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The effects of reinforcement with nanoparticles of 
polyetheretherketone, zirconium oxide and its mixture  
on flexural strength of PMMA resin

Purpose
Polymethylmethacrylate denture bases are prone to fracture, so reinforcement 
of dentures with nanoparticles is required to overcome these challenges. This in-
vitro study was done to assess the effect of reinforcement with nanoparticles of 
polyetheretherketone (PEEK), zirconium oxide (ZrO2) and its mixture on flexural 
strength of polymethylmeythacrylate resin.

Materials and Methods
A total of 60 acrylic resin specimens measuring 65 mm × 10 mm × 2.5 mm were 
fabricated. The specimens were divided in to fifteen specimens in each group 
[control group (C), 3wt% PEEK group (P), 3wt% zirconia group (Z), and hybrid 
reinforcement of 1.5wt% PEEK and 1.5wt% ZrO2 group (P-Z)]. The flexural strength 
of the specimens was evaluated using a three-point bending test on a universal 
testing machine. The statistical analysis was done using one-way analysis of variance 
(ANOVA), and the intergroup comparison was done using Tukey’s post hoc analysis.

Results
The mean flexural strength was maximum in group P-Z (98.73MPa) followed by 
group P (86.22 MPa) and group Z (84.48 MPa). The mean flexural strength was least 
in the control group (74.86MPa). One-way ANOVA revealed a highly significant 
(P<0.01) difference among the groups. Pairwise comparison among groups showed 
a significant difference (P<0.05) among all the groups except in between groups P 
and Z where no significant difference was found (P=0.406). 

Conclusion
Hybrid reinforced PEEK and zirconia could be used as an effective reinforcement 
material for denture base resin. The hybrid PEEK and zirconia reinforced resin can 
be an alternative treatment option in patients with heavy occlusal forces and for 
patients who have previous experience of multiple denture fractures. 
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Introduction

Polymethylmeythacrylate (PMMA) contributes up to 95% for the fab-
rication of removable dental prosthesis, due to its optical properties, 
biocompatibility, and aesthetics (1,2). However, significant issues still 
exist, which need to be addressed to improve the properties of PMMA 
for fabrication of dentures. PMMA denture bases are more prone to frac-
ture due to stress concentration at the frenum notch, in rugae areas, 
in denture base regions with scratches, and under heavy masticatory 
forces (3-5).

Two methods were recommended to prevent the denture base frac-
ture, one is by reinforcement of the denture base material and the oth-
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er is by reducing the stress concentration in the midline 
of the denture base (6). Various denture base designs/
techniques have advocated to decrease the stresses at 
the midline, but this usually increases the denture base 
thickness with decrease in the tongue space and thus in-
fluences the speech (7). Incorporation of nanoparticles to 
increase the strength of the denture bases surely emerge 
as a better treatment option.

Numerous endeavours seemed to be attempted in the 
past to enhance the mechanical properties of the acrylic 
resins by incorporating different strengthening materials: 
metal fillers, metals, carbon fibres, aramid fibres, glass fibres 
and ultra-high molecular weight polyethylene (8). Although 
the incorporation of fibres improves the flexural strength, 
increased fibre content generally decreases the surface 
hardness without much increase in strength (9-11).The ex-
pansion of metal fillers increases the compressive strength 
and thermal conductivity but compromises the esthetics 
and decreases the tensile strength (12).

For the past few years, zirconia has been used to strength-
en the denture bases. Zirconia is a white crystalline dioxide of 
zirconium, with a flexural strength of 1666 MPa and having a 
modulus of elasticity like steel (13). Zirconia incorporated in 
dental materials has enhanced the mechanical properties of 
the dental materials with better esthetics (14-16). In recent 
years, polyetheretherketone (PEEK), a semi-crystalline linear 
polycyclic aromatic polymer, is used frequently in dentistry 
(17,18). PEEK is non hypersensitive and has low plaque affin-
ity, with a flexural modulus of 140-170 MPa (18,19).Young’s 
modulus and tensile properties of PEEK are similar to human 
bone, enamel and dentin (20,21). PEEK material is one of the 
better esthetic material utilized for the manufacture of re-
movable partial dentures.

The present study was aimed to enhance the flexural 
strength of denture base resin by reinforcing it with PEEK 
and zirconia. Currently, no literature is available utilizing the 
hybrid reinforcement of PEEK and zirconia in acrylic denture 
base resin. This in vitro study was done to evaluate the flex-
ural strength of PMMA denture base resin reinforced with 
3wt% PEEK, 3wt% Zirconium oxide (ZrO2) and in combina-
tion with 1.5wt% PEEK and 1.5wt% ZrO2. The null hypoth-
esis in the study was that there would be no difference in 
flexural strength of reinforced denture base resin with 3wt% 
PEEK, 3wt% ZrO2and with a mixture of both 1.5wt% PEEK 
and 1.5wt% ZrO2when compared to non-reinforced denture 
base resin.

Materials and methods

This in vitro study was done in the Prosthodontics De-
partment with technological aid from the Central Institute 
of Plastics Engineering and Technology (Bhopal, India) 
and the Centre for Scientific Research and Development 
(Bhopal, India). A total of sixty specimens were made, with 
each group containing 15 specimens. The specimens were 
broadly divided into two groups: n=15 control group (C) 
and n=45 experimental groups (E). The experimental group 
is further divided into 3 subgroups with n=15 specimens 
each (Figure 1).

Specimen fabrication

Wax specimens with dimensions of (65mm length x 10mm 
width x 2.5 mm thickness) were fabricated in a hard plastic 
mold according to American Dental Association specifica-
tions No.12 (Figure 2) (22).

The middle part of the mold was assembled over the low-
er part and petroleum jelly (Unilever, Mumbai, India) was 
applied. The mold was filled with the softened modelling 
wax (DPI, Mumbai, India). The cover plate was positioned in 
place and tightened with the screws to eliminate the extra 
wax. After some times, as the wax solidifies, the cover plate 
was unscrewed and the surplus wax was eliminated with 
a Bard Parker blade (Sigma Aldrich, New Delhi, India). The 
wax specimens were retrieved from the mold. The wax spec-
imens, which were uniform in all dimensions, were taken 
for flasking and distorted specimens were eliminated. The 
specimens were invested in dental stone (Kalrock, Kalabhai, 
Mumbai, India) in flasks and allowed to set for 1h (Figure 3).

The flasks were kept in the dewaxing unit for 8 min and 
then opened and any residual wax was flushed by spraying 
with hot water. The mold was coated with separating me-
dium (Coe-Sep, GCAcro-Sep, Europe).The required amount 
of PMMA, ZrO2 and PEEK required to be mixed with acrylic 
resin was measured with an electronic balance having preci-
sion of up to three decimal places.

Figure 1. Flow chart depicting distribution of specimens. 

Figure 2. The three piece standardized mold. 
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Control group specimens

Control group specimens were fabricated with heat cure 
PMMA resin(Trevalon HI, Dentsply, Mumbai, India) incorpo-
rated in the ratio of 21 g polymer:10 ml monomer.

Experimental group specimens

PEEK group (P) specimens were fabricated with 3wt% 
PEEK (Vivtrex PEEK, Padmini Innovative Marketing Solution 
Pvt. Ltd. Mumbai, India)in ratio of 0.630g PEEK:20.370g 
polymer:10 ml monomer. Zirconia group (Z) specimens 
were fabricated with 3wt% ZrO2 powder(Yttria stabilized 
zirconia nanopowder, Nanosheel Creating Miracles in black, 
Willmington DE, USA) in a ratio of 0.630g ZrO2:20.370g 
polymer:10 ml monomer. For specimen fabrication of a 
combination group of PEEK and ZrO2 (P-Z), 1.5wt% PEEK 
and 1.5 % ZrO2 powder in a ratio of 0.315g PEEK:0.315g 
ZrO2:20.370g polymer:10 ml monomer was used (Figure 4). 
A uniform mixture of the PEEK/ZrO2/combinations within 
the acrylic powder was obtained with a blender running at 
a speed of 400 rpm for 30 min.

Processing of specimens

Specimens were packed in the mold in the dough stage and 
the flask closed together. The packed flasks were kept under a 
hydraulic press (Mestra 48150 Sondika-Bilbao, Spain) applying 
a pressure of 14MPa for 30min. Conventional heatcure polym-
erization procedure was carried out for these packed spec-
imens under a water bath for 9 h [(7 h/74 ºC (±3ºC) followed 
by 2 h/95ºC(±3ºC)]. After completion of the curing cycle, flasks 
were kept for 30min at room temperature for cooling, followed 
by cooling for 15mins under running tap water. The flasks were 
opened and specimens were retrieved. Finishing of specimens 
was done followed by polishing with silicon carbide paper of 
different grids (1000, 800, and 600 coarseness) (Figure 5). All 
the specimens were stored in an incubator containing distilled 
water for 48h at 37°C ± 1°C. To check the uniform dimensional 
accuracy in all the specimens, digital vernier calliper was used 
to measure at three different areas with a tolerance of not more 
than 0.2mm dimensional discrepancy.

Three-point bending test 

The specimens were placed under universal testing ma-
chine (Instron Corporation, Canton, MA, USA) (Figure 6) for 
3-point bending test and flexural strength was evaluated at a 
crosshead speed of 2 mm/min. The fracture load (peak load) 

Figure 3. Wax specimen positioned in the mold. 

Figure 4. Zirconium oxide and PEEK powder. 

Figure 5. Fabricated specimens. 

Figure 6. Specimen under 3-point bending test. 
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for each specimen was evaluated and converted to flexural 
strength by using the formula S = 3PL/2bd Where S=flexural 
strength (N/mm2); P=load at fracture; L= distance between 
jig supports; b =specimen width; d=specimen thickness.

Statistical analysis

The data obtained was subjected to statistical analysis 
using Statistical Package for the Social Sciences (IBM Corp. 
Released 2011. IBM SPSS Statistics for Windows, Version 
20.0. Armonk,NY:IBM Corp.).The statistical analysis was done 
using one-way analysis of variance (ANOVA), and the inter-
group comparison was done using Tukey’s post hoc analysis. 
A P-value<0.05 was considered statistically significant. The 
confidence interval was set at 95%.

Results 

The mean flexural strength of the control group and ex-
perimental groups were presented in Table 1. The mean 
flexural strength of the experiment groups was significantly 
higher (P<0.05) than the control group. The mean flexural 
strength was maximum with a mixture of 1.5wt% PEEK and 
1.5wt% ZrO2 (98.73MPa) followed by 3% PEEK (86.22 MPa) 
and 3%ZrO2 (84.48 MPa). The mean flexural strength was 
least in the control group (74.86MPa) (Fig 7). One-way ANO-
VA revealed a highly significant (P<0.01) difference among 
the groups. Pairwise comparison among groups showed a 
significant difference (P<0.05) among all the groups except 

in between the 3% PEEK group and 3% zirconia group, where 
no significant difference was found (P=0.406) (Table 1).

Discussion 

The null hypothesis was rejected. Polymethylmethacrylate 
dentures are vulnerable to fracture while use or when acci-
dentally dropped onto any hard surface due to their flexural 
fatigue on a time (9). Flexural fatigue generally happens due 
to continuous flexing of dentures which leads to the develop-
ment of microcracks in the stress concentration area. Midline 
cracks are a typical issue for patients with maxillary complete 
dentures, due to cyclic disfigurement resulting in flexural fa-
tigue (23). Despite the recent trend of incorporating ceramic 
fillers and composite materials into denture base resins, it is 
required to understand the effects of hybrid reinforcement of 
PEEK and zirconia in denture base resins. Muhsin et al.(24) de-
termined the mechanical properties of PEEK polymer when 
used as a denture material in their study and found PEEK ma-
terial to be a resistant material to notch concentration. They 
stated that if PEEK material is used for denture  frameworks 
having notches at labial or buccal frenum, in these condi-
tions too they are less prone to fracture. When used in elastic 
region PEEK has increased tensile strength with less plastic 
deformation compared to PMMA. In the present study, an in-
crease of flexural strength (86.2MPa) by 15.17% was present 
with PMMA filled with PEEK filler which was more compared 
to the control group (74.8 MPa). PEEK can be advantageous in 
reducing stress concentration at notches for labial or buccal 
frenum, if incorporated as nanoparticles in denture bases. 

Zidan et al.(25) had analysed the flexural strength of high 
impact heat-polymerised PMMA resin incorporating various 
concentrations of ZrO2 nanoparticles (1.5%, 3%, 5%, 7%, and 
10wt%).They found that the inclusion of ZrO2 nanoparticles 
in PMMA resin had gradually increases the flexural strength 
up to 3 wt% and after that the flexural strength decreases at 
higher concentrations when compared to the control group. 
There was a 15% significant increase in flexural strength and 
it was highest in the group having 3 wt% ZrO2 (83.5 MPa) 
when compared to the control group (72.4 MPa). Filler con-
centration at 3wt% seems to increase the flexural strength. 
Specimens with high filler concentration causes more fill-
er-to-filler interactions compared to matrix-to-filler inter-
actions and forms an agglomeration causing non uniform 
stress distribution due to forming a point of stress concentra-
tion (26). In the present study, a similar result was found with 
an increase of 12.85% in flexural strength when PMMA was 
strengthened with 3wt % ZrO2 (84.4 MPa) in comparison to 

Figure 7. Box plot showing flexural strength at maximum load 
of samples in different groups. 

Table 1: One way ANOVA for flexural strength of different groups.

Group n Mean (MPa) SD F ratio P value Tukey’s post hoc analysis

Control group (C) 15 74.86 1.74

46.868 <0.0001

P1<0.05*
P2<0.05*
P3<0.05*
P4=406

P5<0.05*
P6<0.05*

3wt% Zirconia group (Z) 15 84.48 1.34

3wt% PEEK group (P) 15 86.22 1.78

Hybrid reinforcement of 1.5wt% zirconia 
1.5wt% PEEK group (P-Z)

15 98.73 4.97

*P value<0.05 was considered statistically significant. ANOVA=Analysis of variance; P1=   between group C and group Z; P2=   between group C and group P; 
P3= between group C and group P-Z; P4= between group Z and group P; P5= between group Z and group P-Z; P6= between group P and group P-Z

https://www.sciencedirect.com/topics/nursing-and-health-professions/denture
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the control group (74.86 MPa) and the difference obtained 
was statistically significant. Zirconium oxide as nanoparti-
cles has a large interfacial area which enhances the contact 
points in between the PMMA and ZrO2, thus promotes addi-
tional mechanical interlocking and with more flexibility (27).

Sirandoni et al. (28) in a 3D finite element analysis, eval-
uated the biomechanical properties of various framework 
materials used for fabrication of implant supported mandib-
ular fixed prosthesis. They favoured zirconia material over 
PEEK and PMMA as a framework material. Muhsin et al.(24) 
found in their study that PEEK had a higher tensile strength 
than PMMA and could be preferred for fabrication of den-
ture in the near future. Thus, we reinforced both ZrO2 and 
PEEK into PMMA to incorporate the qualities of both the 
materials. Gad et al.(29) in their study reinforced the PMMA 
resin with ZrO2 nanoparticles and glass fibers (GFs) in differ-
ent concentrations and found increased flexural strength of 
group with 2.5% ZrO2 + 2.5% GFs by45% compared to that 
of non-reinforced PMMA. The increase in flexural strength 
was possible because of the synergistic effect of ZrO2 and 
GFs. In present the study, the hybrid reinforcement of PEEK 
and ZrO2(1.5wt% PEEK and 1.5wt% ZrO2) in PMMA was done 
and a 31.88% increase in flexural strength (98.73MPa) was 
found compared to non-reinforced PMMA. In the present 
study maximum flexural strength found in the hybrid group 
which may be due to the synergistic effect of PEEK and ZrO2.

In this study, to enhance the mechanical bonding of the 
PEEK and zirconia with PMMA, the powders were mixed with a 
blender running at a speed of 400 rpm for 30 min. This process 
helps in achieving an even distribution of the PEEK/ZrO2 com-
binations within the acrylic powder. This helps in better bond-
ing and reducing the agglomeration tendency in the mix and 
thus helps in reducing the points of stress concentration (29).

No difficulty was encountered during the finishing and 
polishing of the specimens and a well-polished surface was 
obtained with the specimens of all the groups. The shade ob-
tained with the ZrO2 group has a more whitish appearance 
when compared to other groups. The shade obtained with the 
PEEK group was almost similar to the control group. The shade 
obtained with the PEEK-ZrO2 group was slightly whiter com-
pared to the control group but seems esthetically acceptable.

One of the basic requirements for a successful denture is 
flexural strength, which should be enough to prevent cat-
astrophic failure under loading (20,30,31). A completely 
polymerized acrylic resin has better mechanical properties 
(32,33).The increased flexural strength indicates the quality 
of polymerization and suggests that the denture can resist 
the applied forces. In the present study, the overall result 
showed that the flexural strength of hybrid reinforced PEEK 
and zirconium oxide with denture base material has high-
er flexural strength than PEEK and zirconia individually with 
denture base material. The hybrid reinforcement might be 
helpful in bruxism patients, and in patients with resorbed 
ridge who are more prone to denture fractures. In patients 
with prominent anterior maxilla, the hybrid dentures can 
be given with thinner flanges as an alternative to flangeless 
denture with acceptable esthetics and at an affordable cost.

The limitation of the present study is that the study is in-vi-
tro which is commonly performed to predict the behavior 
of materials in the clinical setting, but it would have provid-
ed further information if thermo-cycling would have been 

done to better simulate the oral conditions. Further research 
simulating the oral conditions is required to investigate the 
performance of this material in present and other possible 
combinations to find out whether they had any effect on 
other mechanical and physical properties of the denture 
bases. Scanning electron microscope study should be done 
to find the surface characteristics, distribution of nanoparti-
cles in the mixture and to check for porosities and formation 
of agglomerates at the fracture site.

Conclusion

Hybrid reinforced PEEK and zirconia could be used as an 
effective reinforcement material for denture base resin. Hy-
brid PEEK and zirconia reinforced resin can be an alternative 
treatment option in patients with heavy occlusal forces and 
for patients who have previous experience of multiple den-
ture fractures. Further studies are required to test the per-
formance of this combination in fatigue testing and cyclic 
loading to establish the result of the present study.

Türkçe Özet: Polietereterketon, zirkonyum oksit ve karışımının 
nanoparçacıkları ile güçlendirmenin polimetilmeytakrilat reçinenin 
eğilme mukavemeti üzerindeki etkisi. Amaç: Polimetilmetakrilat protez 
kaideleri kırılmaya eğilimlidir, bu nedenle protezlerin nanoparçacıklarla 
güçlendirilmesi gerekebilir. Bu in vitro çalışma, polietereterketon (PEEK), 
zirkonyum oksit (ZrO2) ve karışımının nanoparçacıkları ile takviyenin 
polimetilmetakrilat reçinenin eğilme mukavemeti üzerindeki etkisini 
değerlendirmek için yapılmıştır. Gereç ve yöntemler: 65 mm × 10 mm × 
2.5 mm ölçülerinde toplam 60 akrilik reçine numunesi üretildi. Örnekler 
her grupta on beş örneğe [kontrol grubu (C), ağırlıkça %3 PEEK grubu 
(P), ağırlıkça %3 zirkonya grubu (Z) ve ağırlıkça %1.5 PEEK ve ağırlıkça 
%1.5 ZrO2 grubu (P-Z) hibrit grup.)]. Numunelerin eğilme mukavemeti, 
evrensel test makinesinde üç nokta eğme testi kullanılarak değerlendi-
rildi. İstatistiksel analiz, tek yönlü varyans analizi (ANOVA) kullanılarak 
yapıldı ve gruplar arası karşılaştırma, Tukey'nin post hoc analizi kul-
lanılarak yapıldı. Bulgular: En yüksek ortalama eğilme mukavemeti 
grup P-Z'de (98.73 MPa), ardından grup P'de (86.22 MPa) ve grup Z'de 
(84.48 MPa) bulundu. En az ortalama eğilme mukavemeti kontrol 
grubundaydı (74.86MPa). Tek yönlü ANOVA, gruplar arasında anlamlı 
(P<0.01) bir fark ortaya koydu. Gruplar arasında ikili karşılaştırma, an-
lamlı bir farkın bulunmadığı P ve Z grupları dışında (P=0,406) tüm gru-
plar arasında anlamlı bir fark gösterdi (P<0,05). Sonuç: Hibrit takviyeli 
PEEK ve zirkonya, protez kaidesi reçinesi için etkili bir takviye materyali 
olarak kullanılabilir. Hibrit PEEK ve zirkonya ile güçlendirilmiş reçine, 
yüksek oklüzal kuvvetleri olan hastalarda ve daha önce çoklu protez 
kırığı deneyimi olan hastalarda alternatif bir tedavi seçeneği olabilir. 
Anahtar Kelimeler: eğilme mukavemeti, nanopartiküller, polimetilme-
takrilat, polietereterketon, zirkonya

Ethics Committee Approval: Not required.

Informed Consent: Not required.

Peer-review: Externally peer-reviewed.

Author contributions: DB, SS, SKM participated in designing the 
study. DB, SS, RC participated in generating the data for the study. 
DB, SKM participated in gathering the data for the study. DB, SKM, 
RC participated in the analysis of the data. DB, SS, SKM, RC wrote the 
majority of the original draft of the paper. DB, SS, SKM, RC participat-
ed in writing the paper. DB, SS, SKM have had access to all of the raw 
data of the study. DB, SKM, RC have reviewed the pertinent raw data 
on which the results and conclusions of this study are based. DB, SS, 
SKM, RC have approved the final version of this paper. SKM guaran-
tees that all individuals who meet the Journal’s authorship criteria 
are included as authors of this paper. 



66 Barapatre D, et al.

Conflict of Interest: The authors declared that they have no conflict 
of interest.

Financial Disclosure: The authors declared that they did not receive 
financial support.

References

1. Tanoglu M, Ergun Y. Porous nanocomposites prepared from 
layered clay and PMMA [poly (methyl methacrylate)].Composites 
Part A: Appl Sci Manufact 2007;38:318-22. [CrossRef ]

2. Gurbuz O, Unalan F, Dikbas I. Comparison of the transverse 
strength of six acrylic denture resins. OHDMBSC 2010;9:21-4.

3. Darbar UR, Huggett R, Harrison A. Denture fracture-A survey. Br 
Dent J 1994; 176:342-5. [CrossRef ]

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

5. Dixon DL, Breeding LC. The transverse strengths of three denture 
base resins reinforced with polyethylene fibres. J Prosthet Dent 
1992;67:417-9. [CrossRef ]

6. Kelly E. Fatigue failure in denture base polymers. J Prosthet 
Dent 1969;21:257-66. [CrossRef ]

7. Yunus N, Rashid AA, Azmi LL, Abu-Hassan MI. Some flexural 
properties of a nylon denture base polymer. J Oral Rehabil 
2005;32:65-71. [CrossRef ]

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

9. Jagger D, Harrison A, Jandt KD. The reinforcement of dentures. J 
Oral Rehabil 1999;26:185-94. [CrossRef ]

10. Zappini G, Kammann A, Wachter W. Comparison of fracture 
tests of denture base materials. J Prosthet Dent 2003;90:578–85. 
[CrossRef ]

11. Stafford GD, Bates JF, Huggett R, Handley RW. A review of the 
properties of some denture base polymers. J Dent 1980;8:292-
306. [CrossRef ]

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

13. Vagkopoulou T, Koutayas SO, Koidis P, Strub JR. Zirconia in 
dentistry: Part 1. Discovering the nature of an upcoming 
bioceramic. Eur J Esthet Dent 2009;4:130-51.

14. Zuccari AG, Oshida Y, Moore BK. Reinforcement of acrylic resins 
for provisional fixed restorations. (Part I): Mechanical properties. 
Biomed Mater Eng 1997;7:327-43. [CrossRef ]

15. Panyayong W, Oshida Y, Andres CJ, Barco TM, Brown DT, 
Hovijitra S. Reinforcement of acrylic resins for provisional fixed 
restorations. Part III: Effects of addition of titania and zirconia 
mixtures on some mechanical and physical properties. Biomed 
Mater Eng 2002;12:353-66.

16. Korkmaz T, Dogan A, Usanmaz A. Dynamic mechanical analysis 
of provisional resin materials reinforced by metal oxides. 
Biomed Mater Eng 2005;15:179-88.

17. Monich PR, Berti FV, Porto LM, Henriques B, de Oliveira APN, 
Fredel MC, et al. Physicochemical and biological assessment of 
PEEK composites embedding natural amorphous silica fibres 
for biomedical applications. Mater Sci Eng C Mater Biol Appl 
2017;79:354-62. [CrossRef ]

18. Rahmitasari F, Ishida Y, Kurahashi K, Matsuda T, Watanabe M, 
Ichikawa T. PEEK with reinforced materials and modifications for 
dental implant applications. Dent J (Basel) 2017;5:35. [CrossRef ]

19. Skirbutis G,  DzingutėA,  Masiliūnaitė V, Šulcaitė G, Žilinskas 
J. A review of PEEK polymer’s properties and its use in 
prosthodontics. Stomatologija 2017;19:19-23.

20. Zoidis P, Papathanasiou I, Polyzois G. The use of a modified poly 
ether ether ketone (PEEK) as an alternative framework material 
for removable dental prostheses. A clinical report. J Prosthet 
Dent 2015;25:580-4. [CrossRef ]

21. Skirbutis G, Dzingutė A, Masiliūnaitė V, Šulcaitė G, Žilinskas 
J. A review of PEEK polymer’s properties and its use in 
prosthodontics. Stomatologija 2017;19:19-23.

22. Revised American Dental Association specification no.12 
for denture base polymers. J Am Dent Assoc 1975;90:451-8. 
[CrossRef ]

23. Beyli MS, von Fraunhofer JA. An analysis of causes of fracture 
of acrylic resin dentures. J Prosthet Dent1981;46:238-41. 
[CrossRef ]

24. Muhsin SA, Hatton PV, Johnson A, Sereno N, Wood DJ. 
Determination of polyetheretherketone (PEEK) mechanical 
properties as a denture material. Saudi Dent J 2019;31:382-91. 
[CrossRef ]

25. Zidan S, Silikas N, Haider J, Alhotan A, Jahantigh J, Yates 
J. Evaluation of equivalent flexural strength for complete 
removable dentures made of zirconia-impregnated pmma 
nanocomposites. Materials 2020;13:2580. [CrossRef ]

26. Kundie F, Azhari CH, Ahmad ZA. Effect of nano-and micro-
alumina fillers on some properties of poly (methyl methacrylate) 
denture base composites. J Serb Chem Soc 2018;83:75-91. 
[CrossRef ]

27. Gad MM, Abualsaud R, Rahoma A, Al-Thobity AM, Al-Abidi KS, 
Akhtar S. Effect of zirconium oxide nanoparticles addition on 
the optical and tensile properties of polymethyl methacrylate 
denture base material. Int J Nanomed 2018;13:283-92. 
[CrossRef ]

28. Sirandoni D, Leal E, Weber B, Noritomi PY, Fuentes R, Borie E. 
Effect of different framework materials in implant-supported 
fixed mandibular prostheses: a finite element analysis. Int J Oral 
Maxillofac Implants 2019;34:e106-14. [CrossRef ]

29. Gad MM, Al-Thobity AM, Rahoma A, Abualsaud R, Al-Harbi FA, 
Akhtar S. Reinforcement of PMMA denture base material with 
a mixture of ZrO2 nanoparticles and glass fibers. Int J Dent 
2019;2019:1-11. [CrossRef ]

30. Oku JI. Impact properties of acrylic denture base resin. Part 1. 
A new method for determination of impact properties. Dent 
Mater J 1988;7:166-73. [CrossRef ]

31. Neihart TR, Li SH, Flinton RJ. Measuring fracture toughness of 
high-impact poly(methyl methacrylate) with the short rod 
method. J Prosthet Dent 1988;60:249-53. [CrossRef ]

32. Harrison A, Huggett R. Effect of the curing cycle on residual 
monomer levels of acrylic resin denture base polymers.  J 
Dent 1992;20:370-4. [CrossRef ]

33. Jagger RG. Effect of the curing cycle on some properties of a 
polymethylmethacrylate denture base material. J Oral Rehabil 
1978;5:151-7. [CrossRef ]

https://doi.org/10.1016/j.compositesa.2006.04.002
https://doi.org/10.1038/sj.bdj.4808449
https://doi.org/10.1016/0022-3913(92)90261-8
https://doi.org/10.1016/0022-3913(69)90289-3
https://doi.org/10.1111/j.1365-2842.2004.01370.x
https://doi.org/10.1016/0300-5712(86)90004-7
https://doi.org/10.1046/j.1365-2842.1999.00375.x
https://doi.org/10.1016/j.prosdent.2003.09.008
https://doi.org/10.1016/0300-5712(80)90043-3
https://doi.org/10.1016/S0022-3913(89)80055-1
https://doi.org/10.3233/BME-1997-7505
https://doi.org/10.1016/j.msec.2017.05.031
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5806965/
https://doi.org/10.3390/dj5040035
https://pubmed.ncbi.nlm.nih.gov/?term=Skirbutis+G&cauthor_id=29243680
https://pubmed.ncbi.nlm.nih.gov/?term=Dzingut%C4%97+A&cauthor_id=29243680
https://pubmed.ncbi.nlm.nih.gov/?term=Masili%C5%ABnait%C4%97+V&cauthor_id=29243680
https://pubmed.ncbi.nlm.nih.gov/?term=%C5%A0ulcait%C4%97+G&cauthor_id=29243680
https://pubmed.ncbi.nlm.nih.gov/?term=%C5%BDilinskas+J&cauthor_id=29243680
https://doi.org/10.1111/jopr.12325
https://doi.org/10.14219/jada.archive.1975.0069
https://doi.org/10.1016/0022-3913(81)90206-7
https://doi.org/10.1016/j.sdentj.2019.03.005
https://doi.org/10.3390/ma13112580
https://doi.org/10.2298/JSC170118056K
https://doi.org/10.2147/IJN.S152571
https://doi.org/10.11607/jomi.7255
https://doi.org/10.1155/2019/2489393
https://doi.org/10.4012/dmj.7.166
https://doi.org/10.1016/0022-3913(88)90325-3
https://doi.org/10.1016/0300-5712(92)90031-7
https://doi.org/10.1111/j.1365-2842.1978.tb01208.x

