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ABSTRACT

Objectives: The aim of this study is to evaluate the effects of subperiosteal 

implant framework thickness and screw diameter on the biomechanical 

behavior of patient-specific subperiosteal implant systems made from 60% 

Carbon Fiber Reinforced Polyetheretherketone (CFR-PEEK) using three-

dimensional finite element analysis (FEA).

Materials and Methods: Four three-dimensional FEA models were 

constructed using a single patient-specific maxillary geometry derived from 

computed tomography (CT) data in these models, two implant framework 
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thicknesses (T:1.0 mm and 1.5 mm) and two screw diameters (SD: 1.5 mm 

and 2.0 mm) were analyzed in combination using 60% CFR-PEEK biomaterial. 

Three loading scenarios were simulated: (1) Bilateral 150 N perpendicular 

force to the buccal cusp tips of the first and second premolars and the first 

molar, (2) Unilateral 100 N oblique force at a 30° angle from buccal to palatal 

to the same areas, and (3) Bilateral 150 N perpendicular force to the central 

and lateral incisors. Total displacement values, maximum and minimum 

principal stresses in the bone; Von Mises stresses in the bone, subperiosteal 

implant, abutment, and metal framework were evaluated. 

Results: Increasing the subperiosteal implant framework thickness was 

found to reduce stresses that were particularly elevated in the posterior 

maxillary region under various loading conditions, while simultaneously 

increasing the stresses on the subperiosteal implant and metal framework. 

Increasing the screw diameter decreased the stresses on both the bone and 

implant, but resulted in higher stress concentrations within the metal 

framework. The 60% CFR-PEEK material with a high elastic modulus reduced 

stresses in the bone, but the concentration of applied loads in the implant 

body and metal framework led to higher stress values in these structures.

Conclusion: Subperiosteal implant framework thickness, screw diameter, 

and material stiffness appear to have a significant influence on stress 

distribution and overall stability in subperiosteal implant systems. Although 
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this study is limited to finite element analysis, the findings suggest that CFR-

PEEK based designs may satisfy the essential biomechanical requirements 

for clinical application. 

Keywords: Biomechanics, carbon reinforced, finite element analysis, 

framework thickness, PEEK, screw diameter.

INTRODUCTION

Subperiosteal implants were first introduced in the 1940s and were 

developed as an alternative rehabilitation approach for patients with severe 

jaw atrophy, particularly in cases where advanced surgical procedures such 

as augmentation, sinus lifting, block grafting, or zygomatic implants were not 

feasible [1-3]. Early applications primarily relied on conventional impression 

techniques and cast metal frameworks [4]. Their clinical use gradually 

declined due to limitations including inadequate implant–bone adaptation, 

soft tissue complications, increased risk of infection, and biomechanical 

insufficiencies [5]. In recent years, advances in digital dentistry, including 

the conversion of computed tomography data into three-dimensional models, 

patient-specific design capabilities, and the use of CAD/CAM (Computer-

Aided Design/Computer-Aided Manufacturing) and additive manufacturing 

technologies, have led to a renewed interest in subperiosteal implants [6]. 

These developments have improved the adaptation of implants to the bone 

�$�&�&�(�3�7�(�'���0�$�1�8�6�&�5�,�3�7

�$�5�7�,�&
�/�(

���,
�1���3

�5�(�6
�6

�$�5�7�,�&�/�(���,�1���3�5�(�6�6



surface, enabled more controlled planning of fixation points, enhanced the 

predictability of prosthetic rehabilitation, and allowed their fabrication from 

a variety of materials.

One of the most critical factors determining clinical success in 

subperiosteal implant systems is the mechanical and biological properties of 

the biomaterial used [7]. Traditionally, metallic materials such as titanium 

and cobalt–chromium alloys have been preferred due to their high strength 

and rigidity [8]. These materials may exhibit biomechanical incompatibility 

with bone tissue and increase the risk of bone resorption due to stress 

concentration during load transfer. In recent years, research has increasingly 

focused on non-metallic alternative materials to overcome these limitations. 

PEEK is a thermoplastic polymer that has been extensively investigated in 

medical and dental applications because of its biocompatibility, low weight, 

and chemical stability  [9].  The relatively limited mechanical strength of pure 

PEEK restricts its use as a single material, particularly in implant systems 

subjected to high functional loads. For this reason, PEEK can be reinforced 

with carbon fibers to form CFR-PEEK. Increasing the carbon fiber content 

enhances the elastic modulus and mechanical strength of the material, 

resulting in a stiffer structure with improved load-bearing capacity. 

Accordingly, CFR-PEEK provides both sufficient mechanical strength and 

bone-compatible elastic behavior [10-12], even under dynamic and complex 

loads such as mastication, making it a promising biomaterial for 

subperiosteal implant systems.
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In subperiosteal implant systems, design parameters, particularly the 

thickness of the implant framework, screw diameter, and fixation geometry, 

play a critical role in primary stability, load transfer mechanisms, and the 

distribution of stresses within the surrounding bone. Stress distribution 

reflects the intensity of loads at the implant–bone interface, and both implant 

thickness and material strength are critical determinants of this distribution. 

Thicker and mechanically stronger implants reduce compressive and tensile 

stresses in the surrounding bone, enabling a more uniform transfer of loads. 

Nevertheless, due to individual patient variability, variations in prosthetic 

loading patterns, and heterogeneity in bone quality, predicting 

biomechanical behavior under clinical conditions is not always feasible. In 

this context, FEA has emerged as a powerful method that allows the 

evaluation of different material and design configurations under controlled 

conditions, providing quantitative measurements of stress distribution and 

displacement. FEA enables the identification of critical stress regions at the 

implant–bone interface and provides valuable insights for optimizing implant 

design.

Research examining the combined effects of these geometric 

parameters in CFR-PEEK subperiosteal implants remains limited [13-15]. The 

aim of this study was to evaluate the effects of different implant framework 

thicknesses and screw diameters on the biomechanical behavior of patient-

specific subperiosteal implant systems manufactured from 60% CFR-PEEK 

using three-dimensional FEA, and to comparatively analyze the stress 
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distributions in the bone and implant components. The findings highlight the 

importance of material-specific biomechanical evaluation in the design of 

these implant systems.

MATERIALS AND METHODS

Ethical Considerations 

This study was approved by the Istanbul University Institute of Health 

Sciences (Approval No: E-99984023-302.14.01-3467799) and the Scientific 

Research Ethics Committee of Bezmialem �=�����G�% University (Approval No: E-

54022451-050.04-206894). All procedures were conducted in accordance 

with the ethical principles of the Declaration of Helsinki. Written informed 

consent was obtained from the volunteer participant included in the study. 

All radiographic data were anonymized prior to model generation. Written 

informed consent was obtained from the patient at the time of imaging in 

accordance with institutional ethical standards. As this research is an in-silico 

FEA, the CONSORT, STROBE, and ARRIVE reporting guidelines are not 

applicable.

Inclusion and Exclusion Criteria

This FEA study was conducted based on CT data obtained from a 

patient with severe maxillary atrophy classified as Cawood and Howell Class 

V [16]. The radiographic dataset used for three-dimensional model 

generation was selected according to predefined inclusion and exclusion 
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criteria to ensure anatomical standardization and biomechanical relevance. 

The inclusion criteria were as follows: (1) presence of atrophic maxilla, (2) 

complete maxillary edentulism, (3) age �I�	�F years, (4) absence of 

uncontrolled systemic diseases affecting bone metabolism (e.g., uncontrolled 

diabetes mellitus), (5) no previous implant treatment in the maxilla, and (6) 

sufficient radiographic quality allowing accurate three-dimensional 

reconstruction and segmentation of the maxillary bone. The exclusion criteria 

included: (1) active infection or inflammatory pathology in the maxilla, (2) 

systemic immunodeficiency or ongoing immunosuppressive therapy, (3) 

metabolic bone disorders or severe osteoporosis, (4) previous implant 

placement in the maxilla, (5) pregnancy or breastfeeding, and (6) psychiatric 

or cognitive disorders that could interfere with the informed consent process 

or clinical documentation.

Image Acquisition

CT images of the maxilla were obtained from a patient who met the 

predefined inclusion criteria. The scan was performed using a multidetector 

CT system (MDCT; 120 kVp, 200 mA; slice thickness: 1.0 mm; interslice 

interval: 0.5 mm). The radiographic dataset was acquired in DICOM (Digital 

Imaging and Communications in Medicine) (.dcm) format and consisted of 

approximately 800 axial slices. The obtained imaging data were exported and 

recorded onto a compact disc (CD) for subsequent three-dimensional 

reconstruction and analysis.
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Modeling of Anatomical Structures

CT data of the maxilla were segmented using 3D Slicer software [17] 

(v5.6, open-source software) version 5.6.1/32438 (Slicer Community, Boston, 

MA, USA) with Hounsfield unit thresholds set between 426.50 and 3193.04, 

and the resulting three-dimensional model was exported in STL format. The 

model was subsequently imported into Blender software [18] (v4.5 LTS, 

Blender Foundation, Amsterdam, The Netherlands) for refinement, ensuring 

geometric continuity, surface optimization, and preparation for FEA. Mesh 

quality was assessed, and elements failing to meet predefined criteria 

(skewness >80° or minimum edge length <0.001 mm) were corrected. All 

models were then aligned according to anatomical coordinates, completing 

the modeling workflow. 

Models Number of 
Nodes

Number of Elements

Model 1 (T:1.0-SD:1.0) 1580952 6971481

Model 2 (T:1.0-SD:2.0) 1649058 7351893

Model 3 (T:1.5-SD:1.5) 1652421 7335308

Model 4 (T:1.5-SD:2.0) 1659059 7390986

Table 1. Quantitative model parameters for the four generated analyses.

T: Subperiosteal implant framework thickness (mm); SD: Screw diameter 

(mm).

Modeling of Non-Anatomical Materials
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In this study, the evaluated subperiosteal implant systems were three-

dimensionally designed using Blender software in accordance with the 

relevant surgical scenario. The subperiosteal implant bodies were modeled 

with framework thicknesses of 1.0 mm and 1.5 mm, while the fixation screws 

securing the implants to the bone were designed with diameters of 1.5 mm 

and 2.0 mm. Accordingly, a total of four different implant–screw 

configurations were generated. The abutment, occlusal screws, metal 

framework, and prosthetic superstructure were also modeled within the same 

environment. The morphology of the prosthesis was established based on the 

anatomical references provided in the Wheeler atlas [19]. For accurate load 

transfer between the models, mesh interfaces were aligned and optimized 

using ALTAIR HyperMesh software [20] (v2024, Altair Engineering, Troy, MI, 

USA).

Mathematical Model Generation 

The geometries created in the Blender environment were utilized to 

generate finite element models suitable for numerical analysis. Surface 

meshing was initially performed using triangular (tria) elements ranging from 

0.05 to 0.25 mm in size. To accurately represent complex anatomical regions 

and curved surfaces, tetrahedral elements were employed for volumetric 

meshing, and the resulting models were subsequently imported into the 

ALTAIR OptiStruct solver [21] (v2024, Altair Engineering, Troy, MI, USA) for 
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static stress analysis.  In this study, a mesh convergence analysis was 

conducted to ensure the reliability and accuracy of the finite element models. 

The objective was to determine an optimal mesh density that maintains a 

relative error below 3% while balancing computational efficiency. A series of 

meshes with progressively finer element sizes from coarse to fine was 

generated. Each mesh was analyzed under identical loading and boundary 

conditions to maintain consistency. The relative error between successive 

meshes was calculated as follows:

Relative Error (%) = ((Value (Updated Mesh) – Value (Previous Mesh)) / Value 

(Updated Mesh)) × 100

Both 2D triangular surface meshes and 3D tetrahedral volumetric 

meshes were employed to accurately capture complex geometries and curved 

surfaces, especially in the bone. Finer mesh sizes (0.05–0.10 mm) were 

applied in areas of expected stress concentration such as screw holes, 

implant body, and bone grooves, while coarser element sizes (up to 0.25 mm) 

were used in less critical regions to improve computational efficiency. 

Material Properties

All components included in the FEA were defined based on their elastic 

modulus (E) and Poisson’s ratio ���Q���
 assuming linear elastic and isotropic 
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mechanical behavior for all materials. The material properties of the bone 

and prosthetic components incorporated into the analysis were numerically 

assigned to the model, and the corresponding mechanical parameters are 

presented in Table 2. The three-dimensional model components used in the 

study are shown in Fig 1.

Component Materials Elastic 

Modulus 

(MPa)

Poisson’s 

Ratio �3�6�4

Reference

Bone Cortical and 

Cancellous

10,000 0.30 [22]

Subperiosteal 

Implant

%60 CFR-

PEEK

150,000 0.356 [23]

Prosthetic 

Superstructure

Polymethyl 

methacrylate 

(PMMA)

3,000 0.34 [24]

Fixation Screw

Abutment

Metal 

Framework

Occlusal Screw

Titanium 110,000 0.35 [25]

Table 2. Material properties used in the Finite Element Analysis (FEA).
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Figure 1. Three-dimensional models of the materials used for the finite 

element analysis. (A) Maxillary bone model, (B) 60% Carbon Fiber Reinforced 

Polyetheretherketone (CFR-PEEK) subperiosteal implant framework, (C) 

Prosthetic superstructure, and (D) Fixation screws, abutments, metal 

framework, and occlusal screws.

Assembly of Systems and Intercomponent Contact

Accurate FEA and reliable results require that the surface interactions 

between the individual components of the mathematical models be explicitly 

defined within the analysis environment. Nonlinear frictional contact was 

assigned at the bone–subperiosteal implant interface (coefficient of friction, 

�R = 0.3) [26] and at the subperiosteal implant screw hole–fixation screw 

interface ���R = 0.36) [27]. For all other contacting components, a FREEZE-
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type contact was applied, assuming fully correlated motion between the parts 

during loading.

Boundary Conditions

To ensure mechanical stability of the model, all degrees of freedom of 

the nodes located in the superior (cranial) and posterior regions of the 

maxillary bone were constrained. Accordingly, translational and rotational 

movements along the X, Y, and Z axes were restricted to mechanically 

simulate the natural anatomical connection of the maxilla to the cranial base.

Loading Scenarios

In all finite element models generated in this study, three distinct 

loading scenarios were applied to simulate clinically relevant masticatory 

forces  [13]. In the posterior vertical loading scenario, a bilateral vertical force 

of 150 N was applied to the cusps of the first premolar, second premolar, and 

first molar teeth (Fig. 2A), with forces distributed to the nodal points at the 

occlusal contact areas to minimize local stress concentrations and numerical 

singularities. In the posterior oblique loading scenario, a unilateral oblique 

force of 100 N was applied to the cusps of the same posterior teeth at an 

angle of 30° from the buccal to the palatal direction (Fig. 2B), thereby 

simulating off-axis force components and asymmetric load transfer occurring 

during functional activities [28,29]. In the anterior vertical loading scenario, 
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a bilateral vertical force of 150 N was applied to the central and lateral 

incisors to represent anterior biting conditions (Fig. 2C).

�$�&�&�(�3�7�(�'���0�$�1�8�6�&�5�,�3�7

�$�5�7�,�&
�/�(

���,
�1���3

�5�(�6
�6

�$�5�7�,�&�/�(���,�1���3�5�(�6�6



�$�&�&�(�3�7�(�'���0�$�1�8�6�&�5�,�3�7

�$�5�7�,�&
�/�(

���,
�1���3

�5�(�6
�6

�$�5�7�,�&�/�(���,�1���3�5�(�6�6



Figure 2. (A) Vertically applied bilateral forces to the maxillary posterior 

region, (B) Unilaterally applied oblique forces at a 30° angle to the maxillary 

posterior region, (C) Vertically applied bilateral forces to the maxillary 

anterior region. N = Newton (unit of force).

Analysis Procedure

Linear static analyses were conducted under defined loading and 

boundary conditions, applying a single material type to four different model 

configurations and three loading scenarios (4 models × 1 material × 3 loading 

scenarios). The three-dimensional finite element models were developed and 

solved on HP workstations equipped with an Intel Xeon E-2286 processor 

running at 2.40 GHz and 64 GB ECC memory. Mesh generation was 

performed using ALTAIR Hypermesh [20], and the finite element solutions 

were obtained with the Nastran-based ALTAIR Optistruct solver [21] 

(ALTAIR, Troy, MI, USA). Post-processing of the analyses was carried out 

using ALTAIR Hyperview.

Biomechanical Parameters

In this study, the biomechanical behavior of patient-specific 

subperiosteal implant systems was evaluated using total displacement, 

maximum and minimum principal stresses, and von Mises stress parameters. 

Total displacement was considered an indicator reflecting the overall 

deformation of the implant–bone system under loading and its structural 
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stability. Maximum principal stress ���U�V�� was used to represent tensile 

stresses in the bone tissue, whereas minimum principal stress ���U�W�� was 

interpreted as compressive stresses; both parameters were employed to 

analyze biomechanical load transfer at the bone–implant interface. Von Mises 

stress was analyzed to determine the equivalent stress distribution within the 

subperiosteal implant, abutment, and metal framework components. These 

parameters were comparatively assessed under three different loading 

protocols across varying implant framework thickness and screw diameter 

configurations.

In this study, the entire process of creating the model used in the FEA, 

from the acquisition of imaging data to the analysis stage, is illustrated in Fig 

3.

CT Scan DICOM Data Segmentatio
n

3D 
Reconstructi

on (STL)

Implant 
Design 
(CAD)
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Implant 
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Finite 
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Stress & 
Displacemen
t Evaluation
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Figure 3. Workflow of the model generation process from Digital Imaging and 

Communications in Medicine (DICOM) data acquisition to finite element 

analysis of the patient-specific subperiosteal implant system.

RESULTS

Total Displacement

Across all FEA models, increases in implant framework thickness and 

screw diameter resulted in a marked reduction in total displacement values. 

Under all three loading protocols, increasing the subperiosteal implant 

framework thickness from 1.0 mm to 1.5 mm and the screw diameter from 

1.5 mm to 2.0 mm led to a decrease in the overall deformation of the system. 

Comparison of the loading scenarios revealed that the highest total 

displacement values occurred under the posterior vertical loading condition, 

followed by the posterior oblique loading scenario, while the lowest 

displacement values were observed under the anterior vertical loading 

condition. In the posterior vertical and posterior oblique loading conditions, 

maximum displacement was concentrated in the posterior alveolar crest 

region, whereas under the anterior vertical loading condition, displacement 

values were more pronounced around the piriform aperture and adjacent 

nasal floor (Table 3). 
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Loading 
Conditions

Implant 
Framework 

Thickness (T) 
/ Screw 

Diameter 
(SD) (mm)

Maximum 
Total 

Displacement 
(mm)

Region

1.0/1.5 3,81E+02 Alveolar crest posterior
1.0/2.0 3,79E+02 Alveolar crest posterior

1.5/1.5 3,20E+02 Alveolar crest posterior

Posterior 
vertical 
loading

1.5/2.0 3,18E+02 Alveolar crest posterior
1.0/1.5 3,71E+02 Alveolar crest posterior

1.0/2.0 3,69E+02 Alveolar crest posterior

1.5/1.5 3,07E+02 Alveolar crest posterior

Posterior 
oblique 
loading

1.5/ 2.0 3,06E+02 Alveolar crest posterior

1.0/1.5 2,57E+02 Piriform aperture/Nasal 
floor

1.0/2.0 2,56E+02 Piriform aperture/Nasal 
floor

1.5/1.5 2,32E+02 Piriform aperture/Nasal 
floor

Anterior 
vertical 
loading

1.5/2.0 2,30E+02 Piriform aperture/Nasal 
floor

Table 3. Finite element analysis (FEA) results of the maximum total 

displacement values (mm) distributions of the Carbon Fiber Reinforced 

Polyetheretherketone (CFR-PEEK) subperiosteal implant system under 

different implant framework thickness (T) and screw diameter (SD) 

configurations. E represents exponent (10^x).

Maximum–Minimum Principal Stress

Positive values correspond to tensile stresses, whereas negative values 

indicate compressive stresses. Under the posterior vertical loading protocol, 

maximum principal stresses were observed at their highest levels in the 
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posterior alveolar crest region across all material and design configurations. 

In the CFR-PEEK models, the configuration with a 1.0 mm implant framework 

thickness and a 1.5 mm screw diameter exhibited the highest maximum 

principal stress in the posterior region, reaching 64.031 MPa. Increasing the 

screw diameter to 2.0 mm reduced this value to 61.627 MPa. Increasing the 

implant framework thickness to 1.5 mm further decreased the maximum 

principal stresses to 51.963 MPa and 50.653 MPa, respectively. The highest 

minimum principal stress was recorded in the 1.0 mm framework thickness–

1.5 mm screw diameter (T:1.0/SD:1.5) configuration, with a value of �Z�1�>�-�:�>�: 

MPa, while the lowest compressive stress in this loading condition was 

�Z�?�-�6�2�2 MPa in the T:1.5/SD:2.0 configuration at the piriform aperture/nasal 

floor region.

Under the posterior oblique loading protocol, maximum principal 

stresses were generally lower compared with those observed under posterior 

vertical loading. In the CFR-PEEK models, the maximum principal stress in 

the posterior alveolar crest region was measured at 50.665 MPa, and this 

value decreased with increasing implant framework thickness to 1.5 mm and 

with larger screw diameters. Although maximum principal stresses in the 

premolar region were lower than those in the posterior region, increased 

stress concentrations were noted due to the oblique nature of the loading. 

Minimum principal stress values varied across all models in the posterior 

alveolar crest, premolar, and piriform aperture/nasal floor regions. In the 

posterior alveolar crest region, the highest compressive stress was found in 
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the 1.0 mm framework thickness–1.5 mm screw diameter (T:1.0/SD:1.5) 

configuration ���Z�1���-�?�1�� MPa), decreasing to �Z�6�1�-�:�?�	 MPa, �Z�?�E�-�:�?�F MPa, 

and �Z�?�6�-�>�?�1 MPa in the T:1.0/SD:2.0, T:1.5/SD:1.5, and T:1.5/SD:2.0 

configurations, respectively. In the premolar region, minimum principal 

stress values were �Z�:�6�-�F�:�F MPa, �Z���>�-�E�6�E MPa, �Z���E�-�?���6 MPa, and �Z���6�-�:�:�: 

MPa, respectively. In the piriform aperture/nasal floor region, these values 

were recorded as �Z�	�E�-���:�F MPa, �Z�	�6�-�>�>�6 MPa, �Z�	���-�E�?�> MPa, and �Z�	�2�-�1�?�� 

MPa.

Under the anterior vertical loading protocol, maximum principal stresses 

were markedly lower than those recorded in the first and second loading 

protocols. In the CFR-PEEK models, maximum principal stresses in the 

posterior alveolar crest region ranged between 15.924 and 17.579 MPa. 

Maximum principal stresses in the premolar and piriform regions remained 

at comparatively lower levels. Minimum principal stress values were lower 

compared to posterior loading conditions and varied across all regions. In the 

posterior alveolar crest region, the values were �Z�>�-�>�?�6 MPa, �Z�E�-�:���� MPa, 

�Z�E�-�>�?�F MPa, and �Z�E�-�1�F�E MPa for the T:1.0/SD:1.5, T:1.0/SD:2.0, 

T:1.5/SD:1.5, and T:1.5/SD:2.0 configurations. In the premolar region, 

minimum principal stress values were �Z�	�E�-�?�	�> MPa, �Z�	�?�-�?�2�> MPa, �Z�	���-�:�:�F 

MPa, and �Z�	�	�-�	�6�	 MPa for the same configurations. In the piriform 

aperture/nasal floor region, the values were �Z���?�-�1�?�E MPa, �Z���?�-���E�? MPa, 

�Z���	�-�2�F�: MPa, and �Z���2�-�>�E�: MPa (Table 4).
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Loading 
Conditions

Implant 
Framework 

Thickness (T) 
/ Screw 

Diameter 
(SD) (mm)

Alveolar 
Crest 

Posterior 
�3�;�< max / 

min, MPa)

Alveolar 
Crest 

Premolar 
�3�;�< max / 

min, MPa)

Piriform 
Aperture / 

Nasal Floor 
�3�;�< max / 

min, MPa)

1.0/1.5 64.031 / -
69.393

20.825 / -
21.672

19.806 / -
11.324

1.0/2.0 61.627 / -
61.431

14.590 / -
18.474

12.557 / -
7.902

1.5/1.5 51.963 / -
46.541

13.728 / -
14.172

14.026 / -
6.924

Posterior 
vertical 
loading

1.5/2.0 50.653 / -
45.648

9.972 / -
10.898

13.253 / -
4.500

1.0/1.5 50.665 / -
62.462

40.276 / -
35.838

17.280 / -
17.238

1.0/2.0 47.969 / -
56.341

30.423 / -
29.757

10.132 / -
15.995

1.5/1.5 37.118 / -
47.348

27.856 / -
27.425

14.940 / -
12.749

Posterior 
oblique 
loading

1.5/ 2.0 36.468 / -
45.946

27.475 / -
25.333

16.404 / -
10.642

1.0/1.5 17.579 / -
9.945

9.573 / -
17.419

9.319 / -
24.647

1.0/2.0 17.124 / -
7.322

9.523 / -
14.409

8.337 / -
24.274

1.5/1.5 17.035 / -
7.948

7.643 / -
12.338

7.351 / -
21.083

Anterior 
vertical 
loading

1.5/2.0 15.924 / -
7.687

7.319 / -
11.151

7.083 / -
20.973

Table 4. Maximum and minimum principal stress ���U�V�� values in MPa 

(megapascal) for different implant framework thickness (T) and screw 

diameter (SD) configurations.

Von Mises Stresses
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Under all loading scenarios, the highest von Mises stresses on the 

subperiosteal implant were observed in the posterior region of the alveolar 

crest. In the posterior vertical loading scenario, for the model with 1.0 mm 

implant framework thickness and 1.5 mm screw diameter, the maximum 

stress in the posterior alveolar crest region was measured as 442.27 MPa, 

while increasing the screw diameter to 2.0 mm reduced this value to 432.20 

MPa. Increasing the implant framework thickness to 1.5 mm resulted in 

maximum stresses in the posterior region of 371.50 MPa and 364.75 MPa, 

respectively. In the posterior oblique loading scenario, von Mises stresses 

on the subperiosteal implant increased across all configurations compared 

to the posterior vertical loading scenario. The highest stress in the posterior 

alveolar crest was recorded as 531.44 MPa for the model with 1.0 mm 

implant framework thickness and 1.5 mm screw diameter. Increasing the 

screw diameter to 2.0 mm reduced this value to 513.50 MPa. For models 

with 1.5 mm implant framework thickness, maximum stresses in the 

posterior region were determined as 458.74 MPa and 451.81 MPa. In the 

anterior vertical loading scenario, the stress distribution pattern on the 

subperiosteal implant differed. In this scenario, the highest von Mises 

stresses were concentrated around the piriform aperture and adjacent nasal 

floor, with a maximum of 295.58 MPa for the model with 1.0 mm implant 

framework thickness and 1.5 mm screw diameter. Increasing the implant 

thickness to 1.5 mm reduced stresses in this region to 207.26 MPa and 

205.15 MPa. Lower stress values were observed in the posterior and 
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premolar regions under the anterior vertical loading scenario (Fig. 4). 

 

Figure 4. Finite element analysis (FEA) results of the subperiosteal implant 

under different implant framework thickness (T) and screw diameter (SD) 
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configurations. The color scale represents stress magnitude, ranging from 

blue (low stress) to red (high stress). The maximum Von Mises stress values 

for each loading scenario are shown comparatively.

Von Mises stresses on the abutment remained lower than those on the 

subperiosteal implant and metal framework across all loading scenarios. 

Under posterior vertical loading, 1 mm T/1.5 mm SD produced 58.615 MPa 

in the posterior alveolar crest, 31.830 MPa in the premolar region, and 

24.551 MPa in the piriform rim, while increasing the screw diameter to 2 mm 

(1 mm T/2 mm SD) resulted in 58.426 MPa, 30.883 MPa, and 24.521 MPa, 

respectively. With 1.5 mm T/1.5 mm SD, stresses decreased slightly to 56.893 

MPa, 30.267 MPa, and 22.237 MPa in the same regions, and 1.5 mm T/2 mm 

SD showed similar values of 56.873 MPa, 30.155 MPa, and 22.170 MPa. 

Under posterior oblique loading, 1 mm T/1.5 mm SD generated 81.959 MPa 

in the posterior alveolar crest, 65.857 MPa in the premolar region, and 

32.535 MPa in the piriform rim, with 1 mm T/2 mm SD slightly lower at 

81.687 MPa, 65.815 MPa, and 32.058 MPa. Increasing the plate to 1.5 mm 

elevated the posterior alveolar crest stress to 94.624 MPa (1.5 mm T/1.5 mm 

SD) and 94.465 MPa (1.5 mm T/2 mm SD), while the premolar region and 

piriform rim remained nearly unchanged. Under anterior vertical loading, 1 

mm T/1.5 mm SD produced 13.071 MPa in the posterior alveolar crest, 17.375 

MPa in the premolar region, and 52.675 MPa in the piriform rim; increasing 

the screw diameter to 2 mm (1 mm T/2 mm SD) slightly reduced the crest 
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stress to 12.803 MPa and increased the piriform stress to 54.717 MPa. With 

1.5 mm T/1.5 mm SD, the posterior alveolar crest decreased to 9.288 MPa, 

while the premolar region and piriform rim showed small increases; 1.5 mm 

T/2 mm SD gave similar results with 9.252 MPa, 18.027 MPa, and 57.377 

MPa, respectively. 
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Figure 5. Finite element analysis (FEA) results of the abutment under 

different implant framework thickness (T) and screw diameter (SD) 
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configurations. The color scale represents stress magnitude, ranging from 

blue (low stress) to red (high stress). The maximum Von Mises stress values 

for each loading scenario are shown comparatively.

When the Von Mises stress values of the metal framework were 

assessed, under posterior vertical loading, 1 mm T/1.5 mm SD produced 

81.908 MPa in the posterior alveolar crest, 31.416 MPa in the premolar 

region, and 31.983 MPa in the piriform rim; increasing the screw diameter 

to 2 mm (1 mm T/2 mm SD) resulted in 81.974 MPa, 31.497 MPa, and 

32.050 MPa, respectively. With 1.5 mm T/1.5 mm SD, stresses slightly 

increased to 83.253 MPa in the posterior alveolar crest while decreasing in 

the premolar region and piriform rim to 27.474 MPa and 28.188 MPa; 1.5 

mm T/2 mm SD showed similar values of 83.309 MPa, 27.445 MPa, and 

28.159 MPa. Under posterior oblique loading, 1 mm T/1.5 mm SD produced 

95.078 MPa in the posterior alveolar crest, 89.804 MPa in the premolar 

region, and 62.909 MPa in the piriform rim, with 1 mm T/2 mm SD slightly 

higher at 95.116 MPa, 89.820 MPa, and 63.014 MPa. Increasing the plate to 

1.5 mm raised posterior alveolar crest stress to 100.298 MPa (1.5 mm T/1.5 

mm SD) and 100.334 MPa (1.5 mm T/2 mm SD), while stresses in the 

premolar region and piriform rim remained similar. Under anterior vertical 

loading, 1 mm T/1.5 mm SD generated 20.243 MPa in the posterior alveolar 

crest, 16.694 MPa in the premolar region, and 70.121 MPa in the piriform 

rim; 1 mm T/2 mm SD gave 20.224 MPa, 16.738 MPa, and 70.180 MPa, 
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respectively. With 1.5 mm T/1.5 mm SD, posterior alveolar crest stress 

decreased to 18.898 MPa, while premolar and piriform stresses slightly 

increased to 17.037 MPa and 70.960 MPa; 1.5 mm T/2 mm SD produced 

similar values of 18.991 MPa, 17.199 MPa, and 71.016 MPa.
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Figure 6. Finite element analysis (FEA) results of the metal framework under 

different implant framework thickness (T) and screw diameter (SD) 
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configurations. The color scale represents stress magnitude, ranging from 

blue (low stress) to red (high stress). The maximum Von Mises stress values 

for each loading scenario are shown comparatively.

DISCUSSION

In this study, an in-silico approach was adopted, focusing on the 

development and validation of the computational model prior to 

biomechanical analysis. In-silico simulations allow systematic investigation of 

biomechanical parameters without the ethical constraints and biological 

variability associated with in vivo studies [30]. The FEA, as one of the 

computational techniques, was used due to its ability to accurately predict 

complex implant–bone interactions  [31], Subperiosteal implants, which 

represent a critical treatment option for patients with severe alveolar bone 

atrophy where conventional dental implants cannot be applied [32], were 

evaluated. Parameters such as framework thickness and fixation screw 

diameter, which directly influence stress distribution in the bone and long-

term stability, were also analyzed. A framework composed of 60% CFR-PEEK 

was selected because its elastic modulus is closer to that of cortical bone, 

allowing more physiologic load transfer while maintaining high mechanical 

strength and fatigue resistance  [33]. This bone-compatible stiffness may 

reduce the risk of stress shielding, which is commonly associated with more 

rigid metallic implant materials. In addition, previous studies have 

demonstrated that fiber-reinforced PEEK frameworks can promote a more 
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homogeneous stress distribution in peri-implant bone and reduce stress 

concentrations at the implant–bone interface  [34]. FEA further indicate that 

unreinforced PEEK may exhibit excessive deformation under functional 

loading, whereas CFR-PEEK with higher fiber content provides improved 

structural stability and mechanical behavior more consistent with 

physiological load-bearing conditions  [35,36]. These characteristics make 

CFR-PEEK a promising alternative material for patient-specific subperiosteal 

implant frameworks. The bone model was represented as a combined cortical 

and cancellous unit to simplify the finite element calculations and improve 

computational efficiency, while still preserving a realistic representation of 

bone mechanics. Additionally, the anatomical model was generated using CT, 

which allowed higher resolution and reliable anatomical detail, resulting in 

more accurate three-dimensional geometries and improved fidelity of the 

finite element model. For the biomechanical evaluation of subperiosteal 

implants, total displacement, von Mises stress, and maximum/minimum 

principal stresses were analyzed. These parameters allow a comprehensive 

assessment of the mechanical performance of 60% CFR-PEEK subperiosteal 

implant frameworks under different loading conditions.

Total displacement is a fundamental parameter reflecting the 

biomechanical performance of implant systems and the stability of the 

implant–bone interface, as excessive deformation can lead to 

micromovements and stress concentrations, increasing the risk of bone 

resorption and implant failure. Framework thickness is a primary 
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determinant of total displacement behavior in patient-specific subperiosteal 

implant systems. Finite element and experimental studies have shown that 

increasing framework thickness enhances structural rigidity, reduces total 

displacement, and promotes a more uniform stress distribution within the 

implant system [37–39]. In the present study, increasing the framework 

thickness reduced total displacement across all loading protocols and 

improved the stability of the implant–bone complex. This effect can be 

attributed to the increased section moment of inertia in thicker frameworks, 

which enhances resistance to bending and enables more effective 

transmission of functional loads. Similarly, fixation screw parameters were 

found to critically influence mechanical stability. Increasing the screw 

diameter expanded the contact area between the implant and surrounding 

bone, consistently reducing displacement under all loading conditions, 

allowing more even distribution of functional loads, and mitigating local 

stress concentrations  [40]. With the combination of increasing the 

subperiosteal framework thickness from 1.0 mm to 1.5 mm and the screw 

diameter from 1.5 mm to 2.0 mm, total displacement decreased by 16.5% 

under posterior vertical loading, by approximately 17.5% under posterior 

oblique loading, and by a more limited 10.5% under anterior vertical loading. 

These findings indicate that optimizing both framework thickness and screw 

dimensions substantially enhances structural rigidity and reduces overall 

deformation, with the effect being particularly pronounced in posterior 

regions due to longer lever arms and reduced cortical support. The more 

�$�&�&�(�3�7�(�'���0�$�1�8�6�&�5�,�3�7�$�5�7�,�&�/�(���,�1���3�5�(�6�6



limited reduction observed under anterior vertical loading reflects the 

stabilizing influence of anatomical support in this region. These results 

emphasize the importance of careful selection of geometric and fixation 

parameters to minimize micromovements and deformation risk in patient-

specific subperiosteal implant systems.

Von Mises stress is widely used to assess the structural safety of 

implant materials. Previous studies have highlighted that the elastic and 

strength properties of implant materials strongly influence stress distribution 

within subperiosteal implant systems. A finite element study by �������G�������(���� 

et al.  [13] comparing titanium and CFR-PEEK subperiosteal implants 

reported that, under similar loading conditions, the maximum Von Mises 

stress values in titanium implants were approximately twice those observed 

in CFR-PEEK implants. In both materials, stress concentrations were 

primarily observed around the abutment and screw connection regions, and 

CFR-PEEK implants exhibited a more balanced stress distribution pattern. 

Von Mises stress in the present study clearly demonstrate the critical role of 

both framework thickness and screw diameter on the mechanical behavior of 

subperiosteal implant systems. Under posterior vertical loading, increasing 

the framework thickness led to a notable reduction of approximately 16% in 

the subperiosteal framework, while increasing the screw diameter provided 

an additional modest decrease. Changes in stress values in the abutment and 

metal framework were negligible, indicating that framework rigidity is the 

primary determinant of load mitigation in this scenario.  In the posterior 
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oblique loading condition, a more mechanically challenging situation arises 

due to oblique forces and long lever arms. Increasing the framework 

thickness resulted in approximately 14% reduction in subperiosteal 

framework stress, while increasing screw diameter provided an additional 1–

2% decrease. Interestingly, Von Mises stresses in the abutment increased by 

about 15% with thicker frameworks, likely due to redistribution of the load 

from the framework to the connection points. Metal framework stresses 

showed a moderate 5–6% increase due to partial load transfer. These findings 

emphasize the need to optimize both framework and abutment design to 

minimize peak stresses under oblique posterior loading. Under anterior 

vertical loading, initial stress values were much lower. Increasing the 

framework thickness reduced subperiosteal stress by approximately 19%, 

and increasing the screw diameter to 2.0 mm further enhanced this reduction 

to 24.8%. Stress reductions in the abutment were more pronounced at around 

29%, while metal framework stresses showed minimal changes (6–7%). The 

limited effect on the metal framework is attributed to the anterior loading 

being less influenced by structural lever arms and the anatomical support in 

the anterior maxilla stabilizing the system. These results confirm that 

framework thickness is the primary factor in reducing Von Mises stress in the 

subperiosteal component, while larger screw diameters improve stress 

distribution at the implant–bone interface and abutment connections. The 

posterior region is particularly sensitive to mechanical overload due to long 

lever arms and reduced cortical support, making design optimization in these 
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areas critical. In contrast, the anterior region benefits from natural 

anatomical stabilization, limiting the effect of screw diameter variations. 

These findings support the biomechanical advantages of carefully optimizing 

both framework and screw parameters in patient-specific CFR-PEEK 

subperiosteal implants, potentially reducing the risk of bone resorption and 

implant failure.

Maximum and minimum principal stresses were evaluated to better 

understand stress distribution within the surrounding bone. Maximum 

principal stress represents tensile loading conditions associated with 

microcrack formation and the risk of bone resorption, whereas minimum 

principal stress reflects compressive loading in bone tissue. In the present 

study, the highest tensile stress values were observed in the posterior 

alveolar crest. However, both tensile and compressive stress magnitudes 

decreased when framework thickness was increased from 1.0 mm to 1.5 mm 

and screw diameter from 1.5 mm to 2.0 mm. These findings indicate that 

appropriate design modifications can effectively reduce excessive stress 

levels in the surrounding bone. Lower principal stress values observed 

around the piriform aperture and nasal floor indicate a more balanced load 

transfer in these areas. Nevertheless, localized stress concentrations were 

observed around the piriform aperture under anterior vertical loading. This 

pattern can be explained by the anatomical geometry of the anterior maxilla. 

When vertical loads are applied in the anterior region, forces are transmitted 

along the curved cortical boundaries surrounding the piriform aperture, 
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which act as structural load bearing pathways. Consequently, localized stress 

concentrations may occur in these anatomical regions even when general 

stress magnitudes remain relatively low. The calculated stress values 

remained below the tensile strength limits of the materials used, confirming 

the biomechanical suitability of CFR PEEK for subperiosteal implant 

fabrication. In addition, loading direction and loading site significantly 

influence implant biomechanics. Posterior loading conditions produced 

higher displacement and stress values compared with anterior loading 

conditions, suggesting that posterior loading represents a more critical 

biomechanical scenario that should be carefully considered during the design 

optimization of subperiosteal implant systems.

This study has several limitations inherent to FEA, as observed in 

similar research. Due to advanced alveolar bone atrophy in the DICOM 

datasets, cortical and trabecular bone could not be differentiated, and bone 

tissue was modeled as a homogeneous structure, which may limit the 

physiological accuracy of the simulations. Fixation screws were assumed to 

be placed perpendicular to the bone surface for standardization, and 

clinically common angled screw placements were not simulated. All analyses 

were conducted under static loading conditions, and the effects of dynamic 

and fatigue loads were not evaluated. Therefore, the findings should be 

supported by experimental studies, dynamic analyses, and long-term clinical 

data.
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CONCLUSION

The present FEA study demonstrates that patient-specific subperiosteal 

implants fabricated from 60% CFR-PEEK exhibit biomechanically acceptable 

stress distributions under clinically relevant loading conditions in atrophic 

maxillae. Increasing subperiosteal implant framework thickness and fixation 

screw diameter improves biomechanical stability by reducing peri-implant 

bone stresses and overall system displacement, particularly under posterior 

loading. These findings provide quantitative biomechanical evidence 

supporting the use of CFR-PEEK as a viable alternative material for patient-

specific subperiosteal implants and offer design-oriented guidance for 

optimizing implant geometry to enhance long-term mechanical reliability.
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Models Number of 
Nodes

Number of Elements

Model 1 (T:1.0-SD:1.0) 1580952 6971481

Model 2 (T:1.0-SD:2.0) 1649058 7351893

Model 3 (T:1.5-SD:1.5) 1652421 7335308

Model 4 (T:1.5-SD:2.0) 1659059 7390986

Table 1. Quantitative model parameters for the four generated analyses.

T: Subperiosteal implant framework thickness (mm); SD: Screw diameter 

(mm).
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Loading 
Conditions

Implant 
Framework 
Thickness 
(T) / Screw 
Diameter 

(SD) (mm)

Alveolar 
Crest 

Posterior 
��� �! max / 

min, MPa)

Alveolar 
Crest 

Premolar 
��� �! max / 

min, MPa)

Piriform 
Aperture / 

Nasal Floor 
��� �! max / 

min, MPa)

1.0/1.5 64.031 / -
69.393

20.825 / -
21.672

19.806 / -
11.324

1.0/2.0 61.627 / -
61.431

14.590 / -
18.474

12.557 / -
7.902

1.5/1.5 51.963 / -
46.541

13.728 / -
14.172

14.026 / -
6.924

Posterior 
vertical 
loading

1.5/2.0 50.653 / -
45.648

9.972 / -
10.898

13.253 / -
4.500

1.0/1.5 50.665 / -
62.462

40.276 / -
35.838

17.280 / -
17.238

1.0/2.0 47.969 / -
56.341

30.423 / -
29.757

10.132 / -
15.995

1.5/1.5 37.118 / -
47.348

27.856 / -
27.425

14.940 / -
12.749

Posterior 
oblique 
loading

1.5/ 2.0 36.468 / -
45.946

27.475 / -
25.333

16.404 / -
10.642

1.0/1.5 17.579 / -
9.945

9.573 / -
17.419

9.319 / -
24.647

1.0/2.0 17.124 / -
7.322

9.523 / -
14.409

8.337 / -
24.274

1.5/1.5 17.035 / -
7.948

7.643 / -
12.338

7.351 / -
21.083

Anterior 
vertical 
loading

1.5/2.0 15.924 / -
7.687

7.319 / -
11.151

7.083 / -
20.973

Table 4. Maximum and minimum principal stress �&�'�(�) values in MPa 

(megapascal) for different implant framework thickness (T) and screw 

diameter (SD) configurations.
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Loading 
Conditions

Implant 
Framework 

Thickness (T) 
/ Screw 

Diameter 
(SD) (mm)

Maximum 
Total 

Displacement 
(mm)

Region

1.0/1.5 3,81E+02 Alveolar crest posterior
1.0/2.0 3,79E+02 Alveolar crest posterior

1.5/1.5 3,20E+02 Alveolar crest posterior

Posterior 
vertical 
loading

1.5/2.0 3,18E+02 Alveolar crest posterior
1.0/1.5 3,71E+02 Alveolar crest posterior

1.0/2.0 3,69E+02 Alveolar crest posterior

1.5/1.5 3,07E+02 Alveolar crest posterior

Posterior 
oblique 
loading

1.5/ 2.0 3,06E+02 Alveolar crest posterior

1.0/1.5 2,57E+02 Piriform aperture/Nasal 
floor

1.0/2.0 2,56E+02 Piriform aperture/Nasal 
floor

1.5/1.5 2,32E+02 Piriform aperture/Nasal 
floor

Anterior 
vertical 
loading

1.5/2.0 2,30E+02 Piriform aperture/Nasal 
floor

Table 3. Finite element analysis (FEA) results of the maximum total 

displacement values (mm) distributions of the Carbon Fiber Reinforced 

Polyetheretherketone (CFR-PEEK) subperiosteal implant system under 

different implant framework thickness (T) and screw diameter (SD) 

configurations. E represents exponent (10^x).
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Component Materials Elastic 

Modulus 

(MPa)

Poisson’s 

Ratio ������

Reference

Bone Cortical and 

Cancellous

10,000 0.30 [22]

Subperiosteal 

Implant

%60 CFR-

PEEK

150,000 0.356 [23]

Prosthetic 

Superstructure

Polymethyl 

methacrylate 

(PMMA)

3,000 0.34 [24]

Fixation Screw

Abutment

Metal 

Framework

Occlusal Screw

Titanium 110,000 0.35 [25]

Table 2. Material properties used in the Finite Element Analysis (FEA).
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