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Objectives: The long-term success of implant-supported prostheses and load-bearing implant systems depends on the 
mechanical properties of advanced structured biomaterials. Graphene has long been used in graphene-based composites; 
however, the mechanical characteristics of graphene as a standalone structured material are not well understood. Since 
comparative mechanical characterization across nano-structured, polymeric, and metallic biomaterials is necessary for 
interdisciplinary materials development, this study compares the flexural strength and surface hardness of graphene with 
Polyetheretherketone (PEEK) and titanium, which are widely used implant biomaterials.  
Materials and Methods: A total of 30 specimens (n = 10 for graphene, PEEK, and titanium) were milled using CAD/CAM 
technology according to ISO 178 for flexural strength and ISO 6507-1 for Vickers hardness. Flexural strength was measured 
with a three-point bending test at a cross-head speed of 1 mm/min to assess the flexural strength of the samples. Surface 
hardness was tested on the same samples by using a microhardness tester. Data were analyzed using one-way ANOVA 
followed by the Tukey post hoc test. Effect sizes were calculated using eta squared (ƞ2). p < 0.05 was considered statistically 
significant. 
Results: The mechanical performance parameters, mean flexural strength (F (2,27) = 4433.2, p < 0.001) and surface 
hardness (F (2,27) = 1248.9, p < 0.001) of the three materials were significantly different, with the highest flexural strength 
(2111.17 ± 45.00 MPa) and surface hardness (367.70 ± 12.148 HV) in titanium. Furthermore, flexural strength was higher in 
PEEK (181.37 ± 5.24 MPa) than in graphene (109.35 ± 35 MPa), and the surface hardness was higher in graphene (82.20 ± 
5.473 HV) than in PEEK (66.40 ± 6.802 HV).  
Conclusions: Low flexural strength and intermediate surface hardness of graphene support its viable use as a coating or 
reinforcement rather than as a primary structural framework, defining realistic clinical applications.   
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Introduction  

Dental implant-supported prostheses are used to 
restore the missing teeth of edentulous patients and 
improve their quality of life by increasing their survival 
rate by more than 90% when followed up for at least 5 
years.1,2 Since masticatory forces are directly imparted on 
the implant or prosthetic framework due to the absence 
of the periodontal ligament, and the survival rate of 
patients depends on the type of prostheses and their 
overall properties, the prosthetic materials must be 
carefully chosen to withstand masticatory forces and 
maintain anatomical integrity. Clinical issues such as screw 
loosening, peri-implant bone resorption, framework 
fractures, and failure of prosthetic components are often 
associated with inadequate fit and unfavorable 
biomechanical behavior of the framework material. 
Therefore, careful selection of biomaterials is essential.3 
Currently, several materials are used in prostheses, 
including ceramic-based materials (such as monolithic 
zirconia and lithium disilicate), metal-ceramic alternatives 
(ceramic-veneered titanium), and polymeric and resin-

based materials (Polyetheretherketone (PEEK) and 
Polymethyl methacrylate (PMMA)).2,4–6 Digital dentistry 
has expanded biomaterial innovation, enabling advanced 
mechanical evaluation and application of novel 
framework.7 While CAD/CAM fabrication has traditionally 
relied on materials such as titanium, zirconia, and cobalt–
chromium alloys, recent advancements have introduced 
new-generation polymer-based and composite 
framework materials with promising biomechanical 
performance. With the introduction of polymer-based 
CAD/CAM materials, evaluation of their mechanical 
strength has become increasingly important.8 However, 
comprehensive mechanical evaluation of these novel 
materials, like PEEK, remains limited.9 Any distortion or 
deformation occurring during the fabrication process can 
compromise framework accuracy, resulting in misfit at the 
implant–abutment interface.10 Such inaccuracies, 
especially when it is a long span prosthesis, may adversely 
influence stress distribution and overall biomechanical 
performance.11 Of these, though metallic frameworks 
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have high mechanical strength and are clinically 
successful, their aesthetic limitations, potential 
hypersensitivity, and metallic color limit their usage. On 
the other hand, ceramics possess excellent aesthetics but 
are brittle, and polymers have non-metallic composition 
and bone-like elasticity but reduced mechanical 
strength.5,12 Therefore, developing a tougher ceramic with 
good aesthetic properties is always a focus.  

Of the several parameters used to test the suitability 
of a material as a prosthesis and implant framework, 
flexural strength and surface hardness are two common 
parameters. In addition to dentistry, titanium and PEEK 
are also used in orthopedic and other biomedical implant 
applications where flexural strength and surface hardness 
are important for long-term clinical performance. Flexural 
strength is tested to determine the resistance to 
deformation and fracture under functional loads. For full-
arch and multi-unit implant restorations, a minimum of 
1000 MPa flexural strength is recommended by clinical 
guidelines and ISO standards to ensure long-term 
durability. This high value is necessary because implant-
supported prostheses lack the cushioning effect of the 
periodontal ligament, leading to higher force transmission 
and increased risk of framework fracture. In 
contrast, short-span bridges and single-unit restorations 
can safely utilize materials with lower flexural strength, as 
the functional demands are reduced. Specifically, ISO 
6872:2024 establishes a minimum flexural strength of 100 
MPa for single crowns, while short-span restorations such 
as three-unit bridges need at least 300–400 MPa to 
minimize the chance of clinical failure. Therefore, careful 
selection of materials according to their flexural strength 
is essential for the integrity and longevity of both 
extensive and limited-span implant prostheses.12–15 

Surface hardness determines a material’s ability to 
resist wear, abrasion, and permanent deformation during 
mastication and oral hygiene procedures. For full-arch and 
high-load implant prostheses, clinical studies and material 
consensus suggest that surface hardness values 
above 150–200 HV (Vickers hardness) support superior 
wear resistance and durability, helping maintain 
anatomical form throughout the prosthesis lifespan. 
Short-span frameworks, such as three-unit bridges, are 
exposed to lower cumulative forces and can perform 
adequately with surface hardness values in the 90–150 
HV range, which have shown favorable clinical outcomes 
in several restorative materials. For single-unit 
restorations, surface hardness values above 60–100 
HV (such as high-strength resin composites and hybrid 
ceramics) have demonstrated good performance in 
resisting occlusal wear and maintaining function over 
time.16–18 

Since peri-implantitis is one of the factors that leads to 
the failure of dental implants,19 an antibacterial material 
is required to overcome this issue. The graphene material 
used in the study consisted of a polymethyl methacrylate 
(PMMA)-based biocompatible and thermostable acrylic 
thermoplastic resin reinforced with medical-grade 
graphene, which is composed of a single layer of carbon 

atoms arranged in a honeycomb lattice. The incorporation 
of graphene enhances the antibacterial properties, 
reduces material weight, improves stress resistance, and 
decreases polymerization shrinkage compared to 
conventional acrylic resins. 

Monolayer graphene is shown to be one of the 
strongest materials with 42 N/m strength. With its tensile 
strength similar to that of bone, enamel, and dentin, and 
antibacterial property, graphene could be a suitable 
prosthetic material.20 Thus, clinically, graphene can help 
overcome the limitations of metals and ceramics and 
potentially improve patient outcomes in certain cases. 
However, several studies have shown the use of graphene 
in graphene-reinforced composites,21,22 but not as a 
standalone milled graphene material. From a materials 
research perspective, comparison of nano-structured 
materials, high-performance polymers, and metallic 
biomaterials can help in material selection and 
development of next-generation biomaterial systems; 
therefore, this study aims to systematically compare the 
flexural strength and surface hardness of graphene with 
PEEK and titanium by fabricating each material using 
CAD/CAM technology. The null hypothesis of the present 
study was that there would be no significant differences 
in flexural strength and surface hardness among 
graphene, PEEK and titanium. 

Materials and Methods 

Sample Size Calculation 
The sample size was determined using a power 

analysis formula based on the effect size          obtained 
from a previous reference study: 

𝑛 =
(𝑍𝛼/2 + 𝑍𝛽)

2

𝑓2
+ 𝑘 

where 𝑍𝛼/2 = 1.96 at a 95% confidence interval, 𝑍𝛽 =

1.28 corresponding to 90% study power, 𝑓 = 0.65 
representing the effect size obtained from the reference 
study, and 𝑘 = 3 indicating the number of groups 
included in the study. Based on the calculation, the 
estimated sample size was approximately 30 specimens, 
with 10 specimens allocated to each group. 

Sample Size Fabrication 
Thirty specimens, 10 from each group, were fabricated 

using CAD/CAM technology. The specimens were divided 
into three groups: Group A- graphene (G-CAM, Spain), 
Group B- PEEK (DD PEEK, Germany), and Group C- 
titanium (star bond Ti4 Disc Scheftner; Mainz, Germany). 
The blanks were obtained directly from authorized dental 
material dealers for the study. The blanks were scanned 
and milled using CAD/CAM. A total of 30 rectangular-
shaped specimens (10 specimens in each group) with 
standardized dimensions of 25 mm length,5mm width and 
2 mm thickness were virtually designed using CAD 
software and subsequently milled using a 5-axis CAD-CAM 
milling machine (Rainbow™ Mill, Dentium, South Korea) 
under standardized conditions according to the 
predetermined design parameters.  In the present study, 
all specimens were fabricated using CAD/CAM milling to 
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ensure standardization and to reflect contemporary 
digital manufacturing protocols.23 Samples were designed 
according to the ISO standardization 178:201924 for 
measuring flexural strength and ISO 6507-1:202325 for 
surface hardness using the Exocad software.  

Although polishing is commonly performed for 
definitive restorations in clinical practice, it was not 
carried out in the present in vitro study to avoid 
introducing additional variables that could influence the 
mechanical properties of the materials. Since titanium, 
PEEK, and graphene-based materials require different 
polishing protocols, all specimens were evaluated in the 
as-milled condition to ensure standardization and to 
enable direct comparison of their inherent material 
properties following CAD/CAM fabrication. 26 

Flexural Strength Measurement 
Each group’s flexural strength was measured with the 

three-point bending test. Specimens measuring 25 mm × 
5 mm × 2 mm were placed on two supporting points with 
a span length of 20 mm. A vertical compression load was 
applied at the center of the specimen at 1.0 mm/min 
cross-head speed to assess the flexural strength of the 
samples. The load was applied to each sample at the 
center of the sample. The load at bending was 
automatically recorded by the software of the machine, 
and the bending curve was generated. For each curve, the 
first drop was marked, and the corresponding load was 
recorded as the bending load. 

Surface Hardness Measurement 
The same samples were tested under a Vickers 

hardness tester according to the ISO Specification No. 
6507-1:2023 for measuring surface hardness. The 
instrument consists of a bluntly pointed tip with a 
diameter of 0.5mm. It consists of a pyramidal diamond 
indenter, and it was pressed firmly and quickly on the 
specimen, and the maximum reading was taken as the 
Vickers hardness number (HV). 

Statistical Analysis 
The data obtained were entered into an MS Excel 

spreadsheet and analyzed using IBM SPSS version 25. 
Means and standard deviations were calculated for each 
group. The Shapiro-Wilk test was performed to assess 
normality, and Levene’s test was performed for 
homogeneity of variance. One-way ANOVA was used to 
compare flexural strength and hardness among groups, 
followed by a Tukey post hoc test. Effect sizes were 
calculated using eta squared (ƞ2). p < 0.05 was considered 
statistically significant. 

Results 

Characteristics of Graphene, PEEK, and Titanium 
Each material dimension was 25 mm x 5 mm x 2 mm 

(length x width x thickness). Both graphene (Figure 1A) 
and PEEK (Figure 1B) had a light colour with a smooth 
matte surface. Titanium had a metallic shine (Figure 1A). 

 

 

Figure 1. Fabricated materials (A) Graphene, (B) PEEK, and (C) Titanium. 

 
Flexural Strength Analysis 
Titanium showed the highest mean flexural strength 

(2111.17 ± 45.0 MPa), followed by PEEK (181.37 ± 5.24 
MPa) and graphene (109.35 ± 8.77 MPa), with a significant 
difference among the three groups (F (2,27) = 4433.2, p < 
0.001). 

Tukey post hoc tests indicated that each group differed 
significantly from the others (p < 0.001). The effect size ƞ2 
was 0.997. Statistical analysis results are summarized in 
Table 1. 

Surface Hardness Analysis 
Similar to flexural strength, the surface hardness of 

titanium remained the highest (362.70 ± 12.15 HV). 
However, the surface strength of graphene (82.20 ± 5.47 

HV) remained higher than that of PEEK (66.40 ± 6.80 HV). 
The mean surface hardness of the three groups differed 
significantly (F (2,27) = 1248.9, p < 0.001). 

Tukey post hoc test indicated that each group differed 
significantly from the others (p < 0.001). The effect size ƞ2 
was 0.989. Statistical analysis results are summarized in 
Table 2. 

Discussion 

From a biomaterials engineering perspective, the choice 
of prosthetic material is crucial for the mechanical 
performance and longevity of implant-supported fixed 
dental prostheses (ISFDPs), as it directly influences stress 
distribution during mastication and determines the 
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prosthesis’s load-bearing capacity. During functional 
loading, occlusal stresses are transmitted directly to the 
implant–framework or implant–bone interface, potentially 

causing mechanical or biological complications such as 
screw loosening, framework fractures, veneering material 
chipping, peri-implant bone loss, and component failure.27 

 
Table 1. Comparison of the flexural strength 

Sample no. Graphene PEEK Titanium 

Mean (MPa) 109.35 181.37 2111.17 
SD 8.77 5.24 45.00 
95% CI 103.3–115.4 178.0–184.7 2081.4–2140.9 
ANOVA (between groups) F (2,27) = 4433.2, p < 0.001 
Effect size η² = 0.997 
Graphene vs PEEK p < 0.001 
Graphene vs Titanium p < 0.001 
PEEK vs Titanium p < 0.001 

 
Table 2. Comparison of the mean surface hardness 

Sample no. Graphene PEEK Titanium  
Mean (HV) 82.20 66.40 362.70  

SD 5.47 6.80 12.15  
95% CI 78.5–85.8 61.5–71.3 354.8–370.6  

ANOVA (between groups) F (2,27) = 1248.9, p < 0.001  
Effect size η² = 0.989  

Graphene vs PEEK p < 0.001  
Graphene vs Titanium p < 0.001  

PEEK vs Titanium p < 0.001  

In this study, graphene was compared with PEEK and 
titanium for its flexural strength and surface hardness. 
Titanium demonstrated superior flexural strength and 
surface hardness values, which align with previous 
research on its mechanical properties and its well-
established clinical history.17,28 PEEK displayed moderate 
flexural strength, in line with its previously documented 
elasticity and shock-absorbing properties.29 Previous 
investigations have demonstrated that PEEK coatings can 
improve the mechanical properties of restorative 
materials.30 Furthermore, the PEEK used in this study had 
the lowest surface hardness (66.40 ± 6.80 HV), which is 
still higher than 24 HV identified for sheet-form PEEK in a 
prior study.31 

Graphene, fabricated using CAD/CAM technology, had 
the least flexural strength (109.35 ± 8.77 MPa) among the 
three materials and a slightly higher hardness (82.20 ± 
5.47 HV) value than PEEK. This suggests that the material 
may endure surface wear adequately, but may not 
perform well in high-load or long-span implant 
frameworks due to its lack of the required bulk strength in 
its present processed bulk form.32 In dentistry literature, 
graphene is usually used in small quantities as a 
reinforcing additive in PMMA or polymeric matrices to 
enhance mechanical and antibacterial properties.22,33. 
Graphene also demonstrates promising biological 
applications, including drug delivery, gene therapy, and 
promotion of stem cell growth, differentiation, and 
proliferation, thereby showing potential in tissue 
engineering, regenerative medicine, and various 
biomedical applications.34. The present findings are 
consistent with previous reports in which graphene-based 
systems exhibited comparatively lower flexural and load-
bearing performance than other constituent materials, 

indicating that graphene does not necessarily 
demonstrate superior flexural strength when evaluated as 
a standalone material.35 

Addressing the research gap, our study evaluated 
graphene for its potential use in implant prostheses and 
provided the first baseline mechanical data comparing 
graphene with materials used in clinical practices. 
Importantly, the flexural strength of typically used 
Zirconia restorations is 900–1200 MPa, which far exceeds 
the value observed for graphene in this study (109.35 ± 
8.77 MPa).36 In contrast, the flexural strength of PEEK is 
183 MPa, and it is recommended as a substructure for 
dental prosthesis.31 Unlike its bending strength, the 
surface hardness of graphene (82.20 ± 5.47 HV) was better 
than PEEK in the present work, implying low-stress 
applications where resistance to wear is critical, such as 
thin veneer layers on implant crowns, occlusal surfaces 
supported by stronger substructures, or short-span 
anterior prosthetic components. Further, graphene has 
widely validated antimicrobial properties, corrosion 
resistance, osteogenic and osseointegration potential, 
and biological inertness that may diminish peri-implant 
inflammation and enhance titanium performance when 
graphene is used as a surface coating.37 

In terms of a broader biomaterials perspective, the 
findings of this study can be applied not only to dental 
implants but also to other load-bearing implant systems 
where titanium and PEEK are routinely used, such as 
orthopedic fixation devices and joint-related components. 
The comparatively low flexural strength and moderate 
surface hardness of graphene indicate its usage is more 
suitable for surface coating or reinforcing material on 
metallic or polymeric implants rather than as a bulk 
structural framework. This supports its potential role in 
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surface-engineered and multi-material biomaterial 
designs. 

A major advantage of this study is the use of graphene, 
PEEK, and titanium, all fabricated through CAD/CAM 
technology under standardized ISO conditions, and it has 
evolved into a versatile and precise tool for modern 
clinical applications.38 CAD/CAM is a simple and accurate 
method for the production of implant prosthodontics. Its 
positive patient-centered outcomes are well-
documented, and it also supports reproducible and 
standardized specimen preparation for comparative 
materials testing.39,40 It compares the flexural strength 
and surface hardness of this graphene with those of 
clinically used materials. This dual mechanical evaluation 
provides practical baseline data for future research on the 
possible use of graphene as an implant prosthesis. 
However, the study did not focus on its behavior, 
including cyclic fatigue resistance, wear from chewing, 
microstructural characterization, compatibility with 
veneering ceramics or composites, and hydrothermal 
ageing. Therefore, future studies should analyze these 
properties to determine the potential role of graphene in 
dental implants and prostheses. Also, microstructural 
characterization and interfacial behavior analysis could be 
performed for nano-reinforced biomaterial development. 

Conclusions 

The CAD/CAM-fabricated graphene failed to show 
sufficient flexural strength as a standalone implant 
framework material, but demonstrated greater surface 
hardness than PEEK. Graphene has well-supported 
biological benefits as well. Together, these findings 
support its viable use as a coating or reinforcement rather 
than as a primary structural framework, defining realistic 
clinical applications across implant biomaterial systems.  
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