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Resumo

O objetivo neste estudo foi avaliar, por meio da anélise tridimensional de elementos
finitos, duas técnicas alternativas aos procedimentos de enxertia 0ssea para a reabilitacdo de
maxila totalmente édentula com implantes osseointegrados (all-on-four e all-on-six) e o efeito
do material da infraestrutura protética sobre a transmissdo de tensdes ao sistema
implantossuportado. Um modelo geométrico tridimensional foi confeccionado simulando uma
maxila totalmente edéntula, com pneumatizacdo moderada do seio maxilar na regido posterior,
reabilitada com uma protese total fixa implantossuportada. Os modelos foram confeccionados
contendo 4 implantes posicionados de acordo com a técnica “all-on-four” (F) ¢ 6 implantes de
acordo com a técnica “all-on-six” (S). Em seguida, protdtipos dos modelos virtuais foram
confeccionados em uma impressora 3D e um enceramento de uma infraestrutura para prétese
total fixa com recobrimento ceramico foi obtido. O enceramento foi escaneado e as imagens
obtidas permitiram a modelagem de uma infraestrutura de protese total fixa com contornos
anatdbmicos para cada um dos materiais avaliados: cobalto-cromo (CoCr), titanio
comercialmente puro (Ti) e zirconia (Zr). Todas as estruturas foram modeladas no programa
Rhinoceros 5.0 SR8. Seis modelos tridimensionais foram obtidos de acordo com 0s grupos
avaliados: F-CoCr, F-Ti, F-Zr, S-CoCr, S-Ti, S-Zr. Os modelos foram transportados para o
software HyperMesh 13.0, no qual foram geradas as malhas com elementos tetraédricos. Todos
0s materiais foram considerados isotrépicos, linearmente elasticos e homogéneos. Apds a
obtencdo da malha, condicBes de contorno e carregamento, os modelos foram transportados
para o software de simulacdo mecanica (Optistruct 13.0). Pré-carga correspondente ao torque
de 10 N.cm (138,9 N), foi aplicada sobre os parafusos protéticos. Em seguida, uma forga
unilateral obliqua (30 graus de inclinagé@o) de 150 N foi aplicada na superficie oclusal dos dentes
posteriores da infraestrutura protética. Os resultados foram avaliados qualitativamente e
quantitativamente através das tensdes de von Mises (ovm), tensdo maxima (omax) € minima
(omin) principais e deslocamento. A distribuicdo de tensdo observada entre os materiais
avaliados foi similar. Ja em relacdo aos conceitos de tratamento avaliados, o grupo all-on-six
apresentou distribuicdo de tensdo em uma maior area. O grupo all-on-six apresentou menores
valores de omin, OvMm € Omax SObre 0 0sso cortical, implantes e 0sso trabecular, respectivamente.

Maior deslocamento do sistema implantossuportado foi notado no grupo all-on-four. As




infraestruturas em Ti acarretaram em maiores valores de tenséo sobre o0 0sso cortical, implantes,
abutments, parafusos protéticos e promoveram maior deslocamento do conjunto. Valores
similares de tensdo foram notados para as infraestruturas em CoCr e Zr. Maiores valores de
tensdo na infraestrutura protética foram observados quando materiais mais rigidos foram
empregados (CoCr e Zr). Com base nos resultados obtidos, pode-se concluir que a técnica all-
on-six permite a eliminacdo do cantilever da infraestrutura protética e apresenta resultados
biomecanicos mais favoraveis que o conceito all-on-four. Materiais mais rigidos diminuem os
niveis de tensdo transmitidos para o 0sso, implantes, parafusos protéticos, abutments e reduzem

0 deslocamento do conjunto implantossuportado.

Palavras-chave: Protese dentéria fixada por implante. Analise de elementos finitos. Titanio.

Ligas de Cromo. Zirconia tetragonal estabilizada por itrio.




Abstract

This study used a three-dimensional (3D) finite element analysis (FEA) to evaluate
two treatments concept alternatives to bone grafting procedure for the rehabilitation of
edentulous maxilla with dental implants (all-on-four and all-on-six), and the effect of the
prosthetic framework material on the stress distribution on implant-supported system. A
geometric 3D model was built simulating an entirely edentulous maxilla with moderate
maxillary sinus pneumatization, in posterior region and was rehabilitated with full-arch fixed
dental prosthesis. The models were confectioned with four implants according to all-on-four
(F) treatment concept or six implants according to all-on-six (S) ones. The prosthetic framework
was modeled from scanning of a waxed prosthetic framework for full-arch fixed dental
prosthesis with ceramic veneering. Three materials were evaluated as prosthetic framework
material: cobalt-chrome (CoCr), commercially pure titanium (Ti) and zirconia (Zr). All
structures were modeled in Rhinoceros 5.0 SR8 software. Six models were obtained according
to groups: F-CoCr, F-Ti, F-Zr, S-CoCr, S-Ti, S-Zr. The assembly was transported to
HyperMesh 13.0 in which were generated the mesh with tetrahedral elements. All structures
were considered homogeneous, isotropic and linearly elastic. After obtaining the mesh and
boundary and loading conditions, the models were transported to the mechanical simulation
software (Optistruct 13.0). A preload of 10 N.cm (138.9N) was applied over prosthetic screws.
Then, unilateral oblique force (30 degrees inclination) of 150 N was applied to the occlusal
surface of the posterior teeth of the prosthetic framework. The results were evaluated using von
Mises stress (ovm), maximum (omax) and minimum (omin) principal stress and displacement. The
stress distribution observed between the materials tested was similar. Regarding to the treatment
concepts, the all-on-six group showed a stress distribution in a larger area. All-on-six treatment
concept showed smaller omin, ovm and omax values on the cortical bone, implants and trabecular
bone, respectively. Greater displacement of the implant-supported system was noted in all-on-
four group. Ti framework resulted in higher stress values on the cortical bone, implants,
abutments, prosthetic screws, and set displacement. Similar stress values were noted for CoCr
and Zr frameworks. Higher stress values in prosthetic framework were seen when more rigid
materials were employed (CoCr and Zr). It can be conclude that all-on-six approach allows the
elimination of the cantilever and showed the most favorable biomechanical behavior. The




prosthetic framework material influences the stress levels in implant-support system. Stiffer
materials decreased the stress levels for bone, implants, screws, abutments and reduced

displacements level of the implant-supported system.

Key-words: Implant-supported dentures. Finite element analysis. Titanium. Chromium alloys.

Yttria stabilized tetragonal zirconia.
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1 Inmtrodugdo

A descoberta do principio da osseointegracdo entre tecido 6sseo e superficie do
implante aloplastico na década de 70 (Branemark et al., 1977) revolucionou a Odontologia.
Desde entéo, a utilizacdo de implantes osseointegrados como forma de reter e suportar proteses
tem sido demostrada como um método eficiente no campo da Implantodontia (Moraschini et
al., 2015; Altuna et al., 2016). Nas ultimas décadas, as modificagdes no design, na superficie e
no tipo de conexdo dos implantes permitiram a alteracdo do protocolo inicialmente proposto
por Branemark, alterando o nimero de implantes necessarios para a confeccéo de reabilitaces

maultiplas.

Apesar da evolucdo das técnicas cirlrgicas e protéticas, a reabilitacdo de maxilas
atroficas ainda pode ser considerada um desafio estético e cirdrgico (Malo et al., 2005;
Chiapasco & Zaniboni, 2009; Malo et al., 2011; Patzelt et al., 2014; Almeida et al., 2015) para
a maioria dos implantodontistas. Apos a perda dos dentes, a maxila € severamente acometida
pela reabsorcao do rebordo alveolar, processo este, que se intensifica ao longo do tempo (Patzelt
et al., 2014). A atrofia do rebordo maxilar € complexa e pode se desenvolver de forma
tridimensional, pois, envolve reabsorcdo vertical, horizontal e pneumatizacdo do seio maxilar
(Chiapasco & Zaniboni, 2009). Além disso, a reabsorcdo centripeta pode levar a discrepancias
horizontais em relagdo a mandibula (Chiapasco & Zaniboni, 2009). Todos esses fatores
dificultam a colacdo de implantes e obtencéo de um resultado estético favoravel.

Assim, as caracteristicas comumente encontradas no rebordo maxilar, tais como:
baixa densidade e qualidade 6ssea (osso tipo Il ou IV) (Capelli et al., 2007; Silva et al., 2010;
Cidade et al., 2014), fossa nasal alongada (Penarrocha-Oltra et al., 2013; Almeida et al., 2015),
pneumatizacdo do seio maxilar e reabsorcéo da regido posterior (Malo et al., 2005; Chiapasco
& Zaniboni, 2009; Malo et al., 2011), dificultam o tratamento com implantes. A pequena
disponibilidade 6ssea é uma das principais limitacGes, pois restringe o nimero, o tamanho, o
diametro e o posicionamento dos implantes (Almeida et al., 2015), o que dificulta a
higienizacdo e compromete o resultado estético da protese. A limitada disponibilidade dssea da
maxila € um fator importante a ser analisado uma vez que influencia fortemente a escolha do

tratamento reabilitador (Corbella et al., 2015).
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A dificuldade de posicionamento dos implantes na regido posterior de maxila leva
muitas vezes a necessidade de extensdo do cantilever (Malhotra et al,. 2012) ou manobras
cirurgicas de enxertia 6ssea (Malo et al., 2003; Malo et al., 2005; Chiapasco & Zaniboni, 2009;
Malo et al., 2011; Patzelt et al., 2014). A extensdo do cantilever aumenta em duas a trés vezes
as forcas transmitidas aos implantes (Malhotra et al., 2012; Baggi et al., 2013) e esta associada
a diminuicdo da taxa de sobrevida da protese e ao aumento de complicagfes mecanicas (Salvi
& Bragger, 2009), o que a longo prazo pode acarretar em sobrecarga e falha da osseointegracéo.
Ja os enxertos 0sseos envolvem a realizacao de varias intervencdes cirargicas, o que demanda
um maior tempo de tratamento. Além disso, este procedimento apresenta maior morbidade pds-
operatdria, pois frequentemente os sitios doadores correspondem a &reas extra-bucais ou
apresentam complicacOes relacionadas ao hospedeiro (Dimitriou et al., 2011). Estes fatores
elevam o custo do tratamento e diminuem a aceitabilidade do paciente em relacdo a esta
modalidade terapéutica (Cidade et al., 2014).

Visando solucionar esses problemas, o conceito “all-on-four” (Nobel Biocare AB,
Gotemburgo, Suécia) foi desenvolvido por Malo et al., em 2003. Esta técnica tem como
objetivo criar um tratamento rapido e de baixo custo para os pacientes totalmente desdentados
(Malo et al., 2003; Malo et al., 2005), exigindo um volume minimo de 0sso e evitando-se, na
maioria das vezes, procedimentos de enxerto 6sseo (Malo et al., 2007a). Este conceito consiste
na colocacdo de 4 implantes para reabilitar arcos completamente edéntulos com proteses totais
fixas (Malo et al., 2007a). Para tal, 2 implantes sdo posicionados verticalmente na regido
anterior do rebordo alveolar e 2 implantes sdo posicionados com uma inclinacdo de 30° a 45°
para a distal, na regido posterior. A inclinacdo dos implantes posteriores é vantajosa por permitir
a utilizacdo de implantes mais longos com boa ancoragem cortical e em posicGes favoraveis
para 0 suporte protético, reduzindo o comprimento do cantilever e a distancia inter-implantar
(Krekmanov et al., 2000; Aparicio et al., 2001; Pomares, 2009). Embora estudos apontem
elevada taxa de sucesso para este tipo de tratamento (Malo et al., 2003; Malo et al., 2005;
Pomares, 2009; Malo et al., 2011; Patzelt et al., 2014), alguns autores assinalam que a
inclinacdo dos implantes pode aumentar a tensdo na regido peri-implantar, devido a introdugéo
de maior quantidade de momentos fletores sobre o sistema (Krekmanov et al., 2000; Watanabe

et al., 2003; Caglar et al., 2006), o que poderia diminuir a longevidade da reabilitacéo.

Além dos implantes inclinados, a utilizacdo de implantes curtos (<10mm) é outra
alternativa aos procedimentos de enxertia 6ssea em regides de pouco remanescente (Chiapasco
& Zaniboni, 2009; Sun et al., 2011; Ozdemir Dogan et al., 2014; Almeida et al., 2015; Corbella
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et al., 2015). Considerando a baixa densidade e qualidade 6ssea comumente observada nas
maxilas desdentadas, a associacdo de implantes curtos na regido posterior pode ser assinalada
como uma opg¢do vidvel do ponto de vista biomecanico, uma vez que maior numero de
implantes pode permitir uma melhor distribuicdo dos mesmos no arco e resultar em reducéo ou
eliminacdo do cantilever da prétese, podendo proporcionar portanto, melhor distribuicdo das
forgas sobre o sistema implantossuportado.

Implantes de 7,0 e 8,5mm tém apresentado taxas de sucesso similares a implantes
de maior comprimento (Malo et al., 2007b). No entanto, uma revisdo sistematica recente
(Corbella et al., 2015) mostrou que, apesar das elevadas taxas de sucesso, a utilizagdo de
implantes curtos como método alternativo para a reabilitacdo de maxila posterior necessita de
maior investigacdo para ser considerado tdo eficaz quanto as outras técnicas. A maioria dos
trabalhos ndo apresenta acompanhamento clinico superior a cinco anos (Corbella et al., 2015),

0 que dificulta o entendimento do comportamento biomecénico desses implantes a longo prazo.

Apesar do planejamento com seis implantes por meio da associacdo de implantes
curtos na regido posterior de maxila (all-on-six: distal short implant) aparentemente induzir
menores niveis de tensdo quando comparado a técnica all-on-four (Almeida et al., 2015),
fatores relacionados a prétese ainda ndo foram avaliados para ambas situagdes. A influéncia de
diversos elementos importantes para a transmisséo de tenséo na regido peri-implantar tais como:
material da infraestrutura protética, revestimento estético, atuacao de forcas oclusais estaticas
e dinamicas, ndo tem sido considerados para o planejamento com quatro ou seis implantes.
Além disso, existem poucos estudos (Almeida et al., 2015) avaliando o comportamento
biomecanico de implantes curtos quando associados a implantes longos, visando a reabilitacdo
de maxilas com proteses totais fixas como método alternativo aos enxertos 6sseos. A maioria
dos estudos aborda apenas o comportamento desses implantes em reabilitagdes unitarias ou com
préteses parciais fixas (Atieh et al., 2012; Monje et al., 2014; Corbella et al., 2015).

Embora, apds a osseointegracdo, a interface osso-implante possa ser considerada
previsivel (Branemark et al., 1977), complica¢cdes podem ocorrer na prétese, colocando em
risco a estabilidade dessa unido. O material da infraestrutura protética tem sido sugerido como
um fator importante para obtencdo de sucesso e previsibilidade em reabilitacOes
implantossuportadas, visto que influencia a biomecanica e a transmissdo de tensdo para a
interface osso/implante e demais componentes do sistema (Meric et al., 2011; Bacchi et al.,
2013a).




24

Quando  confeccionadas em diferentes materiais, infraestruturas
implantossuportadas apresentam diferentes niveis de transmissao de tensGes para o sistema (de
Torres et al., 2011; Abduo et al., 2012; Bacchi et al., 2013a; Bacchi et al., 2013b). Ligas
metalicas ndo preciosas como as de cobalto-cromo (CoCr) e titanio tém sido muito utilizadas
para confeccdo de infraestruturas protéticas. O titanio tornou-se bastante atrativo gracas a sua
biocompatibilidade, baixo custo, alta resisténcia a corrosao, baixa densidade e propriedades
mecanicas favoraveis (Watanabe et al., 1997). Ja as ligas de CoCr tem sido sugeridas devido a
seu custo reduzido em relacdo ao titanio e as ligas nobres, biocompatibilidade, facilidade de
fundigé@o (Hulterstrom & Nilsson, 1991) e disponibilidade de utilizagdo de componentes com
base pré-fabricada (indicados para sobrefundi¢do) (Bhering et al., 2013; Bhering et al., 2015).

Contudo, devido as exigéncias estéticas tanto dos pacientes quanto dos
profissionais, a zirconia tem sido proposta como material para confeccdo de infraestruturas
protéticas implantossuportadas (Abduo et al., 2011; Abduo & Lyons, 2012; Abduo & Swain,
2012). Entretanto, os resultados em relacdo a tensdo transmitida por este material ainda s&o
controversos (Abduo & Lyons, 2012; Abduo et al., 2012; Abduo & Swain, 2012).
Adicionalmente, pouco se sabe em relacdo a sua resisténcia e transmissao de tensbes quando
submetido as forcas oclusais, bem como seu comportamento biomecanico em situagcbes com
um menor nimero de implantes ou quando na presenca de angulacdo dos mesmos. Além disso,
ensaios clinicos e laboratoriais avaliando sua longevidade ainda sdo escassos, principalmente
guando se trata de infraestruturas mais extensas como as infraestruturas para proteses totais
fixas. Logo, deve-se ter cautela diante da sua ampla difusdo na implantodontia (Abduo &
Lyons, 2012), principalmente por este tipo de material ndo permitir técnicas corretivas e por
serem sujeitos a distor¢des devido ao processo de contragao de sinterizacao.

Considerando que a confeccdo de infraestruturas de zircdnia envolve um
investimento financeiro de alto custo, como a aplicagdo da tecnologia CAD/CAM, estudos “in
vitro” sao fundamentais para estabelecer prerrogativas acerca do comportamento biomecanico
desse material previamente a disseminacdo de seu uso clinico (Abduo et al., 2011), auxiliando,
portanto, na determinacao da opg¢ao mais vantajosa, baseada nos aspectos biomecanicos e custo-

beneficio em relagdo aos outros materiais disponiveis no mercado odontoldgico.

Para avaliacdo do comportamento biomecanico nos tecidos periimplantares, trés
metodologias sdo comumente aplicadas: extensometria, analise fotoelastica, e 0 método de
elementos finitos. A metodologia de analise por elementos finitos tem sido aplicada de forma

eficaz na engenharia e na bioengenharia desde a década 50 (Soares et al., 2012). No entanto,
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esta ferramenta de anélise foi introduzida na Odontologia somente na década de 70 (Weinstein
etal., 1976), a fim de avaliar a distribuicdo de tensdes em implantes dentarios (Assuncéo et al.,
2012). Uma vez que a quantificacdo das tensdes e deformacdes no tecido 6sseo € dificil de ser
realizada clinicamente (Assuncao et al., 2012) devido as questdes éticas e tendo em vista que
0s componentes do sistema 0sso-implante sdo geometricamente complexos (Geng et al., 2001),
essa metodologia tem sido descrita como uma ferramenta eficaz e mais abrangente para a
analise do comportamento biomecanico das préteses implantossuportadas (Geng et al., 2001),
permitindo prever e quantificar os efeitos das tensdes induzidas sob todos os componentes do

sistema implante-prétese-0sso.

Por meio do método dos elementos finitos é possivel verificar os valores de tenséo,
deformacdo e deslocamento apresentados pelas estruturas estudadas quando submetidas a
cargas internas ou externas (Silva et al., 2010). Esta metodologia tem sido proposta para a
avaliacdo de problemas envolvendo geometrias complexas. Na simulacdo de elementos finitos,
0 objeto de estudo é representado por um modelo virtual geometricamente semelhante a
estrutura estudada. Estas geometrias sdo divididas em diversos dominios de dimensdes
menores, denominados de elementos. Esses elementos sdo conectados uns aos outros por meio
de noés, que correspondem a funcdes matematicas responsaveis por fornecer os valores de

tensdo, deformacao ou deslocamento avaliados.

Sendo assim, a metodologia visa encontrar uma solugdo para um problema
complexo por meio da combinacgdo da solucdo de cada um dos elementos (Geng et al., 2001).
Dessa maneira, € possivel avaliar a dindmica das tensdes por meio da simulacdo de um modelo
numeérico, desenvolvido com auxilio de computador. Os resultados obtidos sdo facilmente
interpretados e visualizados por meio de escalas de cor e cujo valor de tensdo varia entre um
valor maximo e minimo (Soares et al., 2012). Permitindo portanto, a visualizacdo da
distribuicdo das tensdes e seus valores em todas as superficies do modelo (Tanino et al., 2007).
Os resultados obtidos a partir da analise por elementos finitos permitem predizer o
comportamento biomecanico dos materiais e tratamentos estudados, podendo ser amplamente

aplicado em estudos na area de Odontologia (Tanino et al., 2007).

Em funcdo mastigatoria, forcas axiais e obliquas sdo aplicadas ao longo eixo do
implante, e transmitidas ao 0sso peri-implantar. H& consenso de que a localizacdo e magnitude
das forcas oclusais afetam a quantidade e qualidade da tensao transmitida para os componentes
do sistema implantossuportado (Geng et al., 2001; Sevimay et al., 2005), bem como a sua

estabilidade (Farina et al., 2012). Tais forgas dependem de diversos fatores como a localizagéo
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do implante no arco dental, a natureza da interface osso/implante, a quantidade e qualidade
Ossea, a geometria do implante utilizado, as caracteristicas fisicas e psicoldgicas do paciente, a
denticdo antagonista, o material da infraestrutura e o recobrimento estético (Geng et al., 2001;
Eskitascioglu et al., 2004). O carregamento oclusal excessivo pode acarretar em sobrecarga do
sistema implantossuportado, reabsorcdo dssea, e comprometer a longevidade da reabilitagdo. A
tensdo induzida pelas cargas oclusais é decorrente da associacdo entre o tipo e distribuicdo
destas cargas, das propriedades mecanicas das estruturas envolvidas, bem como dos materiais
utilizados para a confeccdo da infraestrutura protética (Barbier et al., 1998). Estes eventos
evidenciam a necessidade da avaliagdo do comportamento biomecanico e dos efeitos de
diferentes técnicas (all-on-four ou all-on-six) para a reabilitacdo de maxilas totalmente
desdentadas por meio de préteses totais fixas, bem como do material da infraestrutura protética,

na concentracao e transmissao de tensdes ao sistema implantossuportado.
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Highlights

e All-on-four and all-on-six concepts for the rehabilitation of maxilla were evaluated.
e CoCr, Tiand Zr materials were used as framework materials.
e Prototypes were successfully used to guide finite element model construction.

e All-on-six approach and stiffer frameworks had favorable biomechanical behavior.

e Tiframework and all-on-four concept had the most concerning results.
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Abstract

We evaluated two treatment concepts for the rehabilitation of atrophic maxilla with
dental implants (all-on-four and all-on-six) and the effect of framework material on the stress
distribution of implant-supported system. A three-dimensional finite element model based on a
prototype was built to simulate an entirely edentulous maxilla with moderate sinus
pneumatization that was rehabilitated with a full-arch fixed dental prosthesis. Four standard
implants were positioned according to the all-on-four concept and four standard implants and
two short implants were placed according to the all-on-six concept. Three framework materials
were evaluated: cobalt-chrome (CoCr), titanium (Ti) and zirconia (Zr), totalizing six groups. A
unilateral oblique force of 150 N was applied to the posterior teeth. The von Mises (ovm),
maximum (omax) and minimum (omin) principal stress and displacements were obtained. All-on-
six showed smaller omin, ovm and omax Values on the cortical bone, implants and trabecular bone,
respectively. All-on-four exhibited higher displacement levels. Ti presented the highest stress
values on the cortical bone, implants, abutments, prosthetic screws and displacement levels. In
conclusion, the all-on-six approach and framework stiffer materials showed the most favorable
biomechanical behavior. The use of prototypes is a feasible tool to guide the construction of

finite element models.

Keywords: all-on-four, all-on-six, short implant, framework material, finite elements analysis.
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1. Introduction

The edentulous maxilla’s anatomic characteristics make rehabilitation of atrophic
jaws with dental implants challenging. Its complex, three-dimensional reabsorption process
involves vertical and/or horizontal reabsorption of the alveolar ridge and sinus pneumatization
[1]. In addition, stretched nasal cavities [2], resorption of the posterior region [3], and low bone

quality and quantity [4] are often observed.

The posterior bone reabsorption restricts the use of dental implants and often results
in the use of long cantilevered prostheses [5, 6], or sinus-grafting procedures [7]. In the presence
of a cantilever, implant overstress can be observed [5, 6], which increases the implant failure
risk and biomechanical complications. Sinus-grafting surgery has limitations, including
multiple surgical procedures, patient morbidity, a higher risk of complications, a longer

treatment period, higher costs and low patient acceptability [8, 9].

The all-on-four concept was introduced to address these problems [10]. This
treatment concept enables the rehabilitation of a fully edentulous jaw with minimal bone
volume, short treatment intervals, lower cost, lower patient morbidity and a better quality of
life [7, 10, 11]. Four implants are used to rehabilitate fully edentulous jaws with fixed dentures
[11]. Two implants are placed axially in the anterior region of the alveolar ridge, and two are
distally angled (30° to 45°) in the posterior region. Clinical studies [3, 7, 10] have shown that
the all-on-four approach is predictable and has an implant cumulative survival rate of up to

99%. However, prosthetic survival can be slightly smaller (up to 95% after 10 years) [12].

The use of short implants in the posterior region is also considered a non-invasive
alternative to bone grafting procedures and a viable option from a biomechanical point of view
because a larger number of implants can result in a better distribution of force on the implant-
support system. Implants of 7.0 and 8.5 mm have shown success rates similar to those of
standard-length implants [13].

Although the all-on-six concept appears to induce lower stress compared to the all-
on-four concept [14], factors related to the prostheses have not yet been evaluated. The
prosthetic framework material plays an important role in stress transmission to the implant-
support system and the peri-implant bone region [15]. Titanium and a cobalt-chromium alloy
are widely used as prosthetic framework materials due to their biocompatibility, low cost, low
density and favorable mechanical properties [16, 17]. Zirconia, which improves the esthetic

results, has emerged as a prosthetic framework material [18]. However, studies are conflicting
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regarding the stress transmitted by this material [15, 19]. In addition, little is known about either
its strength and stress transmission when subjected to occlusal forces or its biomechanical

behavior in situations with a smaller number of implants or in tilted implant situations.

Therefore, the aims of this study were to evaluate: (1) two alternatives to a bone
grafting procedure for the rehabilitation of atrophic maxilla with dental implants: all-on-four
(gold standard) and all-on-six (experimental group) concepts; and (2) the effect of the prosthetic
framework material on the stress patterns of the implant-support system. The hypotheses tested
were as follows: (1) a short implant in the posterior maxillary (all-on-six concept) would result
in lower stress to the implants and bone tissue than do long, angled implants (all-on-four
concept); and (2) the prosthetic framework material would be a critical factor for stress in the

peri-implant region.

2. Materials and Methods

2.1. Experimental Design

A fully edentulous maxilla was fabricated to simulate an atrophic maxilla with
moderate sinus pneumatization that would be rehabilitated with a full-arch fixed dental
prosthesis according to the all-on-four (F) or all-on-six (S) treatment concepts. Different
framework materials, including cobalt-chromium alloy (CoCr), commercially pure titanium
(Ti), and zirconia (Zr) were used. Six three-dimensional (3D) finite element models were
created (Table 1).

Table 1. Studied groups

Simulated clinical

L Prosthetic framework material Group

situation

Titanium F-Ti
All-on-four (F)

CoCr F-CoCr
(Gold standard)

Zirconia F-Zr

Titanium S-Ti
All-on-six (S)

CoCr S-CoCr

(Experimental Group)
Zirconia S-Zr
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2.2. Modeling

A 3D virtual model of a fully edentulous maxilla was selected from the computed
tomography (CT) database of the Renato Archer Information Technology Center (CTI,
Campinas, Sao Paulo, Brazil). The anatomic characteristics of the maxilla model were adjusted
based on the literature to simulate the treatments concepts being evaluated. The cortical bone
was 1 mm thick and the trabecular bone was an internal structure [20]. In the posterior region,
the distance between the residual alveolar ridge and the posterior wall of the sinus floor in short
implant region was 8 mm [1]. The final maxilla dimensions were 17 mm high, 55 mm long and

80 mm wide.

Computer-aided design (CAD) images of the implants and prosthetic components
were supplied by the manufacturer (Conexao Prosthesis System, Aruja, Sao Paulo, Brazil).
Branemark-type implants (EASY-GRIP Porous RD, External Hexagon — HE; Conexao
Prosthesis System) and mini-abutments (Micro-Unit, HE - 3.75 x 4.0 mm; Conexao Prosthesis
System) were then incorporated into the model and positioned according to each simulated
clinical condition (Table 1). The locations and characteristics of the dental implants and mini-
abutments are shown in Table 2. All structures were modeled using Rhinoceros 5.0 SR12
software (McNeel North America, Seattle, Washington, USA).

Table 2. Implant location and implant and prosthetic component features.

Implant i Implants Mini-abutment
Group Implant Location S Implant Features References
Number Positioning Features

Straight profile —

2 — Lateral incisor Vertical HE — 4.0 x 11.5 mm
4.0x 4.0 mm
F [3, 10, 13]
Inclined 45° 30° Angled profile
2 — 2" Premolar _ HE — 4.0 x 13 mm
to the distal —4.0x4.0mm
o ) Straight profile —
2 — Lateral incisor Vertical HE —4.0 x 11.5 mm
4.0x 4.0 mm
] Straight profile —
S 22" Premolar  Vertical HE — 4.0 x 11.5 mm [13]
4,0 x 4.0 mm
) Straight profile —
2 — 2" Molar Vertical HE —5.0 x 7.0 mm

4.0x 4.0 mm




33

Using the Selective Laser Sintering technique and a 3D printer (HiQ 2000
3Dsystems, Hemel Hempstead, UK), prototypes of the virtual models were made with nylon
with perforations in the implant region for each clinical condition The prototypes were
produced to obtain a waxed pattern of the prosthetic frameworks for fixed implant-support

dentures with ceramic veneer.

The implants were inserted in the prototypes with the help of a manual torque meter
(Conexao Prosthesis System). The implants were numbered 1 to 4 (F groups) and 1 to 6 (S
groups) (Fig. 1 a, b). After the insertion of implants and mini-abutments, calcinable mini-
abutment cylinders were screwed in place, and the prosthetic framework was waxed with
standardized dimensions (Fig. 1 c, d). The waxed prosthetic frameworks were manufacture with
14 teeth (central incisor to second molar bilaterally) for the S groups and 12 teeth for the F
groups (central incisor to first molar bilaterally). This difference occurred because of the
standardization of the implant positioning in the models. The four implants in the anterior
maxilla region were positioned in the same place for both models. In the S groups, the presence
of a distal short implant eliminated the need for a cantilever. As the F groups had one less
implant on each side than the S groups, the waxed prosthetic framework was manufactured up
to the first molar to reduce the cantilever length, which could overestimate the stress into these

groups.

Fig. 1 - Prototypes of the virtual models with the implants and the waxed fixed implant-support

prosthetic framework for ceramic veneer: F (a, ¢) and S (b, d) groups.




34

The waxed framework guided the modeling of the prosthetic framework because it
presented complex contours and dimensions (anatomical shape). Moreover, it served as a
"surgical guide" to verify the correct positioning of the implants in the virtual model according

to the previously determined regions (Table 2).

The waxed prosthetic framework was scanned (MODELA MDX-20, Roland,
Japan), and the images were joined using Meshmixer software (Meshmixer version 10.9.297,
Autodesk 2014, Sao Rafael, California, USA). Rhinoceros 5.0 SR12 software was then used to
refine the framework contours (Fig. 2). The distance between the prosthetic framework and the
maxilla (3.91 mm) and prosthetic framework high (11.11 mm) was constant for all models. The
final dimensions of prosthetic framework was the same for all groups, however, F group had
6.96 mm of distal cantilever while S group not presented cantilever. The CAD of the prosthetic

screws was imported to the software using its original dimensions.

Fig. 2 — Virtual prosthetic framework and implant positioning on a three-dimensional virtual
model of the F (a - occlusal view; b - frontal view; c - lateral view) and S (d - occlusal view; e
- frontal view; f - lateral view) groups. Note the distance of 8 mm between the residual alveolar

ridge and the posterior wall of the sinus floor (black arrow).

2.3. Meshing Procedure

The 3D models were exported to the HyperMesh 13.0 software (HyperWorks
version 13.0, Altair, Troy, Michigan, USA) for mesh generation, definition of material

properties, boundary and loading conditions.




35

Tetrahedral elements with 10 nodes were used for mesh generation. The tetrahedral
elements were adjusted for all structures with minimum and maximum sizes (0.15 to 0.7 mm).
All regions of stress concentration that were of interest were manually refined (Fig. 3). The
virtual 3D models presented a total of 1,662,843 elements and 2,658,021 nodes (F groups) and
2,472,167 elements and 3,810,275 nodes (S groups) (Fig. 3). All materials were considered
isotropic, linearly elastic and homogeneous. The materials properties are shown in Table 3.

a b

Fig. 3 — Finite element mesh for the F (a - frontal view; c - lateral view) and S (b - frontal view;
d - lateral view) concepts. Note the number of elements and the accuracy of the mesh around
the implant surface (peri-implant region) and in the contact areas of the framework, abutment,

implant and cortical bone.
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Table 3. Material properties.

Material Young’s Modulus (E) Poisson Ratio (1) References
(GPa)

Cortical bone 13.7 0.3 [15]
Trabecular bone 1.37 0.3 [15, 20]
Implants 110 0.33 [15]
Screws 110 0.28 [15]

Mini Abutment 110 0.28 [15]

CoCr framework 218 0.33 [15]

Ti framework 110 0.28 [15]

Zr framework 205 0.22 [21]

2.4. Boundary and loading conditions

The models were subjected to a rigid fixation restriction in the upper maxilla to
prevent displacement in the x, y and z axes (Fig. 4 a, b). The implants were considered fully
osseointegrated to the peri-implant bone. The mini-abutment/implant interface was also
considered a bonded contact. The prosthetic framework and mini-abutment interface were
considered with a 0.3 frictional coefficient [22] to better assess the prosthetic framework

displacement. The prosthetic framework was considered to totally fit for mini-abutment.

The preload was calculated as established by Adams and Abraham [23] according
to the formula F = T/(K*D*1.2), where F = axial force in the fastener, T = applied torque, K =
friction factor and D = major diameter of the fastener. Based on this, we observed that the
application of a 10-N.cm torque generated an axial force of 138.9 N on the prosthetics screws.

For the finite element analysis (FEA), an oblique load of 150 N [14] with a 30°
inclination in the linguo-buccal direction was applied unilaterally on the posterior teeth of each
framework in the evaluated groups. For the F groups, the load was divided among the first
premolar, second premolar and first molar, while for the S groups, the load was divided among
the first premolar, second premolar, first molar and second molar (Fig. 4 c, d). The load was
divided equally on the posterior teeth to compensate for the difference in the number of teeth

in the frameworks of the groups.




37

Fig. 4 — Frontal (a, b) and occlusal (c, d) views of the load application (red lines) for the F (a,

c)and S (b, d) groups. Note the rigid fixation restriction in the upper maxilla — gray lines (a,b).

2.5. Stress analysis

The FEA was performed using Optistruct 13.0 software, and the results were
analyzed in HyperView 13.0 software. von Mises stress (ovm) was obtained for metallic
materials due the ductile nature, and maximum principal stress (omax) and minimum principal
stress (omin) Were obtained for non-ductile materials. The omax and ovm Stress were obtained for
all framework materials due to the heterogeneity of materials properties. A displacement

analysis was also performed.

3. Results

The stress values in each structure of all groups are shown in Fig. 5.
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Fig. 5 — Stress values (MPa) in maximum principal stress (omax), minimum principal stress (omin) and von Mises stress (ovm) for the cortical bone

(a), trabecular bone (b), implants (c), abutments (d), prosthetic screws (e), and prosthetic framework (f) in all groups.
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3.1. Cortical bone

Regardless of the treatment concept, the Ti framework showed the highest omax (F
= 19.9 MPa; S =27.4 MPa) and omin (F = -47.7 MPa; S =-35.2 MPa) values, while the CoCr
and Zr frameworks showed similar values. The S groups showed an omax increase of 21% and

an omin decrease of 25% compared to the F groups (Fig. 5a).

In general, all materials showed similar distribution patterns of omax OVer cortical
bone (Fig. 6). Regarding to the treatment concept, S groups showed stress distribution in a
greater area (Fig. 6). For the F groups, the highest concentration values were observed in the
peri-implant region, primarily around implant #1. The S groups showed the same behavior;
however, the highest concentration values were observed on implant #6 (load application site),
and the stress extended over all implants until the region beyond the midline (implant #1).
Regarding omin, for all materials, the highest concentration values were observed in the disto-

buccal peri-implant region of implant #4 (F groups) and implants #6 and #2 (S groups) (Fig. 7).

274
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Fig. 6 — Maximum principal stress (omax) distribution (in MPa) in the cortical bone in all groups.
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Fig. 7 — Minimum principal stress (omin) distribution (in MPa) in the cortical bone in all groups.

3.2. Trabecular bone

All materials showed similar omax (F = 5.7 MPa; S = 5.1 MPa) and omin (F = -4.2
MPa; S =-4.7 MPa) values. However, the F groups exhibited a moderate omax increase of 10.5%
and an omin decrease of 10.6% compared to the S groups (Fig. 5b). A similar omax distribution
pattern was observed for all groups (Fig. 8). The highest stress values were found on the buccal
side of the maxilla in the cortical/trabecular bone interface of the implant #4 site (primarily in
the cervical and apical regions). The same behavior was noted for the S concept, with additional
stress at the implant #6 site. The omin distribution was similar to that of omax (Fig. 9). The vector
field demonstrated this similarity of stress concentrations between omax and omin in the trabecular

bone (data not shown).
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Fig. 9 — Minimum principal stress (omin) distribution (in MPa) in the trabecular bone in all
groups.

3.3. Implants

Regardless of the number of implants, Ti groups showed the highest ovm values (F
=78 MPa; S = 64.3 MPa), while the ovm values were similar in the CoCr and Zr groups. The S
treatment concept showed a decreased of 19% in the stress value over the implants compared
to the F concept (Fig. 5¢). The highest ovm values were concentrated primarily in the
implant/cortical bone interface (Fig. 10). The highest stress concentrations were shown around
the neck of the implant and in the first three threads for tilted implants (F groups) and implants
#4 and #6 (S groups).
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Fig. 10 — von Mises stress (ovm) distribution (in MPa) in implants in all groups.

3.4. Abutments

The use of a Ti framework resulted in an ovm increase of 7.4% in the F group
abutments. For the S groups, all materials showed similar values. In the F groups, the ovm value
increased by 58.7% compared to the S groups (Fig. 5d). The highest ovm values were noted in
the abutment platform in all cases (Fig. 11). However, in the S groups, the values decreased

from right to left from the load application point to the contralateral side.
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Fig. 11 — von Mises Stress (ovm) distribution (in MPa) in abutments in all groups.

3.5. Prosthetic screws

Regardless of the implant number, Ti showed the highest ovm values (F = 132.0
MPa and S = 177.5 MPa), while CoCr and Zr had similar values. The ovm value decreased by

27.7% over the prosthetic screws in the F groups compared to the S groups (Fig. 5e). The ovm
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was concentrated primarily on the neck of the screw, as expected, for all groups (Fig. 12). The
highest stress values were observed on the loaded side.
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Fig. 12 — von Mises stress (ovm) distribution (in MPa) on the prosthetics screws in all groups.

3.6. Prosthetic framework

The stress level increased by 11.7% in the F groups compared to the S groups when
CoCr or Ti was used as the prosthetic framework material (ovm Value). When Zr was used as
the prosthetic framework material, the stress level decreased by 18% in the F groups compared
to the S groups (omax value) (Fig. 5f). The stress values comparison among the different
framework materials is limited due to their different nature (ductile and ceramic). The omax and
ovm stress were obtained for all materials only to evaluate the overall behavior. In general, the

highest stress values were noted for CoCr, followed by Zr and Ti.

The stress distribution pattern was similar for all groups (Fig. 13). The stress
concentrations were mainly in the abutment seat base, the connection bar between the teeth and
the middle line of the framework (between the central incisors). The highest (cvm) values were
found in the abutment seat base of the first left molar (F groups) and first left premolar and

second left molar (S groups), which are the locations of loading application.
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Fig. 13 — von Mises stress (ovm) (for CoCr and Ti) and maximum principal stress (omax) (for

Zr) distribution (in MPa) on the prosthetic frameworks.

3.7. Model displacement

The Ti groups (F = 46 um; S = 37 um) had higher displacement levels, while the
Zr and CoCr groups showed equal values (Fig. 14). The F concept led to a 16.4% increase in
the displacement levels of the implant-support system. The model displacement trend coincided
with the direction of the load (Fig. 15). In addition, bending of the framework in the anterior

region (midline) was observed.
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Fig. 14 — Displacement values (in um) in all groups.
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Fig. 15— Maps of displacement levels (um) in all groups. The meshed black framework contour
represents the initial position (before load) while the bulk colored framework contour represents

the maximum displacement after load.

4. Discussion

4.1. Treatment concept influence

This study compared the mechanical behavior of two alternative treatments (the F
and S concepts) to a bone grafting procedure for the rehabilitation of atrophic maxilla with
dental implants. The first hypothesis tested, which proposed that short implants in the posterior
maxillary (S concept) would result in lower stress to the implants and bone tissue than would
long, angled implants (F concept), was partially accepted. The S treatment showed lower cvm
(19%) and omin (25%) values on the implants and cortical bone, respectively. These findings
corroborate with previous studies that compared these alternative treatment concepts for the
mandible [24] and maxilla [14]. The presence of a greater number of implants in the S concept
allows better transmission of force to the implants and supporting tissues, which may explain
our results. The same behavior was noted for trabecular bone, which showed a slight decrease
in the omax (10.5%) value in the S group. The stress reduction caused by the addition of implants

in the posterior region was in accordance with an in vivo study [25].

However, considering the omax in the cortical bone, the S concept showed higher
values than the F concept. The smaller displacement values observed in the S groups may be

the driving force toward such result. The prosthetic framework loading created energy on the
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system that resulted in framework deformation and bending, which were distributed over the
entire framework length and displaced the implants [25]. One study found that when there was
a large amount of deformation next to the load application point, higher stress levels were
observed around the supporting implants and there was a reduction of the energy and stress
transmitted to the other implants [25]. These findings corroborate with the results of this study.
The presence of a distal support in the S groups (implant #6) resulted in a higher resistance to
displacement of the assembly, and therefore, smaller displacements and higher stress values

(omax) Were observed on the load application point compared to the F groups.

To the authors’ best knowledge, no study has evaluated the influence of the
treatment concept and framework materials for full-arch maxillary prostheses in terms of Gmax,
omin, ovm and displacement levels. Ozdemir Dogan et al., [24] concluded that the S concept
shows better results than the F concept in the mandible; however, those authors only evaluated
the omin for bone tissue with a Ti framework. Almeida et al., [14] observed lower 6max and omin
values with the S concept than with the F concept using a Ti framework. In addition, their
models were simplified (i.e., an absence of anatomical framework and/or implant threads).
According to physiological limits (ultimate bone strength), overloading in cortical bone occurs
when the ominexceeds 170 to 190 MPa and the omaxexceeds 100 to 130 MPa; in trabecular bone,
this occurs when either omin Or omax €xceeds 5 MPa [6, 26, 27]. Based on these limits, the values
observed in both treatment concepts were below than those considered pathologic to bone

tissue.

Regarding stress distribution patterns, both treatment concepts showed similar
results. In all cases, the highest stress concentration points coincided with the location of the
load application, as expected. The only difference was that for the S groups, the stress was
distributed over a greater area, extending from implant #6 to implant #1 (cortical bone,
trabecular bone, implants, and abutments) with a slight decrease in the concentration peaks,
from the load application point. The similar mechanical behavior of the two treatment concepts
may be related to similar clinical success rates of full-arch fixed dental prostheses supported by
four or six implants [20]. Although the F concept is an effective approach for edentulous maxilla
and has a high short-term success rate [7], the use of short implants appears to be another viable
alternative for the posterior maxilla. The favorable biomechanical aspects of the six-implant
design observed in this study, such as lower stress on the implants, abutments, and bone

supports and a lower displacement system, may be of interest in clinical practice.
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The promising results of the S concept suggested that in cases of biomechanical risk
(e.g., bruxism, low-quality bone), a larger number of implants may be necessary [20].
Moreover, the use of short implants in the S concept eliminates the need for a cantilever. It is
significant as the use of a cantilever should be avoided or minimized because its presence
greatly increases stress on the distal implant [20]. This is an important factor in possible clinical
failures in implant dentistry [5, 6]. It is necessary to highlight that the predictability of short
implants is related to the implant design, insertion protocol [24], occlusion concept [28],

residual bone height and bone volume [29], and patient hygiene.

4.2 Prosthetic framework material influence

In the present study, the prosthetic framework material was influential on the stress
and displacement of the implant-support system. In general, stiffer materials (i.e., Zr and CoCr)
showed higher stress values (ovm and omax) in the prosthetic framework than did soft materials
(i.e., Ti). However, all stress values were within the ultimate strength limit for all materials
evaluated: CoCr (552 to 1,034 MPa) [30], Ti (620 to 725 MPa) [31] and Zr (900 to 1200 MPa)
[32]. This indicates that fractures or mechanical complications would not occur under such
conditions. Materials with high elastic moduli are more resistant to bending and deformation
and, therefore, have high stress values. These results are in line with previous studies [15, 33,
34].

According to Sertgoz et al. [33], the use of more rigid materials for the prosthetic
framework may be recommended to prevent prosthetic failure of full-arch fixed dental
prostheses. This correlates with the lower stress observed in the cortical bone, implants,
abutments and screws and the lower displacement level of the implant-support system when
using frameworks made of Zr and CoCr. Previous studies also showed that more rigid materials
result in lower stress values on the bone [15, 25], implants [35] and retaining screws [15, 33].
Therefore, the second hypothesis, which was that the elasticity modulus of the prosthetic

framework material is a critical factor for stress on the peri-implant region, was accepted.

Regarding the stress distribution pattern in the prosthetic framework, the stress
concentration in the abutment seat base most likely occurred because of the contact interface
between the framework and the abutment and the preload applied to the retaining screws. The
concentrations in the bar connectors (between the teeth) and in the middle line are associated
with changes in the framework geometry in this region. The reduction in material thickness

makes such regions more susceptible to a greater stress concentration. Fractures in the anterior
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region have been described as a common complication in some clinical studies and have been
attributed to the absence of a metallic framework in provisional prosthesis [7]. However, the
outcome of this study indicates that the stress concentration in the anterior region also occurs
when either a metal or ceramic framework is used. The bending and torsion of the framework

in the middle line may explain these results.

The Ti framework with the F concept was the least successful model tested. The
low elasticity modulus of Ti and the absence of a distal support for the framework in the F
groups support this outcome. These findings support those of Benzing et al. [25] that the
material properties (elasticity modulus), number of implants, implant distribution in the jaw,
and distal support are determining factors for displacement and stress levels in the implant-

support system.

4.3 Prototypes

Prototyping can be a useful tool during the fabrication of virtual finite element
models, particularly in cases of completely edentulous ridges. The determination of the correct
positioning of implants is often hampered by the absence of reference teeth. The incorrect
distribution/inclination of implants in the alveolar ridge may result in a misinterpretation of the
results. In this study, prototypes were essential to ensure that the anterior implants of both
treatment concepts were positioned in the same place in the maxillary model and that the
biomechanical behaviors of both concepts could be compared without bias. Therefore, the
prototype can be considered an adjunct tool when building 3D virtual models to improving the
quality and accuracy of the study. Furthermore, it facilitates the comparison and/or validation
of the finite element models with other stress analysis methodologies, such as strain gauges and
photoelasticity, because the laboratory models that are obtained will be exact replicas of the

virtual models.

4.4 Mesh accuracy

The mesh was generated and refined manually, and the tetrahedral elements were
adjusted with minimum and maximum sizes (0.15 to 0.7 mm). Manual control is necessary and
advantageous because it enables refined meshes in special regions of interest through the
selective distribution of elements and sizes [36]. In finite element studies, the accuracy and
sensitivity of the analysis is directly proportional to the nodes and number of elements in the
mesh. Here, the mesh was extensively refined in all regions of interest to ensure the accuracy

of the analysis, resulting in a large number of elements and nodes. The number of nodes and
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elements were greater than those observed in similar studies [14, 20, 24] and, therefore,
maximized the sensitivity of the analysis.

4.5 Limitations and future work

All materials were considered homogeneous, isotropic, and linearly elastic, and
100% contact among the bone, implant and implant/abutment interface was assumed. Although
these assumptions do not occur in clinical practice, they are common in FEA studies due to the
challenges in establishing the properties of living tissues and the osseointergration level in
bone-implant surfaces. These limitations are inherent in biologic simulations [14]. Bone is a
biologic complex structure without a defined behavior pattern; its characteristics differ among
individuals, and the mechanical properties and time effect are not clear [14, 20]. The present
assumptions are consistent with other FEA studies [14, 20, 24, 37]. In addition, these
assumptions would not interfere with the qualitative and comparative results because they were
equal for all models. Another limitation was the absence of other treatment concepts for the
rehabilitation of the maxilla, such as zygomatic implants or bone-grafting procedures followed
by the placement of long implants. Moreover, in this study only static load was applied. Cyclic
loads such as those occurring during chewing movements could result in different behavior for
Zr frameworks, given the fragile nature of such material. It suggests that CoCr frameworks can
be the most suitable material for manufacture full-arch fixed framework. Further studies
simulating all treatment alternatives for atrophic maxilla that include dynamic forces that occur
during chewing and consider the anisotropic and regenerative properties of bone are needed.
Furthermore, longitudinal clinical follow-up and randomized clinical trials are necessary to

confirm and validate the relevance of these findings in clinical practice.

5. Conclusions

Based on the study results, it is possible to conclude that:

e The all-on-six treatment concept showed the most favorable biomechanical
behavior and can be considered a viable alternative for atrophic maxilla rehabilitation.

o Stiffer materials (CoCr and Zr) have the most favorable biomechanical behavior
and decrease the stress levels for bone, implants, screws, abutments and displacement

magnitude.
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e The use of titanium as a prosthetic framework material and the all-on-four
treatment concept exhibited the worst biomechanical behavior.
e The use of prototypes is a feasible tool to guide the construction of finite element

models.
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3 Conclusdo

Baseado nos resultados obtidos e dentro das limitagdes deste estudo pode-se

concluir que:

O conceito de tratamento all-on-six apresenta comportamento biomecénico mais
favoravel do que o conceito all-on-four.

A aplicacédo do conceito all-on-six permitiu a eliminacgdo do cantilever da infraestrutura
protética e melhor distribuicdo dos implantes no rebordo.

A técnica all-on-six pode ser considerada uma alternativa viavel para a reabilitacdo de
maxilas atroficas com limitada disponibilidade 6ssea na regido posterior, desde que
respeitada a altura 6ssea minima para a colocacao de implantes curtos.

No que diz respeito a confeccao de infraestruturas de proteses sobre implantes, materiais
com maior mddulo de elasticidade, tais como cobalto-cromo e zirc6nia, devem ser
preferidos em detrimento ao titdnio, uma vez que apresentam comportamento
biomecanico mais favoravel, diminuindo os niveis de tensdo para as demais estruturas
do sistema implantossuportado.

O uso de titdnio como material da infraestrutura protética, associado ao conceito all-on-
four, mostrou os resultados mais desfavoraveis do ponto de vista biomecanico.

O conceito de tratamento all-on-four e/ou o uso de titdnio como material da
infraestrutura protética acarreta em maiores niveis de deslocamento do sistema

implantossuportado.
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