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RESUMO

Implantes dentarios em titanio e zircbnia apresentam um moédulo de
elasticidade (ME) alto, favorecendo o fenbmeno de “stress shielding”, perda
Ossea peri-implantar por falta de tensao fisiolégica. O poli (eteretercetona)
(PEEK) é um material alternativo, ja utilizado na medicina por apresentar um
ME proximo ao do osso. O método de analise por elementos finitos (AEF) é
uma forma efetiva de avaliacdo que permite estudar a distribuicdo das tensdes
de forma virtual, capaz de apontar resultados prévios aos testes in vitro e in
vivo. O objetivo desse estudo foi avaliar, por AEF, a distribuicdo de tensdes em
sistemas de implantes em PEEK como retentores de coroas unitarias em regiao
anterior comparados a sistemas comercialmente disponiveis. Para isso cinco
modelos foram criados, variando o material do implante e abutment: titanio (Ti),
zirconia (Zr), PEEKp (PEEK puro), PEEKc (PEEK com fibra de carbono),
PEEKv (PEEK com fibra de vidro). Os modelos foram montados, e uma carga
de 50N a 30° foi aplicada no bordo incisal de forma virtual. A tensdo de von
Mises (ovM), foi avaliada para pilar, implante e parafuso do pilar, e tensao
maxima principal (tTmax) e principal minima (omin) foram avaliadas para o 0sso
cortical e medular. Os menores valores na ovM no pilar foram observados no
grupo PEEKp, sendo 70% menor comparada ao Ti e 74% menor comparada
ao Zr. Para o implante a maior redugao também ocorreu no grupo PEEKp sendo
68% menor que o Ti e 71% menor que o Zr. No parafuso do pilar houve aumento
na tensao de pelo menos 33% no grupo PEEKc em relagéo ao Ti e de pelo
menos 81% no mesmo grupo em relagéo a Zr. No osso cortical a maior Tmax
foi encontrada no PEEKp, sendo que houve aumento em todos os grupos PEEK
comparados com Ti e Zr. Na omin os maiores picos foram encontrados no
grupo PEEKc. No osso alveolar, todos os grupos PEEK mostraram aumento de
pelo menos 7%. Assim, pilares e implantes em PEEKc geram uma distribuigao
equilibrada de tensbes entre si € no osso cortical, possibilitando futuras

pesquisas in vitro e in vivo com este material.

Palavras-chave: Biomecanica, Implantes Dentarios, Analise de elementos

finitos.



Abstract

Dental implants in titanium and zirconia have a high elastic modulus (EM),
favoring the stress shielding phenomenon, peri-implant bone loss by physiologic
stimulus absence. Hence, the poly etheretherketone (PEEK) it's an alternative
material, already used in areas of medicine by presents an elastic modulus (EM)
similar to the bone. The finite element analysis method (AEF) is an effective
form of evaluation that allows studying the stress distribution virtually, capable
to provide results to in vitro and in vivo tests. The objective of this study is to
evaluate, by FEA, the stress distribution in PEEK implant systems as retainers
of single crowns in the anterior region compared to commercially available
implant systems. For this, 5 models were created, varying the implant and
abutment material: titanium (Ti), zirconia (Zr), PEEKp (pure PEEK), PEEKc
(PEEK with carbon fiber), PEEKg (PEEK with glass fiber). The models were
assembled, and a load of 50N at 30° was virtually applied to the incisal edge.
The von Mises stress (ovM) was evaluated for abutment, implant and screw,
and maximum principal stress (tTmax) minimum principal stress (omin) was
evaluated for cortical and cancellous bone. The lowest values on abutment ovM
was observed in PEEKp group compared to Ti, being 70% lower than Ti and
74% than Zr. On the implants, the major reduction also occurred in PEEKp,
being 68% lower than Ti, and a 71% lower than Zr. In the abutment screws, a
increase of at least 33% was found in PEEKc compared to Ti, and at least 81%
compared to Zr. In the cortical bone the highest Tmax values were in the PEEKp
group compared to Ti and Zr. For omin, the highest peak stress was found in
the PEEKCc. In the cancellous bone, all PEEK group showed increased in stress
of at least 7%. Thus, abutments and implants made PEEKc generates the best

stress distribution to each other and to the cortical bone.

Keywords: Biomechanics, Dental implant, Finite element analysis
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1.0 INTRODUGAO

Os implantes dentarios amplamente utilizados em reabilitagdes orais tem
como principal material o titdnio (Ti), devido as suas caracteristicas como
biocompatibilidade, capacidade de osseointegragdo, e excelente
comportamento biomecanico(Tretto et al. 2020; Aljawad 2013). Os
componentes protéticos e seus respectivos parafusos de fixagao
confeccionados em Ti também s&o fundamentais, pois colaboram para a
distribuicdo das tensbes oclusais aos implantes e ao osso(Paula, Silva, and
Moreira 2018; Vélez et al. 2020). O alto mdédulo de elasticidade (ME) do Ti em
relacdo ao do 0sso, € um inconveniente em situagdes como fratura do implante
por sobrecarga ou perda éssea peri-implantar por falta de estimulo minimo a

essa estrutura(Goiato et al., n.d.; Rahmitasari et al. 2017).

Alternativo ao Ti, os implantes em ceramica foram sugeridos pela
primeira vez em 1960, tendo o éxido de aluminio como primeiro material
testado(Rodriguez et al. 2018). Entretanto, foram retirados do mercado devido
a biomecanica insatisfatéria(Rodriguez et al. 2018). O diéxido de zircbnia,
contudo, apresenta propriedades biolégicas semelhantes ao Ti, e excelente
comportamento mecanico em proteses dentarias(Kohal et al. 2004; Grize 2016;
N. Cionca 2017). Esse material possui baixa condutividade térmica, alta
resisténcia a flexdo, é altamente resistente a fratura e a corrosdo além de
possuir cor favoravel a sua aplicacado em areas estéticas (Kohal et al. 2004;
Grize 2016; N. Cionca 2017). A desvantagem, entretanto, reside na
deterioragdo da zircbnia na presencga de agua, levando ao aparecimento de
microfissuras que comprometem a sua interagdo com os tecidos peri-

implantares, além de apresentar um alto ME(N. Cionca 2017; Grize 2016).

O ME é uma medida de rigidez/deformacéao elastica de um material,
resultante da razdo entre tensdo aplicada e a deformagao observada nesse
material dentro da regido elastica(Anusavice, Shen, and H. Ralph 2020). O ME,
também conhecido como modulo de Young, € uma variavel de extrema
importancia, uma vez que discrepancia muito grande entre o ME do material do
implante e do osso resulta no fenbmeno chamado “stress shielding”. Este &
caracterizado pela concentracdo da tensédo no implante devido ao alto ME dos



11

materiais de fabricac&o, diminuindo a tensdo no osso(Souza et al. 2021; Qin et
al. 2021; Brizuela et al. 2019). A auséncia de estimulo minimo no osso dificulta
a remodelacao e facilita a reabsorcao dssea, resultando na redugao do nivel

0sseo peri-implantar(Souza et al. 2021; Qin et al. 2021; Brizuela et al. 2019).

Neste sentido, o PEEK surge como uma alternativa aos materiais ja
conhecidos. Trata-se de polimero termoplastico de alta performance que foi
disponibilizado para comercializacdo depois de ser comprovada a sua alta
performance biolégica e mecanica, com alta resisténcia a degradagao in
vivo(Schwitalla and Mu 2013). Essas caracteristicas impulsionaram o uso do
PEEK na medicina, em reconstrugao de calvaria, como material de proteses
de quadril e implantes na coluna vertebral, de forma alternativa ao Ti(Schwitalla
and Mu 2013; Kurtz and Devine 2007), sobretudo, por apresentar ME proximo
ao do osso(Rahmitasari et al. 2017; Yao et al. 2017; Qin et al. 2021). Sua
aplicacao na odontologia destaca-se pela baixa afinidade ao acumulo de
biofilme, boa capacidade de polimento, resisténcia a desgaste no meio oral, cor
compativel com o dente, além do ja citado ME proximo ao do osso(Bathala et
al. 2019; Skirbutis et al. 2018; Schwitalla and Mu 2013). Por isso, o PEEK tem
sido aplicado em infra estruturas de proteses parciais removiveis, proteses
maxilares obturadoras e componentes protéticos em sistemas de
implante(Skirbutis et al. 2018). Entretanto ndo estd claro se a maior
transferéncia de tensdo causada pelo PEEK beneficia ou prejudica o tecido

osseo alveolar.

Estudos anteriores utilizaram analise de elementos finitos (AEF) como
meétodo para avaliar a distribuicdo de tensdes entre implantes e osso
adjacente(Fabris et al. 2022; Aljawad 2013). Este método in silico permite
transformar estruturas orais complexas como osso cortical e alveolar em
elementos menores para avaliar o seu comportamento mecanico, dos
implantes e dos componentes protéticos, com alta acuracia(Goiato et al., n.d.;
Fabris et al. 2022; Macedo et al. 2017). A analise ocorre simulando aplicagéo
de uma carga pré definida e a partir de fungbes matematicas o comportamento
do osso/implante/componentes do ponto de vista mecanico frente a essa carga
€ avaliado(Goiato et al., n.d.). Embora as estruturas orais nao sejam

homogéneas, isotrépicas, e suas condicbes de contorno serem limitadas,
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caracterizando uma limitagdo metodologica, o AEF é efetivo na avaliagdo da
distribuicao da tenséao prévia aos testes in vitro e in vivo(Fabris et al. 2022), ndo

eliminando, contudo, a necessidade de outros testes mecanicos posteriores.

Embora o PEEK seja bem indicado no ambito da prétese(Schwitalla and
Mu 2013; Bathala et al. 2019; Skirbutis et al. 2018), seu potencial para
manufatura de implantes ainda precisa ser investigado em comparagéo ao Ti e
a Zr. Um estudo recente encontrou altos picos de tensao na regido cervical
(~9.0 MPa) ao analisar implantes de Ti e Zr com tergos cervicais revestidos em
PEEK, submetidos a uma carga vertical de 100N e horizontal de 30N
diretamente no pilar(Lee et al. 2012). O estudo considerou a carga como alta
para as condi¢cbes simuladas, podendo causar fratura do implante ou perda
o0ssea. Outro estudo concluiu que implantes de corpo unico em PEEK
modificado por fibra de carbono as tensdes transferidas ao osso sdo maiores
em relacao ao Ti e Zr(Fabris et al. 2022), aumentando o estimulo e consequente
neoformacédo Ossea. Além disso, em duas revisdes sistematicas recentes
avaliaram a osseointegragao do PEEK(Najeeb et al. 2016; Alotaibi et al. 2020)
foi possivel verificar que o material € capaz de promover proliferagao e
diferenciagcao celular, angiogénese e outros fatores importantes para a
osteoconducdo. No entanto, mais testes, sobretudo os relacionados a tensao,
devem ser executados para avaliar o potencial de osseointegracdo do
PEEK(Najeeb et al. 2016; Alotaibi et al. 2020).

Diante dos achados mais atuais é possivel identificar uma lacuna na
literatura sobre a distribuigdo de carga em implantes e componentes em PEEK,
especialmente considerando cada elemento do sistema. Nas avaliagdes in
silico a simulagdo o mais proximo da condi¢cao clinica é fundamental para
prover dados confiaveis, proximos a realidade, capazes de suportar estudos
posteriores. Sendo assim, € necessario avaliar o comportamento do PEEK
considerando o modelo de coroa dentaria, pilar e parafuso separadamente,
simulando uma condigao clinica e que garante a reversibilidade da reabilitagao,
comparada ao implante de corpo unico, ou até possibilidades protéticas
diversas. Além disso, diante das diferencas na qualidade 6ssea que compde a
maxila(U. Lekholm 1985), é necessario compreender qual magnitude de tensao
o PEEK é capaz de promover, de maneira que n&o induza perda ossea por
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sobrecarga, ao mesmo tempo que estimule o osso peri-implantar
equilibradamente para evitar a perda por stress shielding. Ainda, sabendo-se
que altura e didmetro do implante s&o importantes para otimizar a cobertura
o0ssea ao redor do mesmo, e resultar em uma melhor distribuicio de tensoes,
€ importante avaliar se PEEK, que tem um ME proximo ao osso, € capaz de
promover uma tensdo equilibrada para alcangar um resultado estético

satisfatério, com estrutura peri-implantar preservada.

Dessa forma, esse estudo avaliou, por meio da analise de elementos
finitos, a distribuicdo de tensdes no complexo pilar/parafuso do
pilar/implante/osso submetidos a uma carga obliqua (30°) de 50N, na regiao de
incisivo central superior em sistemas de implantes totalmente confeccionados
em PEEK puro, PEEK reforcado com fibra de carbono e PEEK reforcado com

fibra de vidro.
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Abstract

Objective: Stress distribution assessment by finite elements analysis in poly(etheretherketone) (PEEK)

implant and abutment as retainers of single crowns in the anterior region.

Materials and Methods: Five 3D models were created, varying implant/abutment manufacturing
materials: titanium (Ti), zirconia (Zr), pure PEEK (PEEKp), carbon fiber-reinforced PEEK (PEEKc),
glass fiber-reinforced PEEK (PEEKg). A 50N load was applied 30° off-axis at the incisal edge of the
upper central incisor. The Von Mises stress (cvM) was evaluated on abutment, implant/screw, and

minimum principal stress (omin) and maximum shear stress (tmax) for cortical and cancellous bone.

Results: The abutment ovM lowest stress was observed in PEEKp group, being 70% lower than Ti and
74% than Zr. On the implant, PEEKp reduced 68% compared to Ti and a 71% to Zr. In the abutment
screws, an increase of at least 33% was found in PEEKc compared to Ti, and of at least 81% to Zr. For
cortical bone, the highest tmax values were in the PEEKp group, and a slight increase in stress was
observed compared to all PEEK groups with Ti and Zr. For omin, the highest stress was found in the

PEEKc. Stress increased at least 7% in cancellous bone for all PEEK groups.

Conclusion: Abutments and implants made by PEEKc concentrate less cvM stress, transmitting

greater stress to the cortical and medullary bone.

Clinical relevance: The best stress distribution in PEEKc components may contribute to decreased stress

shielding; in vitro and in vivo research is recommended to investigate this.

Keywords: PEEK, Biomechanics, Dental implant, Finite element analysis.
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1.0 Introduction

Titanium (Ti) is the main material used to manufacture dental implants, prosthetic components,
and abutment screws due to its biocompatibility and excellent biomechanical properties[1,2]. However, the
mismatch between Ti and bone elastic modulus (EM) can lead to peri-implant bone loss and implant fracture
by overload or "stress-shielding" — a phenomenon that causes crestal bone loss by the absence of mechanical
stimulus[3—6]. Zirconia (Zr) implants, alternatives to Ti, have been applied with similar biological
properties to Ti, like low thermal conductivity, high flexural resistance, high corrosion resistance, and
suitable color for use in aesthetic areas[7,8]. On the other hand, its interaction with peri-implant soft and
hard tissues is compromised due to microcracks caused by water exposure, and it also has a higher EM than

Ti[7].

Several studies have focused on understanding the properties of dental implant materials and
their ability to preserve the alveolar bone[9]. The finite element analysis (FEA) allows an in silico
evaluation able to give directions to previous in vitro and in vivo studies about its mechanical
properties[10]. Alternative materials, such as low EM polymers like poly (etheretherketone) (PEEK)[10],
have been studied. This high-performance material has been used in medical areas like traumatology and
orthopedics[10]. It is a polymer with excellent biological and mechanical performance and an EM close
to the bone[4,11,12]. If used like a polymer matrix, PEEK mixed with carbon fiber (PEEKc) presents a
high strength, toughness, and chemical resistance[14]. On the other hand, glass fiber in a PEEK (PEEKg)
polymer matrix can improve the tensile strength and tensile modulus by 75%[15]. Thus, to take advantage
of these improvements, PEEK has been used in implantology components and prostheses with good
results[6, 16]. However, it was not tested as implant material in association with abutments also made in

this polymer.

Despite all PEEK potential, few studies have been conducted on applying this material as an
implant system, demonstrating that it can generate balanced stress to the bone [9,10]. One study found a
higher stress peak (~4000 MPa) simulating oblique load in a one-piece PEEK implant[9]. Another
evaluated stress in Ti implants with cervical area coverage in PEEK, finding ~9 Mpa[11]. Although an
important finding, it’s unclear which sufficiently balanced load can avoid marginal bone loss while
containing the stress shielding phenomenon. In addition, any study evaluated stress distribution in two
pieces of PEEK implant in the anterior region, in front of its aesthetic challenging an osseous quality -
bone type I1I[17]. Thus, this study aimed to assess by FEA the stress distribution in abutment/abutment
screw/implant/bone complex, above 50N oblique load, in upper central incisor in implant systems entirely

manufactured in PEEK and its modification.

2.0 Material and Methods

Virtual models of maxillary central incisor zirconia crown, cement layer (70um), cortical and

cancellous bone models were created in computer-aided design (CAD) software (Dassault-Systems
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SolidWorks Corp; Waltham, Massachusetts, USA)[14]. The morse taper implant (@ 4.3mm x 8.5mm) and
abutment (0 4.5mm x 4mm straight universal abutment) CADs were provided by the manufacture (Unitite
Prime, S.I.N. Implant System, Sdo Paulo, Sdo Paulo, Brazil). The incisor crown was virtually cemented
in the abutment screwed in a morse taper implant left 2 mm submerged into the bone to the
assessments[9,14]. The maxillary bone segment is composed of cancellous bone surrounded by cortical
bone with a thickness of 2 mm[9, 15,16]. The force application and bone dimension used in FEA were
validated by past literature[17]. The factor evaluated was the abutment and implant manufacturing
material, divided into five groups: Ti (control); Zr (control); PEEKp; PEEKc; PEEKg. The detailed

description of each component of each group is shown in figure 1[9, 19-21].

After the assembly, the models were exported to finite element software (ANSYS Workbench
15.0; ANSYS Inc; Canonsburg, Pennsylvania, USA) to perform the analysis through numeric calculus.
After 5% convergence analysis tolerance, a mesh of 0.8mm tetrahedral elements was defined (Figure
2)[16], and the EM and Poisson's ratio properties entered into the software are described in Table 1[9].
The components were considered homogeneous, isotropic, and linearly elastic[18,19]. Movements in the
X, Y, and Z axes were prevented by remaining fixed on the lateral surface of the bone segment in both
the cortical and cancellous portions, and interference detection tools were implemented to avoid analysis
errors[20]. The contact condition between implant/abutment and implant/screw/abutment were

considered “no separation”, and the crown/cement/abutment contacts as bonded.

The simulation was performed using a 30° off-axis [25] 50N static load[26, 27] at the incisal
edge of the upper central incisor to simulate a clinical scenario and the physiological masticatory force
on the anterior region (Figure 3)[19, 28]. The von Mises stress criteria were evaluated (cvM) for
abutment, implant, and screw abutment; minimum principal stress (omin) and maximum shear stress
(tmax) were used for both cortical and cancellous bone[16]. The results of maximum stress values for
each studied criterion were quantitatively compared in megapascals (MPa). In addition, qualitative
analysis was carried out by color scale, where the highest stress peaks were represented by the warmest

color (red) and the absence of stress by the coldest color (blue).

Table 1 — Material mechanical properties.

Elastic modulus (GPa) Poisson’s ratio
Titanium grade IV[9] 110 0.33
Zirconia[9] 210 0.3
PEEKp[9] 4.34 0.36
PEEKc[9] 19.7 0.42
PEEKg[9] 10.5 0.35
Cortical bone[9] 13.7 0.3
Cancellous bone[9] 1.37 0.3

(PEEKp) Pure PEEK; (PEEKc) PEEK reinforced with carbon fiber; (PEEKg) PEEK reinforced with glass fiber.
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As failure criteria, this study will considerate the tensile strength (in MPa) to Ti grade IV (483),

Zr (1.050), PEEKp (115), PEEKc (217), and PEEKg (158)[9]. To the cancellous and cortical bone, the
limit considered 1-5 MPa and 100-190MPa respectively[21].

Ti Zi PEEKp PEEKc PEEKg

Cortealone i? i‘f_: iF) f)

Cancellous bone r r r r
Implant Titanium Zirconia Pure PEEK PEEK + PEEK +
n ﬂ n ‘ Carbon ‘ Glass
Abutment screw l Titanium Titanium I Titanium l Titanium I Titanium
Abutment Titanium Zirconia Pure PEEK PEEK + PEEK +
ﬂ ﬂ ﬂ l Carbon ﬂ Glass

Zirconia crown and
cement layer

4

v

> -

Figure 1. Description of the components of each group studied

Figure 2. Isometric view of the final model mesh.

50N Load

Figure 3. Load (50N) angulation (30°) applied at the lingual incisal edge.

30° Inclination
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3.0 Results

Results for stress distribution are presented in Tables 2 and 3. The abutment cvM lowest stress
values were observed in PEEKp group, being 70% lower than Ti and 74% than Zr. For all groups the
maximum peaks were observed in cervical inner portion of the abutment, on the interface with screw
abutment, as shown in the figure 4. Meanwhile in the abutment screws, an increase of at least 33% was
found in PEEKc compared to Ti, and of at least 81% compared to Zr. In this component, peaks stress was
observed in the coronal portion of the screw abutment in the interface with the inner coronal abutment
portion (figure 4). Regarding the implant, a 68% reduction was shown in the PEEKp compared to Ti, and
a 71% reduction compared to Zr, localized in vestibular face of the coronal portion

The analysis of the cortical bone showed that the highest tmax values were in the PEEKp group,
and a slight increase in stress can be observed when comparing all PEEK groups with Ti and Zr. For omin,
the highest stress was found in the PEEKc. Regarding cancellous bone, all PEEK groups showed an
increase in stress of at least 7% in the PEEKp compared to Ti (tmax) and of at least 21% in the PEEKc¢
compared to Ti (omin). The sites of the stress peaks are shown in Figures 4 to 10. In the abutments, the
screw joint was found to be the main stress location for all groups on the buccal side (Figure 4). In the
screw abutments, the peak of stress was found in its collar for all groups on the opposite side (palatine)
(Figure 5). In the implant, the inner cervical region concentrated stress peak for all groups, especially in
the first three threads (Figure 6). In cortical bone, localized stress matched the three first threads (Figures

7 and 8); meanwhile, it was observed underneath cortical area in the cancellous bone (Figures 8 and 9).

Table 2: Von-Mises (cvM) (MPa) for abutment, implant and abutment screw and minimum principal

(omin) and maximum shear stress (tmax) (MPa) to cortical and cancellous bone.

Ti Zr PEEKp PEEKc PEEKg
Abutment (6vM) 331.76 383.24 100.74 146.39 124.72
Implant (6vM) 299.92 328.94 94.742 188.84 150.31
Screw (6vM) 273.53 200.39 675.3 362.73 533.07
Cortical max (tTmax) 10.826 9.5579 14.013 13.851 13.464
Cortical min (cmin) 19.646 18.222 12.977 21.738 18.225
Cancellous max (Tmax) 5.5303 5.1701 5.9358 7.1045 6.6206
Cancellous min (6min) 8.6543 7.906 13.172 10.497 10.93

(Ti) Titanium control group; (Zr) Zirconium control group; (PEEKp) pure poly(etheretherketone); (PEEKc) reinforced carbon fiber
poly(etheretherketone); (PEEKg) reinforced fiber glass poly(etheretherketone).
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Tix Tix Tix Zrx Zrx Zrx

PEEKp PEEKc PEEKg PEEKp PEEKc PEEKg
Abutment (cvM) (-)70% (-)56% (-)62%  (-)74% (-)62% (-)67%
Implant (cvM) (-)68% (-)37% ()50%  (1)71% (-)43% (-)54%
Screw (ovM) 147% 33% 95% 237% 81% 166%
Cortical bone (tmax) 29% 28% 24% 47% 45% 41%
Cortical bone (omin) (-)34% 11% (-)7% (-)29% 19%  0.016%
Cancellous bone (tmax) 7% 28% 20% 15% 37% 28%
Cancellous bone (omin) 52% 21% 26% 67% 33% 38%

(Zr) Zirconia control group; (PEEKp) pure poly(etheretherketone); (PEEKc) reinforced carbon fiber poly(etheretherketone);
(PEEKg) reinforced fiber glass poly(etheretherketone), (-) stress decrease; (cvM) Von-Mises stress; (cmin) minimum principal
stress; (tmax) maximum shear stress.
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Figure 4. \Jon-Mises stress (MPa) peak concentration for abutments for all groups. Blue to red color represents stress
values from lower to higher, respectively. The red flag indicates the stress peak localization.
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Figure 5. Von-Mises stress (MPa) peak concentration for abutment screws for all groups. Blue to red color represents
stress values from lower to higher, respectively. The red flag indicates the stress peak localization.
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Figure 6. Von-Mises stress (MPa) peak concentration for implants for all groups. Blue to red color represents stress
values from lower to higher, respectively. The red flag indicates the stress peak localization.
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Figure 7. Maximum shear stress (MPa) peak concentration for cortical bone for all groups. Blue to red color represents
stress values from lower to higher, respectively. The red flag indicates the stress peak localization.



22

10,826 Max

00020658 hein 0002285 i

PEEKp ! 15051 e PEEKc p PEEKg

ase
I 0:00076099 tain

Figure 8. Minimum principal (MPa) peak stress concentration for cortical bone for all groups. Blue to red color
represents stress values from higher to lower, respectively. The red flag indicates the stress peak localization.
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Figure 9. Maximum principal stress (MPa) peak concentration for cortical bone for all groups. Blue to red color
represents stress values from lower to higher, respectively. The red flag indicates the stress peak localization.
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Figure 10. Minimum principal stress (MPa) peak concentration for cancellous bone for all groups. Blue to red color
represents stress values from higher to lower, respectively.
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4.0 Discussion

PEEK is a potential polymer for implant material manufacturing due to its biological and
mechanical properties[21,22]. Thus, this study assessed stress distribution by FEA in PEEK implant
systems and its modifications and observed that all PEEK groups showed a stress reduction in abutment
and implant, with PEEKc suggesting a better biomechanical behavior. These results demonstrate a
promising behavior of PEEK when used for implant-supported rehabilitations, thus demonstrating that it

is a potential alternative material for implants and abutments.

All PEEK groups showed a stress reduction in the abutment. The stress location was observed
primarily in the screw joint portion for all groups. A previous study evaluating PEEKc implant and solid
abutment in the posterior region submitted to oblique (30°) 100N load also found better stress distribution
in PEEK abutments (69.41 MPa)[23]. However, the present study is a novelty because it assessed PEEK
implants in a specific load and direction in the anterior region with a universal abutment with an abutment
screw. This condition simulates a clinical situation, offering various prosthetic options for reversible

rehabilitation instead of a one-piece implant[26, 27].

On the other hand, another previous study that evaluated an 100N axial load in the upper incisor,
found an extremely high-stress peak (927 MPa) in one-piece implant made in PEEKc[9]. However, in the
present study a balanced stress peak reduction in this component was found. This difference may be
explained due to presence of the screw abutment, being a critical component to improving the stress
distribution. It provides clamping forces between the components and consequently improve stress
distribution in the complex[33]. Finally, regarding localization of the stress peaks observed between
cervical internal portion of the abutment and in the coronal portion of the abutment screw, even changing
abutment manufacturing material, the results agree with previous studies that found the same site[14,25].
Thus, in front of a significant stress decrease, it can mean a reduction in abutment/abutment screw
loosening/fracture, the most common complaint [24]. In addition, the peaks found in this study were

below their failure limit (especially PEEKc — 217MPa)[33].

Among all components in the PEEK groups, the highest peak stress was concentrated on the
collar level of the abutment screw, which is manufactured in Ti. The stress peaks were higher (at least
80%) than the Ti control except for the PEEKc group, which was only 33% higher than this. In addition,
the latter was the only group that fell below the Ti failure limit, representing 75% of this limit. A
systematic review shows that 75% is the limit maximum to avoid deformation/fracture[26]. Thus, it is
possible to affirm that the abutment screw manufactured in PEEKp and PEEKg can suffer fracture or
deformation. The most common mechanical failure is pre-load loss or fracture in these components, as
related to current studies[24,27], as it is one of the items responsible for creating clamping force, which
keeps the complex tightened together[24]. When solid abutments or one-piece implant are used all
components should be replaced in case of fracture. To solve these problems and take advantage of PEEKc
strategies like different materials from crowns to make a better stress distribution in implant prosthetic

components[25] or also screw design modification[28] can be used to improve stress relationships in the
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complex. A systematic review categorized yet type of connection, use of friction abutments or anti-
vibration components in the threads as ways of reducing screw abutment problems[26]. Therefore, the
PEEKc presents better results, enabling more in vitro and in silico studies with this reinforced as an

alternative to implant system manufacture.

Meanwhile, this study’s findings demonstrated a stress reduction in the PEEK implant groups
compared to the control groups. According to recent studies, materials with low EM commonly show less
deformation than those with high EM, representing a risk of fracture reduction[1]. Especially in PEEKc,
which reduced stress by 37% compared to Ti, peak stress is 87% below its failure limit (217 MPa). In
addition, as highlighted by Tretto et. al. (2020), only internal conical connections (morse taper) can
support the stress from masticatory load!. In this view, the association between conical connections and
a manufacturing material with low EM can result in proper stress distribution in the abutment complex,

avoiding fracture.

Regarding cortical bone, all test groups demonstrate a slight tmax stress increase. In recent
studies, high stress was observed in this region using PEEK as implant material, even in different designs,
abutment materials, or load conditions, than in the present study[1,23]. In one of them, PEEKc implants
showed tmax 57.53 and omin 177.58 MPa on cortical bone[23]. Another one assessed PEEK abutments
in Ti implants and found tmax 483 MPa[1]. The authors considered these results higher than bone limit
(34.72 MPa) meaning bone loss by overload[1]. None of the test groups in the present study exceeded the
cortical bone limit, even increasing peak stress. The effects of excessive or absence of peri-implant bone
stress stimulus are not entirely clear in the literature. According to some authors, the lack of stress stimulus
caused by rigid material (high EM) can lead to resorption by the stress-shielding phenomenon[7]. On the
other hand, overload caused by less rigid material (low EM) can lead to marginal bone loss by excessive
stress concentration[29]. The increase observed in the results may represent a balanced stress stimulus,
as Fabris et al. (2019) concluded. They found that PEEKc can concentrate a balanced stimulus in one-

piece implant and can maintain bone crestal peri-implant[9].

Previous studies showed that materials with high EM suffer more deformation and transfer more
stress to adjacent structures[29]. On the other hand, low EM can create a mechanical environment that
can form bone on a suitable load[30]. Recent studies found high-stress concentration on peri-implant bone
using PEEK implant[1,23,31]. The direction or magnitude of the load (100N and axial) used by these
authors is the main point of such high values. In this study, on 30° oblique 50N load, the stress peak
achieved 7% of omin reduction on PEEKg. In addition, especially in the PEEKc group, tmax and omin
increase was less than 30% in both cortical and cancellous bone. Considering this sensible difference, our
results can base future in vitro and in vivo studies to confirm PEEK as an implant manufacturing material,

in agreement with Carpenter et al (2018)[30].

The FEA method enables the assessment of stress distribution patterns in oral structures, which
can be used to preview in vitro and clinical stages[9,25]. However, there are limitations regarding elastic
linearity, isotropism, and homogeneity of biological structures or limited boundary conditions, and should
be interpreted with caution since it is a preliminary research [10,16]. Despite that, this study’s results

highlight the innovative properties of PEEK materials and their potential impact on implant research. The
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stress values found in all PEEKc components were within their failure limit and lower than the ones found
in the control groups. Thus, it suggests PEEKc is a potential candidate for manufacturing implant systems,
but since is a dark-colored material, it is still a question to be solved. Hence, this study is valuable for

guiding future in vitro and in vivo research to confirm its use as a material for implant systems.

5.0 Conclusion

Our findings suggest that abutments and implants made by PEEKc may generate the best stress
distribution to each other and the cortical bone, enabling future in vitro and in vivo research with this

material. However, its dark color remains an aesthetic limitation.



26

6.0 References

10.

11.

12.

13.

14.

15.

16.

17.
18.

Tretto PHW, dos Santos MBF, Spazzin AO, et al (2020) Assessment of stress/strain in dental
implants and abutments of alternative materials compared to conventional titanium alloy—3D
non-linear finite element analysis. Comput Methods Biomech Biomed Engin 23:372-383.
https://doi.org/10.1080/10255842.2020.1731481

Aljawad AJSRNAH (2013) Retrospective Study of the Survival and Patient Satisfaction with
Composite Dahl Restorations in the Management of Localised Anterior Tooth Wear. Eur J
Prosthodont Restor Dent 21:44-48. https://doi.org/10.1922/EJPRD

Kohal RJ, Weng D, Béchle M, Strub JR (2004) Loaded Custom-Made Zirconia and Titanium
Implants Show Similar Osseointegration: An Animal Experiment. J Periodontol 75:1262—1268.
https://doi.org/10.1902/jop.2004.75.9.1262

Souza JCM, Pinho SS, Braz MP, et al (2021) Carbon fiber-reinforced PEEK in implant dentistry:
A scoping review on the finite element method. Comput Methods Biomech Biomed Engin
24:1355-1367. https://doi.org/10.1080/10255842.2021.1888939

Kurtz SM, Devine JN (2007) PEEK biomaterials in trauma, orthopedic, and spinal implants.
Biomaterials 28:4845-4869

Skirbutis G, Dzinguté A, Masilitinaité V, et al (2018) PEEK polymer’s properties and its use in
prosthodontics. A review. Stomatologija 20:54-58

Brizuela A, Herrero-Climent M, Rios-Carrasco E, et al (2019) Influence of the elastic modulus on
the osseointegration of dental implants. Materials (Basel) 12:1-7.
https://doi.org/10.3390/ma12060980

Schwitalla A, Mu W (2013) PEEK Dental Implants : A Review of the Literature. J Oral Implantol
xxxix:743-749. https://doi.org/10.1563/AAID-JOI-D-11-00002

Fabris D, Moura JPA, Fredel MC, et al (2022) Biomechanical analyses of one-piece dental
implants composed of titanium, zirconia, PEEK, CFR-PEEK, or GFR-PEEK: Stresses, strains,
and bone remodeling prediction by the finite element method. J Biomed Mater Res - Part B Appl
Biomater 110:79-88. https://doi.org/10.1002/jbm.b.34890

Andres C, Lopez V, Vasco A, et al (2018) Three-Dimensional Finite Element Analysis of Stress
Distribution in Zirconia and Titanium Dental Implants. J Oral Implantol 409—415.
https://doi.org/10.1563/aaid-joi-D-16-00109

Lee W, Koak J, Lim Y, et al (2012) Stress shielding and fatigue limits of poly-ether-ether-ketone
dental implants. 1044—1052. https://doi.org/10.1002/jbm.b.32669

Rahmitasari F, Ishida Y, Kurahashi K, et al (2017) PEEK with reinforced materials and
modifications for dental implant applications. Dent J 5:1-8. https://doi.org/10.3390/dj5040035

Bathala L, Majeti V, Rachuri N, et al (2019) The Role of Polyether Ether Ketone (Peek) in
Dentistry - A Review. J Med Life 12:5-9. https://doi.org/10.25122/jm1-2019-0003

Green S (2019) Compounds and Composite Materials, 2nd ed. Elsevier Inc.

Li EZ, Guo WL, Wang HD, et al (2013) Research on tribological behavior of PEEK and glass
fiber reinforced PEEK composite. Phys Procedia 50:453—-460.
https://doi.org/10.1016/j.phpro.2013.11.071

Siewert B, Plaza-Castro M, Sereno N, Jarman-Smith M (2019) Applications of PEEK in the
Dental Field, 2nd ed. Elsevier Inc.

Misch CE (2020) Dental implant prosthetics, 2nd ed. St. Louis, Missouri

Akca K, Cehreli MC, Iplik¢ioglu H (2003) Evaluation of the mechanical characteristics of the
implant-abutment complex of a reduced-diameter morse-taper implant: A nonlinear finite element
stress analysis. Clin Oral Implants Res 14:444—-454. https://doi.org/10.1034/j.1600-



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

27

0501.2003.00828.x

Vargas-Moreno VF, Gomes RS, Ribeiro MC de O, et al (2023) Influence of diameter in the stress
distribution of extra-short dental implants under axial and oblique load. Brazilian J Oral Sci
22:e238152. https://doi.org/10.20396/bjos.v22i00.8668152

Ferraz CC, Barros RM, Ferraz FC, et al (2019) Analysis of stress distribution in ceramic and
titanium implants in alveolar sockets of the anterior region of the maxilla. J Clin Exp Dent
11:e850—e857. https://doi.org/10.4317/jced.55945

Chang Y, Tambe AA, Maeda Y, et al (2018) Finite element analysis of dental implants with
validation: to what extent can we expect the model to predict biological phenomena? A literature
review and proposal for classification of a validation process. Int J Implant Dent 4:.
https://doi.org/10.1186/s40729-018-0119-5

Bordin D, Bergamo ETP, Fardin VP, et al (2017) Fracture strength and probability of survival of
narrow and extra-narrow dental implants after fatigue testing: In vitro and in silico analysis. J
Mech Behav Biomed Mater 71:244-249. https://doi.org/10.1016/j.jmbbm.2017.03.022

Yao KT, Chen CS, Cheng CK, et al (2018) Optimization of the conical angle design in conical
implant-abutment connections: A pilot study based on the finite element method. J Oral Implantol
44:26-35. https://doi.org/10.1563/aaid-joi-D-17-00149

Tamrakar SK, Mishra SK, Chowdhary R, Rao S (2021) Comparative analysis of stress
distribution around cfr-peek implants and titanium implants with different prosthetic crowns: A
finite element analysis. Dent Med Probl 58:359-367. https://doi.org/10.17219/dmp/133234

Freitas MIM, Gomes RS, Ruggiero MM, et al (2022) Probability of survival and stress
distribution of narrow diameter implants with different implant—abutment taper angles. J Biomed
Mater Res - Part B Appl Biomater 110:638—645. https://doi.org/10.1002/jbm.b.34942

Fontijn-Tekamp FA, Slagter AP, Van Der Bilt A, et al (2000) Biting and chewing in
overdentures, full dentures, and natural dentitions. J Dent Res 79:1519-1524.
https://doi.org/10.1177/00220345000790071501

Kampe T, Haraldson T, Hannerz H, Carlsson GE (1987) Occlusal perception and bite force in
Young subjects with and without dental fillings Occlusal perception and bite force in young
subjects with and without dental fillings. ACTA ODONTOL SCAND 45:102-107

Sotto-Maior BS, Senna PM, Silva-Neto JP da, et al (2015) Influence of crown-to-implant ratio on
stress around single short-wide implants: A photoelastic stress analysis. J Prosthodont 24:52—56.
https://doi.org/10.1111/jopr.12171

Linetskiy I, Demenko V, Linetska L, Yefremov O (2017) Impact of annual bone loss and
different bone quality on dental implant success — A finite element study. Comput Biol Med
91:318-325. https://doi.org/10.1016/j.compbiomed.2017.09.016

Toth JM (2019) Biocompatibility of PEEK Polymers, 2nd ed. Elsevier Inc.

Sobieraj MC, Rimnac CM (2019) Fracture, Fatigue, and Notch Behavior of PEEK, 2nd ed.
Elsevier Inc.

Sarot JR, Contar CMM, Cruz ACC Da, De Souza Magini R (2010) Evaluation of the stress
distribution in CFR-PEEK dental implants by the three-dimensional finite element method. J
Mater Sci Mater Med 21:2079-2085. https://doi.org/10.1007/s10856-010-4084-7

Alkan I, Sertgdz A, Ekici B (2004) Influence of occlusal forces on stress distribution in preloaded
dental implant screws. J Prosthet Dent 91:319-325.
https://doi.org/10.1016/j.prosdent.2004.01.016

Cantd-navés O, Medina-galvez R, Marimon X, et al (2021) A 3D finite element analysis model of
single implant-supported prosthesis under dynamic impact loading for evaluation of stress in the
crown, abutment and cortical bone using different rehabilitation materials. Materials (Basel) 14:.
https://doi.org/10.3390/mal14133519

Pardal-Pardal-Pelaez B, Sanz-Alonso J, Gonzalez-Serrano J, Montero-Martin J (2018) Strategies



36.

37.

38.

39.

40.

28

to reduce torque loss of abutment screws. J Oral Res Rev 10:68.
https://doi.org/10.4103/jorr.jorr 37 17

Falc RM, Pellizzer EP, Sergio P, et al (2010) Influence of Cusp Inclination on Stress Distribution
in Implant-Supported Prostheses . A Three-Dimensional Finite. 19:381-386.
https://doi.org/10.1111/j.1532-849X.2010.00582.x

Filho AB de M, Tribst JPM, Ramos N de C, et al (2019) Failure probability, stress distribution
and fracture analysis of experimental screw for micro conical abutment. Braz Dent J 30:157-163.
https://doi.org/10.1590/0103-6440201902401

LiJ, Jansen JA, Walboomers XF, van den Beucken JJ (2020) Mechanical aspects of dental
implants and osseointegration: A narrative review. ] Mech Behav Biomed Mater 103:103574.
https://doi.org/10.1016/j.jmbbm.2019.103574

Carpenter RD, Klosterhoff BS, Torstrick FB, et al (2018) Effect of porous orthopaedic implant
material and structure on load sharing with simulated bone ingrowth: A finite element analysis
comparing titanium and PEEK. J Mech Behav Biomed Mater 80:68—76.
https://doi.org/10.1016/j.jmbbm.2018.01.017

Macedo JP, Pereira J, Faria J, et al (2017) Finite element analysis of stress extent at peri-implant
bone surrounding external hexagon or Morse taper implants. ] Mech Behav Biomed Mater
71:441-447. https://doi.org/10.1016/j.jmbbm.2017.03.011



29

3.0 CONCLUSAO GERAL

Com base nos achados desse estudo, é possivel concluir que pilares e
implantes confeccionados em PEEKc geram a melhor distribuicdo de tensdes
entre si e com o osso cortical. Entretanto, a cor preta permanece sendo uma

limitagao estética.
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