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Objectives: To produce a systematic review regarding the effect of graphene-reinforced 

polymethylmethacrylate used in dentistry on mechanical properties.

Methods: Electronic databases (Pubmed/MEDLINE, Web of Science, Embase) were inde-

pendently searched by two researchers for relevant studies published up to December 2021. 

An additional manual search was performed to identify relevant publications. The population, 

intervention, comparison, and outcome (PICO) question was “In dentistry, does graphene-re-

inforced polymethylmethacrylate offer better mechanical properties than conventional 

polymethylmethacrylate?”. The selection of articles was carried out according to the estab-

lished inclusion and exclusion criteria, following the PRISMA flowchart. The inter-investiga-

tor reliability was assessed by Cohen’s Kappa coefficient. The risk of bias was assessed using 

the Joanna Briggs Institute Critical Appraisal Checklist for Quasi-experimental Studies.

Results: Six in vitro studies were included in the qualitative analysis. A total of 247 specimens 

were evaluated: 81 made of non-reinforced PMMA resin and 166 of PMMA reinforced with 

graphene. The mechanical properties evaluated were flexural strength, flexural modulus, hard-

ness, biaxial flexural strength, and impact strength. These properties seem to improve with the 

addition of graphene in certain concentrations. The analysis of the risk of bias showed low risk.

Conclusions: Within the limitation of this study, graphene seems to strengthen some me-

chanical properties of PMMA dental resin. However, more studies are needed to understand 

the ideal graphene concentration to improve resin’s clinical performance. (Rev Port Estom-

atol Med Dent Cir Maxilofac. 2022;63(4):179-188)
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r e s u m o

Utilização do grafeno para reforço do polimetilmetacrilato utilizado  
em Medicina Dentária – Revisão sistemática

Palavras-chave:

Óxido de grafeno

Testes mecânicos

Polimetilmetacrilato

Prostodontia

Objetivos: Realização de uma revisão sistemática para verificar a alteração do comporta-

mento mecânico do polimetilmetacrilato utilizado em dentária pela adição de grafeno.

Métodos: Dois investigadores independentes efetuaram uma pesquisa em três bases de 

dados (Pubmed/MEDLINE, Web of Science, Embase) até 31 de dezembro de 2021. Realizou-se 

também uma pesquisa manual para identificar publicações relevantes. A pergunta de in-

vestigação definida foi “Em medicina dentária, o polimetilmetacrilato reforçado com grafe-

no apresenta melhores propriedades mecânicas do que o polimetilmetacrilato convencio-

nal?”. A seleção dos artigos seguiu o fluxograma PRISMA, considerando os critérios de 

inclusão e exclusão definidos. A concordância entre investigadores foi calculada pelo coe-

ficiente Kappa de Cohen. A qualidade dos estudos foi avaliada através da checklist do Joanna 

Briggs Institute para estudos quasi-experimentais.

Resultados: Seis estudos in vitro foram incluídos na análise qualitativa. No total dos estudos 

analisados nesta revisão foram avaliados 247 provetes, 81 dos quais eram compostos por 

polimetilmetacrilato convencional e 166 por polimetilmetacrilato aditivado com grafeno. As 

propriedades mecânicas avaliadas foram: resistência à flexão, módulo de elasticidade, du-

reza, resistência à flexão biaxial e resistência ao impacto. Maioritariamente, estas proprie-

dades melhoraram com a adição de determinadas concentrações de grafeno. A análise da 

qualidade dos artigos demonstrou um baixo risco de viés. 

Conclusões: Considerando as limitações deste estudo, podemos concluir que o grafeno pa-

rece melhorar algumas propriedades mecânicas do polimetilmetacrilato utilizado em me-

dicina dentária. No entanto, mais estudos são necessários para se compreender a concen-

tração ideal de grafeno para se obter o melhor desempenho clínico das resinas protéticas. 

(Rev Port Estomatol Med Dent Cir Maxilofac. 2022;63(4):179-188)

© 2022 Sociedade Portuguesa de Estomatologia e Medicina Dentária.  

Publicado por SPEMD. Este é um artigo Open Access sob uma licença CC BY-NC-ND 

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Removable dentures have been used to treat edentulism for 
many years, and they still remain the most frequent option to 
replace missing teeth.1 Polymethylmethacrylate (PMMA) is the 
clinician’s first choice for various prosthesis fabrications. Be-
sides denture bases, PMMA has other applications in dentistry: 
artificial teeth confection, individual trays, printed or milled 
models, occlusal splints, relining and repairing of dental pros-
theses, temporary crowns, and some orthodontic devices.2-5

PMMA is an odorless polymer of acrylic acid that was re-
ported for the first time by Redtenbacher in 1843.6 However, 
the development of PMMA for biomedical applications was a 
gradual process that took decades. This polymer’s popularity 
for dental applications has increased since its introduction 
in 1937 in Philadelphia by Walter Wright and Vernon Broth-
ers,7 due to its unique properties, such as aesthetics, cost-ef-
fectiveness, fit accuracy, low density, and easy manipula-
tion.8,9 However, PMMA dentures can suffer fractures due to 
water sorption, poor impact resistance, and poor flexural 
strength. So, conventional PMMA has been modified to im-
prove its properties (such as conductivity, water sorption, 
solubility, impact resistance, flexural strength, and surface 
hardness).2 Other shortcomings of PMMA are polymerization 

shrinkage, which influences dimensional changes and den-
ture-base inaccuracies,10 and its biocompatibility, having 
been associated with mucosal irritation due to the presence 
of residual monomer.11

Some mechanical drawbacks in dentures, such as poor 
fatigue strength, low impact strength, and weak bonding 
strength, result in fatigue failure or accidental denture frac-
ture.12,13 Denture fractures are a very frequent clinical issue 
reported worldwide. Approximately 70% of dentures have 
been reported to suffer fractures within 3 years of fabrication, 
with a 29% incidence of maxillary midline fractures.14 El-
Sheikh et al.15 reported that repair was most commonly 
needed in mandibular partial dentures. Shakir et al.16 quan-
tified several causes for PMMA denture fractures and found 
that accidental fractures covered 56% of the analyzed cases, 
poor denture fit 35%, heavy masticatory load 13.8%, fracture 
due to single complete denture opposed by natural teeth 12%, 
and acrylic resin breakage with age 5%. Naik17 demonstrated 
that denture fractures caused by the impact of an accidental 
dropping were the most frequent for both upper (25%) and 
lower dentures (53%). Therefore, further improvements in the 
mechanical properties of PMMA are desired, particularly 
their impact strength, flexural strength, hardness, and wear 
resistance.
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Extensive research has been done to improve PMMA me-
chanical properties by changing its chemical structure and 
reinforcing the material using fibers or fillers of different types, 
sizes, shapes, and concentrations.18 Many additives, such as 
glass or carbon fibers, metal fillers, and nanotubes, have been 
incorporated into PMMA as reinforcements.19-21 Progress in na-
nosciences and nanotechnologies led to the development of 
new nanomaterials with properties different from those of the 
original material, whose use, for example, as additives, can im-
prove the characteristics of the obtained materials.22,23 Studies 
showed that adding nanofillers is more efficient than micro-
fillers in improving the properties of composites.24

PMMA-based materials should have specific desired prop-
erties depending on their biological application. Therefore, the 
PMMA used for denture-base materials should be biocompatible 
and not cause irritation, toxicity, or mutagenicity to the oral 
tissues.25,26 Chemically, PMMA needs to be highly insoluble in 
saliva and oral fluids and non-reactive to nutrients but should 
bond to artificial teeth.27 Additionally, it should have good me-
chanical properties to withstand the forces of mastication with-
out failure. The current increased dependence on high flexural 
strength PMMA in prosthesis fabrication in dentistry led to 
searching for a suitable nanofiller that could provide increased 
flexural strength without compromising the remaining physical 
and mechanical properties and biocompatibility.28

Graphene is an atomically thin, two-dimensional sheet of 
sp2-bonded carbon atoms arranged in a honeycomb structure. 
It has shown many desirable properties, such as high mechan-
ical strength.29 In fact, a single layer of graphene with a 1.0-TPa 
Young’s modulus and 130-GPa tensile strength is the strongest 
material ever discovered.30 In its pristine form, graphene is 
incompatible and lacks homogeneity. Thus, graphene oxide 
(GO) and reduced graphene oxide (rGO), derivates of graphene, 
enhance its matrix compatibility.31 Since its discovery in 2004 
by Novoselov, graphene has aroused the interest of researchers 
due to its unique and exceptional mechanical, thermal, and 
electrical properties.32-34 These interesting attributes make 
graphene a better outcome than conventional nanofillers.35

Recently, nano-graphene and graphene-based nanocompos-
ites have attracted attention in biomedical applications because 
of their unique and highly enriched physical and chemical prop-
erties.36,37 One of the disadvantages of graphene, which can be 
a limitation in prosthodontics, is its black color, despite the final 
color depending on its concentration in the resin.36

Although graphene is a very promising material for dental 
and biomedical applications,38 it is important to understand 
the mechanical behavior of the new restorative materials re-
inforced with graphene to anticipate clinical performance and 

risks of failure. Thus, this systematic review focused on the 
effect of graphene-reinforced PMMA used in dentistry on me-
chanical properties.

Material and methods

This systematic review was conducted and reported according 
to the PRISMA guidelines39 (Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analysis). The research protocol is 
registered in PROSPERO (International Prospective Register of 
Systematic Reviews) database (ID CRD42022308389) organized 
by the Center for Reviews and Dissemination (University of 
York, National Institute for Health Research, United Kingdom). 
The research question “In dentistry, does graphene-reinforced 
PMMA offer better mechanical properties than conventional 
PMMA?” was formulated according to the PICO model, where 
the population (“P”) is PMMA for dental use, the intervention 
group (“I”) is graphene-reinforced PMMA, the comparison group 
(“C”) is conventional PMMA, and the outcome (“O”) is mechani-
cal properties.40 The predefined list of inclusion and exclusion 
criteria used for this systematic review is detailed in Table 1.

A systematic search in online electronic databases 
(Pubmed/Medline®, Web of Science®, and Embase®) was con-
ducted using a combination of MeSH terms and unspecific free-
text words with Boolean operators AND, OR, and NOT, without 
year restrictions. A gray literature search was also performed 
to ensure a maximum pool of relevant studies. In addition, the 
references of selected studies were also searched and included 
when applicable. No further searches were performed after the 
last update on December 31st, 2021. After some rounds of trial 
and refinement, the final search terms defined were “poly-
methylmethacrylate,” “graphene,” “graphene oxide,” “reduced 
graphene oxide,” and “mechanical properties.” The search strat-
egy combined the different terms according to Table 2.

Two independent investigators selected the articles accord-
ing to the PRISMA flowchart and later analyzed and evaluated 
them according to the established inclusion and exclusion cri-
teria. The agreement was evaluated by Cohen’s Kappa coeffi-
cient.41 Disagreements, when present, were resolved through 
a consensus meeting. After the initial screening by title and 
abstract, the selected articles were obtained in full text.

The selected full-text articles were examined, and their 
data were tabulated in a standardized Excel software spread-
sheet. The following information was extracted from each ar-
ticle: first author’s name, year of publication, brand names, 
manufacturers, sample size, specimen dimensions, mechani-
cal tests, study objectives, and outcome.

Table 1. Inclusion and exclusion criteria

Inclusion Criteria Exclusion Criteria

• In vitro studies;
• Studies published until December 31st, 2021;
• Graphene-reinforced PMMA for dental use;
• Comparative studies with conventional PMMA;
• Studies that evaluate mechanical properties.

• Microbiological studies, randomized controlled clinical trials and prospective studies, 
retrospective studies, animal studies, case series or case reports, review studies, 
opinion articles;

• Unrelated, duplicated, or unavailable full texts;
• Abstract-only papers;
• PMMA for dental use reinforced with additives other than graphene;
• PMMA resin with another polymer.
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The criteria used to evaluate the quality of the selected pro-
spective studies followed Joanna Briggs Institute Critical Ap-
praisal Checklist for Quasi-experimental Studies (non-random-
ized experimental studies), which analyzes the methodological 
quality of the selected studies by answering nine questions with 
options “yes,” “no,” “not clear,” or “not applicable,” based on the 
characteristics of each study.42 Two independent reviewers (H.S. 
and P.F.) evaluated the quality of the selected studies, and any 
disagreement was resolved by a third author (P.M.).

Results

Figure 1 shows the flow chart of the identification and selec-
tion of the studies and the reasons for exclusion. The search 
strategy provided 443 articles, of which 388 were selected for 
further analysis after removing duplications. Title and ab-
stract reading resulted in the selection of 26 articles for full-

text reading, of which 20 were excluded and six remained. A 
qualitative synthesis of the six final articles was carried out 
through a complete reading.

A Cohen’s Kappa test was performed to assess the level of 
inter-examiner agreement in the search for articles. The K val-
ue calculated was 0.96 for the first selection stage and 0.89 for 
the second one, representing a high degree of agreement be-
tween the two independent researchers. The disagreements 
were resolved through a consensus meeting.

Table 3 shows the study description of each article. All the 
studies43-48 were conducted in vitro and included a total of 247 
specimens, of which 81 were made of non-reinforced PMMA 
resin and 166 of graphene-reinforced PMMA resin. The me-
chanical properties evaluated were: flexural strength (FS), flex-
ural modulus (FM), hardness, biaxial flexural strength (BFS), 
and impact strength (IS).

FS and FM were evaluated in most studies43,44,46,49 by a 
three-point bending test, performed using universal testing 

Table 2. MESH terms and search equation

MESH terms 

#1 PMMA (“polymethyl methacrylate”[MeSH Terms] OR (“polymethyl”[All Fields] AND “methacrylate”[All Fields]) OR 
“polymethyl methacrylate”[All Fields] OR “pmma”[All Fields]) 

#2 Polymethyl methacrylate (“polymethyl methacrylate”[MeSH Terms] OR (“polymethyl”[All Fields] AND “methacrylate”[All Fields]) OR 
“polymethyl methacrylate”[All Fields] OR “pmma”[All Fields])

#3 Polymethylmethacrylate (“polymethyl methacrylate”[MeSH Terms] OR (“polymethyl”[All Fields] AND “methacrylate”[All Fields]) OR 
“polymethyl methacrylate”[All Fields] OR “polymethylmetacrylate”[All Fields])

#4 Graphene (“graphenated”[All Fields] OR “graphene s”[All Fields] OR “graphenes”[All Fields] OR “graphenic”[All Fields] 
OR “graphenized”[All Fields] OR “graphite”[MeSH Terms] OR “graphite”[All Fields] OR “graphene”[All 
Fields])

#5 Graphene oxide “graphene oxide”[Supplementary Concept] OR “graphene oxide”[All Fields]

#6 Reduced graphene oxide ((“graphene oxide”[Supplementary Concept] OR “graphene oxide”[All Fields]) AND (“reduce”[All Fields] OR 
“reduced”[All Fields] OR “reduces”[All Fields] OR “reducing”[All Fields]))

#7 Mechanical properties ((“mechanical”[All Fields] OR “mechanically”[All Fields] OR “mechanicals”[All Fields] OR “mechanics”[MeSH 
Terms] OR “mechanics”[All Fields] OR “mechanic”[All Fields]) AND (“properties”[All Fields] OR 
“property”[All Fields]))

#8 Bone cement “bone cement”[All Fields])

Research merging (#1 OR #2 OR #3) AND (#4 OR #5 OR #6) AND #7 NOT #8

Search equation

(((“graphenated”[All Fields] OR “graphene s”[All Fields] OR “graphenes”[All Fields] OR “nglishg”[All Fields] OR “graphenized”[All Fields] OR 
“graphite”[MeSH Terms] OR “graphite”[All Fields] OR “graphene”[All Fields] OR (“graphene oxide”[Supplementary Concept] OR “graphene 
oxide”[All Fields]) OR ((“graphenated”[All Fields] OR “graphene s”[All Fields] OR “graphenes”[All Fields] OR “nglishg”[All Fields] OR 
“graphenized”[All Fields] OR “graphite”[MeSH Terms] OR “graphite”[All Fields] OR “graphene”[All Fields]) AND (“reduce”[All Fields] OR 
“reduced”[All Fields] OR “reduces”[All Fields] OR “reducing”[All Fields]) AND (“oxidability”[All Fields] OR “oxidable”[All Fields] OR “oxidant s”[All 
Fields] OR “oxidants”[Pharmacological Action] OR “oxidants”[MeSH Terms] OR “oxidants”[All Fields] OR “oxidant”[All Fields] OR “oxidate”[All 
Fields] OR “oxidated”[All Fields] OR “oxidates”[All Fields] OR “oxidating”[All Fields] OR “oxidation”[All Fields] OR “oxidations”[All Fields] OR 
“oxidative”[All Fields] OR “oxidatively”[All Fields] OR “oxidatives”[All Fields] OR “oxide s”[“ll Field”] OR “oxides”[Me“H Terms] ”R “oxides”[All 
F“elds] OR ”oxide”[All Fields] OR “oxidic”[All Fields] OR “oxiding”[All Fields] OR “oxidisability”[All Fields] OR “nglishg”[All Fields] OR “nglishgn”[All 
Fields] OR “oxidise”[All Fields] OR “nglish”[All Fields] OR “nglish”[All Fields] OR “oxidisers”[All Fields] OR “oxidises”[All Fields] OR “nglishg”[All 
Fields] OR “oxidization”[All Fields] OR “oxidize”[All Fields] OR “oxidized”[All Fields] OR “oxidizer”[All Fields] OR “oxidizers”[All Fields] OR 
“oxidizes”[All Fields] OR “oxidizing”[All Fields]))) AND (“polymethyl methacrylate”[MeSH Terms] OR (“polymethyl”[All Fields] AND 
“methacrylate”[All Fields]) OR “polymethyl methacrylate”[All Fields] OR “pmma”[All Fields] OR (“polymethyl methacrylate”[MeSH Terms] OR 
(“polymethyl”[All Fields] AND “methacrylate”[All Fields]) OR “polymethyl methacrylate”[All Fields]) OR (“polymethyl methacrylate”[MeSH 
Terms] OR (“polymethyl”[All Fields] AND “methacrylate”[All Fields]) OR “polymethyl methacrylate”[All Fields] OR “polymethylmethacrylate”[All 
Fields] OR “polymethylmethacrylates”[All Fields])) AND ((“mechanical”[All Fields] OR “mechanically”[All Fields] OR “mechanicals”[All Fields] OR 
“mechanics”[MeSH Terms] OR “mechanics”[All Fields] OR “mechanic”[All Fields]) AND (“properties”[All Fields] OR “property”[All Fields]))) NOT 
“bone cement”[All Fields]) AND (nglish[Filter])
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machines. Leite et al.48 found that graphene does not improve 
FS and that the maximum load supported decreases with in-
creased graphene concentrations. However, graphene changed 
the ductility of the material. Di Carlo et al.43 compared the FS 
and FM of PMMA and PMMA reinforced with GO used in dental 
prostheses and verified that the mean values of both proper-
ties increased in the presence of graphene: FS from 96.32 MPa 
to 113.03 MPa and FM from 2.88 GPa to 2.96 GPa. Gosh et al.44 
verified similar results in FS between the conventional PMMA 
resin (31.55 MPa) and the graphene-reinforced PMMA resin 
(29.72 MPa). 

Lee et al.46 also studied the variations in FS and FM of a 
PMMA resin reinforced with different graphene concentrations 
and verified a statistically significant increase (p<0.05) of both 
properties in the 0.5wt% concentration. Agarwalla et al.47 eval-
uated BFS using the Piston-on-three-balls test and found it 
increased in the graphene-reinforced PMMA resin. The same 
study detected similar hardness mean values in the two types 
of resin, even though the reinforced resin had higher hardness. 
In turn, Lee et al.46 found statistically significant differences 
in hardness between the non-reinforced resin and the resin 
with graphene concentrations equal to or higher than 0.5wt%. 
Alamgir et al.45 studied the micromechanical properties of 
PMMA and graphene-reinforced PMMA in a concentration of 
0.0025wt% by multicyclic micro indentations and verified that 
reinforced PMMA was more resistant to localized deformation 
and had the highest Young’s modulus.

The risk of bias analysis in the studies showed low risk be-
cause most of the items questioned were evaluated as “yes,” 
which increased the reliability of the included studies (Table 4). 

The question regarding the follow-up period was answered as 
“not applicable” to the selected studies because the properties 
were evaluated a single time and not over time.

Discussion

PMMA gained popularity for various dental applications due 
to its unique properties, including its low density, aesthetics, 
cost-effectiveness, ease of manipulation, and tailorable phys-
ical and mechanical properties.49 However, there are several 
concerns associated with using PMMA, such as denture frac-
ture due to water sorption and poor impact and flexural 
strengths. Thus, ongoing research has introduced several 
modifications to overcome and further improve its properties 
(such as its conductivity, water sorption, solubility, and im-
pact and flexural strengths).50

Adding graphene and graphene derivative nanoparticles to 
polymer matrixes is a strategy for developing new materials. 
However, little investigation has been done to understand the 
real influence of this nanomaterial in the mechanical perfor-
mance of PMMA for dental use. Hardness, flexural properties, 
and IS are clinically relevant in the evaluation of materials for 
prosthodontics devices.51 Thus, this systematic review evaluat-
ed in vitro studies to compare the mechanical properties of 
PMMA and graphene-reinforced PMMA resins used in dentistry.

Hardness indicates the extent of resistance of a material to 
plastic deformation.52 The hardness of the acrylic resin sug-
gests the risk of degradation of the polymer matrix: when hard-
ness is reduced, the matrix degrades, increasing the material’s 
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Figure 1. Flow chart of the systematic literature search according to PRISMA guidelines
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Table 3. Data extraction table and descriptive analysis of the included articles

Author/
Year

Control 
group

Graphene/
PMMA group

Samples 
(number /size)

Evaluated 
properties

Tests/
Machine

Aim of the study Conclusions

Di Carlo  
et al., 2020

 PMMA disk
(brand NR)

G-CAM disk 
(98,5/22mm), 
Graphenano 
Dental Company 
(Valencia, Spain)

40 (20 for each 
group)

Retangular shape 
(62x10x2,5mm)

FS
  
Elastic Modulus 

Three-point 
bending test 
(1mm/min)

Instron® 3366

To compare FS and EM 
of both conventional 
PMMA and PMMA 
reinforced with 
graphene

The use of graphene as 
reinforcement within a 
nanocomposite 
showed a statistically 
significant difference 
in FS and EM and a 
greater homogeneity of 
the mechanical 
behavior during the 
bending test

Ghosh  
et al., 2020

PMMA, Acralyn 
H (Asian 
acrylates)

PMMA + 0.5wt% 
GO (Adnano 
technology)

40 (20 for each 
group)

Retangular shape 
(65x10x3mm)

FS Three-point 
bending test 
(5mm/min)

ISO 1567

MultiTest 10-I 
(MecMesin)

To compare the FS of 
PMMA modified using 
micro-additions of GO 
as a filler with PMMA 
without micro-
additions

The addition of 0.5wt% 
GO caused a reduction 
in FS

Alamgir  
et al., 2018

PMMA, grade LG 
2S

PMMA+ 
0.0025wt% GO

6 (3 for each group)

Retangular 
(5x20x2mm)

Indentation 
depth
+
Elastic Modulus

Multiciclic 
indentation test

MTR3/50-50NI 
(MICROTEST S.A.)

To compare a pure 
PMMA sample with two 
new nanocomposites: 
PMMA/GO and PMMA/
TiO2, in terms of 
structural, thermal, and 
mechanical properties.

The PMMA sample 
exhibited higher 
indentation depth than 
PMMA/GO 
nanocomposite. 
Young’s modulus was 
higher in PMMA/GO 
than PMMA

Lee et al., 
2018

PMMA
Orthocryl 
(Dentaurum, 
Germany)

PMMA+0.25 wt% 
GO
PMMA + 0.5 wt% 
GO
PMMA+ 1wt% GO
PMMA+ 2wt% GO

50 (10 for each 
group)

Bar-shaped 
(1.4x3x18mm)

25 (5 for each 
group)

Disk (11.5x1.5mm)

FS
+
Elastic modulus

Hardness

Three-point 
flexural test
(1mm/min)

Instron 5966
(500N)

Vickers Hardness 
test

HM-221
(Mitutoyo, Japan)

To study changes in 
PMMA mechanical 
properties with 
graphene addition

Three-point flexural 
strength was slightly 
increased in the 
0.5wt% addition, and 
Vickers hardness was 
also increased in GO 
incorporations greater 
than 0.5% relative to 
those of the control

Agarwalla et 
al., 2019

PMMA CAD/
CAM disk
(Zotion, China)

G-CAM disk 
(PMMA+
graphene - % not 
provided)
(Graphenano, 
Spain)

6 (3 for each group)

Disk (12x1mm)

20 (10 for each 
group)

Disk (12x1mm)

Hardness

BFS

Vickers hardness 
test

FM-100 
(Futuretech, 
Japan)

Piston-on-three-
balls test
(0.5mm/min)

Autograph AG-X 
plus Series 
(Shimadzu 
Scientific, Japan)

To assess the fracture 
strength and hardness 
of a PMMA resin 
containing 
graphene-like material

The PMMA resin 
modified with 
graphene-like material 
had hardness and 
fracture strength 
parameters similar to 
unmodified PMMA

Leite et al., 
2015

PMMA
Megacryl

PMMA+ 1/3 
graphene
PMMA+ 1/3 
graphene
PMMA+ 1/4 
graphene
PMMA+ 1/5 
graphene

30 (6 for each 
group)

Rectangular 
(74x9x4mm)

30 (6 for each 
group

Retangular 
(48x4x3mm)

FS

Instron 
ElectroPuls 
E1000

IS

Hounsfield 
Plastic
Impact Machine
(Tensometer 
Ltd)

Three-point 
bending test
(5mm/min)

Sharpy’s 
pendulum test.

To test the changes in 
mechanical properties 
of a PMMA resin 
incorporated with 
different proportions 
of graphene

The graphene did not 
improve FS,
and the maximum 
load supported 
decreased with 
increases in graphene 
concentrations.
There was an 
improvement in IS in 
graphene 
concentrations of 1/5 
and 1/4.
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risk of fracture and, consequently, decreasing the useful life of 
the prosthesis.49 Lee et al. and Agarwalla et al.46,47 evaluated 
this mechanical property and detected that adding graphene 
increased the resin’s hardness, but only the first authors46 
found statistically significant differences. This discrepancy in 
results can be explained by the unknown graphene wt% in the 
PMMA resin studied by Agarwalla et al.,47 as it may be too low 
to produce modifications in hardness. In fact, both Raman 
spectroscopy analysis and translucency parameter values ob-
tained in that study suggest that the graphene-like material in 
the G-CAM disk was likely in the lower range of possible con-
centrations. On the other hand, even though the hardness test 
performed in the two studies was the same, the machine used 
was different, which can also influence the results.

Alamgir et al.45 investigated the characteristics of a 
graphene-reinforced PMMA nanocomposite for dental applica-
tions. The authors performed a micro indentation test to analyze 
flexural properties. The results showed that the nanocomposite 
was more resistant to deformation and had a higher Young’s 
modulus than PMMA. The graphene was used to reinforce the 
PMMA resin at a concentration of 0.0025wt%, which is extreme-
ly low. Some studies have shown that the mechanical properties 
of polymers improved more with low graphene concentra-
tions.53,54 An et al.53 even demonstrated that FS was degraded 
when the concentrations of GO were greater than 0.1wt%. Ac-
cordingly, Alamgir et al.45 used a very low concentration of GO 
and agreed that the presence of graphene might be positive in 
the reinforcement of polymers but only at low concentrations.

The flexural behavior can be considered one of the most 
important mechanical properties of the acrylic prosthesis. FM 
is related to a material’s stiffness and extent of deformation, 
and FS is a material’s capability to resist high functional loads. 
The study of bending properties is a useful tool to compare 
materials usually subjected to masticatory stress.55 The stud-
ies that conducted the three-point bending test43,44,46,48 to eval-
uate FS and FM showed different results. Two investigations44,48 
verified that graphene did not improve the resin’s flexural 
properties, and one of those, Leite et al.,48 determined that the 
increase in graphene concentration decreased the maximum 
load supported. However, this finding may result from the use 
of pristine graphene to reinforce PMMA resin since, in its pris-
tine form, graphene is problematic to disperse in the polymer 
matrix and may aggregate due to high specific surface area.56 
However, graphene has been shown to change the material’s 
ductility.48 Ductility represents the ability of a material to sus-
tain a large permanent deformation under a tensile load be-
fore it fractures. This property is preferred in most design sit-
uations because ductile materials demonstrate extensive 
plastic deformation and energy absorption (“toughness”) be-
fore fracture.57

Gosh et al.44 observed that 0.5wt% of GO reduced FS com-
pared to the control. This finding might result from the aggre-
gation of graphene sheets, causing them to behave like mi-
crometer-size fillers with a low surface area that tend to 
restrict the flow of polymer into the solution, resulting in the 
formation of voids that introduce stress within the matrix, 

Table 4. Risk of BIAS – JBI Critical Appraisal Checklist for Quasi-Experimental Studies (non-randomized experimental 
studies)

Questions

Articles

Di Carlo et al., 
2020

Ghosh et al., 
2020

Alamgir et al., 
2018

Lee et al., 2018 Agarwalla et al., 
2019

Leite et al., 2015

Question 1 Yes Yes Yes Yes Yes Yes

Question 2 Unclear Yes Yes Yes No Yes

Question 3 Yes Yes Yes Yes Yes Yes

Question 4 Yes Yes Yes Yes Yes Yes

Question 5 Yes Yes Yes Yes Yes Yes

Question 6 Not applicable Not applicable Not applicable Not applicable Not applicable Not applicable

Question 7 Yes Yes Yes Yes Yes Yes 

Question 8 Yes Yes Yes Yes Yes Yes

Question 9 Yes Yes Unclear Yes Yes Unclear

Q.1 – Is it clear in the study what the “cause” is and what the “effect” is (there is no confusion about which variable comes first)?
Q.2 – Were the participants included in any similar comparisons?
Q.3 – Were the participants included in any comparisons receiving similar treatment/care other than the exposure or intervention of interest?
Q.4 – Was there a control group?
Q.5 – Were there multiple measurements of the outcome, both before and after the intervention/exposure?
Q.6 – Was a follow-up completed, and if not, were differences between groups’ follow-ups adequately described and analyzed?
Q.7 – Were the outcomes of participants included in any comparisons measured in the same way?
Q.8 – Were outcomes measured in a reliable way?
Q.9 – Was appropriate statistical analysis used?

JBI, Joanna Briggs Institute
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making it susceptible to fracture.58 Conversely, Lee et al.46 re-
ported that incorporating only 0.5wt% of nGO significantly 
enhanced FS and FM. Nevertheless, higher nGO concentrations 
(1wt% and 2wt%) showed decreased FS values (lower than the 
control). These contradictory results can be explained by dif-
ferences between the two studies in the processes of graphene 
addition to resin and oral-environment stimulation before the 
bending tests. Gosh et al.,44 kept the samples in water at 37ºC 
for two weeks, while Lee et al. 46 kept them for only 48h. Di 
Carlo et al.43 also observed a significantly higher FS and FM in 
G-CAM resin compared to PMMA resin; however, the % of 
graphene in G-CAM resin in that study is unknown and may 
explain the difference in results. Agarwalla et al.47 evaluated 
the BFS to characterize the mechanical strength and reliabili-
ty of the materials and verified a higher BFS in graphene resin, 
although without statistical significance. Once again, the ab-
sence of information regarding the % of graphene contained 
in the resin makes it difficult to interpret and compare the 
results with other studies.

The IS of a material is defined as its capability to resist a 
sudden applied load or force. In prosthodontics, it is an im-
portant predicting factor of clinical performance. Leite et al.48 
verified an improvement of IS in the specimens with a lower 
% of graphene (1/5 and 1/4) compared to those without 
graphene. Once again, the lower graphene concentrations 
showed to be the most efficient in improving the mechanical 
properties of the resin. This finding agrees with Alamgir et 
al.45 results, despite having evaluated different mechanical 
properties.

Limitations of this systematic review include obtaining re-
duced and heterogeneous articles after the selection process. 
However, the inclusion criteria aimed to establish the greatest 
possible similarity between the included in vitro studies.

Conclusions

Considering the limitations and the diversified findings of this 
systematic review, we can draw the following conclusions:  
1) Studies on graphene-reinforced dental resins’ mechanical 
properties are still in their initial stages, and more compara-
tive studies are required; 2) Graphene offers important quali-
ties to meet the desirable features in the confection of a den-
tal prosthesis. However, no single graphene synthesis method 
yields a material with all mechanical properties improved; 3) 
Further studies are necessary to understand the ideal 
graphene concentration to improve resin’s performance.
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