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Evaluation of stresses on mandible 
bone and prosthetic parts in fixed 
prosthesis by utilizing CFR‑PEEK, 
PEKK and PEEK frameworks
Yomna H. Shash  1*, Mohamed T. El‑Wakad 2, Mohamed A. A. El‑Dosoky 1 & 
Mohamed M. Dohiem 3

Fixed prostheses are appropriate treatment solutions for edentulous patients. In fixed prostheses, 
following “All on four”, titanium frameworks are commonly used to support the implants. However, 
the limitations of titanium have prompted researchers to search for alternative materials (e.g. 
polymers). This study applied finite element investigation to evaluate the stress distribution in the 
parts of fixed prosthesis and the surrounding bone tissue, using polymeric frameworks in place of 
titanium, and different densities of spongy bone. As, the success of fixed prosthesis was predicted to 
be influenced also by bone quality, particularly spongy bone density. Fixed prosthesis was constructed 
on edentulous mandible, then different frameworks (CFR-PEEK 60%, CFR-PEEK 30%, PEKK, and 
PEEK) were stimulated instead of titanium, under 300N unilateral and bilateral forces. Three densities 
of spongy bone were stimulated which are normal, low and high. The choice of framework material 
depended on the density of spongy bone. Moreover, PEEK framework showed the lowest stress 
values on bone tissues and the highest stress values on mucosa. All frameworks could be used in the 
fixed prosthesis, in the cases of normal and high densities of spongy bone. In low-density case, soft 
frameworks (PEKK and PEEK) were recommended to reduce the stresses generated on bone tissues.

Due to the current drawbacks of traditional complete dentures, implant-supported fixed prostheses have recently 
been employed as appropriate solutions for edentulous patients to restore the quality of life1. These prostheses 
utilize “All-on-4” concept which reduces the treatment time and the risk of morbidity, overcomes the complicated 
prosthetic and surgical problems caused by anatomical limitations, and also improves eating, speaking, and self-
confidence2,3. Moreover, the "All-on-4" prostheses are characterized by their high success rates and easy care 
routines. The drawbacks of "All-on-4" are relatively minor and can be overcome. These drawbacks are presented 
by their relatively high costs and poor hygiene complications which are rare occurrences4.

In “All-on-4”, four implants are placed in the edentulous jaw for supporting the loaded prosthesis, without the 
requirement for bone augmentation2–4. Till now the material of choice for implants is titanium due to its rigidity, 
strength, excellent corrosion resistance, and biocompatibility with the bone and gum tissues. Titanium, on the 
other hand, has drawbacks, including aesthetic impairment, metallic taste, and incompatibility with imaging 
techniques5. As a possible alternative to titanium, zirconia implants have been recently used because of their 
high mechanical stability, biocompatibility, low plaque affinity, and white “tooth-like” colors6. However, other 
researchers have recommended the usage of polymeric implants (e.g. PEEK) because of their elastic modulus 
which is close to the bone, and their shock-absorbing abilities7,8. Despite the drawbacks of titanium, long-term 
reports about clinical survival rates have made titanium the “gold standard” material over other materials for 
the manufacturing of endosseous dental implants9,10. Histological studies have shown the complete integration 
of titanium implants with bone tissue, as they can physically bond to bone tissues and hence last longer even if 
subjected to high stresses, compared to their alternatives5,9,10.

In “All-on-4”, a framework is attached to the titanium implants through the multi-unit abutments to support 
them and enhance the load distribution, reducing the stresses transferred to bone tissues and mucosa. On the 
framework, acrylic artificial teeth are assembled and secured using acrylic material3. In fixed prostheses, one of 
the key factors for long-term clinical success is the correct choice of the superstructure (framework) material 
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that supports the implants and artificial teeth, and transfers the load to the substructures including the bone 
tissue11,12. Many clinicians want to find suitable framework materials that overcome biomechanical deficiencies 
while also improving function, aesthetics and the primary stability of the fixed prosthesis. Metallic materials 
(e.g. titanium) are commonly employed in the manufacturing of frameworks due to their durability, biocompat-
ibility, and great corrosion resistance5. However, the patients’ desire for using low-cost metal-free prostheses has 
prompted researchers to look for alternate materials.

PEKK (polyether ketone ketone) and PEEK (polyether ether ketone) are two new polymeric materials that 
have recently been introduced in dentistry for the manufacture of implants, abutments, and removable and 
fixed prostheses7,13. These materials are biocompatible and radiolucent, with low densities, strong shock absorp-
tion abilities, high chemical erosion resistances, and good aesthetic appearances. The mechanical properties 
of PEEK can be improved to suit the biological demands by adding carbon fibers (CFR-PEEK) in a certain 
percentage14. Carbon-fiber-reinforced polyetheretherketone (CFR-PEEK) composites have historically been 
used in the production of bone fixation screws, spinal cages, cardiac and neurological leads, and knee replace-
ment products14,15. Recently, they have been successfully used in dentistry because of their biocompatibility, 
and mechanical durability16. These composites are expected to be used widely in dentistry in the fabrication 
of different prosthetic parts, as alternatives to stainless steel and titanium materials. To fabricate a part, CFR-
PEEK sheets (30% or 60%) can be heated above their melting temperature and then pulled over or pushed into 
a mold with either vacuum or pressure17. Although polymeric materials have been employed in dentistry and 
orthopedics, further studies are needed to determine whether they can be used in the fabrication of frameworks.

The primary stability of fixed prosthesis is expected to be influenced by bone quality, as it influences the 
distribution of loads in all parts. Following edentulism, bone loss is a common occurrence, in which the old 
bone breaks down quicker than the new one grows, reducing bone density and hence strength. Too much bone 
production, too little bone resorption, or too much vitamin D in the body, on the other hand, enhances bone 
density and strength. The researchers also have revealed that the spongy bone is more susceptible to bone loss 
or gain than the cortical bone. Low and high densities for spongy bone are defined from CT scans as 150 and 
850 Hounsfield units [HU]18,19.

The finite element analysis has gained popularity in dentistry due to its ability to model complex geometries 
and provide important information regarding the distributions of stresses/strains in prosthetic parts, surround-
ing tissue, and bone20. In this study, the finite element method was utilized to investigate the effect of using novel 
polymeric frameworks (e.g. CFR-PEEK 30&60%, PEKK, and PEEK) as alternatives to titanium framework in the 
fixed prostheses to overcome its limitations. This study also investigated the effect of spongy bone density on the 
stability of prosthesis and the selection of framework material. 300 N unilateral and bilateral forces were applied 
vertically to stimulate the different mastication mechanisms. The null hypothesis predicted that the polymeric 
frameworks would exhibit the lowest stresses in bone tissues and represent the best scenario, in comparison to 
the titanium frameworks. Additionally, these polymeric frameworks would be appropriate for use with both high 
and low densities of spongy bone, not only in the normal density case.

Results
Stresses on framework.  Tables 1 and 2 illustrated the max von Mises stresses on all frameworks, in all 
cases, under unilateral and bilateral forces. On the titanium framework, under unilateral force (Table 1), the max 
stress was 102.2 MPa in the normal-density case. This value was increased by 11.25% on CFR-PEEK 60% frame-

Table 1.   Max von Mises stresses (MPa)on framework, implants and mucosa, under unilateral force.

Framework Implants Mucosa

Normal density

 TI 102.2 63.13 0.071

 CFR-PEEK 60% 113.7 63.48 0.068

 CFR-PEEK 30% 43.45 62.64 0.096

 PEKK 21.31 61.51 0.115

 PEEK 16.63 60.99 0.121

High density

 TI 99.71 61.36 0.059

 CFR-PEEK 60% 110.9 62.24 0.056

 CFR-PEEK 30% 43.09 59.49 0.084

 PEKK 21.22 57.88 0.104

 PEEK 16.59 57.25 0.110

Low density

 TI 109.3 53.53 0.097

 CFR-PEEK 60% 121.9 53.53 0.094

 CFR-PEEK 30% 44.05 52.78 0.120

 PEKK 21.45 51.81 0.138

 PEEK 16.68 51.40 0.145
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work and decreased by 57.49, 79.15, and 83.73% on CFR-PEEK 30%, PEKK, and PEEK frameworks respectively. 
In the high-density case, the max stress was increased by 11.22% on CFR-PEEK 60% framework, and decreased 
by 56.78, 78.72 and 83.36% on CFR-PEEK 30%, PEKK and PEEK respectively. The same happened in the low-
density case, as the stress on CFR-PEEK60% framework was increased by 11.53%, in comparison to titanium, 
while the stresses on CFR-PEEK 30%, PEKK, and PEEK were decreased by 59.7, 80.38 and 84.74% respectively.

Under bilateral forces (Table 2), the max von mises stresses on titanium frameworks were 104.2, 101.9 and 
109.8 MPa in normal, high, and low densities cases respectively. These values were increased to 116.7, 114.1, 
and 122.9 MPa on CFR-PEEK 60% frameworks, however, decreased to 17.53, 17.41, and 17.66 MPa on PEEK 
frameworks.

Stresses on implants.  For the three cases, the highest stress values on implants were found by utilizing 
CFR-PEEK 60% frameworks, as shown in Tables 1 and 2. In comparison to the titanium framework, CFR-PEEK 
30%, PEKK, and PEEK frameworks resulted in reductions in the max stresses of implants. These reductions were 
(0.78, 2.57 and 3.39%) in the normal-density case, (3.05, 5.67 and 6.7%) in the high-density case, and (1.4, 3.21 
and 3.98%) in the low-density case, under unilateral force.

Under bilateral force, by using CFR-PEEK 30%, PEKK, and PEEK frameworks, the reductions in the stresses 
of implants were (1.56, 2.76 and 3.78%) in the-normal density case, (1.76,4.69 and 5.9%) in the high-density case 
and (2.33, 4.42 and 5.27%) in the low-density case, in comparison to titanium framework.

Stresses on mucosa.  Tables  1 and 2 demonstrated that the PEEK frameworks increased the mucosal 
stresses, compared to other frameworks. Moreover, under unilateral force, the highest stress value (0.145 MPa) 
was found in the low-density case, followed by (0.121 MPa) in the normal-density case and (0.11 MPa) in the 
high-density case. In addition, CFR-PEEK 60% decreased the mucosal stress to (0.071 MPa), (0.059 MPa), and 
(0.097 MPa) in normal, high, and low densities cases respectively.

Under bilateral force, by using titanium frameworks, the max stresses on mucosa were (0.086 MPa), 
(0.074 MPa), and (0.11 MPa) in normal, high, and low densities cases. These values were increased to (0.135 MPa), 
(0.126 MPa) and (0.155 MPa) by using PEEK frameworks, however, reduced to (0.083 MPa), (0.07 MPa) and 
(0.106 MPa) by using CFR-PEEK60% frameworks.

Figures 1, 2, 3, 4, 5 and 6 illustrated the distribution of von Mises stresses (MPa) on frameworks, implants and 
mucosa, by using CFR-PEEK 60%, CFR-PEEK 30%, titanium, PEKK and PEEK frameworks, in normal density 
case of spongy bone, under unilateral and bilateral forces.

Stresses on cortical and spongy bones.  For all three cases, under unilateral and bilateral forces, the 
lowest values of peak max and min principal stresses of cortical bone were recorded in the high-density case, fol-
lowed by the normal-density case and the low-density case (Tables 3, 4). In addition, CFR-PEEK 60% framework 
similarly distributed the stresses as the titanium framework.

Under unilateral force, in the normal-density case, the max principal stress on cortical bone was reduced 
by 1, 1.61 and 2.11% by using CFR-PEEK 30%, PEKK, and PEEK frameworks, compared to titanium. Besides, 
the min principal stress was reduced by 1.45, 3.55, and 5.06% respectively. In the high-density case, for CFR-
PEEK 30%, PEKK, and PEEK frameworks, the value of max principal stress was reduced by 1.6, 2.4, and 2.97%, 

Table 2.   Max von Mises stresses (MPa)on framework, implants and mucosa, under bilateral force.

Framework Implants Mucosa

Normal density

 TI 104.2 64.01 0.086

 CFR-PEEK 60% 116.7 64.62 0.083

 CFR-PEEK 30% 44.99 63.00 0.111

 PEKK 22.12 62.24 0.129

 PEEK 17.53 61.59 0.135

High density

 TI 101.9 61.62 0.074

 CFR-PEEK 60% 114.1 61.98 0.070

 CFR-PEEK 30% 44.36 60.53 0.100

 PEKK 21.92 58.73 0.119

 PEEK 17.41 57.98 0.126

Low density

 TI 109.8 56.46 0.110

 CFR-PEEK 60% 122.9 56.65 0.106

 CFR-PEEK 30% 45.92 55.14 0.132

 PEKK 22.36 53.96 0.149

 PEEK 17.66 53.48 0.155
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compared to titanium. In addition, the value of min principal stress was reduced by 3.37, 5.04, and 5.57%. In 
the low-density case, the values of max and min principal stresses for cortical bone were nearly unchanged. For 
spongy bone, using CFR-PEEK 30%, PEKK, and PEEK instead of titanium, the max principal stress was reduced 
by (4.36, 6.55 and 6.91%) in the normal-density case, (0.68, 2.05 and 2.39%) in the high-density case, and (2.17, 
4.89 and 5.43%) in the low-density case, as illustrated in Table 3. Moreover, the min principal stress was reduced 
by (0.95, 2.6 and 3.07%) in the normal-density case, (1.26, 2.95 and 3.57%) in the high-density case, and (0.73, 
2.01 and 2.46%) in the low-density case respectively.

Under bilateral force (Table 4), in the normal-density case, the max principal stress on cortical bone was 
reduced by 2.73, 4.52 and 6.49% by using CFR-PEEK 30%, PEKK, and PEEK frameworks, compared to titanium. 
Moreover, the min principal stress was reduced by 7.3, 11.47, and 12.66% respectively. For CFR-PEEK 30%, 

Figure 1.   The distribution of von Mises stresses (MPa) on the frameworks, in the normal-density case, under 
unilateral force. (a) CFR-PEEK 60%, (b) CFR-PEEK 30%, (c) Titanium, (d) PEKK, (e) PEEK.

Figure 2.   The distribution of von Mises stresses (MPa) on the implants, in the normal-density case, under 
unilateral force. (a) CFR-PEEK 60%, (b) CFR-PEEK 30%, (c) Titanium, (d) PEKK, (e) PEEK.
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PEKK, and PEEK frameworks, in the high-density case, the value of max principal stress was reduced by 2.52, 
3.64 and 3.84%, and the value of min principal stress was reduced by 7.66, 11.99 and 13.20%. In the low-density 
case, the value of max principal stress on cortical bone was reduced by 2.14, 3.61 and 4.92% for CFR-PEEK 
30%, PEKK, and PEEK frameworks, and the value of min principal stress was reduced by 6.22, 9.18 and 9.18% 
respectively, compared to titanium framework. For spongy bone, using CFR-PEEK 30%, PEKK, and PEEK 
instead of titanium, the max principal stress was reduced by (5.11, 8.87 and 10.23%) in the normal-density case, 
(5.33, 7.66 and 8%) in the high-density case, and (2.71, 4.89 and 6.52%) in the low-density case as illustrated in 

Figure 3.   The distribution of von Mises stresses (MPa) on the mucosa, in the normal-density case, under 
unilateral force. (a) CFR-PEEK 60%, (b) CFR-PEEK 30%, (c) Titanium, (d) PEKK, (e) PEEK.

Figure 4.   The distribution of von Mises stresses (MPa) on the frameworks, in the normal-density case, under 
bilateral force. (a) CFR-PEEK 60%, (b) CFR-PEEK 30%, (c) Titanium, (d) PEKK, (e) PEEK.
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Table 4. Moreover, the min principal stress was reduced by (0.59, 2.24 and 2.95%) in the normal-density case, 
(0.63, 2.12 and 2.76%) in the high-density case, and (0.41, 1.81 and 2.47%) in the low-density case respectively.

Figures 7 and 8 illustrated the distribution of max and min principal stresses (MPa) on cortical and spongy 
bones by using CFR-PEEK 60% &PEEK frameworks, in the low and high densities cases, under unilateral force. 
Figure 9 illustrated the principal stress vectors, under unilateral and bilateral forces for cortical and spongy bones. 
The red and blue arrows indicated the areas with tension and compression respectively. For cortical bone, most 

Figure 5.   The distribution of von Mises stresses (MPa) on the implants, in the normal-density case, under 
bilateral force. (a) CFR-PEEK 60%, (b) CFR-PEEK 30%, (c) Titanium, (d) PEKK, (e) PEEK.

Figure 6.   The distribution of von Mises stresses (MPa) on the mucosa, in the normal-density case, under 
bilateral force. (a) CFR-PEEK 60%, (b) CFR-PEEK 30%, (c) Titanium, (d) PEKK, (e) PEEK.
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stresses were compressive around the loaded holes, while both compressive and tensile stresses were distributed 
in the spongy bone around these holes.

Implant displacement.  Using the three cases of cancellous bone density, the maximum total displacement 
values (μm) of the four implants were retrieved and compared with the critical limits (50–150 μm21) to assess 
the primary stability of the fixed prosthesis. Under unilateral force, implant 1 (loaded side), as seen in Fig. 10, 
displayed the largest displacement values, while implants 3 & 4 (non-loaded side), displayed the lowest values. 

Table 3.   Maximum and minimum principal stresses (MPa) on cortical and spongy bones, under unilateral 
force.

Cortical bone Spongy bone

Max Min Max Min

Normal density

 TI 18.05 − 44.24 2.75 − 4.23

 CFR-PEEK 60% 18.06 − 44.48 2.76 − 4.23

 CFR-PEEK 30% 17.87 − 43.60 2.63 − 4.19

 PEKK 17.76 − 42.67 2.57 − 4.12

 PEEK 17.67 − 42.00 2.56 − 4.10

High density

 TI 8.75 − 35.33 2.92 − 4.75

 CFR-PEEK 60% 8.77 − 35.73 2.94 − 4.75

 CFR-PEEK 30% 8.61 − 34.14 2.90 − 4.69

 PEKK 8.54 − 33.55 2.86 − 4.61

 PEEK 8.49 − 33.30 2.85 − 4.58

Low density

 TI 40.14 − 73.26 1.84 − 2.194

 CFR-PEEK 60% 40.18 − 73.29 1.85 − 2.197

 CFR-PEEK 30% 39.98 − 73.06 1.80 − 2.178

 PEKK 39.81 − 72.90 1.75 − 2.15

 PEEK 39.66 − 72.76 1.74 − 2.14

Table 4.   Maximum and minimum principal stresses (MPa) on cortical and spongy bones, under bilateral 
force.

Cortical bone Spongy bone

Max Min Max Min

Normal density

 TI 16.79 − 52.27 2.93 − 4.235

 CFR-PEEK 60% 16.84 − 52.98 2.96 − 4.25

 CFR-PEEK 30% 16.33 − 48.45 2.78 − 4.21

 PEKK 16.03 − 46.27 2.67 − 4.14

 PEEK 15.70 − 45.65 2.63 − 4.11

High density

 TI 9.89 − 43.17 3.00 − 4.71

 CFR-PEEK 60% 9.93 − 43.80 3.03 − 4.73

 CFR-PEEK 30% 9.64 − 39.86 2.84 − 4.68

 PEKK 9.53 − 37.99 2.77 − 4.61

 PEEK 9.51 − 37.47 2.76 − 4.58

Low density

 TI 37.36 − 71.11 1.84 − 2.143

 CFR-PEEK 60% 37.42 − 71.91 1.85 − 2.145

 CFR-PEEK 30% 36.56 − 66.68 1.79 − 2.134

 PEKK 36.01 − 64.58 1.75 − 2.104

 PEEK 35.52 − 64.58 1.72 − 2.090
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Under bilateral force, implants 1&4 displayed the largest displacement values than other implants. In addition, 
the four implants also showed larger displacements in the low density case than in the other cases.

Discussion
The stress–strain analysis is a branch of engineering that utilizes different techniques to determine the stresses 
and strains in materials and structures, under different loading conditions. The photoelastic technique, digital 
image correlation technique, electrical resistance strain gauge, and finite element method have been commonly 
employed in dentistry in the stress–strain analysis20–24. The finite element method (FEM) is a numerical method 
of analyzing the stresses and strains at any point. It has several advantages over other techniques in dentistry, 
including the ability to accurately represent complex geometries, make modifications, suggest new designs, 
specify multiple boundary conditions, stimulate various materials, and then quickly calculate the internal stresses 
and strains at any point20.
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Figure 7.   The distribution of max and min principal stresses (MPa) on spongy bone by using CFR-PEEK 60% 
& PEEK frameworks, under unilateral force. In the low-density case & the high-density case.
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This study used the finite element method to conduct stress analysis on edentulism mandible rehabilitated 
with a fixed prosthesis, using different frameworks. The study focused on the new polymeric frameworks (CFR-
PEEK 30&60%, PEKK and PEEK) to be used as alternatives to the protocol titanium frameworks, besides reveal-
ing their effects on the biomechanical performance of the fixed prosthesis. Different densities of spongy bone 
were stimulated to choose the appropriate framework material for each bone condition. In Shash et. al’s research25, 
a 3D model of a mandible with a fixed prosthesis was constructed and stimulated with different frameworks, 
using only the normal case of bone density. The simulation results demonstrated that the polymeric frameworks 
could be used instead of titanium in the fabrication of the hybrid prostheses.

According to the von Mises Yield Criterion26 and studies27–30, the maximum von Mises stresses were calculated 
for prosthetic parts (frameworks and implants) because of their ductile properties. In the mandible, the corti-
cal bone is much stiffer and stronger than the spongy bone, while the spongy bone is more flexible and ductile. 
According to the failure theory of principal stress26 and like other studies28,31,32, the maximum (tensile) and 
minimum (compressive) principal stresses were extracted for cortical and spongy bones and compared to the 
permissible tensile and compressive strengths (Table 5), due to their brittle and ductile properties. To investigate 
the yielding or failure behavior of each bone tissue. To stimulate the mechanism of mastication, 300N vertical 
force was applied unilaterally and bilaterally on the three posterior teeth. Hence, high stresses were concentrated 
at the elements beneath the applied force, in all models as FEA studies19,27–32.
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Figure 8.   The distribution of max and min principal stresses (MPa) on cortical bone by using CFR-PEEK 60% 
& PEEK frameworks, under unilateral force. In the low-density case & the high-density case.
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The framework material influenced the stresses generated on all prosthetic parts and bone tissues in 
studies12,28,33, whereas another study found no significant effect34. Because of their endurance and superior 
properties, some authors advised utilizing stiff materials (metals and ceramics) in the fabrication of frameworks. 
They hypothesized that stiff superstructures would transfer fewer stresses to the substructure parts5,35,36. Other 
authors7,13,37 recommended utilizing soft superstructures to dampen the stresses conveyed to the substructure 
parts.

PEKK and PEEK are polymeric materials, which have recently been used in dentistry in the fabrication of 
implants, abutments, fixation screws, etc. as alternatives to metals and ceramics7,13. These materials are biocom-
patible in vivo and in vitro and radiolucent, with good mechanical, chemical, thermal, and electrical properties 
(e.g. resistance to high temperature, hydrolysis, and corrosion), and good aesthetic appearance. Besides, they 
have neither toxic effects nor clinical inflammation. Due to their structures, low elastic modulus (3–5 GPa) and 
high shock-absorbing abilities, these materials are expected to solve the stress-based problems on bone tissues. 
As they can evenly distribute the stresses generated during mastication on the substructure parts and hence 
reduce the stresses transferred to bone tissue7,13,27,28.

Polyether ketone ketone (PEKK) is a novel polymeric material that has attracted the attention of researchers 
because of its excellent properties that make it suitable for a variety of uses (both industrial and military)13. PEKK 

Figure 9.   Principal stress vectors for cortical and spongy bones, in the normal-density case, under: (a) 
Unilateral force, (b) Bilateral force.
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Figure 10.   The max values of implants displacements, under: (a) Unilateral force, (b) Bilateral force.
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has recently been employed in restorative, prosthetic, and implant dentistry, because of its superior mechanical 
strength, shock absorbing ability, low density, and the presence of the second ketone group which enables more 
surface modification. PEKK material has been introduced as a promising alternative material for long-term 
orthopedic applications over titanium. Since it offers excellent biocompatibility, and metal-free restorations and 
is thus helpful in patients with allergies13.

PEEK material is a high-performance polymer that has been tested in many medical fields, under different 
conditions. The tests demonstrated that PEEK material possessed a higher strength-to-weight ratio which is espe-
cially important for dental parts. It can also handle abrasive and compressive forces without losing its integrity 
and durability7,8. Moreover, it is lighter than metal and more comfortable for patients. The short-term report38 
clarified that PEEK-resin prosthesis utilizing "All-on-4" concept, was a viable option for edentulous patients, 
although they still need long-term evaluations. In addition, the use of PEEK as a framework for a fixed partial 
denture (FPD) produced very good results with a high level of patient comfort and acceptability, according to 
Sinha et al.’s case study39. Hence, clinically, PEEK material is a premium innovative prosthetic solution for either 
fixed prostheses, removable or screwed-in.

In finite element investigations, Haroun et al.28 extracted the max and min principal stresses generated on 
normal bone density, using PEEK and titanium frameworks, on the maxillary prosthesis utilizing "All-on-4". 
The results demonstrated that PEEK material produced the lowest stresses on the bone under unilateral force. 
The max principal stresses on cortical bone were 23.2 and 34.3 MPa by using PEEK and titanium, while the min 
principal stresses were 39.5 and 68 MPa respectively. In the current study, in the normal-density case, the values 
of max principal stresses on cortical bone were 17.67 and 18.05 MPa using PEEK and titanium respectively, 
while the min principal stresses were 42 and 44.24 MPa. Chen et al.40 also conducted finite element analyses of 
the mechanical performance of four removable partial denture designs, utilizing cobalt chrome, titanium alloy, 
and PEEK frameworks. The findings demonstrated that the PEEK framework caused the lowest stress on the 
framework, the lowest stress on the periodontal ligament, and the maximum mucosal stress when compared to 
cobalt chrome and titanium frameworks.

PEEK properties can be improved to be used in dentistry by the addition of carbon fibers14. The elastic modu-
lus of PEEK is about 3.5 GPa, and the addition of carbon fibers with a certain percentage increases the elastic 
modulus to 18–150 GPa. These composites have recently been used in dentistry due to their strength, resistance 
to chemical erosion, compatibility with imaging techniques, and high inertness14–16. There have been several 
studies that have evaluated the performance of CFR-PEEK material in a variety of orthopedic implants, under 
different testing techniques. Most articles have reported positive findings regarding the properties, technical 
outcomes, durability, and safety of CFR-PEEK in orthopedic implants14–16,41,42.

The choice of framework material was also expected to depend on the bone quality to maintain the prosthesis 
stability. Some studies found a correlation between bone density and prosthesis stability18,19,43,44, while others45,46 
have shown no significant correlations. Marquezan et al.43 and Hsu et al.44 demonstrated that spongy bone density 
played an essential influence on prosthetic stability.

In this study, the null hypothesis—assuming that the polymeric frameworks would exhibit the lowest stresses 
in bone tissues and represent the best scenario, in comparison to the titanium frameworks—was partially 
accepted. The results illustrated that CFR-PEEK 30%, PEKK and PEEK frameworks reduced the stresses on 
implants and bone tissues, however, increased the mucosal stress, in comparison to titanium framework, unlike 
CFR-PEEK 60%. The results illustrated also that the spongy bone density affected the stresses generated on all 
parts especially mucosa, and bone tissues, for all the used frameworks. In the low-density case, the decrease 
in spongy bone density decreased the spongy bone stress and thus increased the stresses on cortical bone and 
mucosa, while the opposite occurred in the high-density case. From the extraction of results, no failure might 
occur in all frameworks and implants as their max stresses did not surpass their yield strengths (Table 5). The 
results also clarified that all utilized frameworks (excluding CFR-PEEK 60%) increased the values of mucosal 

Table 5.   The mechanical properties of all parts included in study. *Tensile strength = 100 MPa & Compressive 
strength = 140 MPa. **Tensile strength = 10 MPa & Compressive strength = 16 MPa. ***Tensile strength = 3 MPa 
& Compressive strength = 3.5 MPa. ****Tensile strength = 15 MPa & Compressive strength = 22.5 MPa.

Elastic Modulus (GPa) Poisson Ratio Yield Strength (MPa)

Mucosa 0.005 0.4

Cortical bone 13.7 0.3 *

Spongy bone

 Normal density 1.37 0.3 **

 Low density (150HU) 0.259 0.3 ***

 High density (850HU) 3.5 0.3 ****

PMMA 5 0.37

Titanium 110 0.35 825

CFR-PEEK 60% 150 0.42 2100

CFR-PEEK 30% 18 0.4 300

PEKK 5.1 0.4 200

PEEK 3.5 0.37 150
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stress, but these values did not exceed the pain threshold value (0.63 MPa47), indicating no occurrence of mucosal 
inflammation.

The maximum and minimum principal stresses were extracted for bone tissues, and compared with the tensile 
and compressive strengths, according to the failure theory of principal stress26. For cortical bone, with normal 
density, the allowable tensile and compressive limits are (66.6 & 93.3 MPa), using a 1.5 safety factor. For spongy 
bone, the allowable tensile and compressive limits are nearly (2 &2.33 Mpa), (6.5 &10.5 Mpa), and (10 &15 Mpa) 
for low, normal, and high densities48,49. Tables 3 and 4 illustrated that the maximum and minimum principal 
stresses of cortical bone did not surpass the allowable limits in all cases. In the normal and high densities cases, 
the maximum and minimum principal stresses for spongy bones were far from the limits. In the low-density 
case, the stresses approached the limits, therefore soft frameworks (PEEK & PEKK) were preferred.

The displacements of implants were also extracted in this study using all frameworks and compared to the 
threshold (50–150 μm21) in order to evaluate the primary stability of the prosthesis. Due to the possibility of 
fibrous tissue forming between the implant and the bone, displacements higher than 150 μm must be avoided21. 
All of the implants in this investigation showed displacements that were less than 50 μm, demonstrating the 
prosthesis stability.

The assumption that the materials were isotropic and linearly elastic was one of the study’s limitations. Addi-
tionally, the study was carried out using static loads. It was important to illustrate these limitations in discussing 
the findings, as the oral tissues and the bone are more intricate and anisotropic structures, besides the mastication 
mechanism is more complex. Moreover, the implants were assumed to achieve complete osseointegration with 
bone and this may not accurately reflect the clinical scenario. Also, the posterior implants in this study were 
tilted at an angle of 30 degrees in accordance with the "All-on-4" configuration technique, however, changing the 
angle may produce different results. Additionally, altering the type, number, or location of implants may alter all 
the findings. Consequently, the finite element analysis may not accurately mimic the actual clinical situations.

Conclusion
Within the limitations of the study, the following were concluded:

•	 Soft frameworks (PEEK & PEKK) slightly reduced the stresses on bone tissues, however, increased the 
mucosal stress.

•	 CFR-PEEK 60% distributed the stresses in a similar manner as the titanium framework.
•	 All frameworks could be used as alternatives to titanium in normal and high densities cases.
•	 In the low-density case, soft materials were preferred as they decreased the stresses generated on bone tissues.

In vivo, polymeric frameworks are anticipated to offer numerous major benefits over titanium, including 
enhanced performance and aesthetics, improved design freedom, production of lighter prostheses, reduced 
overall cost, and reduced production problems and the risk of mechanical problems. However, additional inves-
tigations and long-term studies are needed in near future.

Methods
Model geometry.  A 3D model of a female edentulous mandible was built using an OBJ file imported from 
"BodyParts3D/Anatomography" website (BodyParts3D, © Life Sciences Integrated Database Center, Japan)50. 
The mandible model was imported as a solid cortical bone with a symphysis height of 30 mm, as shown in 
Fig. 11a. Utilizing Solidworks software (Version 21, Massachusetts, USA), the mandible was segmented into a 
cortical bone with 2 mm thickness and a remaining inner volume from the spongy bone (Fig. 11b), with a man-
dibular ramus being predominantly cortical. Besides, the mandible was covered with 2 mm mucosa as shown 
in Fig. 11c.

Following “All‑on‑4” concept, anteriorly, vertical implants were modeled with a diameter of 3.7 mm and a 
length of 10 mm, in the lateral incisal area based on the dimensions imported from ZIMMER catalog (Biomet 
Dental, Palm Beach Gardens, USA51). Posteriorly, two implants were modeled with a diameter of 4.1 mm and 

Figure 11.   (a) Mandible, (b) Cortical and spongy bones, (c) Mucosa.
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a length of 11.5 mm and placed with an angle of 30 into the second premolar region. Anterior implants were 
fitted with straight multi-unit abutments which did not engage the internal hex connections, while posterior 
implants were fitted with angled multi-unit abutments (ZIMMER, Biomet Dental, Palm Beach Gardens, USA). 
Four titanium copings (sleeves) were mounted over the anterior and posterior abutments using mini screws 
with 1.25 mm diameters.

A horseshoe-shaped framework (with 5.5 mm height, 5 mm width, and 10 mm cantilever length) was attached 
to the four copings. Then twelve acrylic teeth were arranged on the framework and secured with acrylic material 
(Fig. 12). The fixed prosthesis had fewer posterior teeth than the complete denture as the cantilever extension 
must not go beyond the first molars12. The final prosthesis had a height of 15 mm from the surface of the mucosa 
and a cantilever length of 15 mm (1.5 anterior–posterior spread52) as presented in Fig. 12. The acrylic part in the 
prosthesis covered a small part of the mucosa to absorb some of the mechanical stress instead of bone and prevent 
the accumulation of food in the mucosa-prosthesis space53. Complete osseointegration between implant and bone 
surfaces was assumed, and all parts were assumed to be perfectly bonded together through the contact surfaces.

Material properties.  In order to save the calculation times, bone tissues were represented with isotropic 
properties, especially when a complex model was used54. The materials used in this study (Table 5) were con-
sidered to be homogeneous, linearly elastic, and isotropic. The materials used for the framework were tita-
nium as control, polymers (PEKK &PEEK), and PEEK composites containing 30& 60% carbon fibers. The den-
ture base and artificial teeth were from acrylic PMMA, while the implants, abutments and copings were from 
titanium5,7,13,14,19,48,49.

Meshing.  3D meshing was generated in ANSYS software (Version 18.0, Canonsburg, USA), using “adaptive” 
function with (0.2–1 mm) elements sizes. A mesh refinement was established based on the 10% convergence 
test. The numbers of nodes and elements in each part were presented in Table 6. The final model (Fig. 13) had 
approximately 434,577 elements and 598,453 nodes.

Load and constrains.  In fixed prostheses, the average force was around 200–300N in the premolars and 
molars region30,55. In this research, 300N vertical force was applied to the three posterior teeth to stimulate uni-
lateral (Fig. 12) and bilateral mastication mechanisms. To prevent the displacement and rotation of the model 
during force application, the nodes of condyles and the inferior border of the mandible were restrained in all 
directions29,30.

Stress analysis.  The maximum principal stress (Pmax) and minimum principal stress (Pmin) were com-
puted for bone tissues due to their ductile and brittle properties. Prosthetic components, implants and mucosa 
were considered as ductile materials and hence their von Mises stresses were calculated. To check the primary 
stability of the fixed prosthesis, the total displacement of implants was investigated.

Framework
1)Titanium
2)CFR-PEEK 60%
2)CFR-PEEK 30%
4)PEKK
5)PEEK

Coping
•Titanium

Abutment
•Titanium

Implant
•Titanium

300N

Constraint

Figure 12.   Finite element model & unilateral load and constrains.



14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:11542  | https://doi.org/10.1038/s41598-023-38288-2

www.nature.com/scientificreports/

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 20 January 2023; Accepted: 6 July 2023

References
	 1.	 Siadat, H., Rokn, A. & Beyabanaki, E. Full arch all-on-4 fixed implant-supported prostheses with 8.5 years of follow-up: a case 

report. J. Dent. (Tehran) 15, 259–265 (2018).
	 2.	 Khatami, A. H. & Smith, C. R. All-on-Four immediate function concept and clinical report of treatment of an edentulous mandible 

with a fixed complete denture and milled titanium framework. J. Prosthodont. 17(1), 47–51 (2008).
	 3.	 Patzelt, S., Bahat, O., Reynolds, M. & Strub, J. The all-on-four treatment concept: a systematic review. Clin. Implant Dent. Relat. 

Res. 16(6), 836–855 (2014).
	 4.	 Bunker Hill Dentistry, All-on-4 Dental Implant Pros & Cons, Updated (9/9/2022), Available: https://​www.​bunke​rhill​denti​stry.​

com/​2020/​11/​30/​all-​on-4-​dental-​impla​nts-​pros-​and-​cons/
	 5.	 Tharani, S., Prasanna, S., Krithika, C. & Raghavan, R. Review of metallic biomaterials in dental applications. J. Pharm. Bioallied 

Sci. 12, 14–19 (2020).
	 6.	 Qu, Y. & Lin, L. Zirconia materials for dental implants: a literature review. Front Dental Med 2, 687983 (2021).
	 7.	 Tekin, S., Cangül, S., Adıgüzel, O. & Değer, Y. Areas for use of PEEK material in dentistry. Int Dental Res 8, 84–92 (2018).
	 8.	 Mishra, S. & Chowdhary, R. PEEK materials as an alternative to titanium in dental implants: A systematic review. Clin. Implant 

Dent. Relat. Res. 21(1), 208–222 (2019).
	 9.	 Dentaly.org, Zirconia vs Titanium Dental Implants: Which is the Better Option? Updated (9/11/2022), Available: https://​www.​

denta​ly.​org/​us/​teeth-​impla​nts-​cost/​zirco​nia-​vs-​titan​ium-​impla​nts/
	10.	 Özcan, M. & Hämmerle, C. Titanium as a reconstruction and implant material in dentistry: advantages and pitfalls. Materials 5(9), 

1528–1545 (2012).
	11.	 Delucchi, F. et al. Framework materials for full-arch implant-supported rehabilitations: A systematic review of clinical studies. 

Materials (Basel, Switzerland) 14(12), 3251 (2021).

Table 6.   The number of nodes &elements at each part.

No. of elements No. of nodes

Mucosa 102,366 18,048

Cortical Bone 201,405 352,551

Spongy Bone 29,283 52,049

Denture Base & Teeth 32,058 57,103

Framework 1679 3241

Copings 3990 7348

Screws 8970 15,906

Abutments 12,521 22,198

Implants 42,305 70,009

Figure 13.   Meshing.

https://www.bunkerhilldentistry.com/2020/11/30/all-on-4-dental-implants-pros-and-cons/
https://www.bunkerhilldentistry.com/2020/11/30/all-on-4-dental-implants-pros-and-cons/
https://www.dentaly.org/us/teeth-implants-cost/zirconia-vs-titanium-implants/
https://www.dentaly.org/us/teeth-implants-cost/zirconia-vs-titanium-implants/


15

Vol.:(0123456789)

Scientific Reports |        (2023) 13:11542  | https://doi.org/10.1038/s41598-023-38288-2

www.nature.com/scientificreports/

	12.	 Kelkar, K., Bhat, V. & Hegde, C. Finite element analysis of the effect of framework materials at the bone-implant interface in the 
all-on-four implant system. Dental Res J 18, 1 (2021).

	13.	 Alqurashi, H. et al. Polyetherketoneketone (PEKK): An emerging biomaterial for oral implants and dental prostheses. J. Adv. Res. 
28, 87–95 (2021).

	14.	 Rahmitasari, F. et al. PEEK with reinforced materials and modifications for dental implant applications. Dent. J. (Basel) 5(4), 35 
(2017).

	15.	 Han, X. et al. Carbon fiber reinforced PEEK composites based on 3D-printing technology for orthopedic and dental applications. 
J. Clin. Med. 8(2), 240 (2019).

	16.	 Li, C. S., Vannabouathong, C., Sprague, S. & Bhandari, M. The use of carbon-fiber-reinforced (CFR) PEEK material in orthopedic 
implants: a systematic review. Clinical medicine insights. Arthritis Musculoskeletal Disord. 8, 33–45 (2015).

	17.	 Bieglo, Composite PEEK Carbon Fibre, Suitable Material for Thermoforming and Machining, Updated (10/2021), Available: 
https://​www.​bieglo.​com/​compo​site-​peek-​carbon-​fibre/

	18.	 Ledesma, C., Jimenez-Farfan, M. & Hernandez, J. Idiopathic osteosclerosis in the maxillomandibular area. Radiol. Med. (Torino) 
124, 27–33 (2018).

	19.	 Sugiura, T. et al. Influence of bone parameters on peri-implant bone strain distribution in the posterior mandible. Medicina oral, 
patología oral y cirugía buccal 20, e66–e73 (2015).

	20.	 Bandela, V. & Kanaparthi, S. Finite Element Analysis and Its Applications in Dentistry. London: (IntechOpen, 2020).
	21.	 Sadr Haghighi, A. H. et al. Investigation of the optimal design of orthodontic mini-implants based on the primary stability: A 

finite element analysis. J. Dent. Res. Dent. Clin. Dent. Prospects. 13(2), 85–89 (2019).
	22.	 Jain, Y. Stress analysis using photoelasticity technique—A review. Int. J. Res. Appl. Sci. Eng. Technol. 5, 2066–2070 (2017).
	23.	 Gao, J. & Shang, H. Deformation-pattern-based digital image correlation method and its application to residual stress measure-

ment. Appl. Opt. 48(7), 1371–1381 (2009).
	24.	 Murray, W. M. & Miller, W. R. The Bonded Electrical Resistance Strain Gage: An Introduction (Oxford University Press, 1992).
	25.	 Shash, Y. H., Elwakad, M. T., Eldosoky, M. A. & Dohiem, M. M. Evaluation of stress and strain on mandible caused by changing 

the bar material in hybrid prosthesis utilizing “All-on-Four” technique”. Alex. Eng. J. 62, 129–143 (2022).
	26.	 Christensen, R. The Theory of Materials Failure (Oxford University Press, 2013).
	27.	 Tekin, S., Değer, Y. & Demirci, F. Evaluation of the use of PEEK material in implant-supported fixed restorations by finite element 

analysis. Niger. J. Clin. Pract. 22, 1252–1258 (2019).
	28.	 Haroun, F. & Ozan, O. Evaluation of stresses on implant, bone, and restorative materials caused by different opposing arch materials 

in hybrid prosthetic restorations using the all-on-4 technique. Materials 14, 4308 (2021).
	29.	 Hussein, F. A., Salloomi, K. N., Abdulrahman, B. Y., Al-Zahawi, A. R. & Sabri, L. A. Effect of thread depth and implant shape on 

stress distribution in anterior and posterior regions of mandible bone: A finite element analysis. Dental Res. J. 16, 200–207 (2019).
	30.	 Mohammed, M. Stress distribution in mandibular over denture supported by four mini implants versus two conventional implants. 

Unpublished Master thesis. Faculty of dentistry: Minia University (2016).
	31.	 Türker, N., Büyükkaplan, U. S., Sadowsky, S. J. & Özarslan, M. M. Finite element stress analysis of applied forces to implants and 

supporting tissues using the “All-on-Four” concept with different occlusal schemes. J. Prosthodont. 28, 185–194 (2019).
	32.	 Park, J., Ahn, S., Lee, H. & Noh, G. Implant placement in the removable mandibular advancement device for completely edentulous 

patients: a finite element study. J. Comput. Des. Eng. 8, 140–148 (2021).
	33.	 Villefort, R. et al. Stress distribution on different bar materials in implant-retained palatal obturator. PLoS ONE 15, e0241589 

(2020).
	34.	 Tribst, J., Morais, D., Alonso, A., Piva, A. & Borges, A. Comparative three-dimensional finite element analysis of implant-supported 

fixed complete arch mandibular prostheses in two materials. J. Indian Prosthodontic Soc. 17, 255–260 (2017).
	35.	 Horita, S. et al. Biomechanical analysis of immediately loaded implants according to the “All-on-Four” concept. J. Prosthodont. 

Res. 61, 123–132 (2017).
	36.	 Ferreira, M., Barao, V., Faverani, L., Hipólito, A. & Assunção, W. The role of superstructure material on the stress distribution in 

mandibular full-arch implant-supported fixed dentures: A CT-based 3D-FEA. Mater. Sci. Eng. 35, 92–99 (2013).
	37.	 Ciftçi, Y. & Canay, S. The effect of veneering materials on stress distribution in implant-supported fixed prosthetic restorations. 

Int. J. Oral Maxillofac. Implants 15, 571–582 (2000).
	38.	 Maló, P., Nobre, M. & Guedes, C. Short-term report of an ongoing prospective cohort study evaluating the outcome of full-arch 

implant-supported fixed hybrid polyetheretherketone-acrylic resin prostheses and the All-on-Four concept. Clin. Implant Dental 
Related Res. 20, 692–702 (2018).

	39.	 Sinha, N., Gupta, N., Reddy, K. M. & Shastry, Y. M. Versatility of PEEK as a fixed partial denture framework. J. Indian Prosthodontic 
Soc. 17, 80–83 (2017).

	40.	 Chen, X. et al. A three-dimensional finite element analysis of mechanical function for 4 removable partial denture designs with 3 
framework materials: CoCr, Ti-6Al-4V alloy and PEEK. Sci. Rep. 9, 13975 (2019).

	41.	 Devine, D. M. et al. Coating of carbon fiber reinforced polyetheretherketone implants with titanium to improve bone apposition. 
J. Biomed. Mater. Res. B Appl. Biomater. 101, 591–598 (2013).

	42.	 Schwitalla, A., Abou-Emara, M., Spintig, T., Lackmann, J. & Müller, W. Finite element analysis of the biomechanical effects of 
PEEK dental implants on the peri-implant bone. J. Biomech. 48, 1–7 (2015).

	43.	 Marquezan, M., Lima, I., Lopes, R., Sant’Anna, E. & de Souza, M. Is trabecular bone related to primary stability of miniscrews?. 
Angle Orthodont. 84(3), 500–507 (2014).

	44.	 Hsu, J., Fuh, L., Tu, M., Li, Y. & Chen, K., Huang. The effects of cortical bone thickness and trabecular bone strength on noninvasive 
measures of the implant primary stability using synthetic bone cases. Clin. Implant Dent. Related Res. 15, 251–61 (2011).

	45.	 Nkenke, E. et al. Implant stability and histomorphometry: A correlation study in human cadavers using stepped cylinder implants. 
Clin. Oral Implant Res. 14, 601–609 (2003).

	46.	 Rozé, J. et al. Correlating implant stability to bone structure. Clin. Oral Implant Res. 20, 1140–1145 (2009).
	47.	 Ogawa, T. et al. Mapping, profiling and clustering of pressure pain threshold (PPT) in edentulous oral mucosa. J. Dent. 32, 219–228 

(2004).
	48.	 Schickert, S., Beucken, J., Leeuwenburgh, S. & Jansen, J. Pre-Clinical Evaluation of Biological Bone Substitute Materials for Appli-

cation in Highly Loaded Skeletal Sites. Biomolecules 10, 883 (2020).
	49.	 Resnik, R. Misch’s Contemporary Implant Dentistry 830–850 (Elsevier - Health Sciences Division, 2019).
	50.	 BodyParts3D/Anatomography, Updated (20/1/2021). Available: https://​lifes​cienc​edb.​jp/​bp3d/
	51.	 Zimmer Biomet Dental, Product catalog. Available: https://​www.​zimme​rbiom​etden​tal.​com/​en
	52.	 Drago, C. Cantilever lengths and anterior-posterior spreads of interim, acrylic resin, full-arch screw-retained prostheses and their 

relationship to prosthetic complications. J. Prosthodont. 26(6), 502–507 (2017).
	53.	 Egilmez, F., Ergun, G., Cekic-Nagas, I. & Bozkaya, S. Implant-supported hybrid prosthesis: Conventional treatment method for 

borderline cases. Eur. J. Dent. 9(3), 442–448 (2015).
	54.	 Geraldes, D. M. & Phillips, A. T. M. A comparative study of orthotropic and isotropic bone adaptation in the femur. Int. J. Numer. 

Methods Biomed. Eng. 30(9), 873–889 (2014).
	55.	 Pérez, M. A. Life prediction of different commercial dental implants as influence by uncertainties in their fatigue material proper-

ties and loading conditions. Comput. Methods Programs Biomed. 108, 1277–1286 (2012).

https://www.bieglo.com/composite-peek-carbon-fibre/
https://lifesciencedb.jp/bp3d/
https://www.zimmerbiometdental.com/en


16

Vol:.(1234567890)

Scientific Reports |        (2023) 13:11542  | https://doi.org/10.1038/s41598-023-38288-2

www.nature.com/scientificreports/

Author contributions
Conceptualization: M.D.; Methodology, Formal analysis & Software: Y.S., T.E., M.E., M.D.; Writing—original 
draft preparation, Writing—review and editing: Y.S., T.E.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.H.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Evaluation of stresses on mandible bone and prosthetic parts in fixed prosthesis by utilizing CFR-PEEK, PEKK and PEEK frameworks
	Results
	Stresses on framework. 
	Stresses on implants. 
	Stresses on mucosa. 
	Stresses on cortical and spongy bones. 
	Implant displacement. 

	Discussion
	Conclusion
	Methods
	Model geometry. 
	Material properties. 
	Meshing. 
	Load and constrains. 
	Stress analysis. 

	References


