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Abstract-

Background- Use of Polyetheretherketone (PEEK) for the removable partial dentures (RPD)frameworks is
gaining popularity. But weather it distributes the stresses in a similar way like cobalt-chromium alloy
(CoCr) or titanium alloy (Ti) is still unclear and needs assessment.

Purpose: The aim of the study was to evaluate the amount of stress distribution on oral mucosa and
cortical bone of alveolar ridge by maxillary poly (etheretherketone) (PEEK) removable partial denture
(RPD) using 3-dimensional finite element models and compare it with stress generated by conventional
cobalt-chromium (Co-Cr) RPD and titanium (Ti) RPD, in distal extension cases.
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Materials and Methods: Patient’s intraoral data were obtained via CBCT and master model scan. Virtual
RPD framework model and underlying oral mucosa with cortical alveolar ridge was produced for a
Kennedy Class Il arch modification 1, having first pre-molar as primary abutment. Designing was done
following conventional guidelines, using 3Shape dental system. RPD frameworks were designed. Three
materials were considered, one with PEEK, second with Co-Cr and third Ti. Movement of the rest on the
tooth-supported side was restricted in all directions. For calculating the elastic stresses on mucosa,
movement of the alveolar surface of the mucosa and the occlusal rest on the abutment adjacent to the
edentulous ridge was fixed in a vertical direction and for stresses on cortical alveolar bone the
movement of oral mucosa was fixed in all direction along with the occlusal rest on the abutment
adjacent to the edentulous ridge. The Vertical and buccally oblique biting forces were applied
simultaneously on each of the locations representing two missing teeth. The FEA was done for
analyzing the stress transferred from the RPD frames.

Results: In the 3 tested materials, framework made of PEEK has the lowest maximum von Mises stress
followed by CoCr and Ti- 18.736 MPa,66.657 MPa and 68.323 MPa respectively, greatest maximum von
Mises stress on the mucosa0.12625MPa and alveolar bone 1.6369 MPa. PEEK has the largest
displacement of the framework (free-end displacement of the framework)0.039954 mm, which was
larger than CoCr alloy (0.024367mm) and Ti alloy(0.004607mm) and its deformation along with the
deformation of complete model assembly.

Conclusion- PEEK framework has the maximum displacement under load which is not good for RPD
stability, also as it conducted more stress on mucosa and alveolar bone, which will result in fast
resorption of residual alveolar ridge.

Key words- RPD, Stress, Free end saddle, Finite element analysis, Co-Cr,PEEK.
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Introduction-

Movements of a Removable Partial Denture (RPD) under occlusal loading may cause injury to the mucosa as well as
cortical bone of the residual alveolar ridge. RPDs for distal extension cases such as Kennedy Class I, II also generate
significant stress on the free-end abutment. Due to the difference between the resiliency of teeth (periodontal
ligament) and mucosa, the stress response also differs, and it is likely to cause excessive distal and medium-direction
torque, resulting in excessive stress on mucosa, residual ridge resorption and loosening or even detachment of the
abutment 1-3. The rigidity of the RPD frameworks plays an important role in such scenario and it should be
evaluated in relation to the denture movements and stress distribution created in the mucosa. The rigidity of an
RPD framework is influenced by its width of its components, thickness, connector design,4,5ridgearc
spancurvature,5,6 and properties of alloy forb framework like elastic modulus.

Conventional removable partial denture (RPD) frameworks are often made of cobalt chromium alloys (Co-Cr),
which has major drawback of esthetics and allergic reactions also oral galvanism, and biofilm plaque formation has
been described. A substitute for patients with esthetic and allergic issues to Co-Cr alloys is a metal-free RPD.7-9
Nonmetal denture framework materials comprises of large body of organic polymers with desirable physical and
chemical properties. One such material is polyetheretherketone (PEEK). It has anti-allergic property, good
polishability, low plaque affinity, and good wear resistance. Basically, PEEK is a semi-crystalline organic polymer
which is biocompatible with stable chemical properties, high temperacure resistance, and easy mechanical processing
properties10,11. Framework made up of polymer consists of a modified poly(etheretherketone) (PEEK) polymer,
bio high-performance polymer (BioHPP) framework combined with acrylic resin denture teeth, and a conventional
acrylic resin denture base. This type of framework in a class I and IT RPD may help in reducing the rotational torque

and stresses on abutment teeth, mucosa and cortical alveolar ridge.12,13 The PEEK has also showed better
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mechanical properties when used as denture base and provides effective retentive force at deeper undercut without
tendency to fracture.14

Studies have been conducted with PEEK in relation to implants and various designs of RPD and its effect on stress
generated on abutments had been analysed but elastic stresses on mucosa and cortical bone has not been clearly
studied.

There are variety of methods to determine the stress generated on tissues for example photoelasticity assessment,
measurement sof strain gauge, optic methods, and computational methods 15. Computational methods, has better
efficiency with reliability, if chosen carefully. In the present study, we used Finite Element Analysis (FEA) which was
specifically suitable for the study. FEA basically is a numerical method and use methods from the calculus of
variations to estimate a solution by reducing an associated error function after subdividing a big system into small
parts and then constructing them into a bigger system of equations that represents the whole problem16. FEA has
been used widely for predicting the biomechanical behavior of different prosthetic bodies in oral biologic
conditions17, like dental implants18, fixed and removableprosthesis19, implant assisted RPD20 and bone
metabolism21. This method is relatively better for studying mechanical behaviors of tissues which would be difficult
in vivo studies.

So this study was conducted to determine the amount of elastic stress generated and its distribution on oral mucosa
and alveolar ridge by maxillary poly (etheretherketone) (PEEK) removable partial denture (RPD) using 3-
dimensional finite element models and compare it with stress generated by conventional cobalt-chromium and

titanium RPD.

Materials and Methods-
This study was conducted in King Khalid University as a joint venture of college of dentistry and college of
engineering. Ethical clearance was obtained from the university ethical clearance committee. The study was

conducted in pre-decided steps as in flow chart (Fig.1).

1-Patient selection, Digital Impression, CBCT Scan

1

’ 2-Generation of mask layers in CBCT Scan ‘

3-Parametric modelling to create anatomical geometric model
with non-uniform rational B-spline (NURBS)

’ 4-CAD Modelling - RPD ( framework, denture base and teeth) Design

’ 5-Assembling of Geometric maxillary model and RPD model using '
Standard Tessellation Language (stl) registration method

6-Pre-Processing - FE mesh generation and Material Properties

7-Connections - Node to Contacts ‘

D > — . — =
— 8-Boundary conditions ‘

9-FEA - Post processing results and Interpretations ‘

Fig-1 Flow chart
Fabrication of FEA model by Superimposition technique-

A 3-dimensional FEA solid model of maxillary jaw was constructed using clinical CBCT data of a 58-year-old Saudi

national with unilateral distal extension i.e. Kennedy Class II modification 1. Oral examination revealed a resorbed
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maxillary residual alveolar ridge with #14,15,16, 26, 27 and 28 missing (FDI standard), and no other abnormality
was discovered among the remaining teeth.

The maxillary arch was scanned with CBCT (3D Accuitomo scanner, Morita, Kyoto, Japan) at a 0.25-mm-slice
thickness and 1-mm scan increment in 401 slice images in DICOM format, at 120 kVp, 18.45 mAs, and 20 s
exposure. Two segmented masks (bone and mucosa) were further processed in 3D parametric modelling software
Rhinoceros 4.0 (Robert McNeel& Associates, Seatde USA) to create anatomical geometric models with non-
uniform rational B-spline (NURBS- mathematical model using basis splines (B-splines) that is commonly used in
computer graphics for representing curves and surfaces) and were further saved in stl format.

The maxillary model was prepared upto the floor of maxillary sinus to provide a flat base for FEA. In order to enable
uniform comparison, the digital impression

of the maxillary arch was done using intra-oral scanner (i-itero) and was transferred as stl file to a CAD software in
which the RPD (frame work, denture base and teeth) was designed and stored in stl format. Following the design
specifications of conventional RPD for Kennedy Class II modification I chief researcher made the design (and same
was approved by two experienced prosthodontists as well as technician together) by using 3shape Dental System
software (Dental system 2017, Denmark). Frameworks designs was as follows: Framework A: an RPA (mesial Rest-
guide Plate- Aker clasp) clasp set in tooth # 25 and indirect retainer was provided at # 13 with cingulum rest seat
and T-bar clasp, and C-clasp on #17. Anterio-posterior palatal strap was used as major connector and mess shaped
minor connector was used on the edentulous residual alveolar ridge.

The final st files of geometric maxillary model and designed RPD were assembled using the Standard Tessellation
Language (stl) registration method both manually and automatically registering the stack of stl slices of RPD on the
stacks of stl files of maxillary mask model. The final assemblies were exported to ABAQUS6.9.2(Dassault Systems,
Tokyo Japan --(2016, SIMULIA Co, USA)) for FE meshing. To ensure the numerical accuracy, adaptive mesh was
employed and a mesh convergence test was carried out, as (Li etal.,2004,2005). In the present study, the final
meshes contain 92950 Element Count and157026Node Count and 6 degrees of freedom using quadratic tetrahedral
elements with hybrid formulation (C3D10H) to ensure smoothness of contact interfaces for the Linear Static
Analysis.

The 3D FE model of maxillary arch (mesh generation) (Fig.2) was created with utmost accuracy by exact transfer of
mucosal thickness throughout the arch with the help of mask modelling. The mucosa thickness was defined with the
vertical distance between the mandibular bone surface and the mucosal surface. The 3D FE organic model obtained
with this technique could provide a more accurate geometrical morphology and thickness of mucosa, which is

crucial for RPD simulation.

Fig.-2 3D FE model of maxillary arch (mesh generation)

After the generation of mesh model the material properties were applied. The materials and tissue simulators used in

the study showed different mechanical and physical characteristics. These materials were considered isotropic and
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homogeneous to simplify the calculations, and the elasticity modulus and Poisson's ratios were acquired from the

literature. Table 1 showed the elastic modulus and the Poisson ratio for each material 22-24.

Table 1 showed the elastic modulus and the Poisson ratio for each material.

Material Elastic Modulus (MPa) Poisson Ratio
PEEK - 4,100 0.40
Denture Tooth - 1,960 0.30
Co-Cr Alloy - 235,000 0.33
Titanium Alloy - 11*104 0.35
Mucosa - 3.45 0.45
Alveolar Bone - 13,700 0.30

The denture teeth and denture base were considered as position constraints and boundary conditions were applied
for the proper analysis. The interfaces between the clasps and the remaining teeth were modeled as frictional
contacts with appropriate friction coefficients (p = 0.1), and the friction coefficients between the denture base and
mucosa was assumed as 1 = 0.01. 22,23. The augmented Lagrangian algorithm was adopted to simulate the denture-
mucosa contact, with a low frictional coefficient assumed as 0.1 to mimic proper lubrication in the oral
Environment (Prinz etal.,2007). Localized masticatory load was applied to simulate an occlusal force, both vertical
(20 N) and oblique load (15 degree to long axis of teeth- 20 N) was applied to the center of occlusal surface of both
the artificial first and second molar 25 Although different masticatory activities (e.g. grinding) with various loading
patterns may affect the optimization outcome, but the effects of other masticatory activities are less significant
compared to the direct biting force because of the magnitudes 26. The ANSYS Work bench program was used for
finite element analysis, following were investigated: the von Mises stress values of the mucosa, frameworks, alveolar

bone and the displacement of framework and total deformation of framework and whole model as a complete
assembly (Fig.3).
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Fig.3- Von Mises stress of mucosa, framework, displacement of framework and complete model assembly under

Results

vertical and oblique loading.

Compared with CoCr and Ti-6Al-4V alloy, PEEK framework has the lowest maximum von Mises stress. The

greatest maximum von Mises stress on the mucosa, alveolar bone the largest displacement of the framework and its

deformation along with the deformation of complete model assembly.

The maximum von Mises stresses of the PEEK, CoCr alloy and Ti alloy framework were 18.736 MPa,66.657 MPa
and 68.323 MPa respectively. The maximum stress of PEEK was 27.42% that of the Ti alloy and 26.12% that of
the CoCr alloy, suggesting that the PEEK significantly reduced the internal stress of the framework.
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On comparison of maximum von Mises stress on the framework statistically significant differences were found
between the PEEK and CoCr and PEEK and Ti, but no significant difference was found between CoCr and Ti.

The maximum von mises stress of the mucosa of PEEK, CoCr alloy, Ti alloy, groups were 0.12625, 0.083567 and
0.01269 MParespectively, indicating that PEEK was less conducive in the protection of mucosa. All the stress
distribution positions of the mucosa were located at the disto-buccal aspect of the free end saddle. Similarly, the
maximum stress of the alveolar bone of PEEK group was1.6369, CoCr was1.0869 and Ti 0.72148, with statistically
significant difference in values of PEEK, CoCr and Ti.

As for framework maximum displacement, the free-end displacement of the framework made by PEEK was the
largest with the value of 0.039954 mm, which was significantly larger than Ti alloy(0.004607mm) and CoCr alloy
(0.024367mm). The deformation caused in framework and complete model as an assembly was maximum in PEEK

followed by CoCr and Ti.

Discussion

To restore the missing dentition the RPD is one of the most used prostheses and is used extensively in distal
extension cases viz. Kennedy Class I and II. As a prerequisite denture should not only replace but restore the
function. The framework should be retentive, stable and prevent further deterioration of soft and hard tissue. In
distal extension case both tooth and tissue provide support. The abutment provide retention with different types of
clasps and the mucosa, alveolar bone and other tissues provide support for the denture. It is important for the
denture base to cover supporting tissues and uniformly distribute the masticatory force, failing to do so results in
local tenderness or excessive absorption of the alveolar bone, affecting the use of denture 2,3. Therefore, a proper
framework design should take into consideration not only the retention and stability of the denture, but also the
stress on the significant tissues.

The RPD framework flexibility especially in distal extension case results in varied range of forces that would be
transmitted to the underlying mucosa and alveolar bone, resulting in resorption of the tissues. This study assessed
the effect of RPD PEEK framework over the oral tissues. The Kennedy Class II modification 1, case was selected
and a vircual RPD framework was designed taking into consideration the basic design concept and 3 material
(PEEK, Co-Cr, Ti) properties were incorporated and assessed by FEA. For framework, an RPY (Rest-Plate-Y bar)
clasp was set in the premolar #24 and an RPI (Rest-Plate-I bar) clasp was set in the canine #13 to act as stress-
breaker and reduce both distal movement of the abutment and exposure of clasps. Aker clasp was set in the on molar
#17 to enforce retention.

Stress on periodontal ligaments of abutment tooth is an important parameter to be considered while designing the
framework because it has been reported that the resorption of root and remodelling of bone starts with stress
generated on the PDL27,28. In a previous study it has been reported that the under similar loading conditions,
PEEK framework demonstrated the best protection function on the PDL, which may be particularly suitable for
patients with poor periodontal conditions 29,30.

In the present study the patient’s abutment was in good periodontal health and assessment of stress was done on the
mucosa and alveolar bone. In our patient’s case, which was Kennedy Class I modification 1, 2 molars #26, and #27
were missing in distal extension side and #14,15 and 16 were missing in modification side. There were more missing
teeth on the right side of the maxillary jaw than the left side. In the terms of mechanics, the teeth bounded right side
was stable as the retainers on the abutment were controlling the movement but on the free end saddle side i.e. left
side the stress arm of dislocation force was longer which would result in sinking of the framework in apical direction.
Therefore, regardless of the framework material, the stress of the framework was larger on the left side, and the stress
concentration point of the framework was located at the right-angle turn between the clasp (Guide plate of RPA
clasp) and minor connector (Fig. 2), which was consistent with previous research31

The stress of PEEK framework was smaller and was distributed more evenly when compared to Co-Cr and Ti alloys.

Conversely, the dislodgment of the distal end of the PEEK framework was higher, which was a drawback concerning
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the stability of the RPD and may cause failure. A preceding case report32 stated that PEEK framework may results
in lesser retentive force compared to metallic RPD because of low modulus of elasticity 10. The greater dislodgment
may also decrease the chewing efficiency of the individual. In previous studies, it was reported that, stresses below
the denture produced by forces of mastication were about 80-300 Kpa33-37. Considering the impact of the
differences in foundation and occlusal loads on stress values, there is a corelation between the previous studies and
the present work. As revealed in the result, PEEK RPD frameworks exerts substantially greater stress on mucosa
when compared to other two studied materials, which may result in enhanced absorption of the residual alveolar
bone38. Former studies reported pain threshold of mucosa as 0.63 MPa39,40, which called for caution to be taken
while using PEEK frameworks in distal extension cases.

The present study has presented a new technique to determine the 3-D FEA model of mucosa for investigating the
mechanical behaviors of RPD in oral cavity. One of the conventional techniques 31,41,42 is to use only CBCT scan
data to create the mandibular bone and replicate the mucosa as a 2 mm thickness. This method basically explain the
details of alveolar bone and its dentition at a advanced level; but, the single 2 mm thickness technique of mucosa
consideration provides very less information about the oral mucosa, which means that this way of making the
mucosal model was not correct especially in Kennedy’s class I and II cases. Few methods just use the scanned master
model data without using the CBCT scan to build the mucosa model. In this method technician modify the master
cast by trimming 2mm plaster to simulate the bone. Though it can reveal the qualities of mucosa, but still the
uniform 2 mm thickness could not provide the exact thickness of oral mucosa and precise morphology of the
alveolar bone. Dissimilar to the previously described methods, the present article postulated a newer method of
determining the detailed features of oral mucosa and bone. By appropriately adjusting the CBCT scan and scanned
data of master model the more precise mucosal model, was generated for analysing the mechanical behaviors of

mucosal supported RPD with three-dimensional FEA.

Limitations-

The stresses over the mucosa, bone and on framework of RPD were assessed in the present study with the help of FE
model which was fabricated with masking and NURBS method to depict clinical situation but still it is not
completely possible to generalize the data for a clinical scenarios because of inherent the limitations of FEA models.
Material properties were applied which were based on standard average values specific to each material, although the
linear static analysis was performed but the structures were considered isotropic, homogeneous and lineatly elastic
which are vital anisotropic tissues. (12). Loading force applied were straight, obliques and static but it cannot be
assumed correct during chewing in normal oral conditions where vector of forces are generated and dynamic. Finally
study was based on mathematical model so it is recommended to correlate its results with in-vivo study.

However, there are also several limitations with this study. In this study we only enrolled one patient with one type
of edentulous arches (Kennedy Class I). More types of edentulous arches with more cases are needed to give a much
stronger point. What is more, our patient has a prolonged history of tooth loss, which caused severe alveolar bone
resorption that led to a reduction of PDL area. The smaller area of PDL may cause more significant stress
concentration in PDL and displacement of the teeth. Moreover, the anatomical shape of the roots was not

satisfyingly proper, which may be explained by the not so significant difference of contrast between the root and
cancellous bone in the CBCT daca.

Conclusions

Within the limitation of the study, it can be concluded that the framework made of PEEK has more stress on the
mucosa under lying the distal extension RPD and the dislodgment of the free end saddle of the PEEK framework is
greater, which is a drawback for the stability of the RPD and may cause pain and resorption in mucosa and alveolar

bone respectively.
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