonic cell count and biofilm formation on UV-activated
acrylic samples compared to the control group. These findings
suggest that the addition of TiO, NTs to PMMA can improve
both the mechanical properties and antimicrobial activity of
the resulting nanocomposite [148].

Alhotan et al., who investigated the effect of TiO, on
PMMA denture base material with different concentrations at
1.5, 3,5, and 7 wt.% on its flexural strength (FS) and surface
hardness (VH), found that the FS of the PMMA denture was
significantly improved with the addition of 7 wt.% TiO,
compared to the PMMA matrix. The higher surface hardness
of the PMMA denture base was obtained when 1.5 wt.% TiO,
was added to the PMMA denture [92].

In another study, Alhotan et al. examined the effect of
adding TiO, with an average size of 20 to 30 nm into PMMA
denture base material at different concentrations (1.5, 3, 5,
and 7 wt.%) on its impact strength (IS) and fracture toughness
(KIC). The results showed that the KIC of the PMMA denture
was significantly improved with the addition of 1.5 wt.% TiO,
compared to the PMMA matrix. However, the IS of the
PMMA denture base was slightly increased [93].

The research by Azmy et al. focused on the influence of
adding TiO, nanoparticles (TiO, NPs) at 3 and 7 wt.% con-
centrations to PMMA denture base material, assessing their


http://www.sciencepg.com/journal/ijbmr

International Journal of Biomedical Materials Research

http://www.sciencepg.com/journal/ijomr

impact on mechanical properties such as flexural strength,
impact strength, hardness, and wear resistance. The study
found that both FS and IS were increased with the addition of
TiO, NPs in PMMA compared to pure PMMA [124]. The FS
increased to 83.4 MPa with the addition of 3 wt.% TiO,
compared to 59.4 MPa for unreinforced PMMA.. Furthermore,
adding 3 wt.% TiO, to PMMA denture led to an improvement
in 1S, rising from 1.87 to 2.26 KJ/m?. At 7 wt.% TiO, con-
centration in the PMMA composite, the VVH also increased to
41.3 kgf/mm?, compared to pure PMMA which had only 37.9
kgf/mm?. The wear resistance (WR) of the reinforced PMMA
with 3 wt.% TiO, NPs was the lowest, at 0.0017 m, com-
pared to PMMA without filler (0.0025 pm).

The improvement in the properties of the PMMA denture
base in this study was attributed to the uniform distribution of
small TiO, NPs. The enhancement in the mechanical proper-
ties of the material can be explained by the effective bonding
between the PMMA resin matrix and the nano-TiO, NPs
[124]. This strong bond limits segmental motion within the
material, while the high surface area of the TiO, NPs con-
tributes to energy dissipation within the material. The ob-
served increase in mechanical properties can also be attributed
to the interfacial shear strength between the resin matrix
(PMMA) and the nanoparticles (nano-TiO,) [124].

However, the investigation conducted by Aboshama et al.
studied the effect of adding different amounts of TiO, NPs (1,
2, and 3 wt.%) on the flexural strength of strengthened denture
base resin (heat-cured PMMA). The results of the investiga-
tion showed that the mean value of the flexural strength (FS)
of PMMA in the control group was higher compared to the
other samples reinforced with metal oxide TiO, NPs at all
concentrations. However, the mean value of FS decreased
from 77.96 MPa to 50.57 MPa with the addition of 2 wt.%
TiO, NPs. The effects of increasing filler content in
heat-cured PMMA, poor dispersion, and the resulting impact
on the continuity of the resin matrix could lead to material
defects and weakening, which contributed to the decrease in
the mean FS of PMMA [121].

Additionally, a study by Hashem et al. found that the addi-
tion of TiO, NPs had no impact on the melting temperature of
PMMA. Both pure PMMA and PMMA with 3% TiO, began
disintegrating and losing weight at 200<C and lost 90% of
their weight at 400<C [145].

4.2.4. Minerals Reinforcement

Many researchers have used silicon dioxide nanoparticles
(SiO, NPs) in PMMA denture base materials to improve their
properties. The incorporation of silicon (SiO,) nanoparticles
into PMMA has been shown to enhance its thermal and me-
chanical properties in various studies. SiO, nanoparticles
improve the rigidity, strength, and toughness of PMMA by
reinforcing the polymer matrix at the nanoscale level. Studies
have demonstrated that the incorporation of SiO, nanoparti-
cles (NPs) into polymethyl methacrylate (PMMA) can en-
hance its thermal and mechanical properties.
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Several studies, including those by Karci et al. [132] and
Gad et al. [139], have reported this finding. Additionally, the
thermal stability of PMMA can be improved by adding silicon
nanoparticles. This is because the high thermal conductivity
of silicon nanoparticles can dissipate the heat generated dur-
ing processing, thus reducing the thermal degradation of
PMMA [27].

The study conducted by Cevik & Yildirim - Bicer [149]
investigated the effects of incorporating SiO, nanoparticles
and prepolymer at different percentages (1 and 5 wt.%) on
various properties of PMMA acrylic samples. The properties
examined in the study included surface hardness, flexural
strength, surface roughness, and flexibility. The results of the
study showed that the flexural strength of the composite
acrylic resin did not show a significant improvement with the
addition of fillers. However, the flexibility and hardness of the
PMMA silica composites increased significantly as the per-
centage of filler increased. In contrast, the surface roughness
decreased as the percentage of filler increased [149].

Kamil et al.'s findings suggest that the addition of silanised
SiO, NPs can improve some physical characteristics of
PMMA acrylic resin but may also have negative effects on
other properties [150]. Specifically, Kamil et al. found that the
addition of 0.125 wt.% of SiO, NPs improved the surface
roughness, thermal conductivity, and surface hardness of the
PMMA resin, but reduced the transverse and impact strength.
However, when the amount of SiO, NPs increased to 0.25
wt.%, the thermal conductivity and surface hardness contin-
ued to improve without significant reduction in transverse and
impact strength [150].

The work done by Azmy et al. studied the influence of the
combination of SiO, NPs at 3 and 7 wt.% concentrations in
PMMA denture based on some of its properties, such as
flexural strength (FS), impact strength (IS), Vickers hardness
(VH), and wear resistance (WR). The outcome of the research
showed that the FS and IS increased with the incorporation of
SiO; NPs into the PMMA denture base compared to unfilled
PMMA. The FS increased by 70.3 MPa with the addition of 3
wt.% compared to the 7 wt.% and unfilled PMMA, which had
a lower FS [124]. In addition, the IS of the PMMA composite
had the highest mean value of 2.45 kJ/m? with the addition of
3 wt.% SiO, NPs compared to pure PMMA denture. At the
addition of 7 wt.% of SiO, NPs in the PMMA composite, the
VH was highest with a mean value of 41.1 kgf/mm?, com-
pared to pure PMMA, which had only 37.9 kgf/mm
Meanwhile, the WR of the filled PMMA with 3 wt.% SiO,
NPs had the lowest WR of 0.0017 pm compared to PMMA
without filler (0.0025 pm) [124].

This improvement in the properties of the PMMA denture
base can be attributed to the incorporation of SiO, nanofillers
and their interaction with the polymer matrix. The enhance-
ment of properties could be due to the even distribution of
nanofillers within the polymer matrix. This uniform disper-
sion likely leads to more efficient load transfer and stress
distribution throughout the material, improving its overall
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mechanical properties. Additionally, the nanofillers may have
the ability to penetrate spaces within the interpolymeric chain
structure of the polymer [124]. This penetration could influ-
ence the movement of the polymer chains, contributing to the
control of their mobility, which may result in increased
strength and reduced deformation under stress.

The interaction between the silane-treated nanofillers and
the polymer matrix could involve cross-linking or supramo-
lecular bonding [124]. These interactions contribute to the
creation of a three-dimensional network that reinforces the
material and prevents the spread of cracks. Ultimately, this
results in better mechanical interlocking and resistance to
deformation [124]. The increased concentration of nano-SiO,
could be due to its uniform distribution and ability to occupy
the interpolymeric chain spaces, thereby restricting movement,
as reported by other studies such as Karci et al. [132] and
Cevik et al. [149].

Other studies have used zinc oxide nanoparticles (ZnO NPs)
to improve the properties of PMMA denture bases. Salahud-
din et al. [151] reported that the addition of ZnO nanoparticles
(NPs) or nanotubes to PMMA (polymethyl methacrylate)
increased the flexural strength of the composites, with an
increase in the amount of ZnO NPs from 0.2 to 0.4 wt.%. This
demonstrates the potential of using ZnO NPs or nanotubes as
filler materials for PMMA-based composites to enhance their
properties. The properties of a composite material depend on
several factors, such as the type and amount of filler, the
processing method, and the interaction between the filler and
the matrix. Therefore, it is crucial to conduct comprehensive
research to understand the behaviour of composites under
different conditions.

Additionally, the results showed that the addition of ZnO
nanotubes to PMMA improved its thermal stability, as evi-
denced by the increased maximum temperature and decreased
temperature degradation rate [151]. The study also reported
improved optical properties of PMMA composites reinforced
with ZnO NPs and nanotubes, such as increased transmittance
and reduced haze. This was attributed to the high refractive
index of ZnO and its ability to scatter light effectively.

The results reported by Salahuddin et al. indicated that the
flexural strength of the PMMA-ZnO NP composites de-
creased at higher filler concentrations of 0.8 to 1 wt.%. This
demonstrates the non-linear behaviour of the composites and
highlights the need for careful optimisation of the filler con-
centration to achieve the desired properties. Furthermore, the
thermal stability of the PMMA-ZnO NP composites was
improved compared to pure PMMA. This is a significant
advantage of incorporating ZnO NPs into PMMA, as en-
hanced thermal stability can provide improved resistance to
thermal degradation, making the composites more suitable for
high-temperature applications [151]. The studies by Cierech
et al. and Kamonkhantikul et al. also support this finding [152,
153].

The study by Vikram and Chander [154] reported that the
addition of ZnO nanoparticles to the polymer matrix led to an
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improvement in the flexural strength of the composite. This is
consistent with the findings of Salahuddin et al., whose study
showed that the addition of ZnO NPs to polymer matrices can
enhance their mechanical properties [151]. The improvement
in the flexural strength of the composite depends on several
factors, such as the concentration of the filler, the type of
polymer matrix, and the processing conditions. Therefore, it is
crucial to carefully optimise these factors to achieve the de-
sired properties.

The findings of the study by Vikram and Chander [154]
suggest that the addition of ZnO nanoparticles to acrylic resin
may not result in a significant improvement in its flexural
strength. When compared with conventional heat-cured
acrylic that was not reinforced, no significant improvement
was observed. These findings are important for dentistry as
they provide information on the potential use of ZnO nano-
particles as reinforcement materials in denture resins [154].

The study by Cierech et al. focused on the effect of ZnO
nanoparticles on PMMA and investigated their impact on the
colour and roughness of the material [152]. The results
showed that the incorporation of ZnO nanoparticles into
PMMA was successful and did not result in any difference in
the roughness of the nanocomposite compared to pure PMMA
control specimens. The study also found that the colour of the
PMMA changed to some extent, but the bleaching was both
aesthetically and clinically acceptable. These findings are
important in the field of dentistry as they provide information
on the potential use of ZnO nanoparticles as reinforcing ma-
terials in dental materials. However, more research is needed
to fully understand the effect of ZnO nanoparticles on the
properties of PMMA and to determine the optimal concen-
tration of ZnO for the best results [152].

On the other hand, the study by Kamonkhantikul et al. [153]
investigated the effect of silanised ZnO nanoparticles on the
antifungal, mechanical, and optical properties of acrylic resin.
This research is important in dentistry as it explores the po-
tential use of ZnO nanoparticles as reinforcing materials in
dental materials and their ability to provide antifungal prop-
erties. The results of this study can provide valuable infor-
mation for the development of new dental materials with
improved mechanical and antifungal properties. Further re-
search is needed to fully understand the effect of silanised
ZnO nanoparticles on acrylic resins and to determine the
optimal concentration of ZnO particles for the best results
[153].

Kamonkhantikul et al. suggested that the silanisation of
ZnO nanoparticles can improve their antifungal properties and
increase their flexural strength values in acrylic resin com-
posites. The results showed that the formation of Candida
albicans was lower in the silanised group compared to the
non-silanised group. The least growth of Candida albicans
was observed in the group with 5 wt.% silanised filler [153].
Additionally, increased contact between silanised particles
and Candida albicans may further enhance the antifungal
effect. The study also found that the non-silanised group
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showed antifungal effects only in the composites with 5 wt.%
of ZnO particles, while the silanised groups had greater flex-
ural strength values [153].

However, the addition of ZnO nanoparticles caused dis-
colouration of the composites. These findings are important in
the field of dentistry as they provide information on the po-
tential use of ZnO nanoparticles as reinforcing materials in
dental materials and their potential to provide antifungal
properties. Further research is needed to fully understand the
effect of silanised ZnO nanoparticles on acrylic resins and to
determine the optimal concentration of ZnO particles for the
best results [153]. In their study, Khan, A. et al. added zinc
oxide (ZnO) to PMMA to prepare composite materials using
the process of melt mixing. They found that the tensile
strength of the composites slightly decreased with an increase
in ZnO content [155].

4.2.5. Nanotube Technology

Nanotube fillers can indeed be used as reinforcements in
the fabrication of denture bases made from PMMA. By in-
corporating nanotube fillers, such as carbon nanotubes (CNTS)
or other types of nanotubes, into the PMMA matrix, the me-
chanical properties of the denture base can be significantly
improved. The nanotubes act as reinforcing agents, enhancing
the strength, toughness, and overall performance of the den-
ture base material [62, 156]. Additionally, CNTs can also
improve the biocompatibility and antioxidant properties of
PMMA [157].

The addition of carbon nanotubes to PMMA has been
found to significantly improve its mechanical properties,
making it stronger and more resilient than the pure PMMA
matrix with the addition of 1 and 1.5 wt.% of single-walled
carbon nanotubes (SWCNTSs) [158]. Studies have suggested
that carbon nanotubes are 10-100 times stronger than the
strongest steel at a fraction of the weight when incorporated
into PMMA, resulting in improved matrix properties [159].
Other researchers have also found that incorporating CNTs
into PMMA composites can enhance the thermo-mechanical
properties of PMMA. Studies incorporating varying concen-
trations of CNTSs, such as 0.25, 0.5, 1, and 2 wt.%, have noted
increases in properties such as strength and thermal stability
[160]. Additionally, the use of dynamic mechanical analysis
has shown that the storage modulus of PMMA improves with
the addition of CNTs [160].

Mahmood WS found that the addition of CNTs at 1 wt.%
into PMMA led to higher impact strength (IS) and flexural
strength (FS) of the PMMA denture base [161]. Ibrahim RA
reported that the addition of 1.5 wt.% of single-walled carbon
nanotubes (SWCNTSs) to the PMMA denture base improved
both the impact strength and transverse strength [162].

In the study by Kim et al., the aim was to enhance the an-
timicrobial and anti-adhesive properties of PMMA by incor-
porating multi-walled carbon nanotubes (MWCNTSs) and
evaluating their effects on oral microbial species [163]. Mul-
tiwalled CNTs were created and added to PMMA to create
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composite materials, with different concentrations of CNTs (1
and 2 wt.%) used. The study found that the total fracture work
of the composite material was improved with the addition of 1
and 2 wt.% CNTs [163]. However, other mechanical proper-
ties were gradually compromised as the concentration of
CNTs increased. Incorporating MWCNTS led to an increase
in surface roughness and water contact angle, suggesting
changes in the surface characteristics of the composite.

The study demonstrated significant anti-adhesive effects
(ranging from 35 to 95%) against three different oral micro-
bial species (Staphylococcus aureus, Streptococcus mutans,
and Candida albicans) for the composite material containing 1
wt.% CNTs [163]. This anti-adhesive effect was observed
through metabolic activity assays and staining for adherent
cells. The composite material with 1 wt.% MWCNTs showed
no cytotoxic effects on oral keratinocytes, indicating its po-
tential biocompatibility. The anti-adhesive mechanism of the
composite involved disrupting the chains of adherent mi-
crobes, preventing their attachment to the surface. The
drug-free antimicrobial adhesion properties observed in the
CNT-PMMA composite suggest the potential utility of these
materials in preventing microbial-induced complications in
clinical settings, such as Candidiasis [163].

Functionalising multi-walled carbon nanotubes (MWCNTS)
can indeed improve the bonding with polymethyl methacry-
late (PMMA) and lead to enhanced mechanical and electrical
properties of PMMA composites [164]. MWCNTSs have a
high aspect ratio and a large specific surface area, which
makes them suitable for reinforcing polymer matrices such as
PMMA. However, the pristine surface of MWCNTS is typi-
cally inert, which hinders strong interfacial bonding with the
polymer matrix. To overcome this limitation, MWCNTSs are
often functionalised by introducing chemical groups or mod-
ifying their surface properties [165].

Functionalisation of MWCNTSs can be achieved through
various methods such as covalent functionalisation,
non-covalent functionalisation, or a combination of both.
Covalent functionalisation involves attaching functional
groups to the surface of MWCNTSs through chemical reactions,
while non-covalent functionalisation relies on physical in-
teractions between the MWCNTSs and functional molecules
[166]. By functionalising MWCNTS, the specific surface area
of the nanotubes increases, providing more sites for interac-
tion with the PMMA matrix. This increased interfacial area
promotes better adhesion between the MWCNTSs and PMMA,
resulting in improved stress transfer from the polymer to the
nanotubes. As a result, the overall mechanical properties of
the PMMA-MWCNT composite, such as stiffness, strength,
and toughness, are enhanced [167].

Furthermore, the presence of functional groups on the
MWCNT surface can also facilitate the dispersion of nano-
tubes within the PMMA matrix, preventing their agglomera-
tion and ensuring a more homogeneous distribution. This
uniform dispersion further contributes to improved mechan-
ical properties [168]. In addition to the mechanical en-
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hancements, functionalised MWCNTSs can also improve the
electrical conductivity of PMMA composites. The functional
groups on the nanotube surface can act as charge carriers and
facilitate electron transfer through the composite material,
leading to enhanced electrical conductivity [159].

Mohammed et al. evaluated and compared the flexural
strength and surface roughness of conventional heat-cured
denture base resins and high-impact resins reinforced with
MWCNTSs at a concentration of 1 wt.%. The introduction of
MWCNTSs into the denture base resins led to a statistically
significant improvement in flexural strength, with an increase
in flexural strength measured at 73.5 MPa when MWCNTSs
were added. However, the study found no statistically sig-
nificant difference in surface roughness between the groups
with MWCNTSs and those without. This suggests that the
incorporation of nanotubes did not increase surface roughness
of the denture [169].

Another study by Ghosh and Shetty aimed to compare the
flexural strength (FS) of heat-polymerised PMMA denture
base resins modified with additions of multi-walled carbon
nanotubes (MWCNT) at a ratio of 0.5 wt.%. The results of the
study showed that the mean flexural strength recorded was
36.5 MPa when MWCNTSs were added to the PMMA denture
base, indicating an improvement in flexural strength com-
pared to the pure PMMA denture base material. In essence,
the study suggests that incorporating MWCNTS at a specific
ratio into the PMMA denture base resin led to an improve-
ment in flexural strength compared to using the base PMMA
material alone [170].

The study by Kashan et al. investigated the effects of in-
corporating MWCNTSs into PMMA/ZrO,-CaO biocomposites
to create a novel hybrid biocomposite system for bone re-
covery and replacement applications [171]. The research
involved the fabrication of four groups of composite samples,
varying the weight percentages of ZrO,-CaO (ranging from
0%, 5%, 10%, 15%, and 20%) and incorporating different
concentrations of MWCNTS (ranging from 0%, 0.1%, 0.25%,
0.5%, and 1 wt.%) into each group. The results of X-ray Dif-
fraction (XRD) analysis indicated a high level of uniform
mixing of the composite materials. The smooth peaks ob-
served in the XRD patterns suggested a homogeneous dis-
tribution, leading to enhanced phase stability in the compo-
sites [171].

In addition, Field Emission Scanning Electron Microscopy
(FE-SEM) analysis revealed the presence of fibrous structures
following the addition of MWCNTSs. This finding suggested
that the incorporation of MWCNTSs facilitated the formation
of fibrous arrangements within the composite materials,
which could potentially promote tissue adhesion and healing.
This arrangement was designed to mimic the natural bone
structure, enhancing the biomimetic properties of the com-
posites [171].

The study demonstrated improvements in mechanical
properties, specifically fracture strength, in composite mate-
rials. The addition of MWCNTSs resulted in a noticeable in-
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crease in fracture strength compared to samples without
MWCNTSs. The specific percentage improvements in fracture
strength were approximately 57%, 38%, 45%, and 6.5% for
different MWCNT concentrations (0.1%, 0.25%, 0.5%, and 1
wt.%) [171].

While the addition of SWCNTs to PMMA may lead to a
decrease in hardness, PMMA’s relatively high hardness
means that the introduction of SWCNTSs can influence the
material’s hardness properties. The exact mechanism behind
this decrease in hardness can vary and is dependent on factors
such as the dispersion and interaction between the SWCNTs
and the PMMA matrix. The presence of SWCNTs may dis-
rupt the polymer chains' organisation, resulting in a reduction
in overall hardness [157, 172].

However, a study conducted by Swaroop et al. investigated
the effects of adding graphene (at 0.25% and 0.5 wt.%) and
MWCNTSs (at 0.25% and 0.5 wt.%) to PMMA [173]. The study
aimed to evaluate the flexural strength (FS) and impact strength
(IS) of composite materials. The results of the study showed
that the addition of nanofillers, whether graphene or MWCNTS,
led to a decrease in both flexural strength and impact strength in
all groups when compared to the control group without nano-
fillers. This suggests that the incorporation of graphene and
MWCNTSs into the PMMA matrix negatively impacted the
mechanical properties of the composite material [173].

The use of Halloysite nanotubes (HNTS) as a nanocarrier
and as a filler for drug loading and composite preparation has
been previously investigated [174, 175]. Abdallah investi-
gated the mechanical properties of HNT-modified PMMA
and found that the hardness value of PMMA was significantly
increased with the addition of low percentages of HNTs [176].
The study reported that at a lower concentration of 0.3 wt.%
of HNTS, there was a notable rise in hardness measurements,
yet there was no considerable elevation in both flexural
strength and Young's modulus values for the PMMA resin.
Conversely, at higher concentrations (0.6 and 0.9 wt.%), there
was a substantial reduction in hardness readings, but there was
no significant reduction in flexural strength and Young's
modulus values when compared to the control group [176].

Another study evaluated the antimicrobial potential of
dental resin composites based on Farnesol-loaded HNTs as
fillers. Farnesol (Fa) is a novel antibacterial agent that has
been found to have higher antibacterial activity than tradi-
tional agents. The use of Farnesol-Halloysite nanotubes
(Fa-HNTSs) in dental composites can improve mechanical
properties and increase surface coarseness without causing
agglomeration. A study found that 7 wt.% Fa-HNT-reinforced
composites had uniformly distributed Fa-HNTs and glass
microparticles in the matrix [177].

Gaaz et al. reported that the combination of polymer and
HNTSs yielded significant improvements in terms of strength,
elastic modulus, non-flammability, impact strength, and
thermal stability by doping a low percentage of HNTSs (>7%)
[178]. The addition of HNTSs also produced soft liner material
with better shear bond strength and thermal conductivity;
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however, there was no improvement in thermal diffusivity
and surface roughness at increased HNT concentrations [178,
179].

The TGA results showed that the onset temperature of
thermal degradation shifted to a higher temperature, indicat-
ing that the HNTs provided a protective barrier against ther-
mal degradation. Similarly, the DSC results showed that the
glass transition temperature (Tg) increased, indicating that the
HNTSs improved the thermal stability of the PMMA matrix.
This increased thermal stability means that the PMMA
nanocomposite will be able to withstand higher temperatures
without degrading, making it more suitable for applications
that require high thermal resistance. The mechanical proper-
ties of the PMMA nanocomposite were also improved by the
addition of HNTs [179, 180].

A study by Chen et al. reported that the nanocomposite had
a higher tensile strength and modulus compared to pure
PMMA. This means that the PMMA nanocomposite is
stronger and more resistant to deformation than pure PMMA,
making it more suitable for applications that require high
mechanical strength. The incorporation of Farnesol-loaded
HNTs (Fa-HNTSs) into dental composites is a promising
strategy to improve their mechanical properties and antimi-
crobial activity [180].

Barot et al. have reported that the incorporation of
Fa-HNTSs into dental composites can significantly improve
their mechanical properties, including flexural strength and
modulus [181]. According to Barot et al., the incorporation of
7-13 wt.% Fa-HNTSs into dental composites resulted in an
improvement in the mechanical strength of the composite.
The study found that the dental composite containing 7 wt.%
Fa-HNTs exhibited the best mechanical properties, with
higher flexural strength and modulus compared to the control
group. This indicates that a low concentration of Fa-HNTSs can
already provide a significant improvement in the mechanical
properties of dental composites [181].

Moreover, Barot et al. found that the incorporation of
Fa-HNTs into dental composites also resulted in an im-
provement in the curing depth and antimicrobial activity of
the composite. The study found that dental composites con-
taining 7 wt.% Fa-HNTSs had the best antimicrobial activity
against Streptococcus mutans, one of the most common oral
bacteria that can cause dental caries. This suggests that
Fa-HNTSs can not only improve the mechanical properties of
dental composites but also enhance their antimicrobial activ-
ity, making them more suitable for dental applications [181].

In conclusion, the incorporation of HNTs into a PMMA
matrix can greatly enhance the thermal and mechanical
properties of the material. The HNTs provide a protective
barrier against thermal degradation and improve the thermal
stability and mechanical strength of the PMMA.

4.2.6. Hybrid Reinforcement

Hybrid reinforcement schemes are commonly used in the
field of materials science and engineering to enhance the

physical, mechanical, and environmental characteristics of a
PMMA denture material. By mixing different types of rein-
forcements, such as metal oxides and fibres, the resulting
material can exhibit improved mechanical properties, such as
increased strength, stiffness, and toughness. One advantage of
using hybrid reinforcement schemes is that they can be tai-
lored to meet specific application requirements. For example,
if a material needs to be lightweight but also strong, a com-
bination of fibres and metal oxides may be used to achieve
this goal. Similarly, if a material needs to be resistant to wear
and abrasion, a hybrid reinforcement scheme that includes
both metal oxides and fibres with high wear resistance can be
used. Another advantage of using hybrid reinforcement
schemes is that they can lead to cost savings. By using a
combination of different materials, it may be possible to
achieve the desired physical properties while minimising the
amount of expensive materials required [27, 139, 182-184].

These materials include a variety of fibres such as glass
fibres, polyethylene fibres, polyester fibres, and Kevlar fibres,
as well as fillers such as Al,O3, ZrO,, TiO,, clay, glass powder,
SiO,, and plasma-treated polypropylene fibres [27]. These
materials are often combined in various ways to create dif-
ferent types of hybrid reinforcement for PMMA denture base
materials, such as glass fibres with polyethylene fibres [163],
A|203 with Zr0, [123], ABWSs with A|203 [27], Zr0, with
TiO, [135], polyester fibre-reinforced PMMA with clay, glass
powder, SiO,, or ZrO, [27], Al,O3 with plasma [27], PMMA
with nHA and glass fibre [185], PMMA with ZrO, and glass
fibre [140], PMMA with nHA and Kevlar fibre [186], and
PMMA with ZrO, and Kevlar [95], as shown in Table 2.
These combinations help to improve the mechanical proper-
ties, such as strength, stiffness, and toughness, of the PMMA
denture base materials, making them more durable and re-
sistant to fracture [95, 140, 183, 184, 186].

Table 2. Different types of hybrid reinforcement material.

Hybrid type Hybrid Materials
Fibers Glass fibers with polyethylene fibers [163]
Al,O3 with ZrO, [123],
. ABWs with Al,O3 [27],
Fillers

ZrO, with TiO, [135]

Al,O3 with plasma [27]

nHA and glass fiber [185]

PMMA with ZrO, and glass fiber [140]
PMMA with nHA and Kevlar fiber [186]
PMMA with ZrO, and Kevlar [95]

Fibers with Fillers

To strengthen the mechanical properties of the denture base
made of PMMA acrylic, Alhareb et al. investigated the effects
of mixing nitrile butadiene rubber (NBR) particles (5, 7.5, and
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10 wt.%) with silanised ceramics (aluminium oxide, yttria
stabilised zirconia, and silicon dioxide) at 5 wt.% [187]. The
produced PMMA composite, strengthened by NBR particles
with ceramic fillers, exhibited improved mechanical proper-
ties in fracture toughness (K,c) and impact strength (IS). The
best results for IS and K,c were obtained with 10 wt.% of
NBR particles and 5 wt.% Al,Os, yielding the highest impact
strength of 8.26 kJ.m? and the best fracture toughness of 2.77
MPa.m'/ [187].

Basima & Aljafery evaluated the effects of a 2 wt.% filler
of nanoparticles blended at a weight ratio of (2:1, ZrO,: Al,O5)
on the transverse strength, impact strength, hardness, rough-
ness, and adaptability of the denture base of PMMA [188].
According to the findings, adding nanofillers to PMMA sig-
nificantly increased the impact strength when compared to the
control group [187, 188]. Hybrid reinforcement can improve
the impact strength of materials, such as epoxy composites
reinforced with both glass fibres and nanoparticles, and alu-
minium-based composites reinforced with both silicon car-
bide particles and carbon fibres [189].

Basima & Aljafery also evaluated the effects of character-
ising and synthesising inorganic zirconium oxide (ZrO,) and
organic components (triethylene glycol dimethacrylate
(TEGDMA) + bisphenol A diglyceryl ether dimethacrylate
(Bis-GMA)). The results showed that hybrid nanofibres made
of Zr0Oy, Bis-GMA/TEGDMA/PTEGDMA, and
ZrO,/Bis-GMA/TEGDMA significantly improved the flex-
ural strength and flexural modulus, fracture toughness, and
impact strength of PMMA acrylic resin [188].

Ali Sabri et al., Gad et al., and Zafar reported that a hybrid
of glass fibres and titanium dioxide fillers improved the
flexural modulus and tensile strength of acrylic resin. In ad-
dition, hybrid reinforcement has also been used to improve the
radiopacity and reduce the shrinkage of dental materials [27,
139, 182].

Rongrong et al. investigated the biomedical properties,
cytotoxicity, and mechanical properties of PMMA composites
produced by combining antibacterial materials with silanised
zirconia nanoparticles (ZrO,; 2 wt.%) and silanised alumin-
ium borate whiskers (ABW; 4 wt.%). The inorganic antibac-
terial compounds used were silver-supported titanium dioxide,
titanium dioxide, silver-supported zirconium phosphate, and
whisker-like zinc oxide. To create the test samples, the
aforementioned ingredients were each combined separately at
a percentage of 3 wt.% with a mixture of ZrO,-ABWs/PMMA.
The findings showed that the composites of
ZrO,-ABWs/PMMA mixed with silver-supported zirconium
phosphate and tetrapod-like zinc oxide whiskers exhibited the
greatest antibacterial action, surface hardness, flexural
strength, and non-cytotoxic properties [190].

Gad et al. found that adding a mixture of 2.5 wt.% nano-ZrO,
and 2.5 wt.% glass fibres to PMMA acrylic resin significantly
improved its flexural strength (94.05 MPa) and impact strength
(3.89 kJ/m?) [140]. In the study by Gad et al., the researchers
investigated the effect of adding different amounts of glass
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fibres and zirconium oxide nanoparticles to PMMA and com-
pared the results to a control sample with no additives. The test
samples had varying mixtures of nano-ZrO, and glass fibres at
a total concentration of 5 wt.%, while the control sample had no
additives. In comparison to unreinforced PMMA samples, the
impact and flexural strengths of the most recent hybrid com-
posites were significantly improved. The greatest flexural
strength (94.05 MPa) and impact strength (3.89 kJ/m?) were
obtained with a 2.5 wt.% mixing ratio of both ZrO, nanoparti-
cles and glass fibres, with the ideal values of impact and flex-
ural strengths achieved at this level [140].

By combining electrospun polystyrene (PS) fibres with
nano-zirconia (ZrO,) as a hybrid material, a study by Elmadani
et al. investigated the characterisation and processing of hybrid
PMMA composites. The strengthening materials were chosen
to enhance the mechanical and physical properties of the re-
sulting hybrid composite [191]. To improve the filler’s adhe-
sion to the PMMA matrix, 3-methacryloxypropyltrimethoxy
silane (MEMO) was used to modify the surface of the inorganic
particles. As ceramic nanoparticle fillers tend to aggregate in
the polymer matrix, the PS fibre material is a promising solu-
tion to reduce the brittleness caused by this aggregation. The
best outcomes were achieved by mixing PS fibres and
ZrO,/MEMO in an acrylate matrix, according to microhardness
and impact tests [191].

Rebecca Lilda et al. calculated the flexural and impact
strengths of high-impact acrylic resin reinforced with si-
lanised titanium dioxide (1 weight per cent) and zirconium
dioxide nanoparticles (5 wt.%), as well as their hybrid com-
bination with a percentage of the additive mixture (2% weight
per cent) (1 wt.% ZrO, and TiO,). The highest maximum
value of flexural strength in the acrylic composite was de-
tected in reinforcement with a hybrid mixture of ZrO,/TiO,, in
contrast to reinforcement with zirconium dioxide or titanium
dioxide nanoparticles individually. The highest impact
strength of the acrylic resin was observed with TiO, nano-
particle reinforcement [192].

5. Conclusion

The current article provides a comprehensive overview of
PMMA-based materials, encompassing their characteristics,
dental uses, and recent modifications. In dental practice,
PMMA appliances often encounter issues such as discolour-
ation, hydrolytic degradation, and fractures, highlighting the
need for enhancements in PMMA properties. In recent dec-
ades, extensive research has focused on improving the phys-
ical and mechanical attributes of PMMA. Modifications have
involved reinforcing PMMA chemically or mechanically with
additional materials like fibres, nanofillers, nanotubes, and
hybrid substances. These efforts have led to significant im-
provements in mechanical aspects such as impact strength,
flexural strength, and wear resistance, as well as physical
characteristics like thermal conductivity, water absorption,
solubility, and dimensional stability.
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Nevertheless, the challenge remains in improving one as-
pect of PMMA without adversely affecting others. For in-
stance, while the addition of nanoparticles or fibres can boost
PMMA's strength, it may compromise aesthetics in terms of
colour and translucency or raise concerns about biocompati-
bility due to the potential leaching of degradation products in
the oral cavity. Despite promising outcomes from current
PMMA modifications, there is still a considerable journey
ahead before modified PMMA materials can be widely
adopted in dental practice. The biocompatibility and re-
al-world performance of these modified materials remain
uncertain and warrant further investigation. Future research
should concentrate on understanding the molecular-level
interactions of modified materials, assessing various proper-
ties, and evaluating clinical performance in simulated oral
environments or in vivo clinical trials.
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