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Abstract CFR-PEEK (carbon fiber reforced—poly ether

ether ketone) has been demonstrated to be excellent sub-

stitute titanium in orthopedic applications and can be

manufactured with many physical, mechanical, and surface

properties, in several shapes. The aim of this study was

to compare, using the three-dimensional finite element

method, the stress distribution in the peri-implant support

bone of distinct models composed of PEEK components

and implants reinforced with 30% carbon fiber (30% CFR-

PEEK) or titanium. In simulations with a perfect bonding

between the bone and the implant, the 30% CFR-PEEK

presented higher stress concentration in the implant neck

and the adjacent bone, due to the decreased stiffness and

higher deformation in relation to the titanium. However,

30% CFR-PEEK implants and components did not exhibit

any advantages in relation to the stress distribution com-

pared to the titanium implants and components.

1 Introduction

The field of implantodontics has experienced significant

advancements over the past 40 years, which have revolu-

tionized the field and resulted in paradigm shifts in the search

for solutions and improvement in the buccal whitewashing

technology. Certain topics in implantodontics are of prime

concern, such as implant amount, shape, surface treatment,

and the esthetics of prosthetic components, and have been

widely discussed. The use of polymers to manufacture bone-

integrated implants as a substitute for conventional titanium

components has also been developed [1].

PEEK (poly-ether-ether-ketone), which is a dominant

member of the PAEK (poly-aryl-ether-ketone) polymer

family, appeared during the 1990s as a main substitute for

the metallic components and implants of high-performance

thermoplastic polymers, especially in cases of orthopedics

and trauma. The growing interest in poly-aromatic polymers

is evident in the development of hip prostheses and plates for

fracture fixation that are of similar stiffness to bone [2, 3].

Although pure poly-aromatic polymers exhibit an elastic

modulus that varies from 3 to 4 GPa, this value can be

modified to achieve a close module to cortical bone (18 GPa)

with the addition of composites, such as carbon fiber (CFR-

PEEK) [4]. This biocompatible material [5–10] can be

performed with a wide range of physical, mechanical, and

surface properties and in several shapes and it provides many

possibilities in the development of new implants and com-

ponents for buccal whitewashing, particularly due to the

biomechanical behavior of this material. Based on the energy

dissipation theory [11], a force applied to the implant-

supported crown is known to be transferred through the

implant, with small alterations due to the energy conserva-

tion feature of the rigid implants, which results in an elastic

deformation and minimal mechanical energy storage by the
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Curitiba, Brazil

A. C. C. d. Cruz

Biotecnology Post-Graduation Program, Universidade Federal

de Santa Catarina, Florianópolis, Brazil
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implant. Metallic implants are at least eight times harder than

the neighboring bone. This gradient difference generates

stress in the bone-implant interface during load transfer. An

implant with an elastic modulus similar to bone suggests the

potential for a more homogenous stress distribution to the

support tissues with a stress decrease in this interface.

The aim of this study was to compare, using the Finite

Elements Method (FEM), the stress distribution near the

peri-implant bone in four distinct models composed of

titanium abutment with implant, CFR-PEEK abutment with

titanium implant, titanium abutment with CFR-PEEK

implant, and CFR-PEEK abutment with implant.

2 Material and method

A randomly chosen computerized tomography exam

(i-CAT, Xoran Technologies, Ann Arbor, USA) was used

to obtain the digital model in the initial phase of the work.

The tomography exam was performed on the third front

bottom part of the face to analyze the jaw region in

transversal slices of 0.25 mm in length, a total of 212

slices. These slices were recorded in Dicom format (Digital

Imaging and Communications in Medicine Standard) and

imported to an image processing and digital reconstruction

program (software developed by the post graduation course

in Numeric Methods and Engineering of Universidade

Federal do Paraná, Brazil). This program was utilized to

digitally reconstruct the jaw and the result was a 3D model.

Only the part portion corresponding to tooth number 35

was extracted from this model.

After the virtual reconstruction, the 3D model was

exported to the Ansys DesignModeler v11 software (Ansys

Inc., Canonsburg, PA, USA) in the virtual models edition.

An unitary implant, prosthetic components (abutment and

bolt), as well as cortical and medullar bone around the

implant were modeled. The previously scanned tooth was

cut in the cervical portion and bonded to the model in order

to represent a prosthetic crown bonded to the implant

according to the specifications described below (Fig. 1).

Implant, abutment and screw:

• Screwed cylindrical implant with a hexagon connection,

10 mm in height and platform diameter of 4.1 mm.

• Universal abutment with an outer hexagon type connec-

tion, 4.1 mm bottom platform and upper conic portion.

• Titanium bolt with screws only in the lower third.

Prosthesis:

• Chrome-cobalt structure that was at least 0.3 mm thick

on the implant abutment and with a similar shape to the

ceramic crown.

• Feldspatic porcelain covering the structure and model-

ing the coronary shape of the prosthesis.

Other structures:

• A zinc phosphate line that was approximately 0.1 mm

thick and located between the connector and prosthesis.

• Guta-percha for bolt protection.

• Cortical bone of 1.0 mm thick covering the bone crest.

• Medullar bone covering the inner portion of the cortical

bone.

The different models of this work, described in Table 1,

aimed to evaluate the impact of stresses on the CFR-PEEK

components and implants reinforced with 30% carbon fiber

on a unitary implant treatment.

All models were identical, except for the properties of

the used materials, and all were exported from the

DesignModeler software (Ansys Inc., Canonsburg, PA,

USA) to the Ansys Workbench V11 finite elements simu-

lation software (Ansys Inc., Canonsburg, PA, USA). Each

Fig. 1 Figure of the final model with cylinders enamel in order to

simulate dental contacts. Explicative cut on the right: 1—enamel

cylinder; 2—feldspatic porcelain; 3—chrome-cobalt structure;

4—zinc phosphate cement; 5—guta percha; 6—universal abutment

with an outer hexagon type connection; 7—titanium bolt with screws

in the lower third; 8—screwed cylindrical implant with a hexagon

connection; 9—medullar bone; 10—cortical bone

Table 1 Characteristics of the different tested models

Model Implant Abutment

A Titanium Titanium

B Titanium CFR-PEEK

C CFR-PEEK Titanium

D CFR-PEEK CFR-PEEK
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element from the models was configured with an elastic

modulus and the Poisson ratio was determined from the

literature according, to the simulated model (Table 2). All

contacts among the structures were considered perfect

bonded, except for the bonding between the zinc phosphate

cement and the abutments. The contacts between titanium

and CFR-PEEK universals abutments and zinc phosphate

cement were considered frictional, which allow for slides

and space formation in order to approach a real situation.

Zinc phosphate cement doesn’t have real bonding effect,

only mechanical retention [12]. Although friction coeffi-

cients vary according to several factors, a 0.2 coefficient

was used based on other similar materials [13] for the

bonding between zinc phosphate cement and titanium

abutment as well as between zinc phosphate cement and

CFR-PEEK. The simulations were non-linear in relation to

the contact.

Rigid supports were added in the lower and lateral

regions of bone to simulate the bonding of the model to the

rest of a jaw. Vertical and oblique (30�) loads in relation to

the long axis of the tooth with 100 N in magnitude were

applied. The meshes were validated through a refinement

process of the mesh, checking and the convergence of

results was verified. When the difference between the stress

peaks of the results reached a predetermined error of 5% or

less, the mesh was considered valid. The mesh was created

with tetrahedral elements (Fig. 2), resulting in meshes with

1,402,615 nodes and 894,630 elements. All models were

then solved (Windows XP X64, Intel Core 2 quad Q6600

processor, 8 Gb of RAM memory), and the graphic and

numeric plotting of the data was registered, evaluated, and

compared. Stress analysis was performed by comparing the

compression stress and Von Mises stress components. The

Von Mises stress [14] is a criterion that includes all stress

components on the implants, including shearing. An anal-

ysis of the models’ deformation degree was also performed

in the same simulation using the same software.

3 Results

The results are presented in stress/strain diagrams, with the

stress distribution for qualitative evaluation and in numeric

values of the stress peaks for quantitative evaluation. The

compression load had a similar behavior for the four

models, indicating the predominance of the implant shape

in the load distribution pattern. The CFR-PEEK implants

(models C and D) presented a higher load concentration in

the cervical portion and on the cortical bone than the

titanium implants (models A and B). The abutment mate-

rials did not result in any interference with this result

(Fig. 3). The tensile loads exhibited lower intensity than

the compression loads, and there was no significant dif-

ference in the distribution pattern among the different

models (Table 3).

For the Von Mises stress, the titanium implants

(models A and B), presented equivalent stress peaks in

the cervical portion and a more homogeneous load dis-

tribution throughout the implant body. However, the

CFR-PEEK implants (models C and D) presented more

concentrated stress in a smaller portion of the cervical

area, which did not take full advantage of the implant

length. Similarly to the implants, the titanium abutments

(models A and C) had a more homogeneous stress dis-

tribution with equivalent stress peaks. In models C and D,

the CFR-PEEK abutments resulted in similar behaviors as

the CFR-PEEK implants, concentrating the loads in a

smaller area (Fig. 4). The total deformation analysis

demonstrated a lower deformation peak of model A

(titanium implant and abutment) and a higher deformation

in the model D (CFR-PEEK implant and abutment),

(Fig. 5). Table 3 presents the stress peaks in the different

structures of the models relative to the simulations pre-

sented in Figs. 3 and 4 for quantitative analysis. Table 4

shows the stress peaks in a simulation with the load

applied in the oblique direction on the crown.

Table 2 Mechanical properties

of the materials
Material Young modulus (MPa) Poisson ratio

Guta percha [26] 0.69 0.45

Enamel cylinder [27] 84100 0.20

Cortical bone [28] 17400 0.30

Medullar bone [28] 1740 0.30

Zinc phosphate cement [26] 22400 0.25

Feldspatic porcelain [29] 69000 0.30

Titanium (implant, bolt, abutment) [30] 110000 0.35

30% CFR-PEEK [6, 31] 18000 0.39

Crome-cobalt structure [32] 218000 0.33
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4 Discussion

The promising mechanical properties of the PEEK polymer

family coupled to the enormous versatility in shapes and

applications of such implants has resulted in great interest

in these biomaterials, since the 1990s. Until these devel-

opments, the best-achieved results in medicine were

reported in orthopedics, particularly in the spine field with

the use of cages for intervertebral stabilization [15]. Other

studies [16–18] have also demonstrated favorable clinical

performance of this polymer in orthopedic patients. These

results are attributed to similarity of the elastic modulus to

the bone, which is a feature of the PEEK reinforced with

30% carbon fiber. Therefore CFR-PEEK was chosen for

further investigation in this study.

Due the lack of differences in the shape of the models,

investigation concentrated on evaluating the mechanical

properties of the materials. As in previous studies [14, 19,

20], 100 N was used as the value for a load applied in a

vertical incidence on the tooth occlusal surface, which aims

to simulate the real function situation. There are no avail-

able random clinical studies regarding the influence of

controlled or standardized loads on the peri-implant bone.

Clinical quantification of the natural sense and value of

occlusal loads is certainly difficult [19]. The bone tissue is

known to be more resistant to the compressive loads, less

resistant to the tensile loads, and even less resistant to the

loads of shear [21]. However, determination of respective

load parameters is perhaps the most important process,

considering the implant in function and the osseous

remodeling, the distinct effect of the traction and com-

pression loads in this process have not been thoroughly

investigated [22].

Some results [14, 23, 24] have indicated that the peri-

implant bone remodeling may influence the load distribu-

tion even after the implant addition. The models from this

study were constructed under ideal situation, considering

the expected normal adaptation of the osseous level around

the neck of a standard implant, within cortical bone the

results were a higher concentration of the loads in the

osseous cervical portion, and a slightly higher intensity in

Fig. 2 Mesh of the complete model. The mesh was refined in order to

present higher density in the important regions for this study

Fig. 3 Simulation result of the

compression load only,

minimum principal stress, with

prominence for the area of

higher concentration of the

stress in the implant neck.

A titanium implant and

abutment, B titanium implant

and CFR-PEEK abutment,

C CFR-PEEK implant and

titanium abutment, and

D CFR-PEEK implant

and abutment
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Table 3 Results of the stress peaks in the different structures of the model (MPa)

Von Mises

implant

Von Mises

abutment

Tensile Compression

Cortical/medullar Cortical/medullar

Model A or control (1 ? 3) 76.46 41.76 32.70/2.48 81.14/3.19

Model B (1 ? 4) 74.70 33.82 32.70/2.47 81.04/3.19

Model C (2 ? 3) 85.54 41.32 27.77/4.22 89.47/3.58

Model D (2 ? 4) 86.61 33.96 27.90/4.2 86.57/3.6

1 titanium implant 2 cfr-peek implant 3 titanium abutment 4 cfr-peek abutment

Fig. 4 Von Mises stress

comparison among the implants

and abutments. A titanium

implant and abutment,

B titanium implant and

CFR-PEEK abutment,

C CFR-PEEK implant and

titanium abutment, and

D CFR-PEEK implant

and abutment

Fig. 5 Total deformation

comparison with scale in

millimeters. A titanium implant

and abutment, and D CFR-

PEEK implant and abutment.

Observe the biggest

deformations in the cervical

region and the smallest ones

in the apical of the implant

in model D
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the CFR-PEEK implants (Table 3). These effects were

demonstrated in similar studies [14, 25, 26] and may result

of implant shape [26–28] or the highest resistance offered

by the cortical bone in this area [29]. A stress concentration

tendency in the implant neck of the different models was

determinate through qualitative and quantitative analysis

by the Von Mises criterion (Fig. 4 and Table 3), which is

in agreement with the results of previous studies [30, 31].

However, smaller load transfer by the CFR-PEEK implant

body with a higher load concentration was observed in a

smaller area of the neck. In the titanium implants models

the loads were transmitted in a more homogenous manner.

The study of the predicted deformations (Fig. 5) allows

for a greater understanding of the stress distribution patterns

presented by the different models. When model D with

CFR-PEEK implant and abutment was simulated, the cer-

vical portion of the implant suffered more deformation than

model A with titanium implant and abutment. Conse-

quently, model D had a higher displacement that generated

higher stress (Table 3). This result confirms that micro-

movements of the dental implant are harmful for the support

bone [26, 32, 33]. CFR-PEEK presents better results than

titanium in terms of orthopedic applications [15, 16], due to

decreased rigidity of this material. A higher deformation

following spine movement increases the stress distribution

area and reduces the load concentration. The bonding

between implant and bone is rigid in dental implantodontics

and therefore, does not allow for expansion by deformation.

Such deformation is inherent in CFR-PEEK and presents a

different functional behavior that significantly concentrates

more stress in the implant neck. This was an unexpected

result, since a more homogenous distribution of the stresses

through the implant body was thought to diminish the stress

at the implant and bone interface.

Regarding the prosthetic components, the stress distri-

bution was equivalent for each material without any sig-

nificant alteration in relation to the adjacent implants and

without any influence on the load transfer to the peri-

implant bone. However, it was expected a better load dis-

tribution to the implant/abutment by the CFR-PEEK

abutments, once this material has an inferior young

modulus than titanium. This same result was found in a

previous study that tested polyoxymethylene modeled

abutments and also in another experiment [34] that evalu-

ated the stress distribution by photoelastic analysis. The

result that a non-axial load is more harmful to the dental

implants than an axial load is supported by previous studies

[29, 34] utilizing 3D finite element analysis, and non-axial

loads were determined to result in higher stress levels in the

peri-implant bone than the axial loads. The same was

observed in a study with finite element study, as the stress

concentration in the bone and components of the implant

system was determined to be higher when subjected to

sidelong loads than vertical loads. Our results presented

here confirmed this data when the simulation was per-

formed with the obliqual load, as shown in Table 4.

5 Conclusion

The titanium implant distributes the stresses in a more

homogenous manner in relation to the CFR-PEEK implant

due to the smaller deformation of this material.

The CFR-PEEK implant did not present any advantages

in relation to the titanium implant regarding stress distri-

bution to the peri-implant bone.
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