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RESUMO GERAL



 

 

Barão VAR. Avaliações Biomecânicas e Biológicas Relacionadas às Próteses 

Implanto-Suportadas e aos Implantes Osseointegrados [tese]. Araçatuba: 

Faculdade de Odontologia da Universidade Estadual Paulista; 2011. 

  

Resumo Geral 

Objetivos: (1) Investigar o papel de diferentes níveis de pH da saliva artificial (3; 

6,5 e 9) no comportamento corrosivo do titânio comercialmente puro (cp-Ti) e 

da liga Ti-6Al-4V (Capítulo 1); (2) Avaliar a influência do processo de corrosão na 

afinidade do lipopolissacarídeo (LPS) de Escherichia coli para o cp-Ti e o Ti-6Al-4V 

(Capítulo 2); (3) Investigar a natureza tribocorrosiva do titânio em saliva artificial 

em presença de LPS (Capítulo 3); (4) Comparar o efeito de diferentes designs de 

overdentures implanto-retidas e prótese total fixa implanto-suportada na 

distribuição de tensões em mandíbula edêntula pelo método de elementos 

finitos tridimensional (Capítulo 4). 

Materiais e métodos: Testes eletroquímicos como potencial de circuito aberto, 

espectroscopia de impedância eletroquímica, e teste potenciodinâmico foram 

conduzidos. Para o teste de afinidade ao LPS, os espécimes foram tratados com 

LPS (1,5; 15 e 150 μg/ml) durante 24 horas para avaliar a aderência de LPS. Os 

discos foram transferidos a cada 24 horas para solução fresca de água livre de 

LPS até completar 72 horas, para investigar a liberação de LPS. No teste de 

tribocorrosão, o pH da saliva (6,5), a concentração de LPS (0, 0,15, 15 and 150 



 

 

μg/ml), a duração do deslizamento (2000 ciclos), freqüência (1,2 Hz) e carga (20 

N) foram usados para mimetizar o processo mastigatório. Finalmente, modelos 

tridimensionais de uma mandíbula edêntula foram construídos. No grupo OR a 

mandíbula foi restaurada com overdenture retida por implantes não esplitados 

com sistema de retenção O’ring; nos grupos BC-C e BC as mandíbulas foram 

restauradas com overdentures retidas por implantes esplintados com sistema de 

retenção barra-clipe associado ou não a cantilevers distais, respectivamente; no 

grupo FD a mandíbula foi restaurada com prótese total fixa suportada por 

implantes. As tensões de von Mises (σvM), máxima (σmax) e mínima (σmin) tensões 

principais foram obtidas. 

Resultados: A saliva ácida aumentou a taxa de corrosão do cp-Ti e da liga Ti-6Al-

4V e promoveu maior aderência de LPS na superfície dos discos de Ti (P<0,05). A 

liga Ti-6Al-4V exibiu maior afinidade ao LPS (P<0,05). O LPS afetou o 

comportamento tribocorrosivo de ambos os tipos de Ti. O LPS estatisticamente 

acelerou a troca iônica entre o Ti e a saliva, e reduziu a resistência da superfície 

do Ti à corrosão (p<0,05). O deslizamento reduziu a proteção da superfície do Ti. 

No geral, a liga Ti-6Al-4V exibiu melhor comportamento corrosivo, mas ambos os 

tipos de Ti mostraram perda de peso similares (p>0,05). O LPS sigificantemente 

aumentou a perda de peso do cp-Ti (p=0,041), e sua rugosidade (p<0,001). O 

grupo BC-C exibiu os maiores valores de tensões enquanto que o grupo FD 

mostrou as menores tensões nos implantes/componetes protéticos. No grupo 

das overdentures, o uso de implantes não esplintados reduziu as tensões nos 

implantes/componentes protéticos e tecidos de suporte. 



 

 

Conclusões: O nível de pH da saliva influenciou no comportamento corrosivo do 

cp-Ti e da liga Ti-6Al-4V, no qual o pH ácido acelerou a taxa e a cinética de 

corrosão. O LPS afetou negativamente o comportamento tribocorrosivo do Ti. 

Clinicamente, a corrosão/desgaste do titânio e sua afinidade ao LPS pode 

influenciar na inflamação peri-implantar e no prognóstico do implante. O uso de 

prótese total fixa implanto-suportada e prótese total removível retida por 

implantes não esplinatados para reabilitar mandíbula edêntula reduziu as 

tensões no tecido ósseo peri-implantar, mucosa e implantes/componentes 

protéticos. 

 

Palavras-chave: Eletroquímica; Titânio; Implante dentário; Biomecânica; Análise 

de elemento finito 
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Barão VAR. Biomechanical and Biological Evaluations of Implant-Supported 

Prosthesis and Osseointegrated Implants [Thesis]. Araçatuba: Univ Estadual 

Paulista; 2011. 

  

General Abstract 

Objectives: (1) To investigate the role of different levels of pH of artificial saliva 

(pHs 3, 6.5 and 9) under simulated oral environment on the corrosion behavior 

of commercially-pure titanium (cp-Ti) and Ti-6Al-4V alloy (Chapter 1); (2) To 

assess the influence of corrosion process on Escherichia coli lipopolysaccharide 

(LPS) affinity for cp-Ti and Ti-6Al-4V alloy (Chapter 2); (3) To evaluate the 

tribocorrosive (corrosion/wear) nature of titanium in artificial saliva (pH 6.5) with 

LPS (Chapter 3); and (4) To compare the effect of different designs of implant-

retained overdentures and fixed full-arch implant-supported prosthesis on stress 

distribution in edentulous mandible by using a three-dimensional finite element 

analysis. 

Materials and methods: Standard electrochemical tests, such as open circuit 

potential, electrochemical impedance spectroscopy, and potentiodynamic tests 

were conducted in a controlled environment. For LPS affinity test, specimens 

were treated with LPS (1.5, 15 and 150 μg/ml) for 24 hours to evaluated LPS 

adherence. Discs were then transferred every 24 hours to fresh LPS-free water, 

up to 72 hours, to investigate LPS elution. In the tribocorrosion test, the pH of 



 

 

saliva (6.5); LPS concentration (0, 0.15, 15 and 150 μg/ml), sliding duration (2000 

cycles), frequency (1.2Hz) and load (20 N) parameters mimicked the mastication 

process. Finally, tridimensional models of an edentulous mandible were 

constructed. In the OR group, the mandible was restored with an overdenture 

retained by unsplinted implants with O’ring attachment; in the BC-C and BC 

groups, the mandibles were restored with overdentures retained by splinted 

implants with bar-clip anchor associated or not with distally placed cantilevers, 

respectively; in the FD group, the mandible was restored with a fixed full-arch 

implant-supported prosthesis. The von Mises stress (σvM), the maximum (σmax) 

and minimum (σmin) principal stresses were obtained. 

Results: Acidic saliva increased the corrosion rate of cp-Ti and Ti-6Al-4V alloy, 

and promoted greater LPS adherence to Ti surfaces (P<.05). Ti-6Al-4V alloy 

exhibited greater LPS affinity (P<.05). LPS affected the tribocorrosive behavior of 

both Ti types. LPS statistically accelerated the ion exchange between Ti and 

saliva, and reduced the resistance of the Ti surface against corrosion (p<.05). 

Sliding decreased the protectiveness of Ti surface. In general, Ti-6Al-4V alloy 

exhibited better corrosion behavior, but both Ti types showed similar total 

weight loss (p>.05). LPS significantly increased the cpTi weight loss (p=.041), and 

its roughness (p<.001). BC-C group exhibited the highest stress values while FD 

group showed the lowest one in the implant/prosthetic components. Within 

overdenture groups, the use of unsplinted implants reduced the stress level in 

the implant/prosthetic components and supporting tissues  



 

 

Conclusions: The pH level of artificial saliva influenced the corrosion behavior of 

cp-Ti and Ti-6Al-4V alloy in that lower pH accelerated the corrosion rate and 

kinetics. LPS negatively affected the corrosion/wear behavior of Ti. Clinically, 

corrosion/wear of Ti and its surface affinity for LPS could influence periimplant 

inflammation and implant prognosis. The use of fixed implant dentures and 

removable dentures retained by unsplinted implants to rehabilitate completely 

edentulous mandible reduced the stresses in the periimplant bone tissue, 

mucosa and implant/prosthetic components. 

 

Key-words: Eletrochimica; Titanium; Dental Implant; Biomecanics; Finite element 

analysis 
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11 Introdução Geral 

A melhora da saúde e do bem estar dos seres humanos é a principal 

consideração de qualquer pesquisa. Pesquisadores da área médica têm voltado 

sua atenção para a odontologia já que a saúde oral é vital para o indivíduo 

manter uma vida normal. Na realidade, a completa saúde do sistema oral é 

influenciada por diversos fatores como a condição/estrutura do dente natural, a 

manutenção freqüente do sistema oral, a saúde do sistema digestivo e os hábitos 

alimentares [1]. Entretanto, uma vez que o sistema oral é prejudicado, o 

cirurgião dentista é responsável por substituir ou reparar os danos dentários a 

fim de manter o sistema funcionalmente ativo.  

O uso dos implantes osseointegráveis tem sido difundido amplamente [2] 

como uma alternativa cada vez mais importante para determinados tratamentos 

dentários convencionais. O titânio comercialmente puro é o material mais 

comumente utilizado para a fabricação dos implantes dentários por apresentar 

uma boa resistência mecânica, ser resistente à corrosão, causar reação 

inflamatória mínima e apresentar um módulo de elasticidade semelhante ao 

tecido ósseo [3, 4]. No entanto, estudos recentes têm mostrado que o titânio 

pode degradar/corroer quando exposto a substâncias químicas, tais como ácido, 

flúor e saliva [4-12]. O processo de corrosão pode afetar a biocompatibilidade e a 

função dos implantes dentários, podendo levar a sua falha [8].  
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Durante a mastigação, o implante dentário é exposto a ações mecânicas 

(movimentos de atrição), mudanças de temperatura, variações na pressão de 

oxigênio e variações químicas do ambiente (e.g. mudanças de pH), sendo 

submetido a um processo contínuo e complexo de degradação [11, 13]. A 

presença de eletrólitos na saliva pode criar danos adicionais por induzir uma 

fenda de corrosão, sendo essa encontrada em muitos implantes dentários [8]. A 

saliva ácida, resultante de infecções ou de certos alimentos, também pode 

contribuir para a corrosão dos implantes dentários [4, 8]. Também tem sido 

relatado que as reações de corrosão podem ocorrer em superfícies metálicas 

expostas a tecidos e fluidos. Esses produtos da corrosão podem induzir reações 

inflamatórias, levando à liberação de mediadores inflamatórios como 

macrófagos, o que resultaria em reabsorção óssea [8, 14]. Dessa forma, no 

Capítulo 1 avaliamos o papel de diferentes pHs da saliva no comportamento 

corrosivo do titânio comercialmente puro e a liga Ti-6Al-4V em um ambiente oral 

simulado. 

Apesar de diversos estudos terem focado na corrosão química da 

superfície do titânio, poucos avaliaram o efeito combinado da ação mecânica e 

química desse processo, o que se assemelha à condição clínica real. Uma nova 

área de investigação multidisciplinar denominada tribocorrosão pode resolver 

essas questões. Por definição, tribocorrosão é uma transformação irreversível de 

um metal/liga resultante de interações físico-química e mecânica simultâneas 

em um contato tribológico. A combinação de processos como deslizamento, 

rolamento, atrição, impacto, erosão, etc, juntamente com ataque químico ou 
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eletroquímico (presença de saliva) pode resultar em várias formas de degradação 

desde a perda de material até delaminação e rachaduras. Além disso, quando a 

tribocorrosão ocorre em meio biológico, como no sistema bucal, a presença de 

espécies biológicas aumenta a complexidade para o entendimento da cinética de 

degradação dos materiais e da interação de ambos os mecanismos de condução 

[15]. 

Estes testes laboratoriais são importantes para compreender o 

comportamento dos materiais dentários antes da sua utilização clínica. Além 

disso, esses estudos vão ajudar na seleção de materiais adequados e no 

desenvolvimento de guias e protocolos de saúde para o cirurgião dentista e para 

os pacientes [12, 16]. 

Na cavidade oral, além das forças mecânicas, os implantes também estão 

expostos a agentes agressivos como o biofilme bacteriano e a saliva [7]. Este 

ambiente é particularmente favorável para a biodegradação dos metais devido a 

suas propriedades térmica, iônica, microbiológica e enzimática [17]. 

Bactérias periodontopatogênicas ocorrem mais comumente nos tecidos 

periimplantares com inflamação [18]. Estas bactérias podem contribuir para 

periimplantites em pacientes parcialmente e completamente desdentados [19]. 

Bactérias gram-negativas produzem endotoxina, que é um 

lipopolissacarídeo (LPS) presente nas paredes celulares bacterianas [18, 20]. 

Existe considerável evidência da ação do LPS na patogênese da periodontite 

crônica. Esta toxina, que é encontrada em grandes quantidades na superfície dos 

dentes periodontalmente afetados, tem um efeito sobre determinadas células, 
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tais como macrófagos, linfócitos, fibroblastos e osteoblastos [21]. No sulco 

natural, estes efeitos podem contribuir para a inflamação, osteoclasia, inibição 

do crescimento celular e cicatrização demorada [22-24]. Assim como no sulco 

natural, o LPS produzido pela P. gingivalis e outras bactérias gram-negativas na 

região periimplantar é um fator que influencia a inflamação periimplantar e o 

prognóstico do tratamento com implante [18]. 

A inflamação periodontal pode resultar de uma interação entre materiais 

restauradores e macromoléculas de bactérias gram-negativas como o LPS no 

sulco natural [18]. Quirynen et al. [25] observaram que os fatores de risco 

associados com periimplantites parecem estar relacionados com a composição 

do ambiente bacteriano ao redor do implante e a capacidade das bactérias em 

aderir ao material do implante. Estudos in vitro [22-24] têm mostrado a afinidade 

do LPS de Porphromonas gingivalis e Escherichia coli para materiais de próteses 

fixas. Esta afinidade mostrou-se relacionada a fatores como o tipo de LPS, o tipo 

de material, as propriedades de superfície e o pH. A afinidade do LPS para os 

materiais, avaliada pela adesão e liberação das moléculas do LPS na superfície do 

material restaurador, pode influenciar a concentração da toxina dentro do sulco. 

Se a interação entre um material e o LPS aumentar os níveis de toxinas no fluido 

gengival e tecidos circundantes, a resposta biológica poderá ser desfavorável 

[18].  

As modificações de superfície dos materiais de titânio devido ao ataque 

eletroquímico podem ser um fator importante para a afinidade ao LPS. Portanto, 
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no Capítulo 2 investigamos a influência do processo corrosivo na afinidade do 

LPS de Escherichia coli para o titânio comercialmente puro e a liga Ti-6Al-4V. 

Sabendo que os implantes dentários são submetidos a diferentes fatores 

adversos de origem mecânica, química e microbiológica na cavidade oral, o que 

poderia comprometer a sua longevidade, no Capítulo 3 simulamos esses três 

fatores a fim de investigar o comportamento tribocorrosivo (corrosão/desgaste) 

do titânio comercialmente puro e da liga Ti-6Al-4V. 

 Como citado anteriormente, os implante dentários são submetidos a 

ações mecânicas durante a mastigação. Estudos relacionados à biomecânica [26-

29] têm mostrado que uma das principais causas da reabsorção óssea esteja 

ligada ao excesso de carga sobre o implante, já que este, quando submetido a 

cargas funcionais, transmite as tensões geradas diretamente ao osso [30]. Alguns 

fatores podem influenciar na transmissão dos esforços ao tecido ósseo, como o 

tipo de carga, as propriedades dos materiais do implante e da prótese, a 

geometria e o tipo de superfície do implante, a qualidade e quantidade do tecido 

ósseo, a natureza da interface osso-implante e o tipo de prótese [31]. 

Estudos relacionados à bioengenharia, ou seja, a aplicação dos 

conhecimentos da área de engenharia na odontologia, e mais especificamente 

na implantodontia, tem destacado a análise do comportamento biomecânico dos 

implantes osseointegrados e suas próteses [26-29, 32-43]. Com ferramentas da 

engenharia é possível avaliar as tensões geradas nos implantes, bem como 

avaliar as deformações dos componentes protéticos, sendo possível quantificá-

las. Tais dados têm extrema importância para o desenvolvimento de novas 
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técnicas e aprimoramento das características dos próprios implantes, de forma a 

suprir as necessidades clínicas. Clinicamente não é possível estudar a distribuição 

de tensões em nível ósseo, apenas em nível dos abutments, através da análise 

com strain gauges, por exemplo. Entretanto, existem outras metodologias que 

se baseiam em simulações, como a fotoelasticidade e o método de elementos 

finitos (MEF), que possibilitam melhor compreensão do mecanismo de 

transmissão e distribuição das tensões das cargas funcionais ao osso via 

implantes [32].  

O MEF apresenta vantagens em relação às outras duas metodologias 

citadas no que diz respeito à possibilidade da individualização das estruturas nos 

modelos (fibromucosa, osso cortical, osso medular, implantes, componentes 

protéticos e prótese), e na análise dos resultados que se apresentam na forma 

de mapas de tensões, com escala de cor que evidencia as áreas de maior e 

menor tensão nas estruturas. O mesmo não é possível com a fotoelasticidade, 

que se baseia na construção de um modelo fotoelástico, no qual o osso cortical e 

o osso medular são representados por uma única resina fotoelástica, não 

havendo diferenciação entre eles. Além disso, a fibromucosa é representada, 

geralmente, por uma camada de material de moldagem resiliente sobre o 

modelo fotoelástico, o que não permite a observação das tensões. Como os 

implantes e componentes utilizados nos estudos fotoelásticos são reais, não é 

possível também a análise das tensões em seu interior, que tem grande 

relevância clínica e científica, o que apresentaria grande interesse no 
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desenvolvimento de novos desenhos e materiais que favoreçam a biomecânica 

[44].  

Diversas são as formas de reabilitação protética para mandíbula edêntula, 

sendo o tratamento clássico, a confecção de próteses totais convencionais [45]. 

Outra opção seria a colocação de três a seis implantes na região anterior da 

mandíbula, usados para suporte de próteses totais tipo protocolo, podendo 

ainda, optar-se pela instalação de dois a quatro implantes na mesma região para 

retenção de uma overdenture [33]. 

Como não existe consenso sobre um tratamento padrão para pacientes 

edêntulos mandibulares e a literatura a respeito da análise comparativa entre 

overdentures e próteses do tipo protocolo se limita a estudos clínicos 

relacionados ao sucesso, custo do tratamento e satisfação do paciente, no 

Capítulo 4 comparamos o efeito de diferentes designs de overdentures implanto-

retidas e prótese total fixa implanto-suportada (protocolo) na distribuição de 

tensões em mandíbula edêntula por meio do método de elementos finitos 

tridimensional (MEF-3D). 
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Estabilidade do cp-Ti e da Liga Ti-6Al-4V para Implantes Dentários em Função 

do pH Salivar – um Estudo Eletroquímico 

 

2.1 Resumo 

Objectivos: Investigar o papel de diferentes níveis de pH da saliva artificial em 

ambiente oral simulado no comportamento corrosive do titânio comercialmente 

puro (cp-Ti) e da liga Ti-6Al-4V. Atenção especial é dada no entendimento das 

mudanças na cinética de corrosão e na caracterização de superfície do Ti por 

meio da espectroscopia de impedância eletroquímica (EIS). 

Materiais e métodos: Cinquenta e quatro discos de titânio (15 mm de diâmetro 

e 2 mm de espessura) foram dividios em 6 grupos (n=9) em função do pH salivar 

(3, 6,5 e 9) e tipo de Ti. Os espécimes foram mecanicamente polidos de acordo 

com procedimentos metalográficos. Testes eletroquímicos padrões tais como 

potencial de circuito aberto, EIS, e teste potenciodinâmico foram conduzidos em 

um ambiente controlado. Os dados foram avaliados por meio da ANOVA de dois 

fatores, teste múltiplo de Tukey e teste independente de T (α=0,05). As 

superfícies do Ti foram examinadas por meio da microscopia de interferometria 

de luz branca e pela microscopia eletrônica de varredura.  

Resultos: O pH salivar afetou significantemente o comportamento corrosivo de 

ambos os tipos de Ti. Em pH baixo foi observado uma aceleração da troca iônica 

entre o Ti e a saliva e uma redução na resistência à corrosão da superfície do Ti 

(P<0,05). A taxa de corrosão aumentou significantemente em meio ácido 

(P<0,05). Os diferentes tipos de Ti tiveram um comportamento corrosivo 
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semelhantes. A microscopia de interferometria de luz branca mostrou maior 

alteração de superfície do Ti em pH baixo. A microscopia eletrônica de varredura 

não mostrou alterações detectáveis. Não foi observado corrosão por pites em 

nenhum grupo. 

Conclusões: O nível de pH da saliva influencia no comportamento corrosive do 

cp-Ti e da liga Ti-6Al-4V, no qual o pH ácido acelera a taxa e a cinética de 

corrosão. Os produtos de corrosão podem reduzir a taxa de sobrevida dos 

implantes dentários. 
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Stability of cp-Ti and Ti-6Al-4V Alloy for Dental Implants as a Function of Saliva 

pH – an Electrochemical Study 

 

2.2 Abstract 

Objectives: To investigate the role of different levels of pH of artificial saliva 

under simulated oral environment on the corrosion behavior of commercially-

pure titanium (cp-Ti) and Ti-6Al-4V alloy. Special attention is given to understand 

the changes in corrosion kinetics and surface characterization of Ti by using 

electrochemical impedance spectroscopy (EIS).  

Materials and methods: Fifty-four Ti discs (15-mm diameter, 2-mm thickness) 

were divided into 6 groups (n=9) as a function of saliva pH (3, 6.5 and 9) and Ti 

type. Samples were mechanically polished using standard metallographic 

procedures. Standard electrochemical tests, such as open circuit potential, EIS, 

and potentiodynamic tests were conducted in a controlled environment. Data 

were evaluated by two-way ANOVA, Tukey multiple comparison test, and 

independent t-test (α=.05). Ti surfaces were examined using white-light-

interferometry microscopy and scanning electron microscopy (SEM).  

Results: Saliva pH level significantly affected the corrosion behavior of both Ti 

types. At low pH, acceleration of ions exchange between Ti and saliva, and 

reduction of resistance of Ti surface against corrosion were observed (P<.05). 

Corrosion rate was also significantly increased in acidic medium (P<.05). Similar 

corrosion behavior was observed for both Ti types. The white-light-

interferometry images of Ti surfaces show higher surface changes at low pH 
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level. SEM images do not show detectable changes. No pitting corrosion was 

observed for any groups.  

Conclusions: The pH level of artificial saliva influences the corrosion behavior of 

cp-Ti and Ti-6Al-4V alloy in that lower pH accelerates the corrosion rate and 

kinetics. The corrosion products may mitigate the survival rate of dental 

implants.  
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2.3 Introdução (Introduction) 

 

Commercially pure titanium (cp-Ti) and Ti alloys (such as Ti-6Al-4V) have 

been widely used to fabricate dental implants due to their resistance to 

corrosion and biocompatibility (Cortada et al. 2000; Schiff et al. 2002; Mabboux 

et al. 2004; Vieira et al. 2006). When exposed to the environment, a stable and 

dense oxide layer (TiO2) forms on the surface of Ti, which plays a role in Ti 

corrosion resistance (Huang 2003). Nevertheless, when Ti is subjected to acid, 

fluoride and saliva, the protectiveness of the oxide film can be lost and a 

corrosion process is initialized (Nikolopoulou 2006; Correa et al. 2009). This may 

affect the biocompatibility and function of dental implants and possibly lead to 

failure of the implant in the oral cavity (Nikolopoulou 2006).  

In the oral environment, dental implants are exposed to several adverse 

factors such as change of temperature and oxygen level (due to the food and 

changes in the saliva), masticatory force, and chemical components which 

contribute to the degradation process of implants (Nakagawa et al. 2002). In 

addition, the eletrolytes from saliva can induce crevice corrosion in the peri-

prosthetic space of the implant (Nikolopoulou 2006). The pH of saliva varies in 

areas around dental implants. Food such as milk calcium-fortified foods and nuts 

can alkalify the oral pH (Murrell et al. 2010). Several situations can acidify the pH 

of saliva such as infections, certain foods (sugary food, pickled foods, sour 

candies, fruits, soft drinks and juices – pH around 2.5-3.5), mouthwash products 

(Murrell et al. 2010, Dong et al. 1999, Gregory-Head et al. 2000), smoking, 
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chronic/systemic diseases and medication, which may also contribute to the 

corrosion of dental implants (Nikolopoulou 2006; Vieira et al. 2006; Correa et al. 

2009). As a consequence of those corrosion products, inflammatory mediators 

produced by macrophages are released, contributing to bone loss (Nikolopoulou 

2006; Denaro et al. 2008). This issue has been investigated in depth in 

orthopedics. In dentistry, literature that describes the clinical implications of the 

corrosive nature of dental implants is limited. Hence, there is an urgent need to 

conduct a research to gather indepth knowldege in the area. 

Some studies have evaluated the corrosion profile of Ti and Ti-based 

alloys in presence of fluoride (Nakagawa et al. 1999; Schiff et al. 2002; Huang 

2003; Correa et al. 2009; Mereci et al. 2009), albumin (Huang 2003), bacteria 

(Laurent et al. 2001; Souza et al. 2010), inflammatory and hyperglycemic 

conditions (Lin & Bumgardner 2004; Messer et al. 2009; Messer et al. 2010) and 

lipopolysaccharide (Barao et al. 2011). In general, those situations accelerated 

the corrosion process of Ti and Ti alloys. Recent studies have evaluated the 

effects of acidic pH of electrolyte solution on titanium corrosive behavior (Souza 

et al. 2009; Mereci et al. 2009). Souza et al. (2009) observed that acidic pH of 

Ringer solution (pH 5.5) decreased the resistance of corrosion of Ti-13Nb-13Zr 

alloy. This trend was not observed for Ti-6Al-4V alloy. Mereci et al. (2009) 

showed increased corrosion of Ti-Ta alloy and Ti-6Al-7Nb alloy in the presence of 

acidified artificial saliva (pH 2.5).  

The literature on the effect of pH on the corrosion behavior of Ti is 

limited, and no study has investigated the effect of a wide pH range of artificial 
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saliva that replicate the intraoral condition on corrosive kinetics of titanium. The 

current and potential gradients induced by pH changes lead to enhancement of 

corrosion on same areas of the implant (Souza et al. 2009). Therefore, in this 

study, the role of different pHs (3.0, 6.5 and 9.0) on the corrosive behavior of cp-

Ti and Ti-6Al-4V alloy in an oral environment was investigated. The specific aim 

of this study was to understand the corrosion kinetics and surface morphology of 

Ti by using electrochemical impedance spectroscopy (EIS) as well as basic 

corrosion tests. The research hypothesis was that acidic saliva decreases the 

corrosion resistance of both Ti types. In addition, the authors hypothesized that 

the corrosion rate and corrosion kinetics of cp-Ti and Ti-6Al-4V alloy are not 

different.  
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2.4 Materiais e métodos (Materials and methods) 

 

Specimen Preparation for Electrochemical Test 

In the present study, a total of 54 cp-Ti and Ti-6Al-4V alloy discs, 15-mm 

diameter and 2-mm thickness, were milled from titanium rods purchased from 

commercial company through a supplier Mac-Master Carr, Elmhurst, IL, USA. The 

samples were divided into 6 groups (n=9) as a function of different artificial saliva 

pH (3, 6.5 and 9) and Ti type. Before the tests, all samples were polished using 

grinding papers (#320, #400, #600, #800) (Carbimet 2, Buehler, Lake Bluff, IL, 

USA), and polishing cloth (TextMet Polishing Cloth, Buehler) with diamond paste 

(MetaDi 9-micron, Buehler), and lubricant (MetaDi Fluid, Buehler). Polishing 

cloth (Chemomet I, Buheler) with colloidal silica polishing suspension 

(MasterMed, Buehler) was used as a final polishing procedure in order to obtain 

a mirror surface of the Ti discs (Roughness average (Ra) = 12.443±3.797 nm and 

Root Mean Square (RMS) roughness = 15.980±3.944 nm for cp-Ti; Ra = 

5.022±1.552 nm and RMS = 6.773±1.858 nm for Ti-6Al-4V alloy). Samples were 

ultrasonically cleaned (FS 20, Fisher Scientific Inc., Pittsburg, PA, USA) with 

deionized water (10 min) and 70% propanol (10 min), and finally dried with hot 

air of 250 oC. The nominal chemical composition of cp-Ti and Ti-6Al-4V alloy is 

shown in Table 1. The composition of artificial saliva (Liu et al. 2007) was KCl (0.4 

g/L), NaCl (0.4 g/L), CaCl2·2H2O (0.906 g/L), NaH2PO4·2H2O (0.690 g/L), Na2S·9H2O 

(0.005 g/L), and urea (1 g/L). Different pH values were achieved by adding lactic 
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acid (acidic) or NaOH (basic) in an appropriate amount and evaluated in a pH 

meter (Accumet AB15, Fisher Scientific Inc.). 

 

Electrochemical Tests 

A custom made acrylic electrochemical cell was used to conduct the tests 

(Figure 1). All the measurements were performed in a standard 3-electrode 

setting according to the American Society for Testing of Materials (ASTM) 

guidelines (G61 and G31-72). A saturated calomel electrode (SCE) was used as 

the reference electrode, graphite rod as the auxiliary electrode, and the exposed 

surface of the Ti as the working electrode (the exposed area was 1.77 cm2). A 

potentiostat (G300, Gamry Inc., Warminster, PA, USA), linked to a computer for 

data acquisition, was used to perform the corrosion measurements. A total 

volume of 10 ml of electrolyte was used for each corrosion experiment. After 

mounting the sample into the cell, approximately 4 hours were allowed to 

achieve electrochemical stabilization of the system. The temperature of the test 

solution was maintained at 37 ± 1°C to mimic the oral environment. 

Initially, open circuit potential (OCP) was monitored during a period of 

3600 seconds to evaluate the potential and to stabilize the system; then, EIS test 

was conducted to investigate the electrochemical double layer formation and 

the properties of the oxide film formed on the Ti surface (corrosion kinetics). 

Through the EIS results, electrochemical process can be represented by an 

equivalent electrical circuit consist of the capacitance and resistance that assist 

in quantifying the corrosion process. The EIS measurements were performed in 
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the frequency range from 100 KHz to 5 mHz, with AC sine wave amplitude of 10 

mV applied to the electrode at its corrosion potential. These values were used to 

determine the real (Z’) and imaginary (Z”) components of the impedance, which 

were plotted with the Nyquist plot, or the total impedance (|Z|) and phase 

angle. Finally, the samples were cycle polarized from -0.8 V to 1.8 V and from 1.8 

V to -0.8 V at a scan rate of 2 mV/sec.  

Corrosion parameters were obtained from the potentiodynamic 

polarization curves. Tafel’s method was used to investigate the corrosion rate of 

Ti such as corrosion current density (Icorr). The passivation current density (Ipass) 

corresponds to the current value in the transition from the active region to the 

passive state of Ti. EIS results were used to model the corrosion process 

(kinetics) and to understand the properties of the oxide film formed on the Ti 

surface, using a simple equivalent circuit (Randle’s circuit). For EIS data 

simulations (capacitance of double layer - Cdl, and polarization resistance – Rp), 

the Zview2 software (Scribner Associates Inc., Southern Pines, NC, USA) was 

used. 

 

Surface characterization 

A white light interferometry microscope (Zygo New View 6300, Zygo 

Corporation, Middlefield, CT, USA) was used to capture three-dimensional (3-D) 

changes between non-corroded and corroded Ti surfaces. In order to understand 

the mechanical changes on the Ti surface produced by the corrosion, two 

parameters of surface roughness (Ra and RMS) were investigated before 
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(baseline) and after corrosion using a white light interferometry microscope 

(Zygo New View 6300, Zygo Corporation). A scanning electron microscope (SEM) 

(Joel JSM-6490 LV, Oxford Instruments, Oxford, UK) was used for further surface 

characterization. Energy-dispersive spectroscopy (EDS) was used for chemical 

characterization of the Ti surface. 

 

Statistical Analysis 

The corrosion data were tested separately for Icorr, Ipass, Cdl and Rp. For 

each parameter, two-way ANOVA design was conducted to explore the effects of 

both Ti type (factor 1, two levels) and saliva pH (factor 2, three levels), as well as 

their interaction on corrosive behavior of the Ti. Subsequent pairwise 

comparisons within groups were made using Tukey’s post hoc analysis. Two-

sample independent t-test was performed to compare the surface roughness 

between cpTi and Ti-6Al-4V. The level of statistical significance was considered to 

be 0.05 (Statistical Package for the Social Sciences, version 17.0; SPSS Inc, 

Chicago, IL, USA). 
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2.5 Resultados (Results) 

 

Cycle polarization curves and evolution of electrochemical parameters 

The cyclic polarization curves of both Ti types were similar and revealed 

an active-to-passive transition in artificial saliva at different pH levels (Figure 2a). 

From the negative hysteresis, both cp-Ti and Ti-6Al-4V alloy are not susceptible 

to pitting and crevice corrosion in any pH of artificial saliva (Figure 2a, curved 

arrow). Surface examination of the discs after testing confirmed that pitting and 

crevice corrosion had not occurred. A passive stabilization region was observed 

for all groups (Figure 2a, straight arrow). Pitting potential was slightly higher for 

Ti-6Al-4V alloy. 

Based on these curves, electrochemical parameters such as Icorr and Ipass 

were obtained and are presented in Figure 2 (b-c). Icorr and Ipass expressed the 

corrosion rate of a material. The higher the values of Icorr and Ipass were, the 

higher the corrosion rate. According to two-way ANOVA the interaction effect 

between Ti type and saliva pH was not statistically significant for Icorr (P>0.05) 

and Ipass values (P>0.05). On the other hand, the saliva pH significantly affected 

Icorr and Ipass values of both Ti types (P<0.05). For both Ti types, Icorr significantly 

decreased with the increased pH (cpTi, P<0.001; Ti-6Al-4V, P<0.001), indicating 

that at low pH the corrosion rate of Ti was significantly higher. Regardless of pH 

value, no significant difference of corrosion rate was observed between both Ti 

types (P>0.05) (Figure 2b). The Ipass tended to reduce at near to neutral and basic 

pHs (Figure 2c), corroborating with the Icorr results.  
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EIS measurements 

The Nyquist (Figure 3a) and Bode plots (Figure 3b) provide the variation 

of impedance as a function of frequency of the electrochemical double layer 

formed at the interface of Ti-solution during corrosion process (corrosion 

kinetics). The Nyquist plots demonstrate the electrochemical resistance of Ti 

surface. Acidic pH decreased the semicircular diameter of capacitance loop, 

which means poor corrosion resistance for both cp-Ti and Ti-6Al-4V alloy. In the 

phase angle of Bode plots, just one time constant was observed for all groups, 

which indicates the presence of compact, homogeneous and protective passive 

film. At high frequency, both the phase angle and impedance were low. By 

decreasing the frequency, the impedance steadily increased with the increment 

in phase angle. At low frequencies the impedance tended to stabilize, and the 

phase angle for Ti in acidic media exhibited the lowest angle value, which 

characterize poorest corrosion resistance of Ti in saliva at low pH. 

 A simple equivalent circuit (Randle’s circuit) (Figure 4a), which 

compromises the polarization resistance in parallel with the capacitance of 

double layer, in series with the resistance of solution (Rsol), was used for the EIS 

model. Using such modeling approach, it is possible to develop an electrical 

equivalent circuit to the electrochemical reactions at the metal-solution 

interface. Rsol is the uncompensated resistance of the electrolyte between the 

working and the reference electrode; Rp is the polarization resistance or the 

charge transfer resistance at the working electrode/electrolyte interface, related 

to the rate of corrosion reactions at the passive domain; Cdl is the specific 
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double-layer capacitance at the working electrode/electrolyte interface. Due to 

the inhomogeneous passive layer at the material surface, the capacitance is 

represented by a constant-phase element (CPE) as an alternative to an ideal 

capacitance element. Impedance experimental data were fitting with chi-square 

error <0.001 (Valero Vidal & Igual Muñoz 2008). Several studies (Maurer et al. 

1993; Narayanan et al. 2007) have reported the effectiveness of EIS models in 

estimating the protectiveness of the oxide film formed on the Ti surface as a 

function of saliva pH levels. The evolution of Cdl and Rp are presented in Figure 4 

(b-c). Cdl and Rp indicate the corrosion kinetics. Lower value of Cdl and higher 

value of Rdl indicated the lower corrosion resistance.  

Two-way ANOVA revealed that the interaction effect between Ti type and 

saliva pH, and main effect of Ti type factor were not statistically significant for Cdl 

(P>0.05) and Rp (P>0.05). On the other hand, the pH of saliva significantly 

influenced the corrosion kinetics of Ti (P<0.05, ANOVA). The Cdl was significantly 

higher at acidic pH for both Ti types (cpTi, P<0.001; Ti-6Al-4V, P=0.004) (Figure 

4b). The Rp was significantly lower at low pH for both Ti types (cpTi ,P<0.001; Ti-

6Al-4V, P<0.001) (Figure 4c). Similar corrosion kinetics behavior was observed for 

cp-Ti and Ti-6Al-4V alloy (Figures 4b-c). 

 

Surface characterization 

The white light interferometry microscope images of Ti surfaces clearly 

showed higher surface changes at low pH level when compared to the non-

corroded surface. Qualitatively, at basic pH, the Ti surface was close to the non-
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corroded surface. Both Ti types exhibit similar visual observation (Figure 5). The 

surface roughness of cp-Ti was not affected by the pH of saliva (P=0.207 for Ra; 

P=0.207 for RMS). On the other hand, significant effect was observed for Ti-6Al-

4V alloy (P<0.001 for Ra; P=0.001 for RMS). Both Ra and RMS roughness values 

were higher at acidic pH. Cp-Ti exhibited greater roughness value when 

compared to Ti-6Al-4V alloy before and after corrosion (Control: P<0.001; pH 3: 

P<0.001; pH 6.5: P=0.003; pH 9: P<0.001) (Table 2). SEM images did not show 

clear evidence of changes in the Ti surface as the result of exposure to artificial 

saliva at different pH levels (Figure 6). No pitting corrosion was observed for any 

groups, which correlates with the cyclic polarization curves. The α + β 

microstructure of the Ti-6Al-4V alloy was clearly visible on all SEM images 

throughout all conditions. Examples of EDS results are provided in Figure 7 (a-b). 

EDS mapping confirmed the presence of Ti and Carbon (C) in cp-Ti, while in Ti-

6Al-4V alloy, presence of Ti, Aluminum (Al), Vanadium (V), C and Iron (Fe) was 

observed. The presence of C and Fe may be a result of any contamination and 

probably background noise from the specimen holder. The presence of Al may 

explain the light spots observed in SEM images. Comparing the spectra of cp-Ti 

and Ti-6Al-4V alloy after corrosion experiment (Figure 7) with the nominal 

chemical composition of both titanium types before corrosion (Table 1), revealed 

that the wt% of C increased after corrosion. C level increased from 0.006% to 

1.79% for cp-Ti and from 0.004% to 3.03% for Ti-6Al-4V alloy. The wt% of other 

elements remained similar.  
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2.6 Discussão (Discussion) 

 

The role of pH on the corrosion behavior 

 From the results of this study, it is clear that the corrosion behavior of Ti 

was affected by the pH levels of the surrounding artificial saliva (P<0.05, Two-

way ANOVA). The research hypothesis that acidic saliva decreases the corrosion 

resistance of both Ti types and that no significant difference would be observed 

between cp-Ti and Ti-6Al-4V alloy was accepted.  

The corrosion rate of both Ti types increased in acidic artificial saliva as 

observed in the Icorr and Ipass values. According to Assis et al. (2006) this 

phenomenon can be explained by the presence of some irregularities and 

porosities of the oxide layer formed on the Ti surface. In the present study, the 

white light interferometry images demonstrated that the oxide film loses its 

smoothness mainly at pH 3, which increased the surface area and consequently 

increased the corrosion. Therefore, the protective oxide film is degraded in acidic 

solution (Nakagawa et al. 1999; Souza et al. 2009).  

Acidic saliva statistically accelerated the ions exchange between Ti and 

saliva, and reduced the resistance of Ti surface against corrosion as evidenced by 

the Cdl and Rp results, respectively. Therefore, the protectiveness of the oxide 

film is reduced at low pH (Souza et al. 2009) and may explain the high corrosion 

rate observed at pH 3. Souza et al. (2009) also found a poor corrosion resistance 

of Ti alloy (Ti-13Nb-13Zr and Ti-6Al-4V) in Ringer solution at low pH. An 

electrochemical mechanistic model is illustrated further. 
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In the present study, no significant different on the corrosion behavior 

between cp-Ti and Ti-6Al-4V alloy was observed. Similar results were observed 

by Schiff et al. (2002) who compared the corrosion resistance of NiTi, NiTiCo, and 

Ti-6Al-4V alloys with cp-Ti in Fusayama Meyer artificial saliva at pHs 2.5 and 5.3. 

Authors also noted a reduction of surface resistance against corrosion for all 

materials in acidified saliva, which correlates with the results of the current 

study. 

 

Formation of passive film in cp-Ti and Ti-6Al-4V alloy 

Ti is an electrochemically active material. However, when exposed to air, 

an oxide layer is formed on its surface which confers protection against corrosion 

to this metal (passivation) (Huang 2003). When Ti is subjected to chemical attack, 

acid solutions, and fluoride, the oxide layer can breakdown and corrosion takes 

place (Zavanelli et al. 2000; Huang 2003). For both Ti types, Ti oxide in different 

crystalline structure (anatase and rutile) is formed on Ti surface. The possible 

corrosion mechanisms during the formation of the passive film are illustrated in 

Figure 8. Electrons (e-) are attracted from saliva by the metal ions (M+) of Ti 

during the electrochemical reaction at the interface of exposed surface and 

solution. The current study demonstrates that the formation and structure of 

passive layer is influenced by the pH of the surrounding media, as observed by 

classical Pourbaix diagram (Mudali Kamachi & Raj 2008). The results from 

potentiodynamic tests and EIS tests indicate the intense nature of 

electrochemical reaction at low pH or acidic environment, which may explain the 
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greater corrosion observed in the present study at pH 3.0. Promisingly, there is 

no evidence of depassivation or repassivation mechanisms at high anodic 

potential of +1.8 V vs SCE in both materials at the three pH levels.  

In the cyclic polarization measurements, the region of constant current 

with increasing potential suggests that both Ti types were passive and it is a 

typical electrochemical behavior of titanium. In addition, the negative hysteresis 

on the reverse scan as the current decrease suggests the passive layer did not 

breakdown in any situation. These results correlated with the SEM images, since 

pits formation was not observed on the Ti surface. 

The results from Nyquist and Bode plots suggest that the oxide film 

formed on the surface of both Ti types is less protective in acidic medium. The 

decrease of Rp and increase of Cdl for both Ti types in saliva at low pH are related 

to the formation and growth of the passive film, which indicate the film 

compactness (Li & Zuo 2008). The changes of the components values in the 

Randle’s circuit may reveal the protective effect of the passive film. According to 

the Rp and Cdl results, it can be stated that the protective effect of the passive 

film on both Ti types was decreased with decreasing pH value. These may explain 

the higher corrosion rate of Ti at low saliva pH. In addition, the similarity in the 

EIS spectra for cp-Ti and Ti-6Al-4V alloy can be due to their similar chemical 

compositions, and the variation in microstructure of these materials does not 

promote significant differences in corrosion behavior.  
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Practical and clinical implications of the study 

In summary, the electrochemical tests performed in the present study 

revealed that acidic saliva was found to have a negative effect on cp-Ti and Ti-

6Al-4V alloy corrosion resistance, causing changes in the protective passive layer 

of both materials. 

Apparently, the elements present on both Ti surfaces were similar pre 

and post corrosion process except for the carbon content (evaluated by EDS). 

The electrochemical reaction between Ti and media (saliva) increased at low pH 

as observed in the Nyquist plots, which may lead to the release of corrosion 

products into the body system over time (Chaturvedi 2009). These corrosion 

products can promote oral and extra oral manifestations such as discoloration of 

soft tissues, allergic reactions (i.e. edema, stomatitis, gingivitis), and eczematous 

rashes (Chaturvedi 2009). The released ions from Ti inhibit the growth of 

hydroxyapatite crystals, which may lead to bone destruction (osteolysis), and 

loss of implant stability. Also, corrosion can reduce the fatigue life and ultimate 

strength of the material, which lead to mechanical failure of dental implants 

(Chaturvedi 2009). 

Furthermore, corrosion induced by low saliva pH level tended to increase 

the roughness values of both types of Ti. In dentistry, roughness is an important 

property of adhesion and colonization of bacteria (Morgan & Wilson. 2001); 

therefore, a greater biofilm accumulation may be expected on the Ti surface 

after corrosion mainly at pH 3, which may lead to peri-implantites (Bollen et al. 

1996). Although those extreme pH values (3 and 9) are not necessarily present in 
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real clinical situations, parameters chosen in this in vitro study attempted to 

reflect clinically relevant parameters as much as possible. 

Results of this study indicated that the survival rate of dental implants 

may be affected by the different pHs of saliva. However, there is no systematic 

study in the literature illustrating the effect of corrosion products on the failure 

rate of dental implants. Perhaps it is hard to state that the failure of implant is 

due to corrosion alone, since the etiology of implant failure is multifactorial and 

required to be investigated with interdisciplinary approach.  

 

Limitations and future scope 

 In the present study, only electrochemical evaluations were performed 

and masticatory loading was not considered. In addition, only smooth Ti surfaces 

were used. Further studies linking the corrosion mechanisms with tribology 

actions such as wear (under mastication cycles) to represent the clinical oral 

environment are warranted. Also, these studies should be extended to evaluate 

different surfaces of Ti dental implants. The applicability of employing suitable 

surface treatment/deposition techniques to enhance the overall performance of 

dental implants is essential in future research. The EIS tests were conducted at a 

potential of Ecorr (corrosion potential) vs SCE in each testing conditions to 

simulate clinical oral environment. Such tests at other anodic potentials (e.g., 

Epass – passivation potential) might provide further understanding of passive film 

growth. 
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 Furthermore, EDS was used in this study to quantify the elemental 

components of the Ti surface. Although EDS is a good technique used in 

electrochemistry to characterize the passive film, it has some limitations in 

showing surface conditions. Further studies are warranted using X-ray 

photoelectron spectroscopy (XPS) to evaluate in more details the oxide layer on 

the Ti surface. In addition, a longer exposure of Ti to saliva is needed.  
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Tabelas (Tables) 

 
Table 1. Nominal composition of cp-Ti and Ti-6Al-4V alloy 
 
 

Ti type Composition (in wt%) 
Ti Al V C Fe O2 N2 H2 

cp-Ti 99.7 - - 0.006 0.12 0.16 0.004 0.0019 
Ti-6Al-4V 89.62 6.1 4.0 0.004 0.16 0.106 0.008 0.0022 
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Table 2. Mean and standard deviation of surface roughness (Ra and RMS) (in nm) of cp-Ti and Ti-6Al-4V alloy as a function of corrosion 

process in different pH of saliva 

 

Ti type Roughness 
parameter 

Corrosion process 

Control (non 
corroded) 

Corroded (pH 3) Corroded (pH 6.5) Corroded (pH 9) 

cp-Ti Ra 12.443±3.797a 15.649±4.839a 13.588±4.208a 13.890±4.269a 
 RMS 15.980±3.944a 20.549±6.737a 17.114±1.715a 17.801±6.305a 
      
Ti-6Al-4V Ra 5.022±1.552a 9.278±2.444b 8.286±2.410b 5.804±2.248a 
 RMS 6.773±1.858a 12.094±2.417b 11.397±2.411b 8.829±4.558ab 

 
Notes: Means followed by different letters in the same row represent statistically significant difference (P<0.05, Tukey’s test). 
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Figuras (Figures) 
 

Figure 1. Schematic electrochemical set-up (a standard 3-electrode cell). 
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Figure 2. (a) Representative cyclic polarization curves for cp-Ti and Ti-6Al-4V 

alloy in artificial saliva with different pH values. Evolution of (b) corrosion current 

density (Icorr) and (c) passivation current density (Ipass) for cp-Ti and Ti-6Al-4V 

alloy in artificial saliva with different pH values. For each variable, small letters 

compare different pH values at the same Ti type (bold letter for cp-Ti and non-

bold letter for Ti-6Al-4V alloy). Different letters indicate significant differences 

among the groups (α=0.05). P value compares cp-Ti with Ti-6Al-4V alloy in each 

pH (p<.05 indicates statistical significant difference between cp-Ti and Ti-6Al-4V 

alloy).
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Figure 3. Representative (a) Nyquist plots and (b) Bode plots from EIS recorded 

for cp-Ti and Ti-6Al-4V alloy in artificial saliva with different pH values. 
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Figure 4. (a) Equivalent circuit (Randle’s circuit) depicting the corrosion model. 

Evolution of (b) capacitance of double layer (Cdl) and (c) polarization resistance 

(Rp) for cp-Ti and Ti-6Al-4V alloy in artificial saliva with different pH values. For 

each variable, small letters compare different pH values at the same Ti type (bold 

letter for cp-Ti and non-bold letter for Ti-6Al-4V alloy). Different letters indicate 

significant difference among the groups (α=0.05). P value compares cp-Ti with Ti-

6Al-4V alloy in each pH (p<.05 indicates statistical significant difference between 

cp-Ti and Ti-6Al-4V alloy). 
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Figure 5. White interferometry microscopy 3D images of cp-Ti and Ti-6Al-4V alloy 

before and after corrosion. X and Y scales are in mm and Z scale is in μm. The Z 

scale covers 0.2 μm in amplitude. Colors represent the peaks (from ~0 to +0.1 

μm of amplitude in the Z axis) (red and yellow) and valleys (from ~0 to -0.1 μm of 

amplitude in the Z axis) (green and blue) on the titanium surface topography. 
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Figure 6. Scanning electron microscope x 3,000 of cp-Ti and Ti-6Al-4V alloy 

before and after corrosion. Bar = 5 μm. 
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Figure 7. (a) Representative EDS spectra of the cp-Ti after corrosion exposure (at 

pH 3). (b) Representative EDS spectra of the Ti-6Al-4V alloy after corrosion 

exposure (at pH 3). 
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Figure 8. Schematic diagram of the electrochemical reaction layer formed on the 

Ti surface. Electrons (e-) comes from saliva and metal ions (M+) from Ti.  
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Influência da corrosão na Afinidade ao Lipopolissacarídeo para Dois Diferentes 

Materiais de Titânio 

 

3.1 Resumo 

Modificações na superfície do titânio devido ao ataque eletroquímico na 

cavidade oral pode ser um importante fator na afinidade ao lipopolissacarídeo e 

consequentemente poderia induzir peri-implantite. Nós hipotetizamos que a 

corrosão (em ambiente oral simulado – pHs 3; 6,5 e 9) aumenta a afinidade ao 

lipopolissacarídeo para o titânio comercialmente puro (cp-Ti) e a liga Ti-6Al-4V. 

Discos de titânio foram anodicamente polarizados em um sistema padrão de três 

eletrodos. Os espécimes foram tratados com lipopolissacarídeo (1,5; 15 e 150 

μg/ml) em água livre de lipopolissacarídeo durante 24 horas para avaliar a 

aderência de lipopolissacarídeo. Os discos foram transferidos a cada 24 horas 

para solução fresca de água livre de lipopolissacarídeo até completar 72 horas, 

para investigar a liberação de lipopolissacarídeo. A saliva ácida aumentou a taxa 

de corrosão do cp-Ti e da liga Ti-6Al-4V e promoveu maior aderência de 

lipopolissacarídeo na superfície dos discos de titânio (P<0,05). A liga Ti-6Al-4V 

exibiu maior afinidade ao lipopolissacarídeo (P<0,05). A liberação do 

lipopolissacarídeo foi maior no intervalo de 24 horas e reduziu com o passar do 

tempo. Clinicamente, a corrosão do titânio e sua afinidade ao lipoplissacarídeo 

pode influenciar na inflamação peri-implantar e no prognóstico do implante. 
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Influence of Corrosion on Lipopolysaccharide Affinity for two Different 

Titanium Materials 

 

3.2 Abstract 

Titanium surface modifications due to electrochemical attack in the oral cavity 

may be an important factor for lipopolysaccharide affinity and thereby could 

induce periimplantitis. We hypothesized that corrosion (in simulated oral 

environment - pHs 3, 6.5 and 9) increases the lipopolysaccharide affinity for 

commercially-pure titanium (cp-Ti) and Ti-6Al-4V. Titanium discs were anodically 

polarized in a standard 3-electrode setting. Specimens were treated with 

lipopolysaccharide (1.5, 15 and 150 μg/ml) in lipopolysaccharide-free water for 

24 hours to evaluated lipopolysaccharide adherence. Discs were then transferred 

every 24 hours to fresh lipopolysaccharide-free water, up to 72 hours, to 

investigate lipopolysaccharide elution. Acidic saliva increased the corrosion rate 

of cp-Ti and Ti-6Al-4V, and promoted greater lipopolysaccharide adherence to 

titanium surfaces (P<.05). Ti-6Al-4V exhibited greater lipopolysaccharide affinity 

(P<.05). Lipopolysaccharide elution was greatest at 24-hour interval and reduced 

over time. Clinically, corrosion of titanium and its surface affinity for 

lipopolysaccharide could influence periimplant inflammation and implant 

prognosis. 
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3.3 Introdução (Introduction) 

 

The oral environment induces a continuous degradation of dental 

materials [1-2]. Acidic saliva, resulting from infections or food, contributes to the 

corrosion of dental implants [3-4]. The corrosion products may affect the 

biocompatibility and function of dental implants by inducing inflammatory 

reactions that provoke the release of inflammatory mediators from 

macrophages, leading to bone resorption and possibly contribute to implant 

failure [3, 5]. 

Commercially-pure titanium (cp-Ti) and Ti-6Al-4V alloy have been 

extensively used to fabricate dental implants due to its corrosion resistance, 

optimal mechanical properties and favorable biocompatibility [6-8]. Although 

corrosion resistance of titanium relies on the presence of stable and dense 

oxides formed on the metal surface [7, 9], titanium (Ti) is not inert to corrosion 

attack when exposed to acid, fluoride and saliva in oral cavity [10-11]. The 

normal pH in oral cavity varies from 6 to 8 [12]. In case of infections and 

consumption of some vegetables/grains/milk, the pH of saliva can become acidic 

or alkaline [1, 12]. 

 Periodontopathic bacteria, including gram-negative bacteria, are found in 

the periimplant environment and produces lipopolysaccharide (LPS), a 

membrane constituent of gram-negative bacteria [13]. LPS is a highly bioactive 

molecule [13] with marked effects on macrophages, lymphocytes, fibroblasts, 

and osteoblasts [14]. The LPS concentration in the crevicular fluid range from 0.8 
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to 9.6 μg/ml in a condition of healthy gingival sulcus and gingivitis, respectively 

[15]. A greater proportion of gram-negative bacteria and LPS in periimplant 

crevicular fluid are found with chronic inflammation [16-17]. Furthermore, LPS 

indirectly contribute to inflammation due to its affinity for several restorative 

materials [18-20]. 

In vitro studies have investigated the LPS affinity for casting and metal-

ceramic alloys [19-22], methacrylate resins [23-24], Ti material [18] and dental 

ceramic [25]. The affinity was influenced by the type of LPS and material, surface 

properties and topography, and Ph [18-25]. To our best knowledge, the effect of 

corrosion on LPS affinity for Ti material is an unexplored issue. The surface 

modifications of Ti materials due to electrochemical attack may be an important 

factor for LPS affinity. 

We assessed the influence of corrosion process (in simulated oral 

environment at pHs 3, 6.5 and 9 of artificial saliva) on Escherichia coli LPS affinity 

for cp-Ti and Ti-6Al-4V alloy. We hypothesized that 1. Corrosion increases the LPS 

affinity for both Ti types tested and 2. There is no difference in the LPS affinity 

rate for both Ti types.  
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3.4 Materiais e métodos (Materials and methods) 

 

Specimen preparation 

Seventy-two specimens, 15-mm in diameter and 2-mm in thickness, were 

fabricated from cp-Ti and Ti-6Al-4V alloy (Mac-Master Carr, Elmhurst, IL, USA). 

Table 1 shows the nominal chemical composition of cp-Ti and Ti-6Al-4V alloy. 

Both surfaces of the discs were polished with silicon carbide papers (#320, #400, 

#600, #800) (Carbimet 2, Buehler, Lake Bluff, IL, USA), and polishing cloth 

(TextMet Polishing Cloth, Buehler) with diamond paste (MetaDi 9-micron, 

Buehler). Colloidal silica (MasterMed, Buehler) was used as a final polishing 

procedure, in order to obtain a mirror-finished surface of the Ti discs (Roughness 

average (Ra) = 0.012 ± 0.004 μm and 0.005 ± 0.002 μm for cp-Ti and Ti-6Al-4V 

alloy, respectively). Specimens were ultrasonically cleaned with deionized water 

and 70% propanol, and finally air dried with hot air of 250°C [26]. 

 

Electrochemical test 

A custom-made electrochemical cell was used to conduct the test (Fig. 

1a). The measurements were performed in a standard 3-electrode setting 

following the American Society for Testing for Materials guidelines (G61 and 

G31-72). A saturated calomel electrode was used as the reference electrode, 

graphite rod as the auxiliary electrode and the exposed surface of the Ti as the 

working electrode (the exposed area was 1.77 cm2) [26]. A potentiostat (G300, 

Gamry Inc., Warminster, PA, USA), linked to a computer for data acquisition, was 
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used to perform the corrosion measurements. Artificial saliva (pHs 3, 6.5 and 9) 

was used as an electrolyte solution [26].  

For each pH condition, 9 specimens of each Ti types were corroded 

individually on both sides. The composition of artificial saliva [27] was KCl (0.4 

g/L), NaCl (0.4 g/L), CaCl2·2H2O (0.906 g/L), NaH2PO4·2H2O (0.690 g/L), 

Na2S·9H2O (0.005 g/L), and urea (1 g/L). Different pH values were achieved by 

adding lactic acid (acidic) or NaOH (basic) in an appropriate amount. A total 

volume of 10 ml of electrolyte was used for each corrosion experiment. After 

mounting the sample into the cell, approximately 4 hours were allowed to 

achieve electrochemical stabilization of the system. The temperature of the test 

solution (artificial saliva) was maintained at 37 ± 1°C to mimic the oral 

environment.  

Initially, open circuit potential was monitored over 3600 seconds to 

evaluate the free potential. Then, specimens were corroded by inducing different 

potentials in a forward scan from -0.8 V to +1.8 V (2 mV/sec scan rate). 

Electrochemical parameters were obtained from the potentiodynamic 

polarization curves by Tafel’s method to investigate the Ti corrosion rate: 

corrosion current density (Icorr), and passivation current density (Ipass). 

 

Surface roughness measurement 

In order to understand the mechanical changes on the Ti surface 

produced by the corrosion and to determine the possible correlation between 

surface roughness and LPS affinity, one parameter of surface roughness (Ra) was 
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investigated pre- (baseline) and post-corrosion using a white light interferometry 

microscope (Zygo New View 6300, Zygo Corporation, Middlefield, CT). Five 

measurements were performed on each side of individual Ti discs. 

 

LPS affinity test 

From the 36 discs for each Ti type, 9 were not corroded (control), while 

the others were corroded in saliva with different pHs (n=9) as previously 

described. LPS affinity protocol followed a previous method [18]. Corroded and 

non-corroded discs were rendered LPS free by washing them twice in 20 ml of 

1:1 chloroform/methanol, followed with three subsequent washes in 20 ml of 

chloroform. Discs were then rinsed once in 20 ml of LPS-free water (95289 

Water, Sigma-Aldrich, St Louis, MO, USA) before LPS treatment. Instruments and 

glassware were baked at 250°C, over 30 minutes for LPS decontamination. 

Commercially available LPS from E. coli (055:B5, Sigma-Aldrich) were used 

for LPS affinity test. Nine corroded discs in each artificial saliva pH, and nine non-

corroded discs from each Ti type were placed individually into 2.0 ml of LPS-free 

water, containing either 1.5 μg/ml (low concentration), 15 μg/ml (medium 

concentration) or 150 μg/ml (high concentration) of E. coli LPS (n=3). In the 

absence of clinical studies that investigated the concentration of LPS on the 

gingival sulcus under periimplantites, herein the concentrations of LPS were 

based on previous in vitro studies [19, 26]. 

With three specimens per group, the observed power to detect a medium 

size effect (0.5 according to Cohen’s effect size statistics) for this study was 
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0.854. One additional control disc from each Ti type was placed into 2.0 ml of 

LPS-free water to ensure that no exogenous contamination occurs during the 

experiment. Specimens were incubated at 37°C for 24 hours. They were removed 

from the LPS solutions and rinsed by quickly dipping twice in LPS-free water to 

remove unattached LPS from the disc surface. Then the discs were placed into 

2.0 ml of LPS-free water and incubated to evaluate elution (Fig. 1b). LPS 

concentrations in the post-treatment solutions were determined with a Limulus 

amoebocyte lysate (LAL) chromomeric endpoint assay (HIT302 LAL assay, Hycult 

biotech, Cell Science, Canton, MA, USA) after measurement of absorbance at 405 

nm of each medium in a liquid scintillation spectrometer (Synergy 2, BioTek, 

Winooski, VT, USA).  

After the 24-hour elution/incubation period, the discs were removed 

again, quickly rinsed, and placed into 2.0 ml of LPS-free water. The discs were 

then incubated and subsequently transferred to fresh medium for 24-, 48-, 72-

hour elution intervals (Fig. 1b). Thereafter, LPS concentration in the 24-, 48-, 72-

hour eluates for each disc was calculated after measurement of eluate through 

the LAL assay. A total of 50 μl of each medium was evaluated. In order to ensure 

that the LPS adhered to the test tubes would mix with the medium and to obtain 

homogeneity of the medium, each tube was vortexed for 10 seconds. 

LPS adherence was calculated by subtracting the total LPS concentration 

in the post-treatment solution from the pre-treatment concentration, measured 

in endotoxin unit (EU). LPS elution was determined by evaluating the LPS 

concentration of each eluate in EU/ml.  
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Statistical analysis 

Electrochemical (Icorr and Ipass) and surface roughness data were 

analyzed by using one-way ANOVA for each factor (pH level or Ti type). Tukey’s 

HSD test was used as a post-hoc technique.  

Initial LPS adherence and elution data were evaluated with one-way 

ANOVA to determine the effects of corrosion and LPS concentration on the 

adherence to each Ti type. Tukey’s HSD test was used as a post-hoc technique 

when applicable. Independent T-test was used to compare the LPS adherence to 

cp-Ti and Ti-6Al-4V alloy as a function of corrosion and LPS concentration. One-

way repeated measured ANOVA and Pairwise comparisons were used to 

investigate the differences in elution among groups over time. A significance 

level of 0.05 was used for all tests (Statistical Package for the Social Sciences, 

version 17.0; SPSS Inc, Chicago, IL). 
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3.5 Resultados (Results) 

 

Electrochemical and surface roughness data 

Icorr and Ipass values are presented in Table 2. As the values of Icorr and 

Ipass increased, the corrosion rate was greater. One-way ANOVA showed that 

Icorr value of both Ti types was affected by saliva pH (P<.001). While saliva pH 

significantly influenced the Ipass value of cp-Ti (P<.001, ANOVA), no significant 

effect was observed for Ti-6Al-4V alloy (P=.408, ANOVA). For both Ti types, the 

values of Icorr significantly decreased with the increased pH (P<.001, Tukey’s 

HSD test), indicating that at a low pH, the corrosion rate of Ti is higher. The Ipass 

value of cp-Ti generally decreased, at near neutral and basic pHs (P<.001, Tukey’s 

HSD test), correlating with the Icorr results. Regardless of pH value, no significant 

difference of corrosion rate was observed between Ti types (P>.05, ANOVA), 

excepted for Ipass value at pH 3 (P=.036, ANOVA).  

The means and standard deviations of Ra values of pre- and post-

corrosion for both Ti types are displayed in Fig. 2. Corrosion process did not 

affect the surface roughness of cp-Ti (P=.207, ANOVA), whereas a significant 

effect was observed for Ti-6Al-4V alloy (P<.001, ANOVA), in which corroded discs 

at pH 3 and 6.5 exhibited higher surface roughness value (P<.05, Tukey’s HSD 

test). Cp-Ti exhibited greater surface roughness value when compared to Ti-6Al-

4V alloy pre- and post-corrosion (P<.05, T-test). 
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LPS affinity data 

No detectable LPS associated with the control discs were observed 

throughout the experiment. This indicates that no exogenous LPS contamination 

occurred.  

The means and standard deviations of initial LPS adherence are presented 

in Fig. 3a-c. Corrosion process significantly affected the LPS adherence to cp-Ti at 

high LPS concentration (P=.015, one-way ANOVA) and to Ti-6Al-4V alloy at 

medium LPS concentration (P<0.001, one-way ANOVA). LPS adherence was 

significantly higher for cp-Ti and Ti-6Al-4V alloy at acidic pH (pH 3) (P<.05, 

Tukey’s HSD test). 

Higher LPS treatment concentrations resulted in greater LPS adherence to 

the Ti-6Al-4V alloy, and it was statistically significant in corroded discs at pH 3 

(P<.001, ANOVA) and at pH 6.5 (P=.004, ANOVA). Regardless of LPS 

concentration and corrosion protocol, Ti-6Al-4V alloy exhibited higher LPS 

adherence than cp-Ti (P<.05, T-test), excepted for non-corroded and corroded 

(pH 9) discs at low LPS concentration (P=.314 and P=.073, respectively, T-test) 

and at high LPS concentration (P=.544 and P=.050, respectively, T-test). 

Corrosion process did not affect the LPS elution from both Ti types at all 

intervals (P>.05, one-way ANOVA), excepted for cp-Ti at 48-hour elution period 

in high LPS concentration, where the non-corroded discs exhibited higher LPS 

elution, compared to the corroded discs (P<.05, Tukey’s HSD test). Groups 

treated with higher LPS concentration exhibited higher LPS elution levels at all 
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intervals of evaluation. Those data were statistically significant at 48 and 72 

hours of elution for cp-Ti (P<.05, Tukey’s HSD test) (Fig. 4a-f).  

One-way repeated measured ANOVA showed significant difference 

among the elution intervals for Ti types at all LPS concentrations and corrosion 

process (P<.05). At 24-hour elution, all groups presented higher LPS elution when 

compared to 48- and 72-hour elution (P<.05, Pairwise test). At each of the three 

elution times, cp-Ti released significantly greater LPS than Ti-6Al-4V alloy (P<.05, 

T-test) (Fig. 4a-f). After 72 hours of elution, more than 99.9% of initially adhering 

LPS remained on the surface of both Ti types. 
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3.6 Discussão (Discussion) 

 

 The research hypothesis of LPS affinity increases significantly for cp-Ti and 

Ti-6Al-4V alloy after corrosion process and that no difference in LPS affinity exists 

between cp-Ti and Ti-6Al-4V was partially accepted. Corrosion increased the LPS 

adherence to cp-Ti at high LPS concentration (P=.015) and to Ti-6Al-4V at 

medium LPS concentration (P<.001). LPS elution from Ti was not affected by 

corrosion (P>.05). Furthermore, in most of situations, greater LPS adherence was 

observed to Ti-6Al-4V alloy (P<.05). 

When corrosion promoted more LPS adherence to Ti, an acidic pH was 

involved in the corrosion protocol. Ti is an electrochemically active material. 

When it is exposed to air, an oxide layer is formed on its surface, conferring its 

protection against corrosion [9]. However, the presence of defects on the oxide 

layer of Ti surface can affect its passivity [6]. Previous studies [8, 28] have 

reported that acidic solution degrades the protective oxide film and induces 

greater corrosion, which is in agreement with the electrochemical data from this 

study. It could be speculated that the defective oxide layer promotes greater LPS 

adherence, due to changes of Ti surface energy or chemical modification of Ti 

surface. LPS exhibit a low surface energy and are attracted to comparatively 

higher surface energies [19, 21]. 

The higher surface roughness observed on the specimens corroding at pH 

3 may have an influence on the greater LPS adherence. The surface roughness of 

implant components could affect the LPS affinity and consequently the LPS 
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concentration in periimplant crevicular fluid [18]. In addition, roughness is an 

important property of adhesion and colonization of bacteria [29], therefore, a 

greater LPS accumulation may be expected on the Ti surface after corrosion, 

which could induce periimplantitis [30]. 

The interaction between LPS and Ti differed, based upon LPS 

concentrations and Ti type. Higher LPS adherence to Ti-6Al-4V alloy was 

observed in high LPS concentration. Knoernschild et al. [19] described greater 

LPS adherence to gold and Ni-Cr-Be alloy related to higher LPS treatment 

concentration. However, the LPS adherence to cp-Ti was lower in milieu with 

high LPS concentration when compared to solution with medium LPS 

concentration. It is likely that the cp-Ti surface became LPS-saturated at higher 

LPS concentration. In the presence of surface saturation, the free LPS in solution 

interact with the LPS that had been adhered to the cp-Ti surface. Therefore, the 

LPS intermolecular interactions may reduce the quantity of available LPS that 

adhered to Ti [19].  

 Although cp-Ti exhibited higher surface roughness, a greater LPS 

adherence to Ti-6Al-4V alloy was observed. The difference in oxide film 

composition may be the driving force toward this observation. Since Ti-6Al-4V 

alloy has aluminum and vanadium in its composition, aluminum and vanadium 

oxides are found on the surface of Ti-6Al-4V alloy. Selective interactions between 

LPS and those specific surface oxides [20] might have occurred, which coincide 

with our results. The difference in surface energy of both Ti types may be 

another factor influencing LPS adherence [18]. Surface energy is related to 
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surface hardness [19]. The surface hardness of Ti-6Al-4V alloy is twice as high 

than that of cp-Ti [31], and a greater LPS adherence occurred on the former. On 

the other hand, Nelson et al showed a similar LPS adherence to cp-Ti and Ti-6Al-

4V alloy, possibly due to the difference in LPS concentration and the low 

sensitivity of the method used to detect LPS [18]. 

 Corrosion process did not influence the LPS elution level for both Ti types. 

Since the specimens were exposed to the same environment (LPS-free water) 

during the elution time, it is believed that the oxide film formed on the corroded 

discs is similar to that from non-corroded discs. As expected, specimens treated 

with high LPS concentration displayed a greater LPS elution levels at all intervals. 

Those specimens may be LPS-saturated during LPS treatment; therefore, higher 

quantity of LPS is available to release from Ti surface to the medium. With the 

higher initial LPS adherence to the Ti-6Al-4V alloy, a trend toward lower levels of 

LPS elution was observed. Therefore, it can be implied that Ti-6Al-4V alloy 

presented higher LPS affinity, compared to cp-Ti. However, the degree of such 

affinity to produce a biologic response remains unknown. 

LPS release was higher at 24 hours of elution, and generally stabilized 

after 48 hours. Others also have reported the greatest LPS elution at 24-hour 

elution and a reduction in LPS release over time [18, 21, 24]. Even after 72-hour 

elution time, approximately 99.9% of initially adhering LPS remained on both Ti 

types surface. This result may indicate that E. coli LPS have high attraction to cp-

Ti and Ti-6Al-4V alloy surfaces, and the balance between adherence and elution 
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resulted in low levels of LPS release compared to the amount adhering to the Ti 

surface [21]. 

In summary, the corrosion and LPS affinity tests herein revealed that 

acidic artificial saliva increased the corrosion rate of cp-Ti and Ti-6Al-4V alloy, 

which promoted greater amount of LPS adherence to Ti surface. In this point of 

view, situations that acidify the pH of saliva (e.g. infections, certain foods, 

mouthwash products, smoking, chronic/systemic diseases or medication) may 

adversely affect the implant surface, which in turn affect the periimplant tissue 

response that may lead to implant failure. 

Several areas of corrosion and bacterial response may have significant 

impact on the performance and durability of dental implants. Hence, future 

research addressing the LPS affinity for different types of Ti materials with 

different chemical surface treatment may be of interest. Also, for more practical 

implications, studies can be extended to investigate such LPS affinity phenomena 

under the presence of oral bacteria. LPS from E. coli bacterium, which is not a 

common microorganism of the gingival sulcus, was used in this study. However, 

the LPS from several gram-negative bacteria present similar basic molecular 

structure [21]. Furthermore, the LAL assay of this study uses E. coli as its 

standard. Therefore, the LPS used herein had a similar reactivity with the lysate. 

Further studies are warranted to evaluate the affinity of different LPS types for Ti 

materials.  
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3.7 Conclusão (Conclusion) 

 

Within the limitations of this study, the following conclusions were drawn:  

 Acidic artificial saliva increased the corrosion rate of cp-Ti and Ti-6Al-4V 

alloy, and promoted greater LPS adherence to titanium surfaces. LPS 

elution levels were not affected by corrosion.  

 Ti-6Al-4V alloy exhibited greater LPS affinity when compared to cp-Ti, by 

increasing the levels of LPS adherence and reducing LPS elution. 

 LPS elution levels were the highest at 24-hour interval and reduced over 

time for both titanium types. However, even after 72 hours of elution, 

greater than 99.9% of initially adhering LPS remained on the surface of 

both titanium types. 
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Tabelas (Tables) 

 

Table 1. Nominal composition of cp-Ti and Ti-6Al-4V alloy 

 

Ti type 
Composition (in wt%) 
Ti Al V C Fe O2 N2 H2 

cp-Ti 99.7 - - 0.006 0.12 0.16 0.004 0.0019 
Ti-6Al-4V 89.62 6.1 4.0 0.004 0.16 0.106 0.008 0.0022 
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Table 2. Means and (standard deviation) of corrosion current density (Icorr) and 

passivation current density (Ipass), for cp-Ti and Ti-6Al-4V alloy in artificial saliva 

with different pH values (n=9) 

 

Corrosion 

parameter 

pH of artificial saliva 

Icorr (A/cm2)  3.0 6.5 9.0 

cp-Ti  4.22E-8 (1.62E-8) a 1.84E-8 (2.13E-9) b 7.28E-9 (2.29E-9) b 

Ti-6Al-4V  5.24E-8 (1.52E-8) a 1.81E-8 (5.4E-9) b 8.17E-9 (1.17 E-9) b 

Ipass (A/cm2)     

cp-Ti  6.90E-6 (2.78E-7) a,* 6.83E-6 (1.61E-7) a 6.21E-6 (2.90E-7) b 

Ti-6Al-4V  6.60E-6 (2.81E-7) a 6.62E-6 (3.01E-7) a 6.46E-6 (2.53E-7) a 

 

Notes:  

Means followed by different lowercase letters in rows are statistically different 

within each titanium type (p<.05, Tukey’s HSD test). 

(*) represents significant difference in Ipass value between cp-Ti and Ti-6Al-4V 

(p=.036, one-way ANOVA). 
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Figuras (Figures) 

 

 

 

Figure 1. Electrochemical and LPS affinity tests. (a) Schematic electrochemical 

set-up (a standard 3-electrode cell). (b) LPS affinity protocol. 
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Figure 2. Mean and standard deviation of surface roughness (Ra) of cp-Ti and Ti-

6Al-4V alloy pre (non corroded-NC) and post corrosion process (pH 3, 6.5 and 9) 

(n=9). For each titanium type, (*) expresses significant difference among the 

non-corrosion and corrosion groups (P<.05, Tukey’s HSD test). P value compares 

cp-Ti with Ti-6Al-4V alloy in each situation (P<.05 indicates statistical significant 

difference between cp-Ti and Ti-6Al-4V alloy according to ANOVA). 
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Figure 3. LPS adherence results. (a-c) Mean and standard deviation of E. Coli LPS 

initial adherence (Endotoxin unit) to cp-Ti and Ti-6Al-4V alloy. (a) At high LPS 

concentration (150 μg/ml). (b) At medium LPS concentration (15 μg/ml). (c) At 

low LPS concentration (1.5 μg/ml). For each titanium type, (*) expresses 

significant difference among the non-corrosion and corrosion groups (P<.05, 

Tukey’s HSD test). P value compares cp-Ti with Ti-6Al-4V alloy in each situation 

(P<.05 indicates statistical significant difference between cp-Ti and Ti-6Al-4V 

alloy according to T-test). 
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Figure 4. LPS elution results. (a-f) Mean and standard deviation of E. Coli LPS 

elution (Endotoxin unit/ml) from non-corroded (NC) and corroded titanium discs 

at pH 3, 6.5 and 9. (a) Cp-Ti following a high LPS concentration treatment (150 

μg/ml). (b) Cp-Ti following a medium LPS concentration treatment (15 μg/ml). (c) 

Cp-Ti following a low LPS concentration treatment (1.5 μg/ml). (d) Ti-6Al-4V alloy 

following a high LPS concentration treatment (150 μg/ml). (e) Ti-6Al-4V alloy 

following a medium LPS concentration treatment (15 μg/ml). (f) Ti-6Al-4V alloy 

following a low LPS concentration treatment (1.5 μg/ml). (*) expresses significant 
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difference among the non-corrosion and corrosion groups (P<.05, Tukey’s HSD 

test) at 48 hours of elution. (δ) denotes statistically significance difference of 24 

hours of elution when compared to 48 and 72 hours of elution intervals (P<.05, 

Pairwise comparison test).  
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___________________________________________________ 

* Artigo a ser enviado para o Journal of the Mechanical Behavior of Biomedical Materials, e suas 

normas de publicação encontram-se disponíveis no anexo D. 

 

 

 

 

 

 

 

 

 

CCAPÍTULO 3 * 

 

 

Qual é o Papel do Lipopolissacarídeo no Comportamento Tribocorrosivo do 

Titânio? 

What is the Role of Lipopolysaccharide on the Tribocorrosive Behavior of 

Titanium? 



 Capítulo 3 

 

128 

Qual é o Papel do Lipopolissacarídeo no Comportamento Tribocorrosivo do 

Titânio? 

 

4.1 Resumo 

Na cavidade bucal, os implantes dentários de titânio são expostos a um 

complexo processo de degradação o qual é predominantemente influenciado 

pela intermitente ação mecânica (mastigação), continua exposição a várias 

soluções químicas (saliva e alimentos) e formação microbiológica (biofilme). 

Diversos estudos têm investigado a corrosão química do titânio; entretanto, 

poucos estudos têm reportado sobre os efeitos da interação química, mecânica e 

microbiológica a qual mimetiza o ambiente oral. Diversos estudos têm 

investigado a corrosão química e a resistência mecânica do titânio; entretanto, 

poucos têm reportado sobre o efeito combinado da ação química, mecânica e 

microbiológica a qual simula o ambiente oral. Uma nova área de pesquisa 

muldisciplinar, “tribocorrosão” (estudo combinado de desgaste e corrosão), foi 

usada para avaliar tal efeito. A natureza tribocorrosiva do titânio em saliva 

artificial (pH 6,5) com lipopolissacarídeo (LPS) foi investigada. Vinte e quatro 

discos de titânio (12 mm de diâmetro e 7 mm de espessura) foram divididos em 

8 grupos (n=3) em função do material (titânio comercialmente puro (cpTi) e a liga 

titânio-aluminio- vanádio (TiAlV) e a concentração de LPS (0, 0,15, 15 and 150 

μg/ml). A duração do deslizamento (2000 ciclos), freqüência (1,2 Hz) e carga (20 

N – pressão Herteziana estimada de 372 MPa) foram usados para mimetizar o 

processo mastigatório. A espectroscopia de impedância eletroquímica foi 
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conduzida antes e após o teste de tribocorrosão para entender as mudanças na 

cinética de corrosão. As superfícies desgastadas foram avaliadas por meio da 

interferometria de luz branca e microscopia eletrônica de varredura. A perda 

total de peso e os valores de rugosidade foram calculados. Os dados foram 

analizados por meio da ANOVA, e pelos testes de Tukey e T pariado (α=0,05). O 

LPS afetou o comportamento tribocorrosivo de ambos os tipos de titânio. O LPS 

estatisticamente acelerou a troca iônica entre o titânio e a saliva, e reduziu a 

resistência da superfície do titânio a corrosão (p<0,05). O deslizamento reduziu a 

proteção da superfície do titânio. No geral, a liga TiAlV exibiu melhor 

comportamento corrosivo, mas ambos os tipos de titânio mostraram perda de 

peso similares (p>0,05). O LPS sigificantemente aumentou a perda de peso do 

cpTi (p=0,041), e sua rugosidade (p<0,001). O LPS afetou negativamente o 

comportamento tribocorrosivo do titânio, a que poderia contribuir com a falha 

dos implantes dentários. 
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What is the Role of Lipopolysaccharide on the Tribocorrosive Behavior of 

Titanium? 

 

4.2 Abstract 

In an oral environment, titanium dental implants are exposed to a complex 

degradation process which is predominantly influenced by the intermittent 

mechanical events (mastication), continuous exposure to varying chemical 

solutions (saliva and food) and formation of microbiological (biofilm). Several 

studies have investigated the chemical corrosion and mechanical resistance of 

titanium; however, very few attempted to report on the effects of combined 

chemical, mechanical and microbiological interactions, which simulates the oral 

environment. A new multi-disciplinary research area, “tribocorrosion” (a 

combined study of wear and corrosion), was used to address such issues. The 

tribocorrosive nature of titanium in artificial saliva (pH 6.5) with 

lipopolysaccharide (LPS) was investigated. Twenty-four titanium discs (12-mm 

diameter, 7-mm thickness), were divided into 8 groups (n=3) as a function of 

material (commercially-pure titanium (cpTi) and titanium-aluminum-vanadium 

(TiAlV) alloy) and LPS concentrations (0, 0.15, 15 and 150μg/ml). Sliding duration 

(2000 cycles), frequency (1.2Hz) and load (20 N – estimated Hertzian pressure of 

372 MPa) parameters mimicked the mastication process. Electrochemical 

impedance spectroscopy was conducted before and after tribocorrosion to 

comprehend the changes in corrosion kinetics. Worn surfaces were examined 

using white-light-interferometry and scanning electron microscopy. Total weight 
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loss and roughness values were calculated. Data were analyzed using ANOVA, 

Tukey’s and paired-t tests (α=.05). LPS affected the tribocorrosive behavior of 

both titanium types. LPS statistically accelerated the ion exchange between 

titanium and saliva, and reduced the resistance of the titanium surface against 

corrosion (p<.05). Sliding events decreased the protectiveness of titanium 

surface. In general, TiAlV exhibited better corrosion behavior, but both titanium 

types showed similar in total weight loss (p>.05). LPS significantly increased the 

cpTi weight loss (p=.041), and its roughness (p<.001). LPS negatively affected the 

corrosion/wear behavior of titanium, which may contribute to the failure of 

dental implants.  
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4.3 Introdução (Introduction) 

 

Dental implants are widely used and they are considered as an ideal 

solution to substitute missing teeth (Heuer et al., 2007). Commercially pure 

titanium (cpTi) is preferred in dentistry (Mabilleau et al., 2006), whereas titanium 

alloys, such as titanium-aluminum-vanadium (TiAlV), are favored in orthopedics 

because of their superior mechanical strength. In general, titanium (Ti) has 

favorable mechanical properties, excellent resistance to corrosion and 

acceptable biocompatibility (Cortada et al., 2000; de Assis et al., 2006; Vieira et 

al., 2006). The spontaneous ability of Ti to form a stable and dense oxide layer 

(TiO2) is responsible for its corrosion resistance and the reason for wide 

acceptance, particularly in biomedical application (Huang, 2003).  

Although Ti materials exhibit superior corrosion resistance, they are not 

inert to corrosive attack under specified conditions, such as pH variation and 

presence of fluorides etc. (Chaturvedi, 2009). Further, removal of Ti oxide layer 

(totally or partially, thickness varies from 10-20 nm) under mechanical or 

chemical incidents possibly activate corrosion mechanisms on the exposed Ti 

surface as observed with many other metal alloys (Chaturvedi, 2009; Henry, 

1999). When inserted in oral cavity, dental implants are exposed to several 

adverse mechanical, chemical and microbiological events, leading into complex 

degradation processes (Nakagawa et al., 2002). During mastication, which is a 

unique mechanical action, implants are subjected to both axial and oblique 

forces which create micromovements at several interfaces, i.e. 
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implant/prosthetic crown, implant/abutment, abutment/prosthetic crown and 

implant/bone interfaces (Vieira et al., 2006). In such situations fretting-corrosion, 

a surface damage mode caused by low-amplitude oscillatory sliding motion 

between two contacting surfaces (Dalmiglio et al., 2008), can induce wear and 

corrosion. Particles created from wear (surface damage) of implants promote the 

release of inflammatory mediators from various cells (Azzi and Szpunar, 2007) 

which contribute to bone resorption (Nikolopoulou, 2006), and the 

encapsulation of the implant by fibrous tissue (Jones, 2001) with subsequent 

failure of the implant (Nikolopoulou, 2006; Sinnett-Jones et al., 2005). 

In addition, dental implants are exposed to an aggressive environment 

including agents such as bacterial biofilm and saliva (Correa et al., 2009). The 

thermal, ionic, microbiologic, and enzymatic properties of this environment are 

ideal to induce the biodegradation of metals (Fathi et al., 2003). 

Lipopolysaccharide (LPS), a membrane constituent of gram-negative bacteria, is a 

highly bioactive molecule (Simon et al., 1969) and has a marked effects on cells 

like macrophages, lymphocytes, fibroblasts, and osteoblasts (Wilson, 1995). LPS 

is presented in the gingival crevicular fluid (Casarin et al., 2010; Simon et al., 

1969), mainly on the surfaces of periodontally diseased teeth (Wilson, 1995), 

contributing to inflammation, osteoclasis, inhibition of cell growth, and delayed 

healing (Knoernschild et al., 1996). In the peri-implant region, LPS influences 

peri-implant inflammation and implant prognosis (Nelson et al., 1997).  

Several studies have attempted to evaluate the chemical corrosion of Ti 

(Huang, 2003; Joska and Fojt, 2010; Joska et al., 2010; Mabilleau et al., 2006; 
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Mareci et al., 2009; Messer et al., 2010; Messer et al., 2009; Nakagawa et al., 

1999; Nakagawa et al., 2002; Popa et al., 2008; Schiff et al., 2002; Souza et al., 

2009); however, very few have reported on the effect of combined chemical, 

mechanical and microbiological interactions, which resemble the oral 

environment. In this investigation, a multi-disciplinary research area, entitled 

“tribocorrosion”, is employed to address this issue in a comprehensive manner. 

The research area ‘tribocorrosion’ has been defined as “a degradation 

phenomenon of material science (wear, cracking, corrosion, etc.) subjected to 

the combined action of mechanical loading (friction, abrasion, erosion, etc.) and 

corrosion attack caused by the environment (chemical and/or electrochemical 

interaction)” (Mathew et al., 2009). The combination of such processes can 

result in various forms of deterioration, including surface wear and fatigue. 

Moreover, when the tribocorrosion occurs in a biological environment, such as in 

oral system, the presence of biological species creates further complexity in 

understanding the materials degradation pathways and dominant driving 

mechanisms generated by the interplay of wear and corrosion (Landolt et al., 

2001). 

Previous study (Souza et al., 2010b) investigated the tribocorrosion 

behavior of Ti in the presence of mixed oral biofilms. Although biofilms induced 

low friction on Ti during tribocorrosion test, its corrosion resistance was reduced 

probably due to the reduction of pH caused by the presence of micro-organisms 

and their secreted products. The reduction of friction could affect the mechanical 
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integrity and stability (elastic deformation, rupture and irreversible shear) of 

internal connections of dental implants (Souza et al., 2010a). 

However, to the authors’ best knowledge, the contribution of LPS on the 

corrosion/wear of Ti material has not been evaluated yet. In this paper, the role 

of LPS on cpTi and TiAlV in a simulated oral environment has been investigated. 

The synergistic effect of electrochemical corrosion and wear under mechanical 

sliding motion has been quantitatively evaluated. It was hypothesized that LPS 

induces high wear/corrosion irrespective of the type of Ti.  
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4.4 Materiais e métodos (Materials and methods) 

 

Surface preparation 

In the present study, cpTi and TiAlV alloy discs, 12-mm diameter and 7-

mm thickness, were milled from titanium rods (Mac-Master Carr, Elmhurst, IL, 

USA). The nominal chemical composition, density and molecular weight of cpTi 

and TiAlV alloy are shown in Table 1. A total of 24 discs were used. The samples 

were divided into 8 groups (n=3) as a function of Ti type (cpTi and TiAlV alloy) 

and Escherichia coli LPS (055:B5, Sigma-Aldrich, USA) concentration (0 - control, 

0.15, 15 and 150 μg/ml). Ti discs were wet-ground with 320 to 800 grit silicone 

carbide paper (Carbimet 2, Buehler, Lake Bluff, IL, USA), and further polished 

with polishing cloth (TextMet Polishing Cloth, Buehler), diamond paste (MetaDi 

9-micron, Buehler) and lubricant (MetaDi Fluid, Buehler). The surface was then 

mirror finished with chemomet polishing cloth (Chemomet I, Buheler) and 

colloidal silica polishing suspension (MasterMed, Buehler) (final average 

roughness (Ra) of 8.68±1.53 nm and 10.63±1.44 nm for cpTi and TiAlV alloy, 

respectively). The discs were ultrasonically cleaned (FS 20, Fisher Scientific, 

Pittsburg, PA, USA) in deionized water and 70% propanol, and finally dried with 

hot air of 250oC. Samples were randomly allotted in each group. Artificial saliva 

was prepared according to Liu et al. (Liu et al., 2007) and its composition was KCl 

(0.4 g/L), NaCl (0.4 g/L), CaCl2·2H2O (0.906 g/L), NaH2PO4·2H2O (0.690 g/L), 

Na2S·9H2O (0.005 g/L), and urea (1 g/L). 
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Corrosion/wear test 

Tribocorrosion tests can be conducted under different electrochemical 

conditions, such as free potential (potential is monitored), potentiostatic (current 

is monitored) and potentiodynamic (potential is varied). In this study, 

potentiostatic test was chosen as it facilitates the estimation of the corrosion 

loss during the tribocorrosion exposure. This will assist in understanding the 

influence of LPS and mechanical stress on the tribocorrosion behavior of Ti and 

the synergistic interactions between wear and corrosion. For this reason, it is 

necessary to choose a potential value based on the polarization curves of Ti. 

These are found through basic electrochemical tests as follow.  

 

Basic electrochemical test 

 A basic electrochemical test was conducted in a custom made acrylic 

electrochemical cell (Figure 1a) with a standard 3-electrode setting according to 

the American Society for Testing for Materials (ASTM) guidelines (G61 and G31-

72). A saturated calomel electrode (SCE) was used as the reference electrode, 

graphite rod as the auxiliary electrode and the exposed surface of the Ti as the 

working electrode (the exposed area was 1.77 cm2). A potentiostat (G300, Gamry 

Inc., Warminster, PA, USA), linked to a computer for data acquisition, was used 

to perform the corrosion measurements. A total volume of 150 ml of electrolyte 

was used for each corrosion experiment. In this trial saliva with no LPS (control) 

was used as an electrolyte. Similar polarization curves of Ti were observed in 

environment with and without LPS (Barao et al., 2011). After mounting the 
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sample into the cell, approximately 4 hours were allowed to achieve 

electrochemical stabilization of the system. The temperature of the test solution 

was maintained at 37 ± 1°C to mimic the oral environment.  

Initially, open circuit potential (OCP) was monitored during a period of 

3600 seconds to evaluate the potential and to stabilize the system. Further, the 

samples were cyclically polarized from -0.8 V to 1.8 V at a scan rate of 2 mV/sec. 

Figure 2 illustrated the cyclic polarization curves of cpTi and TiAlV alloy in 

artificial saliva at pH 6.5 (normal oral saliva pH). Both Ti types exhibited similar 

potentiodynamic curves, and a potential value of -0.3 V vs. SCE close to the free 

corrosion potential (Eoc) within the anodic region of the curve was chosen to be 

used during tribocorrosion experiment. It is important to clarify that the selected 

potential corresponds to an anodic region when doing polarization curves 

beginning in a far cathodic potential of -0.8 V, when the oxide film is partially 

reduced.  

 

Tribocorrosion test 

The tribocorrosion apparatus used for the experiments is shown in the 

Figure 1b. The tribological system consisted of an alumina ceramic ball (28 mm in 

diameter) rubbing against the sample (pin with flat surface) in an electrolyte 

chamber. The standard 3-electrode model as shown on the basic electrochemical 

test was employed. The exposed area of the sample to the electrolyte was 1.13 

cm2. A total of 150ml of artificial saliva at pH 6.5 was used in each test. To 

evaluate the effect of LPS concentration on the tribocorrosion behavior of Ti, 
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different LPS concentrations were added to the artificial saliva to prepare 0.15 

μg/ml, 15 μg/ml and 150 μg/ml of LPS. In the oral crevicular fluid the LPS 

concentration varied from 0.8 to 9.6 μg/ml in case of healthy gingival sulcus and 

inflammation, respectively (Tzamouranis et al., 1979). Herein, higher LPS 

concentration was used owing to potentiate the possible effect of LPS on the 

corrosion/wear behavior of Ti, and also, it was based in a previous study (Barao 

et al., 2011). Tests were performed at a specific anodic potentiostatic condition (-

0.3 V vs. SCE) chosen based on the potentiodynamic curves established during 

basic electrochemical test.  

A standard protocol was employed for the tribocorrosion test (Figure 1c). 

Initially, samples were electrochemically cleaned at cathodic potential of -0.9 V 

vs. SCE). This is done in an effort to achieve identical starting conditions. OCP was 

monitored during a period of 600 seconds to evaluate the potential and to 

stabilize the system (with a newly formed TiO2 film). Then, an electrochemical 

impedance spectroscopy (EIS) test was conducted to investigate the properties 

of the oxide film formed on the Ti surface (corrosion kinetics). The EIS 

measurements were performed in the frequency range from 100 KHz to 5 mHz, 

with AC sine wave amplitude of 10 mV at its corrosion potential. The 

measurement of potential and current were used to determine the real (Z’) and 

imaginary (Z”) components of the impedance, which were plotted with the 

Nyquist plot, or the total impedance (|Z|) and phase angle. EIS results were used 

to model the corrosion kinetics and to understand the properties of the oxide 

film formed on the Ti surface. Data were adjusted using the Zview2 software 
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(Scribner Associates Inc., Southern Pines, NC, USA) by adopting two well-known 

equivalent circuits (Bozzini et al., 2008; Messer et al., 2009; Moisel et al., 2008; 

Zhang et al., 2011) as further discussed. Double layer capacitance (Cdl) and 

polarization resistance (Rp) were determined. Impedance experimental data 

were fitted with chi-square error <0.001 (Vidal and Munoz, 2008). 

During the tribocorrosion test, evolution of current was monitored 

through a potentiostatic test, according to the protocol presented in Figure 1c. 

The sliding duration (2000 cycles), frequency (1.2 Hz), load (20 N, Hertzian 

pressure estimation of 372 MPa), and oscillatory amplitude (±5°) parameters 

were selected to simulate the oral environment and mastication process. The 

coefficient of friction was measured throughout the sliding period. After sliding, 

EIS measurements were performed to investigate the change in the surface 

chemistry/condition after the tribocorrosion exposure. Finally, open circuit 

potential was monitored as a part of final stabilization of the test. After the test, 

samples were cleaned with deionized water as per the standard protocol. 

 

Surface characterization 

A white light interferometry microscope (Zygo New View 6300, Zygo 

Corporation, Middlefield, CT, USA) was used to capture three-dimensional (3-D) 

of the untouched and worn/corroded Ti surface discs. In order to understand the 

changes on the damaged surface under the sliding motion and the presence of 

LPS, surface characterization were conducted before (baseline) and after 

tribocorrosion exposure with Zygo microscope. Surface roughness was 
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characterized through a white light interferometry microscope (Zygo New View 

6300, Zygo Corporation). The average roughness Ra was plotted. Two areas were 

chosen for investigation: inside the wear scar and the area adjacent to the wear 

scar. Five measurements were performed in each area for every sample. A 

scanning electron microscope (SEM) (Jeol JSM-6490 LV, Oxford Instruments, 

Oxford, UK) was also used to characterize the surfaces. 

 

Total wear-corrosion weight loss 

 The weight loss during tribocorrosion was estimated and the synergistic 

interaction between wear and corrosion can be studied by using the following 

method according to Stack and Abdulrahman (Stack and Abdulrahman, 2010): 

The total weight loss (Kwc ) can be expressed as:  

Kwc = Kw + Kc         (1) 

 where, Kw is the total weight loss due to (Mechanical) wear and Kc is the 

total weight loss due to corrosion. The Kw and Kc variables can be divided as 

follow: 

Kw = Kwo + ΔKw         (2) 

and 

Kc = Kco + ΔKc         (3) 

 Where, Kwo is the weight loss in the absence of corrosion, Kco is the 

corrosion weight loss in the absence of wear, ΔKw is the effect of corrosion on 

the weight loss due to wear and ΔKc is the effect of wear on the corrosion rate.  
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Total weight loss of the Ti samples (Kwc) was calculated by profilometric 

analysis of the wear scar as described above. The weight loss due to corrosion 

(Kc) was estimated using Faraday’s Law (Mathew et al., 2010): 

          (4) 
and  

i × t = Q         (5) 

where ‘M’ is the atomic mass of the material or equivalent weight in g/mol, ‘i’ is 

the total current, ‘t’ is the total exposure time, ‘n’ is the number of electrons 

involved in the corrosion process which can be 2+, 3+ and 4+ (for the simplest in 

this study we assumed n=2), ‘F’ is Faraday’s constant (96500 C/mol-1), and ‘Q’ is 

the charge passed through the working electrode (in coulombs) . 

 To calculate the weight loss in the absence of corrosion (Kwo), a specific  

tribocorrosion experiment was conducted in a cathodic protection potential (-0.9 

V vs. SCE, the selection of this potential was based on the potentiodynamic 

curve), in which corrosion is negligible and material loss is only due to the 

tribological interaction between the two sliding bodies (Mischler, 2008).  

 Then the effect of corrosion on the weight loss due to wear, ΔKw is 

estimated by 

ΔKw = Kw - Kwo         (6) 

 The corrosion rate in the absence of wear (Kco) was calculated by 

estimating the current under potentiostatic condition (without sliding) and based 

on Faradays equation (Equation 4). In addition, the effect of wear on the 

corrosion rate ΔKc is calculated by 
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ΔKc = Kc - Kco          (7) 

 

Mechanistic and Synergistic study 

 In order to understand the involved wear and corrosion mechanisms, a 

criteria was established by Stack et al. (Stack and Abdulrahman, 2010) based on 

the ratio of weight loss due to corrosion (Kc) and weight loss due to wear (Kw). 

The mechanistic transitions were classified as follows: 

Kc/Kw < 0.1 Wear        (8) 

0.1 ≤ Kc/Kw <1 Wear-corrosion      (9) 

1 ≤ Kc/Kw <10 Corrosion-wear      (10) 

Kc/Kw ≥ 10 Corrosion        (11) 

Based on such wear/corrosion regimes and to elaborate the synergistic 

interactions, another ratio ΔKw/ΔKc (enhancement of wear due to corrosion to 

enhancement of corrosion due to wear) was estimated and classified into three 

groups (additive, synergistic or antagonistic (Stack and Abdulrahman, 2010) as 

presented below: 

ΔKw/ΔKc < 0.1 Additive       (12) 

1 > ΔKw/ΔKc ≥ 0.1 Additive-synergistic     (13) 

ΔKw/ΔKc > 1 Synergistic       (14) 

 Generally, an additive behavior is defined when the interplay of corrosion 

and wear reduces the total material weight loss (beneficial effect). On the other 

hand, synergistic behavior is defined when corrosion enhances the wear; hence 

the total weight loss (Stack and Abdulrahman, 2010). 
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Statistical analysis 

Electrochemical parameters such as Cdl and Rp were statistically analyzed 

using one-way ANOVA for analyzing each factor separately (Ti type and LPS 

concentration) either before or after sliding. Total weight loss, and roughness 

data were also analyzed by one-way ANOVA. Tukey HSD test was chosen as the 

multiple-comparison technique when necessary. T- test was used to compare 

cpTi and TiAlV. Paired-T test was used to compare the electrochemical data 

before and after sliding for each Ti type. A significant level of 0.05 was used for 

all tests (Statistical Package for the Social Sciences, version 17.0; SPSS Inc, 

Chicago, IL, USA). 
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4.5 Resultados e Discussão (Results and Discussion) 

 

Evolution of current and friction coefficient  

Figure 3 illustrates the evolution of current and friction coefficient during 

sliding period for cpTi and TiAlV alloy. It is clearly noticeable that when sliding 

started, the current suddenly increased and during the whole period of sliding, it 

shows a consistent and noticeable fluctuations. This indicates a destruction of  

passive oxide film on the Ti surface under sliding action (Fernandes et al., 2006), 

which results in the exposure of bare surface to the solution and reformation of 

oxide films, shifting from passive to active regime (Mischler, 2008). TiO2 films in 

their native form present poor tribological properties and fractured under wear 

regimes (i.e. fretting and sliding) (Fernandes et al., 2006). Constant depassivation 

and repassivation processes on the worn surface during sliding were observed 

(Mischler et al., 1998). The current converged to the original value when sliding 

is stopped since a new and stable protective film was formed (passivation) on the 

Ti surface, covering the electrochemically active area of exposed specimen. 

Apparently, it indicates that the presence of LPS did not change the evolution of 

current for both Ti types. 

The friction coefficient exhibited a constant value in the range of (0.3-0.4) 

during the sliding test. The slight fluctuations may be attributed to build-up and 

accumulation of third-body particles in the sample/ball contact region (Barril et 

al., 2004; Vieira et al., 2006). In addition, LPS groups showed similar coefficient of 

friction when compared with the control.  
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Electrochemical impedance spectroscopy (EIS) measurements 

The results from the EIS before and after sliding are studied through 

Nyquist (impedance real vs. impedance imaginary, Figure 4) and Bode plots 

(bode phase plot and bode impedance plot, Figure 5). Nyquist plots demonstrate 

the electrochemical resistance of Ti surface. It is clearly observed that the 

presence of LPS reduced the semicircular diameter of capacitance loop, 

indicating poor corrosion resistance for both cpTi and TiAlV alloy. After sliding, 

the diameter of capacitance loop suffered a higher decrease (Figure 4), indicating 

some modification of the characteristics of the passive film formed on the Ti 

surface (Fernandes et al., 2006).  

Bode impedance plots provide the variation of impedance as a function of 

frequency of the electrochemical double layer (with or without the presence of 

passive film) formed at the interface of Ti and solution during corrosion process 

(corrosion kinetics). Bode phase plot, just one time constant was observed for all 

groups, except for cpTi after sliding which presented two time constants (Figure 

5). One time constant indicates the presence of compact and homogeneous 

passive film while two time constants indicate the formation of a porous film on 

the Ti surface (Souza et al., 2009). At high frequency, the phase angle and 

impedance exhibited low values for LPS groups (mainly at 150 μg/ml of LPS) both 

before and after sliding, corroborating with the Nyquist results.  
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EIS model 

 Two equivalent circuits were employed to estimate the formation and 

characteristics of the oxide film on the Ti surface as a function of LPS presence, 

sliding period and Ti type. In Randle’s equivalent circuit (Figure 6a) the oxide 

layer consists of a compact layer with a constant phase element (CPE - Cdl) and a 

polarization resistance (Rp). In the second circuit (Figure 6b) we assumed that the 

oxide layer is formed by two layers: the porous outer layer represented by the 

components Cdl out (capacity of the metal/film/electrolyte interface) and Rp out 

(outer layer polarization resistance), and the inner (barrier) layer, for lower 

frequencies, represented by the components Cdl in and Rp in (inner layer 

polarization resistance). Rsol represents the solution resistance for both circuits. 

The impedance of a CPE is defined by ZCPE = 1/((jw)n C), where j = √(-1) and w = 

2πf, and the exponent ‘n’ of the CPE is related to non-equilibrium current 

distribution due to surface roughness (Ariza and Rocha, 2005; Hsu et al., 2004). 

The parameter ‘C’ is a constant, representing true capacitance of the oxide 

barrier layer. All results of EIS were modeled by Randle’s circuit except for cpTi 

after tribocorrosion test that was represented by the second circuit. 

The presence of LPS influenced significantly on the corrosion kinetics and 

resistance of both Ti types (Cdl cpTi p=.018 before sliding, p=.431 after sliding; Cdl 

TiAlV p=.127 before sliding, p=.026 after sliding; Rp cpTi p<0.001 before sliding, 

p=.058 after sliding; Rp TiAlV p=.003 before sliding, p=.028 after sliding). Figure 

6c-d shows the evolution of Rp and Cdl and the post-hoc comparisons (Tukey HSD 

test, T test and Paired-T test) for both Ti types, before and after sliding. Cdl 
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increased with the increase of LPS concentration. These values were statistically 

significant for cpTi before sliding, and for TiAlV alloy after sliding. Cdl of cpTi was 

statistically higher when compared to TiAlV alloy after sliding. For both Ti types 

Rp was statistically reduced in presence of LPS. TiAlV alloy exhibited higher Rp in 

comparison to cpTi regardless of the presence or absence of LPS. As observed by 

others, the TiO2 formed on the surface of TiAlV alloys is an efficient barrier to 

corrosion, and increases charge transfer resistance at the corrosion interface 

(Hsu et al., 2004); therefore these samples exhibited high polarization resistance 

(Fernandes et al., 2006). In addition the lower corrosion resistance of cpTi after 

sliding compared to TiAlV may be due to the presence of a porous layer in the 

previous case. The electrolyte can be penetrated through such pores in the 

passive film to the underlying surface of cpTi (Joska et al., 2010). 

Most of the studies of corrosion resistance of Ti are conducted in saline 

or artificial saliva. Little is known about corrosion kinetics and variation in the 

mechanisms induced by released-cell products such as LPS. Mabilleau et al. 

(Mabilleau et al., 2006) found that LPS-treated cells increased corrosion of Ti in 

saliva as evidenced by the increased Ti surface roughness. Messer et al. (Messer 

et al., 2010) showed an increase of corrosion rate of machined implants when 

exposed to simulated inflammatory (THP1 cells and LPS) and hyperglycemic 

(dextrose) conditions.  

LPS are composed by lipid and polysaccharide joined by a covalent bond. 

According to Messer et al. (Messer et al., 2009) the presence of dextrose may 

carry away metal ions from alloy surface, encouraging further corrosion. 
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Therefore, the polysaccharide part of the LPS molecule may also induced high 

metal release from the Ti to the media which may explain the reduction of the 

corrosion inhibiting characteristics of the passive oxide film formed on Ti surface. 

In addition, the passive film can be formed with same defects in environment 

containing LPS, explaining the Cdl and Rp results in the present study. 

After the wear test Cdl increased and Rp decreased for both Ti types for all 

groups (Figure 6). Some authors (Lucas and Lemons, 1992) stated that under 

static conditions the oxide layer on the Ti surface is stable and protective, but 

under sliding and loading the film stability is compromised. This may explain the 

findings of the current study. Kamotori et al. (Komotori et al., 2007) observed a 

reduction of corrosion resistance of TiAlV alloy under the simultaneous action of 

corrosion and wear in Ringer’s solution. Authors found that the reduction is 

intensified by increasing the scratching rate and applied potential.  

It is important to highlight that both the Cdl and Rp values may be affected 

by changing of the specimens dimensions promoted by the wear scar (worn 

surface) itself and by the higher roughness after tribocorrosion test. By 

estimating those topographical changes, an increase of 0.08 to 0.12% of the 

original area of the specimens is observed. Due to the small area changes (from 

unworn area to worn area) such effects are neglected for Cdl and Rp calculation.  

 

Surface characterization 

Figure 7 illustrates the white light interferometry images of cpTi and TiAlV 

alloy before and after tribocorrosion (around the wear scar) as a function of LPS 
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concentration. An increase in surface damage is observed after electrochemical 

attack. After tribocorrosion test a wear scar with well defined boundary was 

observed on the Ti surface for all groups (Figure 8a). The surface profile of a 

representative wear scar is showed (Figure 8b). 

 Figure 9 shows the surface roughness (Ra) of the samples before and after 

tribocorrosion as a function of different LPS concentration. LPS did not affect the 

Ra values of Ti around the wear scar area (p>.05; ANOVA); however, a tendency 

of increase in surface roughness was observed when the samples were exposed 

to saliva containing LPS. The roughness inside the wear scar was affected by LPS 

for both Ti types (p<.0001; ANOVA): the higher the LPS concentration, the higher 

the surface roughness (p<.05; Tukey HSD test). Both Ti types exhibited similar 

surface roughness values (p≥.068; T-test) except for 15 μg/ml LPS groups at 

peripheral area (p=.027; T-test) and for 150 μg/ml LPS groups inside the wear 

scar (p=.040; T-test).  

 It is known that corrosion process can increase the roughness of Ti 

(Correa et al., 2009; Mabilleau et al., 2006) based on the corrosion mechanisms. 

Our results showed that LPS accelerate the wear/corrosion of cpTi and TiAlV 

alloy, which may explain the greater surface roughness of LPS groups. Surface 

roughness is an important property of adhesion and colonization of bacteria 

(Morgan and Wilson, 2001); therefore, a greater biofilm accumulation might be 

expected on the Ti surface after wear/corrosion in presence of LPS, which could 

lead to peri-implantitis (Bollen et al., 1996). 
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 SEM images of the wear scars of both Ti types are presented in Figure 10. 

The worn surface is characterized by wear marks aligned in the direction of 

sliding. Under the tribocorrosion test conditions, two areas can be observed in 

the wear track. Boundary wear scar area exhibited some smearing as a result of 

wear debris spread during sliding test which removes the protective passive film 

and actively corrode the Ti surface. The area inside of the wear scar is noticeable 

with severe material damage and presence of wear debris (third body). Particles 

are observed in the central part of the wear scar probably due to the plastic 

surface deformation. Those particles are likely to delaminate and detach from 

surface, inducing oscillations of the friction coefficient (Vieira et al., 2006). Such 

effects also cause the transitions in the wear mechanisms from two body to 

three body. Delamination and cracking were observed mainly in the 150 μg/ml 

LPS group. The backscattering images of the 150 μg/ml LPS groups clearly show 

cracking (arrows) of the Ti surface. 

 

Wear-corrosion weight loss distribution 

As explained in the section 2.4 the total weight loss could be separated in 

to individual contributions from wear and corrosion and listed in the Table 2. The 

variation of weight loss as a function of LPS concentration is shown in Figure 11. 

The individual contributions of corrosion (Kc) and wear (Kw) to the weight loss are 

presented. The combined effect of corrosion and wear (Kwc) is also illustrated in 

the Figure 11. In general, LPS significantly influenced the total weight loss due to 

corrosion (Kc p=.316 for cpTi and p=.029 for TiAlV alloy; ANOVA), the total weight 
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loss due to wear (Kw p=.300 for cpTi and p=.014 for TiAlV alloy; ANOVA) and the 

total weight loss due to wear and corrosion (Kwc p=.05 for cpTi and p=.130 for 

TiAlV alloy; ANOVA). For both Ti types, LPS increased the total weight loss (Figure 

11). In LPS groups the passive oxide film is less protective (as observed in Cdl and 

Rp results) which may induce higher release of metals from Ti, and, consequently, 

high weight loss. Fernandes et al. (Fernandes et al., 2006) observed correlation 

between degradation of the passive film with high weight loss of plasma nitride 

and plasma nitride + oxidized TiAlV alloy after wear. It is also believed that in the 

presence of LPS the passive film is harder to reform, leading to high total weight 

loss. No significant difference in the total weight loss (Kc, Kw and Kwc) was 

observed between cpTi and TiAlV alloy (p>.05, T-test). 

 

Mechanistic and synergistic interaction between wear and corrosion 

Identification of wear/corrosion regime transitions is made by using the 

ratio of weight loss due to corrosion and weight loss due to wear (Kc/Kw ratio). 

Kc/Kw values ranging from 0.11 to 0.16 were obtained (Table 2). According to 

these results a wear dominated tribocorrosion mechanisms is the driving 

degradation process. (Stack and Abdulrahman, 2010). Those regimes of wear-

corrosion were defined as additive, synergistic or antagonistic based on the 

ΔKw/ΔKc ratio values (Stack and Abdulrahman, 2010). All groups exhibited a 

synergistic effect in which corrosion and wear are enhancing each other 

(detrimental effect). However, for the TiAlV alloy at 150 μg/ml LPS 

concentration, additive effect was observed in which corrosion possibly reduced 
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the wear (Table 2). This later result can be explained by the decrease of total 

weight loss of TiAlV alloy at 150 μg/ml LPS concentration (Figure 11).  

These results indicate the complexity of the wear and/or corrosion 

mechanisms, during tribocorrosion process. In general, material deterioration 

results from two mechanisms: mechanical wear and wear-accelerated corrosion 

(Mischler, 2008). Mechanical wear (i.e. sliding) is related to the metal detached 

from the material surface. During sliding, the oxide film on the Ti surface was 

removed and the new surface of Ti was exposed and more likely to be corroded 

than the TiO2 surface. Therefore, the wear accelerates corrosion by removing the 

Ti protection until another passive film is formed (Mischler, 2008). In the present 

study, the wear-accelerated corrosion mechanism was more pronounced in the 

presence of LPS. The new Ti surface after sliding suffered from increased attack 

by the LPS, which induced a high corrosion rate and consequently more weight 

loss.  

A simple schematic diagram has been developed to demonstrate the 

influence of LPS on the wear/corrosion mechanism of Ti (Figure 12). Initially, Ti 

surface was protected by the oxide film. Before sliding, the polysaccharide part 

of LPS may attacks the oxide film, inducing some defects. Part of the Ti surface 

was exposed, and an exchange of ions between Ti (metal ions - M+) and saliva 

(electrons - e-) occurred. During the sliding, the rest of passive film was removed. 

Some debris was observed and the new surface of Ti was attacked again by the 

LPS, which increased the total wear weight loss. A new passive film was formed 

when sliding was stopped. But according to our results, this film is less protective 
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than the native film (as observed by the Cdl and Rp results). In addition, the 

influence of LPS on the new formed film may be based on an adsorption 

tendency of LPS on Ti. However, all these speculations are not yet proved. 

 

Clinical relevance, limitations and future scope 

 When Ti dental implants are inserted in oral cavity, a stable passive film is 

formed. However, due to several unfavorable conditions this passive film can 

break down and corrosion may take place. The present study showed that the 

damage due to sliding wear, performed at 1.2 Hz resembling the mastication 

frequency, reduced the corrosion resistance of cpTi and TiAlV alloy. In addition, 

the presence of components of membrane of gram negative bacteria, such as 

LPS, accelerated the wear/corrosion process of Ti. Therefore, patients with oral 

infections (i.e. periodontitis) may be more likely to have their dental implants 

corroded. Also, the surface roughness of Ti was increased by the presence of LPS, 

which may induce greater bacterial biofilm accumulation and consequently peri-

implantitis, and further implant therapy failure. Previous study showed that 

bacteria increased the wear/corrosion of Ti (Souza et al., 2010b). Therefore, this 

whole process will be transformed in a “vicious circle” in which LPS induces 

corrosion, corrosion increases surface roughness, surface roughness promote 

more bacteria adherence, bacteria induces corrosion and so on. For this reason it 

is very important that patients with oral Ti implants are assisted/instructed to 

practice a good oral hygiene.  
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The employed tribocorrosion set-up did not completely resemble the 

actual adverse factors/conditions that implants are subjected in oral cavity. The 

simulated force was uni-directional and constant in magnitude. Implants are 

exposed to vertical, horizontal and oblique forces, and high-intensity forces 

created by parafunctional habits (i.e. bruxism). Furthermore, the motion 

amplitude was larger than what is expected in-vivo and uni-directional rather 

than multi-directional. Smaller, multi-directional amplitudes may generate a 

fretting-type tribological contact conditions. In oral cavity implants are inserted 

into the bone, which may assist to distribute the stress generated during loading. 

However, in this study Ti was firmly held. The microbiological environment 

created in this study was based on LPS only (i.e. bacteria were missing). Further 

investigations with actual bacteria enriched with LPS are necessary. Specially 

focused investigations are required to understand the effect of corrosion 

products on the cell proliferation and viability, inflammatory reaction, and bone 

level.  
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4.6 Conclusão (Conclusion) 

 

The tribocorrosion behavior of commercially pure titanium (cp-Ti) and 

titanium-aluminum-vanadium (TiAlV) alloy was investigated in the presence of 

artificial saliva as a function of lipopolysaccharide presence. Based on the 

outcomes of the present in-vitro study the following conclusions can be drawn: 

 Lipopolysaccharide affected negatively the wear/corrosion behavior of 

cpTi and TiAlV alloy by increasing the capacitance and reducing the 

resistance of the titanium oxide film. 

 Both titanium types exhibited inferior corrosion behavior after sliding as 

observed in the capacitance and resistance of double layer data and 

Nyquist plots. 

 The total wear-corrosion weight loss was high when lipopolysaccharide 

was added regardless of titanium type. Wear-corrosion was the dominant 

mechanistic model. 

 The presence of lipopolysaccharide increased the roughness of the worn 

surface of both titanium types. 

 Clinically, the results of this study showed that patients with oral 

infections (presence of LPS) may be more likely to have their dental 

implants corroded and with greater bacterial biofilm accumulation which 

could negatively affect the implant prognosis. 
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Tabelas (Tables) 

 

Table 1. Nominal composition, density and molecular weight of cpTi and TiAlV 

alloy 

 

Ti type 
Composition (wt%) Density 

(cm3) 

Molecular 

weight (u) Ti Al V C Fe O2 N2 H2 

cpTi 99.7 - - 0.006 0.12 0.16 0.004 0.0019 4.50 47.85 

TiAlV 89.62 6.1 4.0 0.004 0.16 0.106 0.008 0.0022 4.44 46.72 
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Table 2. Weight loss distribution as a function of LPS concentration for cpTi and TiAlV alloy in artificial saliva 

Ti type Kwc (μg) Kc (μg) Kw (μg) Kc/Kw Kwo (μg) ΔKw (μg) Kco (μg) ΔKc (μg) ΔKw/ ΔKc 

cpTi 

Control  96.31±15.84 13.21±1.25 83.09±1.71 0.16±0.05 14.17 68.92±17.09 3.60E-3±3.43E-3 13.21±0.88 5.27±1.3 

0.15 μg/ml 111.27±9.95 15.68±1.25 95.58±8.71 0.16±0.01 12.69 82.90±8.71 1.21E-2±3.76E-3 15.67±0.87 5.29±0.1 

15 μg/ml 125.98±24.91 15.64± 2.16 110.33±27.06 0.15±0.06 17.54 92.78±27.06 3.32E-3±1.42E-2 15.64±1.52 6.1±1.8 

150 μg/ml 152.33±64.10 16.69±4.16 135.35±59.98 0.12±0.02 11.88 146.07±59.98 7.48E-3±7.49E-3 16.97±4.16 7.0±1.7 

TiAlV          

Control 106.01±2.23 12.95±2.49 93.05±2.48 0.14±0.01 36.84 56.21±40.56 -4.84E-3±7.06E-3 12.96±18.37 4.3± 0.2 

0.15 μg/ml 114.99±10.40 14.96±1.28 100.00±10.40 0.15±0.02 6.09 93.93±38.84 7.25E-3±1.34E-2 14.95±0.01 6.3± 0.5 

15 μg/ml 153.95±8.78 15.07±0.24 138.87±8.64 0.11±0.01 0.013 4.53±54.03 1.91E-3±9.51E-3 15.07±0.24 0.3±0.6 

150 μg/ml 129.81±2.58 16.05±1.94 113.76±24.62 0.15±0.03 0.015 -41.28± 70.35 -7.36E-3±1.25E-2 16.05±1.95 -2.7±1.6 

Kwc: total weight loss due to wear and corrosion (tribocorrosion) 

Kc: total weight loss due to corrosion 

Kw: total weight loss due to (mechanical) wear  

Kwo: weight loss in the absence of corrosion 

ΔKw: effect of corrosion on the weight loss due to wear 

Kco: corrosion weight loss in the absence of wear 

ΔKc: effect of mechanical wear on the corrosion rate. 
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Figuras (Figures)  

 

Figure 1. (a) Schematic electrochemical set-up (a standard 3-electrode cell) used 

during basic corrosion test. (b) Schematic tribocorrosion set-up. (c) Standard 

protocol used during tribocorrosion test (OCP – open circuit potential; PS – 

potentiostatic test; EIS – electrochemical impedance spectroscopy).  
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Figure 2. Representative cyclic polarization curves for cpTi and TiAlV alloy in 

artificial saliva at pH 6.5. 
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Figure 3. Representative curves of evolution of current density during the 

wear/corrosion test and the evolution of friction coefficient during sliding period 

for cpTi and TiAlV alloy in artificial saliva as a function of different LPS 

concentration. 
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Figure 4. Representative Nyquist plots from EIS recorded for cpTi and TiAlV alloy 

in artificial saliva as a function of different LPS concentration, before and after 

sliding. 
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Figure 5. Representative Bode plots from EIS recorded for cpTi and TiAlV alloy in 

artificial saliva as a function of different LPS concentration, before and after 

sliding. (Rsol - resistance of solution and Rp - polarization resistance). 

.  
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Figure 6. (a-b) Equivalent circuit models selected for impedance spectra analysis. 

Evolution of (c) capacitance of double layer (Cdl), and (d) polarization resistance 

(Rp) for cpTi and TiAlV alloy in artificial saliva as a function of different LPS 

concentration. Lower case letters were used to compare the different LPS 

concentrations at the same Ti type and sliding period. Different letters indicate 

significant difference among the groups (α=0.05). For each variable, (*) express 

significant difference between sliding periods at the same Ti type and LPS 

concentration (α=0.05).  
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Figure 7. White interferometry microscopy 3D images of cpTi and TiAlV alloy 

before and after tribocorrosion (around the wear scar) as a function of LPS 

concentration. X and Y scales are in mm, and Z scale is in μm. The Z scale covers 

0.4 μm in amplitude. 
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Figure 8. White interferometry microscopy 3D images and surface profile of a 

representative wear scar of Ti. X and Y scales are in mm, and Z scale is in μm. The 

Z scale covers 50 μm in amplitude. 
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Figure 9. Roughness average (Ra) of cpTi and TiAlV alloy (a) around the wear 

scar; (b) inside the wear scar. In the same Ti type, means with different lower 

case letters are significant different (p<.05). In the same LPS concentration, 

different upper case letter shows significant different between cpTi and TiAlV 

alloy (p<.05).  
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Figure 10. SEM photographs of corroded wear surface of cpTi and TiAlV alloy in 

artificial saliva as a function of different LPS concentration. Arrows indicate the 

cracking on the titanium surfaces through backscattering images technique. 
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Figure 11. Variation of weight loss of cpTi and TiAlV alloy as a function of 

different LPS concentration. The individual contribution of corrosion (Kc) and 

wear (Kw) to the weight loss are expressed. The combined effect of corrosion and 

wear (Kwc) is illustrated by the whole bar. In the same Ti type, means with 

different lower case letters are significant different (p<.05) regarding Kwc values. 
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Figure 12. Schematic diagram of the tribological contact zone which exhibit the 

influence of LPS on the wear/corrosion mechanism of Ti. (a) befor e sliding; (b) 

during sliding; (c) after sliding. (e- - electrons and M+ - metal ions). 
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Comparação de Diferentes Designs de Overdentures Implanto-Retidas e Prótese 

Total Fixa Implanto-Suportada na Distribuição de Tensões em Mandíbula 

Edêntula – Análise pelo Método de Elementos Finitos Tridimensional Baseado 

em TC  

Comparison of Different Designs of Implant-Retained Overdentures and Fixed 

Full-Arch Implant-Supported Prosthesis on Stress Distribution in Edentulous 

Mandible – A CT-based Three-Dimensional Finite Element Analysis 
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Comparação de Diferentes Designs de Overdentures Implanto-Retidas e 

Prótese Total Fixa Implanto-Suportada na Distribuição de Tensões em 

Mandíbula Edêntula – Análise pelo Método de Elementos Finitos 

Tridimensional Baseado em TC 

 

5.1 Resumo 

 

Objetivo: Comparar o efeito de diferentes designs de overdentures implanto-

retidas e prótese total fixa implanto-suportada na distribuição de tensões em 

mandíbula edêntula pelo método de elementos finitos tridimensional (MEF-3D) 

baseado em tomografia computadorizada (TC). 

Materiais e métodos: Quatro modelos tridimensionais de elementos finitos de 

uma mandíbula edêntula humana com mucosa e quatro implantes posicionados 

na região interforame foram construídos e reabilitados com diferentes designs 

de próteses. No grupo OR a mandíbula foi restaurada com overdenture retida 

por quatro implantes não esplitados com sistema de retenção do tipo O’ring; nos 

grupos BC-C e BC as mandíbulas foram restauradas com overdentures retidas por 

quatro implantes esplintados com sistema de retenção barra-clipe associado ou 

não a dois cantilevers distais, respectivamente; no grupo FD a mandíbula foi 

restaurada com prótese total fixa suportada por quatro implantes. Os modelos 

foram suportados pelos músculos da mastigação e pelas articulações 

temporomandibulares. Uma força oblíqua de 100 N (30 graus) foi aplicada na 

região de primeiro molar inferior esquerdo em cada prótese na direção 
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vestíbulo-lingual. Análises qualitativa e quantitativa das tensões de von Mises 

(σvM), máxima (σmax) (tração) e mínima (σmin) (compressão) tensões principais 

(em MPa) foram obtidas. 

Resultados: O grupo BC-C exibiu os maiores valores de tensões (σvM = 398,8; σmax 

= 580,5 e σmin = -455,2) enquanto que o grupo FD mostrou as menores tensões 

(σvM = 128,9; σmax = 185,9 e σmin = -172,1) nos implantes/componetes protéticos. 

No grupo das overdentures, o uso de implantes não esplintados (grupo OR) 

reduziu as tensões nos implantes/componentes protéticos (59,4% para σvM, 

66,2% para σmax e 57,7% para σmin versus grupo BC-C) e tecidos de suporte 

(redução máxima de tensão de 72% e 79,5% para σmax, e de 15,7% e 85,7% para 

σmin no oso cortical e medular, respectivamente). O osso cortical exibiu maior 

concentração de tensões que o osso medular em todos os grupos. 

Conclusão: O uso de prótese total fixa implanto-suportada e prótese total 

removível retida por implantes não esplinatados para reabilitar mandíbula 

edêntula reduziu na tensões no tecido ósseo peri-implantar, mucosa e 

implantes/componentes protéticos. 
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Comparison of Different Designs of Implant-Retained Overdentures and Fixed 

Full-Arch Implant-Supported Prosthesis on Stress Distribution in Edentulous 

Mandible – A CT-based Three-Dimensional Finite Element Analysis 

 

5.2 Abstract 

 

Purpose: To compare the effect of different designs of implant-retained 

overdentures and fixed full-arch implant-supported prosthesis on stress 

distribution in edentulous mandible by using a three-dimensional finite element 

analysis (3D-FEA) based on a computerized tomography (CT). 

Materials and methods: Four 3D FE models of an edentulous human mandible 

with mucosa and four implants placed in the interforamina area were 

constructed and restored with different designs of dentures. In the OR group, the 

mandible was restored with an overdenture retained by four unsplinted implants 

with O’ring attachment; in the BC-C and BC groups, the mandibles were restored 

with overdentures retained by four splinted implants with bar-clip anchor 

associated or not with two distally placed cantilevers, respectively; in the FD 

group, the mandible was restored with a fixed full-arch four-implant-supported 

prosthesis. The models were supported by the masticatory muscles and 

temporomandibular joints. A 100-N oblique load (30 degrees) was applied on the 

left first molar of each denture in a buccolingual direction. Qualitative and 

quantitative analysis based on the von Mises stress (σvM), the maximum (σmax) 
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(tensile) and minimum (σmin) (compressive) principal stresses (in MPa) were 

obtained. 

Results: BC-C group exhibited the highest stress values (σvM = 398.8, σmax = 580.5 

and σmin = -455.2) while FD group showed the lowest one (σvM = 128.9, σmax = 

185.9 and σmin = -172.1) in the implant/prosthetic components. Within 

overdenture groups, the use of unsplinted implants (OR group) reduced the 

stress level in the implant/prosthetic components (59.4% for σvM, 66.2% for σmax 

and 57.7% for σmin versus BC-C group) and supporting tissues (maximum stress 

reduction of 72% and 79.5% for σmax, and 15.7% and 85.7% for σmin on the 

cortical bone and the trabecular bone, respectively). Cortical bone exhibited 

greater stress concentration than the trabecular bone for all groups. 

Conclusion: The use of fixed implant dentures and removable dentures retained 

by unsplinted implants to rehabilitate completely edentulous mandible reduced 

the stresses in the periimplant bone tissue, mucosa and implant/prosthetic 

components. 
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5.3 Introdução (Introduction) 

 

 The oral rehabilitation of edentulous patients has been improved by the 

use of dental implants (1-5). Two successfully implant treatment concepts are 

clinically available such as fixed and removable prosthesis (6, 7). The use of 

either two or four implants to retain mandibular overdentures has been 

indicated and similar clinical and radiographic outcomes were found (8-11). In 

situations that require increased retention (e.g. high muscle attachment, 

prominent mylohyoid ridges and extreme gaggers) and in presence of short or 

narrow implants, the use of more than two implants is necessary to retain 

mandibular overdentures (12, 13). In order to support mandibular fixed full-arch 

implant prosthesis, four to six implants are placed in the foramina area (14, 15). 

 Several factors play a role on the decision between fixed and removable 

implant dentures as inter-foraminal space, inter-jaw relationship, oral hygiene, 

speech, cost and patient’s preference (16). Overdentures are indicated when 

patients are not satisfied with the stability and retention of the conventional 

removable denture but no complain about pain and discomfort of the mucosa 

should exist (14, 17). In case of reduced salivary flow, overdentures may 

generate some discomfort for the patient. Fixed full-arch implant-supported 

prosthesis is indicated in the presence of enough bone and inter-arch space to 

receive implants in the anterior region of mandible (14). On the other hand, 

when there is necessity to replace soft and hard tissues and to support the facial 

tissue by the buccal denture flange, fixed prosthesis is contraindicated (18, 19). 
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Additionally, the cost of fixed treatment is higher than that of overdentures; 

nevertheless, it requires fewer post-operative visits for adjustments (14). 

A clinical study showed that periimplant bone maintenance was similar 

when comparing implant-retained overdentures and fixed full-arch implant-

supported prosthesis (20). Also, patient satisfaction (21, 22), prosthetic 

outcomes, and survival rates of implants did not differ between the two 

treatment modalities (22). Conversely, a previous study showed that patients 

treated with implant-retained overdentures were less satisfied and presented 

lower oral health quality than those who received fixed prosthesis (23). 

 Implant-retained overdentures are considered a simple, cost-effective, 

viable, less invasive and successful treatment option for edentulous patients (24-

28). However, controversies toward the design of attachment systems for 

overdentures still exist (28, 29). Several in vivo studies (30, 31) and 

biomechanical studies using finite element analysis (FEA) (27, 30, 32), strain 

gauge analysis (25, 33) and photoelastic analysis (12, 34) displayed better stress 

distribution for overdentures retained by unsplinted implants (e.g. O’ring 

attachment system) while others showed superiority with the use of splinted 

implants (e.g. bar-clip attachment system) (24, 29, 35-37). 

 The loading transmission and distribution of masticatory forces influence 

the success and failure of implant restorations over time (38-40). It is believed 

that loading distribution pattern in implant-retained overdentures differs from 

those in implant-supported fixed restorations (25). However, to authors’ best 
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knowledge, no study has investigated the stress pattern of implant-retained 

overdentures versus fixed full-arch supported prosthesis.  

 Therefore, the present study aimed to compare the effect of different 

designs of implant-retained overdentures and fixed full-arch implant-supported 

prosthesis on stress distribution in edentulous mandible by using a three-

dimensional finite element analysis (3D-FEA). The research hypothesis was that 

mandibular fixed full-arch implant-supported prosthesis would result in less 

stress level in the implant/prosthetic components and periimplant bone tissue 

when compared to implant-retained overdentures. Also, it was hypothesized 

that the different designs of overdenture attachment systems would induce 

distinguished stress distribution and level in the implant/prosthetic components 

and periimplant bone tissue. 
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5.4 Materiais e métodos (Materials and methods) 

 

 Four 3D finite element models of a complete edentulous human mandible 

with mucosa and four implants placed in the interforamina area were 

constructed and restored with different designs of implant-retained 

overdentures and fixed full-arch implant-supported prosthesis. In the OR group, 

edentulous mandible was restored with overdenture retained by four unsplinted 

implants with O’ring attachment system; in the BC-C and BC groups, edentulous 

mandibles were restored with overdentures retained by four splinted implants 

with bar-clip attachment system associated or not with two distally placed 

cantilevers, respectively. Finally, in the FD group, edentulous mandible was 

restored with fixed full-arch four-implant-supported prosthesis.  

 

Model Design 

 The 3D geometry of the edentulous mandible was reconstructed from 

cone beam computerized tomography (CT) (I-Cat Cone Beam Volumetric 

Tomography and Panoramic Dental Imaging System, Imaging Sciences 

International, Hatfield, PA, USA) of a complete edentulous mandible of a 60-

year-old man (Fig. 1). The mandibular section profiles were collected at 2mm-

increments. The selected subject was informed about the procedure to be 

instituted and signed an informed consent term in accordance with the 

recommendations of the Human Research Ethics Committee of Aracatuba Dental 

School – UNESP, Brazil (Process number: 2008-00939). The patient was 
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rehabilitated with conventional complete dentures. The existing lower complete 

denture was duplicated in self-polymerized acrylic resin mixed with barium 

sulfate in a ratio of 3:1 in order to provide radiopacity of the denture during CT 

scan. The radiopaque duplicated denture was adjusted and placed into patient’s 

mouth, and a CT scan was conducted (Fig. 1). It was done an effort to provide the 

accurate relationship between denture and mandible.  

 The files of the CT assessment were imported into the Simpleware 4.1 

software package (Simpleware Ltd, Rennes Drive, Exeter, UK) which allowed the 

construction of the 3D solid geometries of the edentulous mandible and denture. 

Based on the actual position of the mandible and denture, the precise geometry 

of the mucosa was deduced and it was in contact with the inner surface of the 

denture (41). In the edentulous mandible, both cortical and trabecular bones 

were delimitated based on the CT data. The thickness of the mucosa and cortical 

bone were approximately 3.0 mm and 1.5 mm in the interforamina area, 

respectively.  

 Four cylindrical titanium implants with 11.5-mm length and 3.75-mm 

diameter were modeled in CAD software (SolidWorks 2010, Dassault Systèmes 

SolidWorks Corp., Concord, MA, USA) and virtually inserted into each model. In 

all models, implants were placed in the center of the mandibular crest at 10 and 

20 mm away from the midline on both sides of the mandible (42)(Fig. 2). 

 The different attachment systems of the overdentures and the 

superstructure of the fixed full-arch implant-supported prosthesis were created 

into the same CAD software (SolidWorks 2010). The distal cantilever of the BC-C 
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group had 3.5 mm in height, 1.8 mm in width and 7 mm in length (43). In the FD 

group, the superstructure presented 4 mm in height and 6 mm in width (44) and 

a cantilever with 10 mm in length (42) (Fig. 2). 

 The implants and prosthetic components were imported into the 

Simpleware software and merged with the edentulous mandible and denture. 

For the FD group, the bottom part of the denture was reduced and planned. In 

the overdenture groups, the space for each attachment system in the inner 

surface of the denture was provided by a boolean operation (Fig. 2). Finally, 

models were meshed with parabolic tetrahedral interpolation solid elements 

into Simpleware software. The mesh refinement was established based on the 

convergence of analysis (6%) (45). The models had a total number of 319,644 

elements and 89,912 nodes in OR group, 318,909 elements and 89,616 nodes in 

BC group, 269,481 elements and 80,225 nodes in BC-C group, and 244,338 

elements and 70,387 nodes in FD group (Fig. 3). 

 

Material properties and interface conditions 

 Meshed models were imported into the finite element analysis software 

(Abaqus 6.10-EF1, Dassault Systèmes Simulus Corp., Providence, RI, USA) to 

investigate the stress distribution. All materials were considered isotropic, 

homogeneous and linearly elastic. The mechanical properties (elastic modulus 

and coefficient of Poisson) of the materials are presented in table 1 and were 

extracted from the existing literature (27, 42, 44, 46-49).  
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 Total bonding between bone and implants was assumed to simulate a 

complete implant osseointegration so that no motion between the two 

structures occurs under applied loading (40, 50-52). The same type of contact 

was provided to the other structures.  

 

Constrains and loading conditions 

 In the present study, the models were supported by the masticatory 

muscles and temporomandibular joints. The forces created by the four elevator 

masticatory muscles (temporal, masseter, medial pterygoid and lateral 

pterygoid) and their positioning on the mandibular body were based on previous 

studies (50-52) (Fig. 4). A total of ten nodes of the elements were used to define 

each muscular area action. Forces directions were established by the cosines α, β 

and γ, (51) which represents the x, y and z axes of each force, respectively (Table 

2). The applied muscular forces were 59.23 N for masseter, 39.60 N for medial 

pterygoid, 34.44 N for lateral pterygoid and 34.09 N for temporal (50-52). 

 In order to simulate the mean value of posterior bite force in humans, a 

100-N oblique load (30 degrees in relation to the long axis of the implant) was 

applied on the left first molar of each denture in a buccolingual direction (Fig. 4). 

Considering that the implant-prosthetic components complex consists of a 

ductile material (titanium and gold alloys), the von Mises equivalent stress (σvM) 

was obtained. On the other hand, as the cortical bone, trabecular bone and 

mucosa are friable materials (nonductile materials), the maximum (σmax) (tensile) 

and minimum (σmin) (compressive) principal stresses were also obtained to better 
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understand the influence of different prosthesis designs on stress distribution in 

the periimplant bone tissue. 
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5.5 Resultados (Results) 

 

 The stress values (σvM, σmax and σmin) within implant/prosthetic 

components and supporting tissues (cortical bone, trabecular bone and mucosa) 

for all groups are displayed in fig. 5. Regardless of stress analysis criteria, BC-C 

group exhibited the highest stress values which was located into the 

implant/prosthetic components (σvM = 398.8 MPa, σmax = 580.5 MPa and σmin = -

455.2 MPa) while FD group showed the lowest one (σvM = 128.9 MPa, σmax = 

185.9 MPa and σmin = -172.1 MPa). Comparing the overdenture groups, the use of 

unsplinted implants associated to the O’ring attachment system reduced the 

stress level in the implant/prosthetic components (reduction of 59.4% for σvM, 

66.2% for σmax and 57.7% for σmin versus BC-C group). 

 It is clearly visible that the highest stress levels located under the applied 

loading; i.e. in the bar portion between the two left implants for splinted groups 

and in the distal ball abutment in the left side for O’ring group (Fig 6a-d). In the 

overdenture groups, the σvM seems to be distributed to all implants while, in the 

FD group, the stress was mostly located at the implants and cantilever on the 

loaded side. On the implants, stress was mainly placed from the neck to the 

middle third region (Fig. 6a-d). 

 Concerning the supporting tissues, whereas the BC group displayed the 

greatest stress levels within cortical bone (σvM = 97.1 MPa, σmax = 100.7 MPa and 

σmin = -93.5 MPa), trabecular bone (σvM = 28.9 MPa, σmax = 24.5 MPa and σmin = -

38.6 MPa) and mucosa (σvM = 1.93 MPa, σmax = 4.15 MPa and σmin = -5.33 MPa), 
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the FD group showed the lowest stress levels (cortical bone - σvM = 51.0 MPa, 

σmax = 60.4 MPa and σmin = -51.9 MPa; trabecular bone - σvM = 6.43 MPa, σmax = 

4.21 MPa  and σmin = -4.6 MPa; mucosa - σvM = 0.8 MPa, σmax = 1.2 MPa and σmin = 

-0.7 MPa), except for the σmax on the cortical bone in which the O’ring group took 

place (28.1 MPa). In the overdenture group, the use of unsplinted implants 

decreased the stress concentration in all supporting tissues (maximum stress 

reduction of 72% and 79.5% for σmax, and 15.7% and 85.7% for σmin on the 

cortical and the trabecular bones, respectively) (Fig. 5). 

 Cortical bone exhibited greater stress concentration than the trabecular 

bone for all groups (Fig. 5). The maximum stress concentration on bone tissue 

was observed in the periimplant area (Figs 7 and 8). In the cortical bone, the 

highest tensile stress (σmax) was observed on the buccal side of the periimplant 

area while the greatest compressive stress (σmin) was noted on the lingual side 

(Fig. 7). It is interesting to note that in OR and FD groups the stress on 

periimplant cortical bone was mainly limited to the loaded side. On the other 

hand, for the BC and BC-C groups, the stress was distributed to all periimplant 

cortical bone areas (Fig 7). 
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5.6 Discussão (Discussion) 

 

 The research hypotheses - that mandibular fixed full-arch implant-

supported prosthesis would result in less stress level in the implant/prosthetic 

components and periimplant bone tissue when compared to implant-retained 

overdentures, and that the different designs of overdenture attachment systems 

would induce distinguished stress distribution and level in the implant/prosthetic 

components and periimplant bone tissue – were confirmed by the present 3D 

FEA study. 

 Concerning the implant/prosthetic components set, the use of implant-

retained overdenture associated with bar-clip attachment system with two 

distally placed cantilevers (BC-C group) displayed the greatest stress level. 

Although cantilever extensions of bar attachments have been recommended for 

mandibular implant-retained overdentures to increase denture stability against 

non-axial loading (13, 53), previous clinical study (54) showed higher rate of bar 

fracture associated with distal cantilevers when compared with those without 

cantilever in 4-implant-retained overdentures. It may be explained by the 

outcomes of the current study in which the σvM increased by 29.7% in the bar 

system associated with distal cantilevers versus bar system without distal 

cantilevers. Additionally, great load on the distal implants was observed in 

cantilevered implant-retained maxillary overdentures during in vivo masticatory 

cycles (55). Even though the presence of distal cantilevers, the fixed full-arch 

implant-supported prosthesis (FD group) exhibited the lowest stress levels on the 
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superstructure, which might be explained by the size (height and width) and 

shape of the bar creating a more stable and robust system. Also, the cantilever 

length was limited to 10 mm and several studies agree with up to 20-mm 

cantilever extension (44, 56-58). No study has compared the technical 

complication rates (e.g. bar fracture) between removable and fixed dentures 

with bar systems; however, the current results presumably indicate less bar 

fracture rate to the fixed treatment design clinically. Gallucci et al showed that 

from a total of 45 completely edentulous patients treated with implant-

supported fixed mandibular prosthesis, 4.4% of patients (n=2) had fracture of 

metal framework after 5 months and 3.3 years of delivery due to imperfections 

at the time of casting/soldering of the framework (4). In relation to the bar 

design of overdentures, from a total of 31 patients, 6.5% (n=2) exhibited bar 

fracture and 9.7% (n=3) exhibited other failures (i.e. loosening of the retention 

screw) after a mean period of 3.5 years (59). Several other factors as insufficient 

metal thickness, inferior solder joints, excessive cantilever length, inadequate 

strength of alloys, parafunctional habits of patients, and incorrect framework 

design affect the rate of metal framework fractures in dental prosthesis retained 

by implants (60).  

 Within overdenture groups, the O’ring system reduced the stress level on 

the implant/prosthetic components. The flexibility and resiliency provided by the 

O’ring rubber may work as a stress-breaking system explaining the current 

results (25, 27). This result is supported by clinical outcome in which the survival 

rate of mandibular overdenture rehabilitation was higher for ball attachment 
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(98.8%) when compared to dolder bar (97.7%) after 10 years of follow-up (61). 

On the other hand, the postinsertion maintenance of bar-clip attachment in 

mandibular implant overdenture was lower than those observed in ball 

attachment (62, 63).  

 In relation to the supporting tissues (cortical bone, trabecular bone and 

mucosa), the BC group promoted the highest stress levels whereas the FD group 

the lowest one. In the FD group, the denture is completely supported by the 

implants and no contact with mucosa occurs. Additionally, the presence of a 

strong framework increases the stability of the whole system which decreases 

the stress mainly on the periimplant cortical bone. This observation is supported 

by clinical data in which full-arch implant-supported mandibular restoration 

exhibited higher cumulative success rate of implants (96.2%) when compared to 

implant-retained mandibular overdentures (93.7% and 93.9% for ball anchor and 

dolder bar, respectively) in a 10-year follow-up study (61). 

 In the overdenture groups, the use of unsplinted implant (OR group) 

optimized the stress level on the supporting tissues when compared to splinted 

implants (BC and BC-C groups), which is in agreement with several studies (12, 

25, 27, 30-34). It may be owing to the fact that solitary anchors allow the 

mandible’s flexure (27, 32, 64) and that the O’ring rubber used in the current 

study promoted a stress-breaking effect onto the bone tissue (27). In vivo study 

showed higher implant loss in case of overdenture retained by two splinted 

implants (6.5%) than unsplinted implants (5.2%). On the other hand, previous 

clinical study showed that splinting mini-implants with a rigid superstructure 
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decreased bone stress and induced less marginal bone loss than with single mini-

implants to retain mandibular overdentures (37).  

 It is worth noting that the presence of cantilever extension on the bar-clip 

system (BC-C group) decreased the stress level on the supporting tissues when 

compared with the bar-clip design without cantilever (BC group). It may be 

explained by the fact that higher stress was concentrated in the 

implant/prosthetic components of the BC-C group away from the surrounding 

implant crestal bone and that the presence of cantilever reduced the 

overdenture contact in the denture bearing area, which relieves the supporting 

tissues. Therefore, distal extensions may provide higher stability against lateral 

forces and seclude the denture bearing area from loading forces (65). 

Nevertheless, Sadowsky and Caputo in a photoelastic study advocated that 

cantilevered bar overdenture exhibited higher stress level to the distal ipsilateral 

implants than non-cantilevered bar overdenture (43). It is important to highlight 

that the overdenture cantilever was 7-mm long in the current study while it was 

11.5-mm long in Sadowsky and Caputo study (43).  

 Within cortical bone, peak of stress was observed on the periimplant 

region. When the implant is loaded, the stress is transferred to its first material 

contact (i.e. periimplant cortical bone), which explains the clinical marginal bone 

loss around implants (38). Correlation between high occlusal stress onto the 

implants and marginal bone loss has been showed (66-70). The higher stress 

values observed in cortical bone may rely on its higher elastic modulus when 

compared with trabecular bone (32, 71). Herein, a small amount of remaining 
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stress was spread to trabecular bone. In all groups, the stresses on the buccal 

and lingual periimplant cortical bone were greater than those observed on the 

mesial and distal regions, which is in agreement with previous studies(58, 72). 

 It is interesting to highlight that the stress distribution in the cortical bone 

surrounding the implants differed between the removable and fixed groups. In 

the former, the stress spread to the ipsilateral implants whereas it was 

concentrated at the loaded side in the fixed group. This may be attributed to the 

denture bearing area contact of the overdenture group and the greater stability 

of the fixed group.  

 The present study has several limitations and some assumptions were 

made in the models’ construction. All materials were homogeneous, isotropic 

and linearly elastic in nature. However, it is known that the cortical bone is 

transversely isotropic and heterogeneous (73). Additionally, previous study 

showed that the use of anisotropic bone in complete mandible increased up to 

70% the stress and strain levels on the periimplant bone (74). The interface 

between the structures was assumed to be glued. No thread was represented in 

the implants. However, since the present study was comparative in nature, such 

assumptions do not affect the current outcomes as they were presented in all 

groups (75). In order to validate such results, further FEA studies considering the 

anisotropic property of bone and coefficient of friction among the structures 

(mainly at implant/bone interface) are warranted. Furthermore, animal and 

clinical studies are necessary to prove such biomechanical outcomes.  
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5.7 Conclusão (Conclusion) 

 

 Based on the outcomes of the present study and within the limitations of 

the methodology used the following conclusions can be drawn: 

1. Cantilevered bar-clip overdenture (BC-C group) displayed the highest von 

Mises stress, maximum and minimum principal stresses values within 

implant/prosthetic components whereas the fixed full-arch implant-

supported prosthesis (FD group) presented the lowest ones. 

2. In the supporting tissues (cortical bone, trabecular bone and mucosa), 

bar-clip overdenture (BC group) showed the greatest stress values 

followed by cantilevered bar-clip overdenture (BC-C group), O’ring 

overdenture (OR group) and fixed full-arch implant-supported prosthesis 

(FD group). 

3. Within overdenture groups, the use of unsplinted implants to retain the 

overdentures (OR group) reduced the von Mises stress, maximum and 

minimum principal stresses levels in both implant/prosthetic components 

and supporting tissues. 

4. Within supporting tissues, periimplant cortical bone exhibited the highest 

stress values for all groups. In the overdenture groups, the stress was 

transferred to the ipsilateral periimplant cortical bone.  
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Tabelas (Tables) 

 

Table 1. Mechanical properties of the materials used in the study 

Material Structure 
Elastic 

modulus 
(MPa)  

Coefficient 
of Poisson 

Reference 

___ Cortical bone 13,700 0.3 
Barbier et al. 

(1998)(46) 

___ Trabecular bone 1,370 0.3 
Barbier et al. 

(1998)(46) 

___ Mucosa 680 0.45 
Barao et al. 
(2008)(47) 

Titanium (Ti-6Al-4V) Implant 103,400 0.35 
Sertgoz and 

Gunever 
(1996)(44) 

Gold alloy 

Fixed full-arch implant-
supported prosthesis 
superstructure and 

overdenture bar 

120,000 0.25 
Zarone et al. 
(2003)(42) 

Acrylic resin 
Artificial denture teeth 

and denture base 
8,300 0.28 

Darbar et al. 
(1995)(48) 

Plastic Overdenture clip 3,000 0.28 
Barao et al. 
(2009)(27) 

Stainless steel O’ring capsule 19,000 0.31 
Barao et al. 
(2009)(27) 

Rubber O’ring rubber 5 0.45 
Chun et al. 
(2005)(49) 
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Table 2. Directional cosines of the resultant muscular forces based on Cruz et al (2003) (51) 

 

 Muscles 

Masseter  Medial pterygoid  Lateral pterygoid  Temporal 

 right left  right left  right left  right left 

Cos (α) -0.043 0.043  0.587 -0.587  0.714 -0.714  -0.325 0.325 

Cos (β) -0.011 0.011  -0.165 0.165  -0.692 0.692  0.219 -0.219 

Cos (ƴ) 0.999 -0.999  0.792 -0.792  0.106 -0.106  0.920 -0.920 
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Figuras (Figures) 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Mandible CT scan of an edentulous patient with the radiopaque 

duplicated lower denture in position (a) Inferior view of the mandibular arch. (b) 

Panoramic view of the mandible with the lower denture in position (red arrow). 

(c) Instant 3D reconstruction of the CT scan. (d) Transverse sections (2-mm 

thickness) of the mandible. 

  

  

(a) (b) 

(c) (d) 
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Fig. 2. 3D Complete models of all groups showing the cortical bone, trabecular 

bone, mucosa, denture, implants and prosthetic components. 
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Fig. 3. Global view of meshing in each group 
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Fig. 4. Boundary conditions of the mandible FE model used in all groups based on Cruz et al (50-52). Black arrows indicate the direction of 

the applied masticatory muscle forces (T – temporal; LP – Lateral Pterygoid; MP – Medial Pterygoid and M – Masseter). Green triangles 

show the fixation of the temporomandibular joints. Red arrow shows the applied masticatory force on the left first molar region.  
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Fig. 5. von Mises stress (σvM), maximum (σmax)and minimum (σmin) principal stress values (in MPa) within implant/prosthetic components, 

cortical bone, trabecular bone and mucosa for all groups 
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Fig. 6. von Mises stress (σvM) distribution (in MPa) within implant/prosthetic 

components for (a) OR, (b) BC, (c) BC-C and (d) FD groups. 
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Fig. 7. von Mises stress (σvM), maximum (σmax)and minimum (σmin) principal stress distributions (in MPa) within cortical bone for all 

groups. 
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Fig. 8. von Mises stress (σvM), maximum (σmax)and minimum (σmin) principal stress distributions (in MPa) within trabecular bone for all 

groups 
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AAnexo B. NNormas para publicação do periódico Clinical 

Oral Implants Research 
 
Clinical Oral Implants Research 

Official publication of the European Association for Osseointegration  

Edited by: 
Niklaus P. Lang 

Print ISSN: 0905-7161 
Online ISSN: 1600-0501 
Frequency: Monthly 
Current Volume: 22 / 2011  
ISI Journal Citation Reports® Ranking: 2009: Engineering, Biomedical: 13 / 59; Dentistry, Oral Surgery & Medicine: 6 / 64  
Impact Factor: 2.92  

TopAuthor Guidelines 

Content of Author Guidelines: 1. General, 2. Ethical Guidelines, 3. Submission of Manuscripts, 4. Manuscript Types Accepted, 5. 
Manuscript Format and Structure, 6. After Acceptance.  
 
Relevant Document: Copyright Transfer Agreement  
 
Useful Websites: Submission Site, Articles published in Clinical Oral Implants Research, Author Services, Wiley-Blackwell's Ethical 
Guidelines, Guidelines for Figures 

The journal to which you are submitting your manuscript employs a plagiarism detection system. By submitting your manuscript 
to this journal you accept that your manuscript may be screened for plagiarism against previously published works. 

 

1. GENERAL  

Clinical Oral Implants Research conveys scientific progress in the field of implant dentistry and its related areas to clinicians, 
teachers and researchers concerned with the application of this information for the benefit of patients in need of oral implants. 
The journal addresses itself to clinicians, general practitioners, periodontists, oral and maxillofacial surgeons and prosthodontists, 
as well as to teachers, academicians and scholars involved in the education of professionals and in the scientific promotion of the 
field of implant dentistry. 
 
Clinical Oral Implants Research publishes: 
 
Original research articles of high scientific merit in the field of material sciences, physiology of wound healing, biology of tissue 
integration of implants, diagnosis and treatment planning, prevention of pathologic processes jeopardizing the longevity of 
implants, clinical trials on implant systems, stoma-tognathic physiology related to oral implants, new developments in therapeutic 
concepts and prosthetic rehabilitation. 
 
Review articles by experts on new developments in basic sciences related to implant dentistry and clinically applied concepts. 
 
Case reports and case series only if they provide or document new fundamental knowledge. 
 
Novel developments if they provide a technical novelty for any implant system. 
 
Short communications of important research findings in a concise format and for rapid publication. 
 
Treatment rational by experts with evidence-based treatment approach. 
 
Please read the instructions below carefully for details on the submission of manuscripts, the journal's requirements and 
standards as well as information concerning the procedure after a manuscript has been accepted for publication in Clinical Oral 
Implants Research. Authors are encouraged to visit Wiley-Blackwell Author Services for further information on the preparation 
and submission of articles and figures. 
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2. ETHICAL GUIDELINES  

Clinical Oral Implants Research adheres to the below ethical guidelines for publication and research.  
 
2.1. Authorship and Acknowledgements 
Authors submitting a paper do so on the understanding that the manuscript have been read and approved by all authors and that 
all authors agree to the submission of the manuscript to the Journal. ALL named authors must have made an active contribution 
to the conception and design and/or analysis and interpretation of the data and/or the drafting of the paper and ALL must have 
critically reviewed its content and have approved the final version submitted for publication. Participation solely in the acquisition 
of funding or the collection of data does not justify authorship. 
 
Clinical Oral Implants Research adheres to the definition of authorship set up by The International Committee of Medical Journal 
Editors (ICMJE). According to the ICMJE authorship criteria should be based on 1) substantial contributions to conception and 
design of, or acquisition of data or analysis and interpretation of data, 2) drafting the article or revising it critically for important 
intellectual content and 3) final approval of the version to be published. Authors should meet conditions 1, 2 and 3. 
 
Up to 6 authors are accepted without need for justification. In the case of a specific and detailed justification of the role of every 
author, up to 8 authors may be mentioned. It is a requirement that all authors have been accredited as appropriate upon 
submission of the manuscript. Contributors who do not qualify as authors should be mentioned under Acknowledgements. 
 
Acknowledgements: Under acknowledgements please specify contributors to the article other than the authors accredited. 
Acknowledge only persons who have made substantive contributions to the study. Authors are responsible for obtaining written 
permission from everyone acknowledged by name because readers may infer their endorsement of the data and conclusions. 
 
2.2. Ethical Approvals 
Experimentation involving human subjects will only be published if such research has been conducted in full accordance with 
ethical principles, including the World Medical Association Declaration of Helsinki (version, 2008) and the additional 
requirements, if any, of the country where the research has been carried out. Manuscripts must be accompanied by a statement 
that the experiments were undertaken with the understanding and written consent of each subject and according to the above 
mentioned principles. A statement regarding the fact that the study has been independently reviewed and approved by an ethical 
board should also be included. Editor reserve the right to reject papers if there are doubts as to whether appropriate procedures 
have been used. 
 
When experimental animals are used the methods section must clearly indicate that adequate measures were taken to minimize 
pain or discomfort. Experiments should be carried out in accordance with the Guidelines laid down by the National Institute of 
Health (NIH) in the USA regarding the care and use of animals for experimental procedures or with the European Communities 
Council Directive of 24 November 1986 (86/609/EEC) and in accordance with local laws and regulations. 

2.3 Clinical Trials 
Clinical trials should be reported using the CONSORT guidelines available at www.consort-statement.org. A CONSORT checklist 
should also be included in the submission material. 
 
Clinical Oral Implants Research encourages authors submitting manuscripts reporting from a clinical trial to register the trials in 
any of the following free, public clinical trials registries: www.clinicaltrials.gov, http://clinicaltrials.ifpma.org/clinicaltrials, 
http://isrctn.org/. The clinical trial registration number and name of the trial register will then be published with the paper. 
 
2.4 Conflict of Interest and Source of Funding 
Clinical Oral Implants Research requires that sources of institutional, private and corporate financial support for the work within 
the manuscript be fully acknowledged, and any potential conflicts of interest noted. Suppliers of materials should be named and 
their location (town, state/county, country) included. Information concerning conflict of interest and sources of funding should be 
included under Acknowledgements. 
 
2.5 Appeal of Decision 
The decision on a paper is final and cannot be appealed. 
 
2.6 Permissions 
If all or parts of previously published illustrations are used, permission must be obtained from the copyright holder concerned. It 
is the author's responsibility to obtain these in writing and provide copies to the Publishers. 
 
2.7 Copyright Assignment 
Authors submitting a paper do so on the understanding that the work and its essential substance have not been published before 
and is not being considered for publication elsewhere. The submission of the manuscript by the authors means that the authors 
automatically agree to assign copyright to Wiley-Blackwell if and when the manuscript is accepted for publication. The work shall 
not be published elsewhere in any language without the written consent of the publisher. The articles published in this journal are 
protected by copyright, which covers translation rights and the exclusive right to reproduce and distribute all of the articles 
printed in the journal. No material published in the journal may be stored on microfilm or videocassettes or in electronic database 
and the like or reproduced photographically without the prior written permission of the publisher. 

Correspondence to the journal is accepted on the understanding that the contributing author licences the publisher to publish the 
letter as part of the journal or separately from it, in the exercise of any subsidiary rights relating to the journal and its contents. 
 
Upon acceptance of a paper, authors are required to assign the copyright to publish their paper to Wiley-Blackwell. Assignment of 
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the copyright is a condition of publication and papers will not be passed to the publisher for production unless copyright has been 
assigned. (Papers subject to government or Crown copyright are exempt from this requirement; however, the form still has to be 
signed). A completed Copyright Transfer Agreement must be sent before any manuscript can be published. Authors must send the 
completed Copyright Transfer Agreement upon receiving notice of manuscript acceptance, i.e., do not send the Copyright 
Transfer Agreement at submission. Please return your completed form to:  
 
Production Editor 
Wiley Services Singapore Pte Ltd 
600 North Bridge Road, #05-01 Parkview Square 
Singapore 188778 

 
Alternatively a scanned version of the form can be emailed to clr@oxon.blackwellpublishing.com or faxed to +65 6295 
6202              +65 6295 6202      . For questions concerning copyright, please visit Wiley-Blackwell's Copyright FAQ 

3. SUBMISSION OF MANUSCRIPTS  

Manuscripts should be submitted electronically via the online submission site http://mc.manuscriptcentral.com/coir. The use of 
an online submission and peer review site enables immediate distribution of manuscripts and consequentially speeds up the 
review process. It also allows authors to track the status of their own manuscripts. Complete instructions for submitting a paper is 
available online and below. Further assistance can be obtained from the Editorial Assistant Ms. Brigitte Baur. E-mail: 
coir@zmk.unibe.ch 
 
3.1. Getting Started 
Launch your web browser (supported browsers include Internet Explorer 6 or higher, Netscape 7.0, 7.1, or 7.2, Safari 1.2.4, or 
Firefox 1.0.4) and go to the journal's online Submission Site: http://mc.manuscriptcentral.com/coir 
 
• Log-in or click the 'Create Account' option if you are a first-time user. 
• If you are creating a new account. 
- After clicking on 'Create Account', enter your name and e-mail information and click 'Next'. Your e-mail information is very 
important. 
- Enter your institution and address information as appropriate, and then click 'Next.' 
- Enter a user ID and password of your choice (we recommend using your e-mail address as your user ID), and then select your 
area of expertise. Click 'Finish'. 
• If you have an account, but have forgotten your log in details, go to Password Help on the journals online submission system 
http://mc.manuscriptcentral.com/coir and enter your e-mail address. The system will send you an automatic user ID and a new 
temporary password. 
• Log-in and select Corresponding Author Center. 
 
3.2. Submitting Your Manuscript 
• After you have logged in, click the 'Submit a Manuscript' link in the menu bar. 
• Enter data and answer questions as appropriate. You may copy and paste directly from your manuscript and you may upload 
your pre-prepared covering letter. 
• Click the 'Next' button on each screen to save your work and advance to the next screen. 
• You are required to upload your files. 
- Click on the 'Browse' button and locate the file on your computer. 
- Select the designation of each file in the drop-down menu next to the Browse button. 
- When you have selected all files you wish to upload, click the 'Upload Files' button. 
• Review your submission (in HTML and PDF format) before sending to the Journal. Click the 'Submit' button when you are 
finished reviewing. 

3.3. Manuscript Files Accepted 
Manuscripts should be uploaded as Word (.doc) or Rich Text Format (.rft) files (not write-protected) plus separate figure files. GIF, 
JPEG, PICT or Bitmap files are acceptable for submission, but only high-resolution TIF or EPS files are suitable for printing. The files 
will be automatically converted to HTML and PDF on upload and will be used for the review process. The text file must contain the 
entire manuscript including title page, abstract, text, references, tables, and figure legends, but no embedded figures. In the text, 
please reference figures as for instance 'Figure 1', 'Figure 2' etc to match the tag name you choose for the individual figure files 
uploaded. Manuscripts should be formatted as described in the Author Guidelines below. Please note that any manuscripts 
uploaded as Word 2007 (.docx) will be automatically rejected. Please save any .docx file as .doc before uploading. 
 
3.4. Blinded Review 
All manuscripts submitted to Clinical Oral Implants Research will be reviewed by two experts in the field. Clinical Oral Implants 
Research uses single blinded review. The names of the reviewers will thus not be disclosed to the author submitting a paper. 
 
3.5. Suggest a Reviewer 
Clinical Oral Implants Research attempts to keep the review process as short as possible to enable rapid publication of new 
scientific data. In order to facilitate this process, please suggest the names and current email addresses of one potential 
international reviewer whom you consider capable of reviewing your manuscript. In addition to your choice the journal editor will 
choose one or two reviewers as well. 
 
3.6. Suspension of Submission Mid-way in the Submission Process 
You may suspend a submission at any phase before clicking the 'Submit' button and save it to submit later. The manuscript can 
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then be located under 'Unsubmitted Manuscripts' and you can click on 'Continue Submission' to continue your submission when 
you choose to. 
 
3.7. E-mail Confirmation of Submission 
After submission you will receive an e-mail to confirm receipt of your manuscript. If you do not receive the confirmation email 
after 24 hours, please check your e-mail address carefully in the system. If the e-mail address is correct please contact your IT 
department. The error may be caused by some sort of spam filtering on your e-mail server. Also, the e-mails should be received if 
the IT department adds our email server (uranus.scholarone.com) to their whitelist. 
 
3.8. Manuscript Status 
You can access ScholarOne Manuscripts (formerly known as Manuscript Central) any time to check your 'Author Centre' for the 
status of your manuscript. The Journal will inform you by e-mail once a decision has been made. 
 
3.9. Submission of Revised Manuscripts 
To submit your revised manuscript, locate your manuscript under 'Manuscripts with Decisions' and click on 'Submit a Revision' . 
Please remember to delete any old files uploaded when you upload your revised manuscript. 

4. MANUSCRIPT TYPES ACCEPTED  

Original research articles of high scientific merit in the field of material sciences, physiology of wound healing, biology of tissue 
integration of implants, diagnosis and treatment planning, prevention of pathologic processes jeopardizing the longevity of 
implants, clinical trials on implant systems, stomatognathic physiology related to oral implants, new developments in therapeutic 
concepts and prosthetic rehabilitation. 

Review articles by experts on new developments in basic sciences related to implant dentistry and clinically applied concepts. 
Reviews are generally by invitation only and have to be approved by the Editor-in-Chief before submission. 

Case reports and case series, but only if they provide or document new fundamental knowledge and if they use language 
understandable to the clinician. 

Novel developments if they provide a technical novelty for any implant system. 

Short communications of important research findings in a concise format and for rapid publication. 
 
Treatment rational by experts with evidence-based treatment approach. 

Proceedings of international meetings may also be considered for publication at the discretion of the Editor. 

5. MANUSCRIPT FORMAT AND STRUCTURE  

 
5.1. Page Charge 
Articles exceeding 10 published pages are subject to a charge of USD 160 per additional page. One published page amounts 
approximately to 5,500 characters (excluding figures and tables). 

5.2. Format 

Language: The language of publication is English. Authors for whom English is a second language might choose to have their 
manuscript professionally edited by an English speaking person before submission to make sure the English is of high quality. A list 
of independent suppliers of editing services can be found at http://authorservices.wiley.com/bauthor/english_language.asp. All 
services are paid for and arranged by the author, and use of one of these services does not guarantee acceptance or preference 
for publication 
 
Abbreviations, Symbols and Nomenclature: The symbol % is to be used for percent, h for hour, min for minute, and s for second. 
In vitro, in vivo, in situ and other Latin expressions are to be italicised. Use only standard abbreviations. All units will be metric. 
Use no roman numerals in the text. In decimals, a decimal point and not a comma will be used. Avoid abbreviations in the title. 
The full term for which an abbreviation stands should precede its first use in the text unless it is a standard unit of measurement. 
In cases of doubt, the spelling orthodoxy of Webster's third new international dictionary will be adhered to. 
 
Scientific Names: Proper names of bacteria should be binomial and should be singly underlined on the typescript. The full proper 
name (e.g., Streptococcus sanguis) must be given upon first mention. The generic name may be abbreviated thereafter with the 
first letter of the genus (e.g., S. sanguis). If abbreviation of the generic name could cause confusion, the full name should be used. 
If the vernacular form of a genus name (e.g., streptococci) is used, the first letter of the vernacular name is not capitalised and the 
name is not underlined. Use of two letters of the genus (e.g., Ps. for Peptostreptococcus) is incorrect, even though it might avoid 
ambiguity. With regard to drugs, generic names should be used instead of proprietary names. If a proprietary name is used, it 
must be attached when the term is first used. 
 
5.2. Structure 
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All manuscripts submitted to Clinical Oral Implants Research should include Title Page, Abstract, Main Text and 
Acknowledgements, Tables, Figures and Figure Legends as appropriate. 

Title Page: should contain the title of the article, full name(s) of the authors (no more than 6) and institutional affiliation(s), a 
running title not exceeding 60 letters and spaces, and the name, telephone and fax numbers, email and complete mailing address 
of the author responsible for correspondence. The author must list appropriate key words for indexing purposes. 

Abstract: should not to exceed 250 words. This should be structured into: objectives, material and methods, results, conclusions, 
and no other information. 

Main Text of Original Research Article should include Introduction, Material and Methods, Results and Discussion.  

Introduction: Summarise the rationale and purpose of the study, giving only strictly pertinent references. Do not review existing 
literature extensively. State clearly the working hypothesis. 

Material and Methods: Material and methods should be presented in sufficient detail to allow confirmation of the observations. 
Published methods should be referenced and discussed only briefly, unless modifications have been made. Indicate the statistical 
methods used, if applicable. 

Results: Present your results in a logical sequence in the text, tables, and illustrations. Do not repeat in the text all data in the 
tables and illustrations. The important observations should be emphasised. 

Discussion: Summarise the findings without repeating in detail the data given in the Results section. Relate your observations to 
other relevant studies and point out the implications of the findings and their limitations. Cite other relevant studies. 
 
Main Text of Short Communications: Short communications are limited to two printed pages including illustrations and 
references and need not follow the usual division into material and methods, etc., but should have an abstract. 
 
Acknowledgements: Acknowledge only persons who have made substantive contributions to the study. Authors are responsible 
for obtaining written permission from everyone acknowledged by name because readers may infer their endorsement of the data 
and conclusions. Sources of financial support should be acknowledged. 
 
5.3. References 
References should quote the last name(s) of the author(s) and the year of publication (Black & Miller 1988). Three or more 
authors should always be referred to as, for example, (Fox et al. 1977). 
A list of references should be given at the end of the paper and should follow the recommendations in Units, symbols and 
abbreviations: a guide for biological and medical editors and authors (1988), p. 52, London: The Royal Society of Medicine. 
 
a) The arrangement of the references should be alphabetical by author's surname. 
 
b) The order of the items in each reference should be: 
(i) for journal references: 
name(s) of author(s), year, title of paper, title of journal, volume number, first and last page numbers. 
(ii) for book references: 
name(s) of author(s), year, title of book, edition, volume, chapter and/ or page number, town of publication, publisher. 
 
c) Author's names should be arranged thus: Daniels, J.A., Kelly, R.A. & Til, T.C. 
Note the use of the ampersand and omission of comma before it. Author's names when repeated in the next reference are always 
spelled out in full. 
 
d) The year of publication should be surrounded by parentheses: (1966). 
 
c) The title of the paper should be included, without quotation marks. 
 
f) The journal title should be written in full, italicised, and followed by volume number in bold type, and page numbers. 
Examples: 
Tonetti, M. S., Schmid, J., Hämmerle,C. H. & Lang, N. P. (1993) Intraepithelial antigen-presenting cells in the keratinized mucosa 
around teeth and osseointegrated implants. Clinical Oral Implants Research 4: 177-186. 
Poole, B., Ohkuma, S. & Warburton, M. (1978) Some aspects of the intracellular breakdown of erogenous and endogenous 
proteins. In: Segal, H.S. & Doyle, D.J., eds. Protein turnover and lysosome function, 1st edition, p. 43. New York: Academic Press. 

We recommend the use of a tool such as Reference Manager for reference management and formatting. Reference Manager 
reference styles can be searched for here: www.refman.com/support/rmstyles.asp 
 
5.4. Tables, Figures and Figure Legends 
 
Tables: Tables should be numbered consecutively with Arabic numerals. Type each table on a separate sheet, with titles making 
them self-explanatory. Due regard should be given to the proportions of the printed page. 
 
Figures: All figures should clarify the text and their number should be kept to a minimum. Details must be large enough to retain 
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their clarity after reduction in size. Illustrations should preferably fill a single-column width (81 mm) after reduction, although in 
exceptional cases 120mm (double-column) and 168 mm (full page) widths will be accepted. Micrographs should be designed to be 
reproduced without reduction, and they should be dressed directly on the micrograph with a linear size scale, arrows, and other 
designators as needed. Each figure should have a legend 
 
Preparation of Electronic Figures for Publication: Although low quality images are adequate for review purposes, print 
publication requires high quality images to prevent the final product being blurred or fuzzy. Submit EPS (lineart) or TIFF 
(halftone/photographs) files only. MS PowerPoint and Word Graphics are unsuitable for printed pictures. Do not use pixel-
oriented programmes. Scans (TIFF only) should have a resolution of 300 dpi (halftone) or 600 to 1200 dpi (line drawings) in 
relation to the reproduction size (see below). EPS files should be saved with fonts embedded (and with a TIFF preview if possible). 
For scanned images, the scanning resolution (at final image size) should be as follows to ensure good reproduction: lineart: >600 
dpi; half-tones (including gel photographs): >300 dpi; figures containing both halftone and line images: >600 dpi. 
 
Further information can be obtained at Wiley-Blackwell's guidelines for figures: 
http://authorservices.wiley.com/bauthor/illustration.asp 
 
Check your electronic artwork before submitting it: http://authorservices.wiley.com/bauthor/eachecklist.asp 

 
Permissions: If all or parts of previously published illustrations are used, permission must be obtained from the copyright holder 
concerned. It is the author's responsibility to obtain these in writing and provide copies to the Publishers. 

6. AFTER ACCEPTANCE  

Upon acceptance of a paper for publication, the manuscript will be forwarded to the Production Editor who is responsible for the 
production of the journal. 
 
6.1 Proof Corrections 
The corresponding author will receive an email alert containing a link to a web site. A working email address must therefore be 
provided for the corresponding author. The proof can be downloaded as a PDF (portable document format) file from this site. 
Acrobat Reader will be required in order to read this file. This software can be downloaded (free of charge) from the following 
Web site: www.adobe.com/products/acrobat/readstep2.html . This will enable the file to be opened, read on screen, and printed 
out in order for any corrections to be added. Further instructions will be sent with the proof. Hard copy proofs will be posted if no 
e-mail address is available; in your absence, please arrange for a colleague to access your e-mail to retrieve the proofs. Proofs 
must be returned to the Production Editor within three days of receipt. 
 
Excessive changes made by the author in the proofs, excluding typesetting errors, will be charged separately. Other than in 
exceptional circumstances, all illustrations are retained by the publisher. Please note that the author is responsible for all 
statements made in his work, including changes made by the copy editor. 

Articles should not normally exceed 10 printed pages, including illustrations and references. Additional pages will be charged to 
the author(s) at the rate of USD 160 per page. 
 
6.2 Early View (Publication Prior to Print) 
Clinical Oral Implants Research is covered by Wiley-Blackwell's Early View service. Early View articles are complete full-text articles 
published online in advance of their publication in a printed issue. Early View articles are complete and final. They have been fully 
reviewed, revised and edited for publication, and the authors' final corrections have been incorporated. Because they are in final 
form, no changes can be made after online publication. The nature of Early View articles means that they do not yet have volume, 
issue or page numbers, so Early View articles cannot be cited in the traditional way. They are therefore given a Digital Object 
Identifier (DOI), which allows the article to be cited and tracked before it is allocated to an issue. After print publication, the DOI 
remains valid and can continue to be used to cite and access the article. 
 
6.3 Author Services 
Online production tracking is available for your article through Wiley-Blackwell's Author Services. Author Services enables authors 
to track their article - once it has been accepted - through the production process to publication online and in print. Authors can 
check the status of their articles online and choose to receive automated e-mails at key stages of production. The author will 
receive an e-mail with a unique link that enables them to register and have their article automatically added to the system. Please 
ensure that a complete e-mail address is provided when submitting the manuscript. Visit 
http://authorservices.wiley.com/bauthor/ for more details on online production tracking and for a wealth of resources including 
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AAnexo C. NNormas para publicação do periódico Journal of 

Materials Science: Materials in Medicine 

 

Journal of Materials Science: Materials in Medicine 

ISSN: 0957-4530 (print version) 
ISSN: 1573-4838 (electronic version)  

 

Title Page 

The title page should include:  

 The name(s) of the author(s) 
 A concise and informative title 

 The affiliation(s) and address(es) of the author(s) 
 The e-mail address, telephone and fax numbers of the corresponding author 

Abstract 
Please provide an abstract of 100 to 150 words. The abstract should not contain any undefined abbreviations or unspecified 
references. 
 
TEXT 

Text Formatting 
Manuscripts should be submitted in Word.  

 Use a normal, plain font (e.g., 10-point Times Roman) for text. 

 Use italics for emphasis. 

 Use the automatic page numbering function to number the pages. 

 Do not use field functions. 

 Use tab stops or other commands for indents, not the space bar. 

 Use the table function, not spreadsheets, to make tables. 

 Use the equation editor or MathType for equations.  
Note: If you use Word 2007, do not create the equations with the default equation editor but use the Microsoft 
equation editor or MathType instead. 

 Save your file in doc format. Do not submit docx files. 

 Word template (zip, 154 kB) 

Manuscripts with mathematical content can also be submitted in LaTeX. 

 LaTeX macro package (zip, 182 kB) 

Headings 
Please use no more than three levels of displayed headings.  

Abbreviations 
Abbreviations should be defined at first mention and used consistently thereafter.  

Footnotes  
Footnotes can be used to give additional information, which may include the citation of a reference included in the reference list. They should not 
consist solely of a reference citation, and they should never include the bibliographic details of a reference. They should also not contain any figures 
or tables.  
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Footnotes to the text are numbered consecutively; those to tables should be indicated by superscript lower-case letters (or asterisks for significance 
values and other statistical data). Footnotes to the title or the authors of the article are not given reference symbols.  
Always use footnotes instead of endnotes.  

Acknowledgments  
Acknowledgments of people, grants, funds, etc. should be placed in a separate section before the reference list. The names of 
funding organizations should be written in full. 
SCIENTIFIC STYLE 

Please always use internationally accepted signs and symbols for units, SI units. 
REFERENCES 

Citation 
Reference citations in the text should be identified by numbers in square brackets. Some examples:  
1. Negotiation research spans many disciplines [3].  
2. This result was later contradicted by Becker and Seligman [5].  
3. This effect has been widely studied [1-3, 7]. 

Reference list  
The list of references should only include works that are cited in the text and that have been published or accepted for 
publication. Personal communications and unpublished works should only be mentioned in the text. Do not use footnotes or 
endnotes as a substitute for a reference list.  
The entries in the list should be numbered consecutively.  

 Journal article  
Smith JJ. The world of science. Am J Sci. 1999;36:234–5.  

 Article by DOI  
Slifka MK, Whitton JL. Clinical implications of dysregulated cytokine production. J Mol Med. 2000; 
doi:10.1007/s001090000086  

 Book  
Blenkinsopp A, Paxton P. Symptoms in the pharmacy: a guide to the management of common illness. 3rd ed. Oxford: 
Blackwell Science; 1998.  

 Book chapter  
Wyllie AH, Kerr JFR, Currie AR. Cell death: the significance of apoptosis. In: Bourne GH, Danielli JF, Jeon KW, editors. 
International review of cytology. London: Academic; 1980. pp. 251–306.  

 Online document  
Doe J. Title of subordinate document. In: The dictionary of substances and their effects. Royal Society of Chemistry. 
1999. http://www.rsc.org/dose/title of subordinate document. Accessed 15 Jan 1999.  

Always use the standard abbreviation of a journal’s name according to the ISSN List of Title Word Abbreviations, see  
 www.issn.org/2-22661-LTWA-online.php 

For authors using EndNote, Springer provides an output style that supports the formatting of in-text citations and reference list. 
 EndNote style (zip, 3 kB) 

TABLES 

 All tables are to be numbered using Arabic numerals.  

 Tables should always be cited in text in consecutive numerical order.  

 For each table, please supply a table caption (title) explaining the components of the table.  

 Identify any previously published material by giving the original source in the form of a reference at the end of the 
table caption.  

 Footnotes to tables should be indicated by superscript lower-case letters (or asterisks for significance values and 
other statistical data) and included beneath the table body. 

ARTWORK 

For the best quality final product, it is highly recommended that you submit all of your artwork – photographs, line drawings, etc. 
– in an electronic format. Your art will then be produced to the highest standards with the greatest accuracy to detail. The 
published work will directly reflect the quality of the artwork provided. 

Electronic Figure Submission 
 Supply all figures electronically. 

 Indicate what graphics program was used to create the artwork. 

 For vector graphics, the preferred format is EPS; for halftones, please use TIFF format. MS Office files are also 
acceptable. 
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 Vector graphics containing fonts must have the fonts embedded in the files. 

 Name your figure files with "Fig" and the figure number, e.g., Fig1.eps. 

Line Art 

 
 Definition: Black and white graphic with no shading. 

 Do not use faint lines and/or lettering and check that all lines and lettering within the figures are legible at final size. 

 All lines should be at least 0.1 mm (0.3 pt) wide. 

 Scanned line drawings and line drawings in bitmap format should have a minimum resolution of 1200 dpi. 

 Vector graphics containing fonts must have the fonts embedded in the files. 

Halftone Art 

 
 Definition: Photographs, drawings, or paintings with fine shading, etc. 

 If any magnification is used in the photographs, indicate this by using scale bars within the figures themselves. 
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 Halftones should have a minimum resolution of 300 dpi. 

Combination Art 

 
 Definition: a combination of halftone and line art, e.g., halftones containing line drawing, extensive lettering, color 

diagrams, etc. 

 Combination artwork should have a minimum resolution of 600 dpi. 

Color Art 
 Color art is free of charge for online publication. 

 If black and white will be shown in the print version, make sure that the main information will still be visible. Many 
colors are not distinguishable from one another when converted to black and white. A simple way to check this is to 
make a xerographic copy to see if the necessary distinctions between the different colors are still apparent. 

 If the figures will be printed in black and white, do not refer to color in the captions. 

 Color illustrations should be submitted as RGB (8 bits per channel). 

Figure Lettering 
 To add lettering, it is best to use Helvetica or Arial (sans serif fonts). 

 Keep lettering consistently sized throughout your final-sized artwork, usually about 2–3 mm (8–12 pt). 

 Variance of type size within an illustration should be minimal, e.g., do not use 8-pt type on an axis and 20-pt type for 
the axis label. 

 Avoid effects such as shading, outline letters, etc. 

 Do not include titles or captions within your illustrations. 

Figure Numbering 
 All figures are to be numbered using Arabic numerals. 
 Figures should always be cited in text in consecutive numerical order. 

 Figure parts should be denoted by lowercase letters (a, b, c, etc.). 
 If an appendix appears in your article and it contains one or more figures, continue the consecutive numbering of the 

main text. Do not number the appendix figures, "A1, A2, A3, etc." Figures in online appendices (Electronic 
Supplementary Material) should, however, be numbered separately. 

Figure Captions 
 Each figure should have a concise caption describing accurately what the figure depicts. Include the captions in the 

text file of the manuscript, not in the figure file. 

 Figure captions begin with the term Fig. in bold type, followed by the figure number, also in bold type. 
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 No punctuation is to be included after the number, nor is any punctuation to be placed at the end of the caption. 

 Identify all elements found in the figure in the figure caption; and use boxes, circles, etc., as coordinate points in 
graphs. 

 Identify previously published material by giving the original source in the form of a reference citation at the end of 
the figure caption. 

Figure Placement and Size 
 When preparing your figures, size figures to fit in the column width. 

 For most journals the figures should be 39 mm, 84 mm, 129 mm, or 174 mm wide and not higher than 234 mm. 

 For books and book-sized journals, the figures should be 80 mm or 122 mm wide and not higher than 198 mm. 

Permissions 
If you include figures that have already been published elsewhere, you must obtain permission from the copyright owner(s) for 
both the print and online format. Please be aware that some publishers do not grant electronic rights for free and that Springer 
will not be able to refund any costs that may have occurred to receive these permissions. In such cases, material from other 
sources should be used.  

Accessibility 
In order to give people of all abilities and disabilities access to the content of your figures, please make sure that  

 All figures have descriptive captions (blind users could then use a text-to-speech software or a text-to-Braille hardware) 

 Patterns are used instead of or in addition to colors for conveying information (color-blind users would then be able to 
distinguish the visual elements) 

 Any figure lettering has a contrast ratio of at least 4.5:1 
ELECTRONIC SUPPLEMENTARY MATERIAL 

Springer accepts electronic multimedia files (animations, movies, audio, etc.) and other supplementary files to be published 
online along with an article or a book chapter. This feature can add dimension to the author's article, as certain information 
cannot be printed or is more convenient in electronic form. 

Submission 
 Supply all supplementary material in standard file formats. 
 Please include in each file the following information: article title, journal name, author names; affiliation and e-mail 

address of the corresponding author. 
 To accommodate user downloads, please keep in mind that larger-sized files may require very long download times and 

that some users may experience other problems during downloading. 

Audio, Video, and Animations 
 Always use MPEG-1 (.mpg) format. 

Text and Presentations 
 Submit your material in PDF format; .doc or .ppt files are not suitable for long-term viability. 
 A collection of figures may also be combined in a PDF file. 

Spreadsheets 
 Spreadsheets should be converted to PDF if no interaction with the data is intended. 

 If the readers should be encouraged to make their own calculations, spreadsheets should be submitted as .xls files (MS 
Excel). 

Specialized Formats 
 Specialized format such as .pdb (chemical), .wrl (VRML), .nb (Mathematica notebook), and .tex can also be supplied. 

Collecting Multiple Files 
 It is possible to collect multiple files in a .zip or .gz file. 

Numbering 
 If supplying any supplementary material, the text must make specific mention of the material as a citation, similar to 

that of figures and tables. 
 Refer to the supplementary files as “Online Resource”, e.g., "... as shown in the animation (Online Resource 3)", “... 

additional data are given in Online Resource 4”. 
 Name the files consecutively, e.g. “ESM_3.mpg”, “ESM_4.pdf”. 



 Anexo 
 

 

236 

Captions 
 For each supplementary material, please supply a concise caption describing the content of the file.  

Processing of supplementary files 
 Electronic supplementary material will be published as received from the author without any conversion, editing, or 

reformatting.  

Accessibility 
In order to give people of all abilities and disabilities access to the content of your supplementary files, please make sure that  

 The manuscript contains a descriptive caption for each supplementary material 
 Video files do not contain anything that flashes more than three times per second (so that users prone to seizures 

caused by such effects are not put at risk) 
AFTER ACCEPTANCE 

Upon acceptance of your article you will receive a link to the special Author Query Application at Springer’s web page where you 
can sign the Copyright Transfer Statement online and indicate whether you wish to order OpenChoice, offprints, or printing of 
figures in color.  
Once the Author Query Application has been completed, your article will be processed and you will receive the proofs. 

Open Choice  
In addition to the normal publication process (whereby an article is submitted to the journal and access to that article is granted 
to customers who have purchased a subscription), Springer provides an alternative publishing option: Springer Open Choice. A 
Springer Open Choice article receives all the benefits of a regular subscription-based article, but in addition is made available 
publicly through Springer’s online platform SpringerLink. We regret that Springer Open Choice cannot be ordered for published 
articles. 

 Springer Open Choice 

Copyright transfer  
Authors will be asked to transfer copyright of the article to the Publisher (or grant the Publisher exclusive publication and 
dissemination rights). This will ensure the widest possible protection and dissemination of information under copyright laws.  
Open Choice articles do not require transfer of copyright as the copyright remains with the author. In opting for open access, they 
agree to the Springer Open Choice Licence. 

Offprints 
Offprints can be ordered by the corresponding author. 

Color illustrations 
Online publication of color illustrations is free of charge. For color in the print version, authors will be expected to make a 
contribution towards the extra costs. 

Proof reading 
The purpose of the proof is to check for typesetting or conversion errors and the completeness and accuracy of the text, tables 
and figures. Substantial changes in content, e.g., new results, corrected values, title and authorship, are not allowed without the 
approval of the Editor.  
After online publication, further changes can only be made in the form of an Erratum, which will be hyperlinked to the article. 

Online First 
The article will be published online after receipt of the corrected proofs. This is the official first publication citable with the DOI. 
After release of the printed version, the paper can also be cited by issue and page numbers. 
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AAnexo D. NNormas para publicação do periódico Journal of 

the Mechanical Behavior of Biomedical Materials 
 
Journal of the Mechanical Behavior of Biomedical Materials 
 
Authors are requested to submit a cover letter that clearly states the novelty of the work presented in their manuscript.  
 
Types of Contributions  
 
Research Paper: A full-length article describing original research. There is no limit on the number of words, figures etc but authors 
should be as succinct as possible.  
 
Review Article: An article which reviews previous work in a given field. Reviews are written by invitation only but the editor would 
welcome suggestions.  
 
Technical Note: A short article describing a new experimental technique or analytical approach.  
 
Short Communication: An article presenting new work in reduced form, which for some reason is not suitable for a full research 
paper. For example a case study.  
 
Opinion Piece: A short article presenting the author's opinion on a particular question. Normally shorter and less comprehensive 
than a review article, making use of published and/or unpublished results.  
 
Tutorial: An article of an educational nature, explaining how to use a particular experimental technique or analytical method. 
Normally written by invitation only but the editor welcomes suggestions.  
 
Please ensure that you select the appropriate article type from the list of options when making your submission. Authors 
contributing to special issues should ensure that they select the special issue article type from this list.  
 
The journal also accepts letters, which should be sent directly to the editor in chief for consideration. 
 
Page charges  
 
This journal has no page charges. 
 

 
 
Ethics in Publishing  
 
For information on Ethics in Publishing and Ethical guidelines for journal publication see 
http://www.elsevier.com/publishingethics and http://www.elsevier.com/ethicalguidelines. 
 
Conflict of interest  
 
All authors are requested to disclose any actual or potential conflict of interest including any financial, personal or other 
relationships with other people or organizations within three years of beginning the submitted work that could inappropriately 
influence, or be perceived to influence, their work. See also http://www.elsevier.com/conflictsofinterest. 
 
Submission declaration and verification  
 
Submission of an article implies that the work described has not been published previously (except in the form of an abstract or as 
part of a published lecture or academic thesis), that it is not under consideration for publication elsewhere, that its publication is 
approved by all authors and tacitly or explicitly by the responsible authorities where the work was carried out, and that, if 
accepted, it will not be published elsewhere in the same form, in English or in any other language, including electronically without 
the written consent of the copyright-holder. To verify originality, your article may be checked by the originality detection software 
iThenticate. See also http://www.elsevier.com/editors/plagdetect. 
 
Changes to authorship  
 
This policy concerns the addition, deletion, or rearrangement of author names in the authorship of accepted manuscripts: 
Before the accepted manuscript is published in an online issue: Requests to add or remove an author, or to rearrange the author 
names, must be sent to the Journal Manager from the corresponding author of the accepted manuscript and must include: (a) the 
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reason the name should be added or removed, or the author names rearranged and (b) written confirmation (e-mail, fax, letter) 
from all authors that they agree with the addition, removal or rearrangement. In the case of addition or removal of authors, this 
includes confirmation from the author being added or removed. Requests that are not sent by the corresponding author will be 
forwarded by the Journal Manager to the corresponding author, who must follow the procedure as described above. Note that: 
(1) Journal Managers will inform the Journal Editors of any such requests and (2) publication of the accepted manuscript in an 
online issue is suspended until authorship has been agreed. 
After the accepted manuscript is published in an online issue: Any requests to add, delete, or rearrange author names in an article 
published in an online issue will follow the same policies as noted above and result in a corrigendum. 
 
Copyright  
 
Upon acceptance of an article, authors will be asked to complete a 'Journal Publishing Agreement' (for more information on this 
and copyright see http://www.elsevier.com/copyright). Acceptance of the agreement will ensure the widest possible 
dissemination of information. An e-mail will be sent to the corresponding author confirming receipt of the manuscript together 
with a 'Journal Publishing Agreement' form or a link to the online version of this agreement.  
Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for internal circulation within their 
institutions. Permission of the Publisher is required for resale or distribution outside the institution and for all other derivative 
works, including compilations and translations (please consult http://www.elsevier.com/permissions). If excerpts from other 
copyrighted works are included, the author(s) must obtain written permission from the copyright owners and credit the source(s) 
in the article. Elsevier has preprinted forms for use by authors in these cases: please consult 
http://www.elsevier.com/permissions. 
 
Retained author rights  
 
As an author you (or your employer or institution) retain certain rights; for details you are referred to: 
http://www.elsevier.com/authorsrights. 
 
Role of the funding source  
 
You are requested to identify who provided financial support for the conduct of the research and/or preparation of the article and 
to briefly describe the role of the sponsor(s), if any, in study design; in the collection, analysis and interpretation of data; in the 
writing of the report; and in the decision to submit the paper for publication. If the funding source(s) had no such involvement 
then this should be stated. Please see http://www.elsevier.com/funding. 
 
Funding body agreements and policies  
 
Elsevier has established agreements and developed policies to allow authors whose articles appear in journals published by 
Elsevier, to comply with potential manuscript archiving requirements as specified as conditions of their grant awards. To learn 
more about existing agreements and policies please visit http://www.elsevier.com/fundingbodies. 
 
Open access  
 
This journal offers you the option of making your article freely available to all via the ScienceDirect platform. To prevent any 
conflict of interest, you can only make this choice after receiving notification that your article has been accepted for publication. 
The fee of $3,000 excludes taxes and other potential author fees such as color charges. In some cases, institutions and funding 
bodies have entered into agreement with Elsevier to meet these fees on behalf of their authors. Details of these agreements are 
available at http://www.elsevier.com/fundingbodies. Authors of accepted articles, who wish to take advantage of this option, 
should complete and submit the order form (available at http://www.elsevier.com/locate/openaccessform.pdf). Whatever 
access option you choose, you retain many rights as an author, including the right to post a revised personal version of your 
article on your own website. More information can be found here: http://www.elsevier.com/authorsrights. 
 
Language and language services  
 
Please write your text in good English (American or British usage is accepted, but not a mixture of these). Authors who require 
information about language editing and copyediting services pre- and post-submission please visit 
http://webshop.elsevier.com/languageediting or our customer support site at http://support.elsevier.com for more information. 
 
Submission  
 
Submission to this journal proceeds totally online and you will be guided stepwise through the creation and uploading of your 
files. The system automatically converts source files to a single PDF file of the article, which is used in the peer-review process. 
Please note that even though manuscript source files are converted to PDF files at submission for the review process, these 
source files are needed for further processing after acceptance. All correspondence, including notification of the Editor's decision 
and requests for revision, takes place by e-mail removing the need for a paper trail. 
 

 
 
Use of wordprocessing software  
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It is important that the file be saved in the native format of the wordprocessor used. The text should be in single-column format. 
Keep the layout of the text as simple as possible. Most formatting codes will be removed and replaced on processing the article. 
In particular, do not use the wordprocessor's options to justify text or to hyphenate words. However, do use bold face, italics, 
subscripts, superscripts etc. When preparing tables, if you are using a table grid, use only one grid for each individual table and 
not a grid for each row. If no grid is used, use tabs, not spaces, to align columns. The electronic text should be prepared in a way 
very similar to that of conventional manuscripts (see also the Guide to Publishing with Elsevier: 
http://www.elsevier.com/guidepublication). Note that source files of figures, tables and text graphics will be required whether or 
not you embed your figures in the text. See also the section on Electronic illustrations.  
To avoid unnecessary errors you are strongly advised to use the "spell-check" and "grammar-check" functions of your 
wordprocessor. 
 
LaTeX  
 
If the LaTeX file is suitable, proofs will be produced without rekeying the text. The article should preferably be written using 
Elsevier's document class "elsarticle", or alternatively any of the other recognized classes and formats supported in Elsevier's 
electronic submissions system, for further information see http://www.elsevier.com/wps/find/authorsview.authors/latex-
ees-supported.  
The Elsevier "elsarticle" LaTeX style file package (including detailed instructions for LaTeX preparation) can be obtained from the 
Quickguide: http://www.elsevier.com/latex. It consists of the file: elsarticle.cls, complete user documentation for the class 
file, bibliographic style files in various styles, and template files for a quick start. 
 
Article structure  
 
Subdivision - numbered sections  
Divide your article into clearly defined and numbered sections. Subsections should be numbered 1.1 (then 1.1.1, 1.1.2, ...), 1.2, 
etc. (the abstract is not included in section numbering). Use this numbering also for internal cross-referencing: do not just refer to 
"the text". Any subsection may be given a brief heading. Each heading should appear on its own separate line. 
 
Introduction  
State the objectives of the work and provide an adequate background, avoiding a detailed literature survey or a summary of the 
results. 
 
Material and methods  
Provide sufficient detail to allow the work to be reproduced. Methods already published should be indicated by a reference: only 
relevant modifications should be described. 
 
Theory/calculation  
A Theory section should extend, not repeat, the background to the article already dealt with in the Introduction and lay the 
foundation for further work. In contrast, a Calculation section represents a practical development from a theoretical basis. 
 
Results  
Results should be clear and concise. 
 
Discussion  
This should explore the significance of the results of the work, not repeat them. A combined Results and Discussion section is 
often appropriate. Avoid extensive citations and discussion of published literature. 
 
Conclusions  
The main conclusions of the study may be presented in a short Conclusions section, which may stand alone or form a subsection 
of a Discussion or Results and Discussion section. 
 
Appendices  
If there is more than one appendix, they should be identified as A, B, etc. Formulae and equations in appendices should be given 
separate numbering: Eq. (A.1), Eq. (A.2), etc.; in a subsequent appendix, Eq. (B.1) and so on. Similarly for tables and figures: Table 
A.1; Fig. A.1, etc. 
 
Essential title page information  
 
• Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid abbreviations and formulae where 
possible. 
• Author names and affiliations. Where the family name may be ambiguous (e.g., a double name), please indicate this clearly. 
Present the authors' affiliation addresses (where the actual work was done) below the names. Indicate all affiliations with a 
lower-case superscript letter immediately after the author's name and in front of the appropriate address. Provide the full postal 
address of each affiliation, including the country name, and, if available, the e-mail address of each author. 
• Corresponding author. Clearly indicate who will handle correspondence at all stages of refereeing and publication, also post-
publication. Ensure that telephone and fax numbers (with country and area code) are provided in addition to the e-mail 
address and the complete postal address. Contact details must be kept up to date by the corresponding author.  
• Present/permanent address. If an author has moved since the work described in the article was done, or was visiting at the 
time, a "Present address" (or "Permanent address") may be indicated as a footnote to that author's name. The address at which 
the author actually did the work must be retained as the main, affiliation address. Superscript Arabic numerals are used for such 
footnotes. 
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Abstract  
 
A concise and factual abstract is required. The abstract should state briefly the purpose of the research, the principal results and 
major conclusions. An abstract is often presented separately from the article, so it must be able to stand alone. For this reason, 
References should be avoided, but if essential, then cite the author(s) and year(s). Also, non-standard or uncommon abbreviations 
should be avoided, but if essential they must be defined at their first mention in the abstract itself. 
 
Graphical abstract  
 
A Graphical abstract is mandatory for this journal. It should summarize the contents of the article in a concise, pictorial form 
designed to capture the attention of a wide readership online. Authors must provide images that clearly represent the work 
described in the article. Graphical abstracts should be submitted as a separate file in the online submission system. Image size: 
please provide an image with a minimum of 531 × 1328 pixels (h × w) or proportionally more. The image should be readable at a 
size of 5 × 13 cm using a regular screen resolution of 96 dpi. Preferred file types: TIFF, EPS, PDF or MS Office files. See 
http://www.elsevier.com/graphicalabstracts for examples. 
 
Highlights  
 
Highlights are mandatory for this journal. They consist of a short collection of bullet points that convey the core findings of the 
article and should be submitted in a separate file in the online submission system. Please use 'Highlights' in the file name and 
include 3 to 5 bullet points (maximum 85 characters including spaces, or, maximum 20 words per bullet point). See 
http://www.elsevier.com/highlights for examples. 
 
Abbreviations  
 
Define abbreviations that are not standard in this field in a footnote to be placed on the first page of the article. Such 
abbreviations that are unavoidable in the abstract must be defined at their first mention there, as well as in the footnote. Ensure 
consistency of abbreviations throughout the article. 
 
Acknowledgements  
 
Collate acknowledgements in a separate section at the end of the article before the references and do not, therefore, include 
them on the title page, as a footnote to the title or otherwise. List here those individuals who provided help during the research 
(e.g., providing language help, writing assistance or proof reading the article, etc.). 
 
Units  
 
Follow internationally accepted rules and conventions: use the international system of units (SI). If other quantities are 
mentioned, give their equivalent in SI. Authors wishing to present a table of nomenclature should do so on the second page of 
their manuscript. 
 
Math formulae  
 
Present simple formulae in the line of normal text where possible and use the solidus (/) instead of a horizontal line for small 
fractional terms, e.g., X/Y. In principle, variables are to be presented in italics. Powers of e are often more conveniently denoted 
by exp. Number consecutively any equations that have to be displayed separately from the text (if referred to explicitly in the 
text). 
 
Footnotes  
 
Footnotes should be used sparingly. Number them consecutively throughout the article, using superscript Arabic numbers. Many 
wordprocessors build footnotes into the text, and this feature may be used. Should this not be the case, indicate the position of 
footnotes in the text and present the footnotes themselves separately at the end of the article. Do not include footnotes in the 
Reference list.  
Table footnotes  
Indicate each footnote in a table with a superscript lowercase letter. 
 
Artwork  
 
Electronic artwork  
General points  
• Make sure you use uniform lettering and sizing of your original artwork.  
• Save text in illustrations as "graphics" or enclose the font.  
• Only use the following fonts in your illustrations: Arial, Courier, Times, Symbol.  
• Number the illustrations according to their sequence in the text.  
• Use a logical naming convention for your artwork files.  
• Provide captions to illustrations separately.  
• Produce images near to the desired size of the printed version.  
• Submit each figure as a separate file.  
 
A detailed guide on electronic artwork is available on our website:  

http://www.elsevier.com/artworkinstructions  



 Anexo 

 

241 

You are urged to visit this site; some excerpts from the detailed information are given here.  
Formats  
Regardless of the application used, when your electronic artwork is finalised, please "save as" or convert the images to one of the 
following formats (note the resolution requirements for line drawings, halftones, and line/halftone combinations given below):  
EPS: Vector drawings. Embed the font or save the text as "graphics".  
TIFF: color or grayscale photographs (halftones): always use a minimum of 300 dpi.  
TIFF: Bitmapped line drawings: use a minimum of 1000 dpi.  
TIFF: Combinations bitmapped line/half-tone (color or grayscale): a minimum of 500 dpi is required.  
If your electronic artwork is created in a Microsoft Office application (Word, PowerPoint, Excel) then please supply "as is".  
Please do not:  
• Supply files that are optimised for screen use (like GIF, BMP, PICT, WPG); the resolution is too low;  
• Supply files that are too low in resolution;  
• Submit graphics that are disproportionately large for the content. 
 
Color artwork  
Please make sure that artwork files are in an acceptable format (TIFF, EPS or MS Office files) and with the correct resolution. If, 
together with your accepted article, you submit usable color figures then Elsevier will ensure, at no additional charge, that these 
figures will appear in color on the Web (e.g., ScienceDirect and other sites) regardless of whether or not these illustrations are 
reproduced in color in the printed version. For color reproduction in print, you will receive information regarding the costs from 
Elsevier after receipt of your accepted article. Please indicate your preference for color in print or on the Web only. For further 
information on the preparation of electronic artwork, please see http://www.elsevier.com/artworkinstructions.  
Please note: Because of technical complications which can arise by converting color figures to "gray scale" (for the printed version 
should you not opt for color in print) please submit in addition usable black and white versions of all the color illustrations. 
 
Figure captions  
Ensure that each illustration has a caption. Supply captions separately, not attached to the figure. A caption should comprise a 
brief title (not on the figure itself) and a description of the illustration. Keep text in the illustrations themselves to a minimum but 
explain all symbols and abbreviations used. 
 
Tables  
 
Number tables consecutively in accordance with their appearance in the text. Place footnotes to tables below the table body and 
indicate them with superscript lowercase letters. Avoid vertical rules. Be sparing in the use of tables and ensure that the data 
presented in tables do not duplicate results described elsewhere in the article. 
 
References  
 
Citation in text  
Please ensure that every reference cited in the text is also present in the reference list (and vice versa). Any references cited in 
the abstract must be given in full. Unpublished results and personal communications are not recommended in the reference list, 
but may be mentioned in the text. If these references are included in the reference list they should follow the standard reference 
style of the journal and should include a substitution of the publication date with either "Unpublished results" or "Personal 
communication" Citation of a reference as "in press" implies that the item has been accepted for publication. 
 
Web references  
As a minimum, the full URL should be given and the date when the reference was last accessed. Any further information, if known 
(DOI, author names, dates, reference to a source publication, etc.), should also be given. Web references can be listed separately 
(e.g., after the reference list) under a different heading if desired, or can be included in the reference list. 
 
References in a special issue  
Please ensure that the words 'this issue' are added to any references in the list (and any citations in the text) to other articles in 
the same Special Issue. 
 
Reference style  
Text: All citations in the text should refer to:  
1. Single author: the author's name (without initials, unless there is ambiguity) and the year of publication;  
2. Two authors: both authors' names and the year of publication;  
3. Three or more authors: first author's name followed by "et al." and the year of publication.  
Citations may be made directly (or parenthetically). Groups of references should be listed first alphabetically, then 
chronologically.  
Examples: "as demonstrated (Allan, 1996a, 1996b, 1999; Allan and Jones, 1995). Kramer et al. (2000) have recently shown ...."  
List: References should be arranged first alphabetically and then further sorted chronologically if necessary. More than one 
reference from the same author(s) in the same year must be identified by the letters "a", "b", "c", etc., placed after the year of 
publication.  
Examples:  
Reference to a journal publication:  
Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2000. The art of writing a scientific article. J. Sci. Commun. 163, 51–59.  
Reference to a book:  
Strunk Jr., W., White, E.B., 1979. The Elements of Style, third ed. Macmillan, New York.  
Reference to a chapter in an edited book:  
Mettam, G.R., Adams, L.B., 1999. How to prepare an electronic version of your article, in: Jones, B.S., Smith , R.Z. (Eds.), 
Introduction to the Electronic Age. E-Publishing Inc., New York, pp. 281–304.
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Journal abbreviations source  
Journal names should be abbreviated according to  
Index Medicus journal abbreviations: http://www.nlm.nih.gov/tsd/serials/lji.html;  
List of title word abbreviations: http://www.issn.org/2-22661-LTWA-online.php;  
CAS (Chemical Abstracts Service): http://www.cas.org/sent.html. 
 
Video data  
 
Elsevier accepts video material and animation sequences to support and enhance your scientific research. Authors who have 
video or animation files that they wish to submit with their article are strongly encouraged to include these within the body of the 
article. This can be done in the same way as a figure or table by referring to the video or animation content and noting in the body 
text where it should be placed. All submitted files should be properly labeled so that they directly relate to the video file's 
content. In order to ensure that your video or animation material is directly usable, please provide the files in one of our 
recommended file formats with a preferred maximum size of 50 MB. Video and animation files supplied will be published online 
in the electronic version of your article in Elsevier Web products, including ScienceDirect: http://www.sciencedirect.com. 
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statements and conclusions not adequately supported by the data. In particular, authors should avoid making statements on 
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• All illustrations and tables should be grouped at the end of the text. 
• Original slides or high-resolution images must be sent to the Publisher’s office upon 
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• Note that article acceptance is pending receipt of acceptable original art. 
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PERMISSIONS AND WAIVERS 
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does not belong to the author. 
• Waivers must be obtained for photographs showing persons. When such waivers are not supplied, faces will be masked to 
prevent identification. 
• Permissions and waivers should be faxed along with the Mandatory Submission Form to the JOMI Manuscript Editor (630-736-
3634). 
 
REPRINTS 
If reprints are desired, they may be ordered from the publisher. Authors receive a discount of 40% on quantities of 100 or 200 
reprints. 


	CAPA
	FOLHA DE ROSTO
	FICHA CATALOGRÁFICA
	DADOS CURRICULARES
	DEDICATÓRIA
	AGRADECIMENTOS
	EPÍGRAFE
	RESUMO
	ABSTRACT
	LISTA DE FIGURAS
	LISTA DE TABELAS
	LISTA DE ABREVIATURAS
	SUMÁRIO
	1. INTRODUÇÃO
	CAPÍTULO 1
	CAPÍTULO 2
	CAPÍTULO 3
	CAPÍTULO 4
	ANEXO



