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Resumen

Titulo: Estudio de las tensiones por fuerzas oclusales dindmicas en protesis

implantosoportadas segun el material rehabilitador. Elementos finitos 3D dinamicos.

Introduccidn: Reponer un diente ausente mediante un implante dental y una
corona es un tratamiento habitual en la practica clinica odontoldgica. La decisidn del
material rehabilitador a utilizar, muchas veces, se hace con el desconocimiento de las
propiedades mecanicas, entre ellas las tensiones transferidas por las fuerzas oclusales a
nivel de la prétesis implantosoportada y el hueso periimplantario. Un exceso de tensién
a nivel del hueso periimplantario, junto con inflamacion del tejido gingival puede
ocasionar la pérdida de hueso periimplantario y condicionar la supervivencia del
implante. La ausencia de hueso cortical, en situaciones como la periimplantitis, los
implantes inmediatos post extraccidn, los implantes en hueso regenerado o posicién
subcortical, previsiblemente influirdn en las tensiones generadas en el hueso trabecular
periimplantario. Los estudios dindmicos de elementos finitos 3D son una herramienta
muy util para hacer estimaciones de las tensiones generadas en la corona y transferidas
al pilar y al hueso por una fuerza de impacto en una restauracién implantosoportada, lo

cual seria complicado de determinar con otros métodos.

Hipétesis: Se planted la hipotesis de que las tensiones transferidas a una protesis
implantosoportada y al hueso periimplantario cortical y trabecular por una fuerza

oclusal dinamica varian segun el material rehabilitador utilizado.

Objetivos: El objetivo general de esta tesis doctoral fué estudiar las tensiones
transferidas por fuerzas oclusales dindmicas en prétesis implantosoportadas segun el

material rehabilitador.



Métodos: Se realizd6 un modelo de elementos finitos 3D de una seccién
mandibular (hueso cortical y hueso trabecular) con un implante y una corona
estructurada en pilar, estructura interna y recubrimiento estético. La absorcion de las
fuerzas oclusales dindmicas de los distintos materiales, se valoré mediante un analisis
dinamico de elementos finitos de las tensiones generadas en la corona y transferidas al
pilar y al hueso periimplantario, por una fuerza de impacto provocada por una masa
total de 8,62 gr a una velocidad de 1,25 m/s. Se analizaron seis tipos de rehabilitaciones:
fibra de carbono - composite (FCOM), Cr-Co - ceramica (MCEM), Cr-Co - composite
(METCOM), monolitica de Cr-Co (MET), fibra de carbono — ceramica (FCCER) y PEEK -
composite (PKCOM). El tiempo de la simulacién fue de 0,4 ms. Se valoraron las tensiones
de von Mises en la corona, el pilar y el hueso cortical. Asi mismo, se realizé un nuevo
analisis dando el supuesto de la ausencia de la cortical dsea y se compararon las

tensiones de von Mises en el hueso cortical y en el hueso trabecular.

Resultados: En la corona se observaron las maximas tensiones en MET y MCER
seguido de FCCER. Los valores fueron menores en MCOM, FCOM y PKCOM, siendo el
mas bajo este ultimo. Todos los modelos mostraron altas tensiones en el pilar excepto
en FCOM. En el hueso cortical MCOM, FCOM y PKCOM mostraron menores tensiones
gue MCER, FCCER o MET. En la simulacion sin hueso cortical las tensiones aumentaban
en el hueso trabecular en todos los modelos, siendo FCCER el que mayor tensién

transmitia y PKCOM el que menos.

Conclusiones: El uso de materiales menos rigidos reduce la tension transmitida
por una fuerza de impacto a la corona implantosoportada, al pilar y al hueso, tanto
cortical como trabecular. La ausencia de cortical 6sea hace que aumente

considerablemente la tensidén generada en el hueso trabecular.



Summary

Title: Analysis of tensions due dynamic occlusal forces in implant-supported

prostheses according to the restorative material. Dynamic 3D finite elements.

Introduction: Replacing missing tooth by dental implant and crown is a common
treatment in dental practice. The decision of rehabilitative material to use is doing
without knowing the mechanical properties. Mechanical properties like tensions
transferred by the occlusal forces at the level of the implant-supported prosthesis and
the peri-implant bone. An excess of tension at level of the peri-implant bone with
inflammation of the gingival tissue could cause the loss of peri-implant bone. The
absence of cortical bone in situations such as, peri-implantitis, immediate post-
extraction implants, implants on regenerated bone or subcortical position, must
influence the stresses generated in the peri-implant trabecular bone. 3D dynamic finite
element studies are useful tool to estimate the stresses generated at the crown and
transferred to the abutment and bone by an impact force on implant-supported

restoration. These would be difficult to determine with other methods.

Hypothesis: It was hypothesized that the stresses transferred to an implant-
supported prosthesis and at cortical and trabecular peri-implant bone by dynamic

occlusal force depends on the restorative material used.



Objectives: The general objective of this doctoral thesis was to study the
tensions transferred by dynamic occlusal forces on implant-supported prostheses

according to the restorative material.

Methods: A 3D finite element model of a mandibular section (cortical bone and
trabecular bone) with an implant and an abutment, crown (internal structure and
esthetic coating) was made. The absorption of the dynamic occlusal forces of the
different materials was assessed by dynamic finite element analysis. An impact force
caused by a mass of 8, 62 gr at 1.25 m/s. speed in the crown and transferred to the
abutment and peri-implant bone, towards six types of restorations were analyzed:
carbon fiber - composite (FCOM), CoCr - ceramic (MCEM), CoCr - composite (METCOM),
monolithic CoCr (MET), carbon fiber - ceramic (FCCER ) and PEEK-composite (PKCOM).
The simulation time was 0.4 ms. Von Mises stresses in the crown, abutment, and cortical
bone were assessed. Likewise, a new analysis was performed assuming the absence of

cortical bone and the von Mises stresses in cortical and trabecular bone were compared.

Results: In the crown, the maximum tensions were observed in MET and MCER
followed by FCCER. The values were lower on MCOM, FCOM and lowest in PKCOM. All
the models showed high stresses except FCOM. Cortical bone MCOM, FCOM and
PKCOM showed lower stresses than MCER, FCCER or MET. On the simulation without
cortical bone, the tensions increased in the trabecular bone in all the models. FCCER

transmitted the greatest tension and PKCOM the least.



Conclusions: The use of less rigid materials reduces the stress transmitted by an
impact force to the implant-supported crown, abutment and bone (cortical and
trabecular). The absence of cortical bone increases considerably the tension generated

in the trabecular bone.
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I. INDICE DE ABREVIATURAS

FCOM: Corona con estructura interna de fibra de carbono y recubrimiento estético
de composite.

MCER: Corona con estructura interna de aleacidn de metal de Cromo-Cobalto y
recubrimiento estético de ceramica.

MCOM: Corona con estructura interna de aleacidon de metal y recubrimiento estético
de composite.

MET: Corona completamente de aleacidn metdlica de Cromo-Cobalto.

FCCER: Corona con estructura interna de fibra de carbono y recubrimiento estético
de ceramica.

PKCOM: Corona con estructura interna de polieteretercetona y recubrimiento
estético de composite.

STL: Standard Tessellation Language, formato de archivo informatico para disefio
asistido por ordenador que define la geometria de objetos 3D.

CAD: Computed Aided Design, disefio asistido por ordenador.

CBCT: Cone beam computed tomography, es una técnica de imagen medica donde
una tomografia de rayos X es divergente formando un cono.

IGS: Graphics Exchange Specification, formato de archivo informatico neutral de
datos que permite el intercambio digital de informacién entre sistemas de disefio
asistido por ordenador.

CAM: Computed aided manufacturing, técnica de fabricacion asistida por ordenador.
FDA: Food and Drug Admninistration, agencia del Gobierno de Estados Unidos

responsable de la regulacion de alimentos medicamentos, aparatos médicos.



Il. INTRODUCCION

Uno de los mayores retos a los que nos enfrentamos en odontologia es devolver
el estado de salud éptimo al sistema estomatognatico cuando se ha perdido y, por ende,
la salud integral de nuestros pacientes. Asi mismo, no solo tenemos que recuperar esta

salud integral a corto plazo, si no poder mantenerla a lo largo de los afios.

Cuando nos enfrentamos a la situacién de un paciente con ausencias dentales,
lo que el paciente nos demanda es que le devolvamos, en la medida de lo posible, la
situacion previa en la que estaba antes de perder esos dientes. Eso conlleva ciertas
cosas. Por un lado el paciente quiere volver a tener una funcién general éptima a nivel
de masticacién, fonacién y estética. Por otro lado, que esta funcién se mantenga a lo

largo de los afos sin detrimento.

Podriamos decir que en la practica odontolédgica actual la primera parte la
tenemos bastante bien “resuelta” con los tratamientos implantoldgico-quirlrgicos,
estéticos-periodontales y estético-rehabilitadores sobre implantes. Pero una vez hemos
solucionado el problema surge un importante reto, el mantenimiento de la situacion a
lo largo de los afios. No podemos dejar de tener en cuenta que un paciente que
actualmente tiene una situacion de salud éptima, no estd libre de que en un futuro no
pueda sufrir alteraciones en su salud oral, como podria ser una gingivitis, o a nivel

sistémico una diabetes, por ejemplo (1,2).



Ademads, sabemos que los pacientes rehabilitados con implantes no estan
exentos de sufrir problemas biolégicos como la periimplantitis (pérdida de hueso
alrededor de los implantes) o mecanicos como fracturas de los materiales de

rehabilitacion (1,3) en un futuro.

Diversos estudios demuestran que un exceso de carga o fuerza sobre un implante
en estado de salud gingival éptima, sin inflamacidn gingival, no afecta la integracién ésea
del implante(4-6). Por otro lado, hay investigaciones que demuestran que en una
situacion de inflamacién gingival un exceso de carga sobre una rehabilitacién implanto-
protésica unitaria o multiple puede ocasionar una pérdida dsea periimplantar y la
posible pérdida del implante y de la rehabilitacion (2,4-10). Por lo tanto, es importante
conocer las fuerzas que intervienen en el sistema estomatognatico y que inciden sobre

las rehabilitaciones implantoldgicas y sus efectos.



2.1.-Tipos de fuerzas que intervienen en el sistema estomatognatico

Segun el glosario de la Academy of Prosthodontics, la oclusion (occlusion) es
definida como el acto de cierre entre los arcos dentarios y también, como la relacién
estdtica entre las superficies de contacto de los dientes maxilares o mandibulares o

andlogos de dientes (11).

El proceso masticatorio oral (masticatory cycle) es definido, segun el mismo
glosario, como el movimiento mandibular tridimensional que relaciona ambos arcos
dentales para triturar el alimento (11). Como movimiento, se genera el desplazamiento
de una masa (mandibula) a una determinada aceleracién, generandose una fuerza
dinamica controlada que permite triturar los alimentos. La fuerza masticatoria ejercida
en cada momento depende de muchos factores como son: edad, sexo, la zona de
contacto (molares, premolares o sector anterior), las propias caracteristicas fisicas del

paciente y el alimento o material a masticar, entre otros (12-14).

Existen diversos estudios que valoran la fuerza maxima que se puede ejercer
al ocluir estaticamente (15-19), pero dicho valor de fuerza tiene un interés clinico
relativo, en tanto en cuanto, la carga masticatoria ejercida es estatica, a diferencia de la
producida durante el proceso de masticacién, que es de naturaleza dindmica. En todo
caso, dichos valores de fuerza servirian para valorar cual es la carga estdtica que podrian
llegar a realizar los pacientes en casos de bruxismo céntrico o

“clenching” vy cudles serian los valores de fuerza que deberian soportar los materiales
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rehabilitadores en estas situaciones (16,18-20). A su vez, debemos tener presente y

conocer las fuerzas dindmicas, entre ellas las fuerzas de impacto y que los materiales de

rehabilitacion tienen distintas respuestas a las mismas dependiendo de sus propiedades

mecanicas.

Es conveniente definir, segin el glosario de The Academy of Prosthodontics (11),

algunos términos:

Contacto oclusal (occlusal contact): El contacto entre dientes opuestos al
elevar la mandibula.

Contacto oclusal inicial (initial occlusal contact): durante el cierre de la
mandibula, el primer contacto entre dientes de arcos opuestos.
Masticacion (mastication): el proceso de triturar la comida para tragary
digerir.

Fuerza de masticacion (masticatory force): la fuerza aplicada por los
musculos orofaciales durante el proceso de masticacién.

Fuerza oclusal (occlusal force): el resultado de la fuerza muscular aplicada
a dientes opuestos, la fuerza ejercida entre dientes opuestos (accién-
reaccién) y generada por la accion dinamica mandibular durante el acto
fisioldgico de la masticacion.

Apretar los dientes (clenching): la fuerza estatica de los maxilares y
dientes, asociada, frecuentemente, con tensién nerviosa aguda o

esfuerzo fisico.
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Por tanto, la rehabilitacién implanto-protésica puede verse afectada por dos
tipos de fuerzas: las estaticas, cuando apretamos los dientes (o clenching) vy las
dinamicas, por ejemplo, al masticar. Durante la masticacion se dan unas fuerzas de
impacto, cuya intensidad es de dificil determinacidn, puesto que estd generada no solo
por la accion muscular dependiente del alimento a masticar, sino también por la inercia

de la masa mandibular en movimiento y las caracteristicas de cada paciente.

2.2.-Fundamentos de fisica y mecanica de los materiales

La practica odontoldgica esta basada en el diagndstico, el establecimiento de un
plan de tratamiento, la ejecucion del tratamiento y el mantenimiento. Para la ejecucién
del tratamiento, sea cual sea, estamos condicionados al uso de materiales los cuales

tienen caracteristicas propias y especificas que condicionan su utilidad.

Es necesario saber cuales son las propiedades de cada material en cualquier
ambito de la odontologia para poder elegir el material idéneo en cada ocasién y, para
ello, debemos tener unos conceptos bdsicos sobre fisica y mecdnica de los materiales

(21-23).

2.2.1.-Principio de accion-reaccion. Postulado de Euler-Cauchy

El primer concepto que tenemos que tener presente sobretodo cuando

hablamos de someter a los materiales restauradores a fuerzas, es el concepto fisico de

12



“accién-reaccién”. Cuando se aplica una fuerza a un objeto se produce una reaccién de
la misma intensidad y en sentido opuesto. Esta reaccidn se identifica como una tensién
interna que se puede cuantificar y que varia en el interior del objeto dependiendo de su
forma, dimensiones y del material que lo forma. La tensidon se define como fuerza por

unidad de area (24).

2.2.2.-Tension y principio de uniformidad

Dependiendo de las caracteristicas de la fuerza aplicada pueden ocurrir distintos
efectos en los materiales, como podrian ser cambios estructurales o dimensionales,
entre otros. La variacion de la dimensién original que resulta en una deformacién
ocasiona tension. Si el objeto reacciona igual en todos sus puntos se dice que la

deformacion es homogénea o de uniformidad (25).

2.2.3.-Curva de tension-deformacion. Rigidez

La relacion entre la tensién y la deformacion en un material es relevante para
determinar su comportamiento mecdnico puesto que define la rigidez del material. Si la
relacion es proporcional, el cociente entre la tension y la deformacién recibe el nombre

de Médulo de Young (26).
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Cuando se ejerce una fuerza sobre un objeto de un material determinado, esta
genera una tensidon, como hemos comentado. Cuando el objeto puede deformarse,
diremos que es un material flexible. Si al dejar de recibir la fuerza el objeto vuelve a la
forma original, es decir, no ha tenido una deformaciéon permanente, hablamos de

deformacion elastica del material (Fig.1).

TENSION

Deformacion elastica

DEFORMACION

Fig.1. Curva de tension-deformacion. Fase de deformacién elastica.

Si al mismo objeto le continuamos ejerciendo un aumento de fuerza, llega un
punto en que se crea una deformacién permanente o plastica, es decir, al retirar la
fuerza externa la forma original del objeto no se recupera. La tensién y la deformacion
acostumbran a ser proporcionales hasta este punto llamado tensién de limite elastico.

Este punto se determina a partir de la curva tensidon-deformacion.

14



El mddulo eldstico o médulo de Young en un diagrama tensién-deformacién
(Fig.2) viene representado por la tangente a la curva en cada punto dentro del limite

elastico y mide la rigidez de un material.

4 Limite elastico

Modulo de Young

TENSION

Deformacion plastica

Deformacion elastica

DEFORMACION
Fig. 2. Curva de tensién-deformacion. Modulo de Young. Limite elastico. Area que representa la

deformacion plastica.

Todo material tiene una resistencia a la deformaciéon. Superado el punto de
deformacion plastica, si continuamos ejerciendo fuerza, llegaremos al punto de rotura
del material. El valor obtenido en este punto de fractura es lo que definimos como

resistencia a la rotura del material.

15



El drea de la curva que se encuentra debajo de la curva representa la energia de
deformacion y nos informa de la cantidad de energia que hay que aplicarle al material

para deformarlo. (Fig.3).

Limite elastico /

Punto de fractura

TENSION

/

Deformacion pléstica| Area: Energia de

— deformacion

Deformacion elastica

DEFORMACION

Fig. 3. Curva de tensidn-deformacién. Tensién de rotura. Punto de fractura. Energia de

deformacion.

Todos estos principios y parametros son relevantes para caracterizar cualquier

material rehabilitador en odontologia y en ellos nos basamos en nuestros estudios.

16



2.2.4.-Ensayos Mecdnicos

Existen diferentes ensayos para caracterizar los materiales y que son
importantes de conocer. Dependiendo del tipo de material y de las fuerzas a las que

estén sujetos, seran de eleccidn unos ensayos u otros (27,28).

Ensayo de traccion

Consiste en aplicar a un cuerpo fuerzas axiales en direcciones opuestas. La
resistencia del material a esta fuerza se llama resistencia a la traccion (Fig. 4). Este
ensayo sirve para conocer el limite elastico, tension de rotura y punto de fractura, asi
como la elongacidn, que es la deformacién que sufre este cuerpo antes de la rotura. El
valor de esta resistencia se mide por N/mm? Los ensayos de traccidn se utilizan para
materiales como los metales o los polimeros pero no para materiales como las

ceramicas. (28,29).

F
h
Deformaciéon — ]
h
F

Fig. 4. Representacion de ensayo a la traccién.

h
+«—— Deformacion
h




Ensayo de traccion mediante compresion diametral

Una alternativa al ensayo de traccién es el ensayo de compresion diametral. Se
usa en materiales fragiles cuando resulta dificil la sujeciéon de la probeta por sus
extremos en el ensayo de traccién pura. Consiste en aplicar una compresién diametral
sobre una probeta cilindrica que produce una traccion indirecta en el centro del cilindro,

pudiéndose determinar asi el punto de rotura por traccion (Fig.5) (29).

Deformacion «— — Deformacion

Fig.5. Representacion de ensayo de traccién mediante compresion diametral (22).
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Ensayo de compresion

Para materiales como las ceramicas es mds propio el uso del ensayo de
compresién para conocer sus propiedades mecanicas. El ensayo de compresién consiste
en aplicar una compresién axial en los dos extremos de una probeta cilindrica en
direccion opuesta pudiéndose determinar asi el limite elastico y la resistencia a la

compresion (28,29).

Una de las fuerzas que nos podemos encontrar en el sistema estomatognatico es
la fuerza compresiva, por ejemplo, la ejercida al apretar los dientes y es importante
investigar los materiales sujetos a esta condicién. Los materiales acostumbran a ser mas

resistentes a la compresidn que a la traccidn, tal es el caso de las cerdmicas (Fig.6).

F
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Fig.6. Representacion de ensayo de compresion (21).



Ensayo de dureza

El ensayo de dureza consiste en evaluar la dureza de la superficie de un material
al deterioro provocado por parte de un instrumento que ejerce una fuerza con la
intencidén de crear una indentanciéon. Hay distintos métodos para evaluarlo como son
Brinell, Rockwell, Vickers y Knoop. Estos distintos ensayos tienen gran importancia en
odontologia, ya que nos permite conocer la capacidad del material rehabilitador a no
sufrir cambios permanentes en su superficie, por ejemplo, durante Ia

masticacion.(28,29)
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2.2.5.-Parametros Mecdnicos

Coeficiente de Poisson

Cuando un material se encuentra bajo una fuerza axial, tensional o compresiva
hay una deformacion en sentido axial, pero también en sentido lateral. Ante una fuerza
tensional se da una elongacidn del material y una reduccién de su seccidn transversal.
Asi mismo, si tenemos una fuerza compresiva habrd un incremento de la seccidn
transversal y una reduccién de la longitud original. Si esto ocurre dentro del limite
elastico, la ratio entre la tensidn lateral y la axial se denomina coeficiente de Poisson

(25).

Resistencia a la deformacion

La resistencia a la deformacién de un material es su capacidad para doblarse
antes de que se rompa o se deforme. Los materiales dentales deben soportar
compresiones, flexiones y torsiones repetidas. Se desea que los materiales tengan una
alta resistencia a la deformacidn, es decir, que los materiales tengan mucha capacidad

de flexidn antes de llegar al punto de deformacion y de fractura (25).
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Resistencia a la fatiga

En el entorno de la cavidad oral, los materiales de restauracién estan
normalmente sujetos a fuerzas leves pero intermitentes, como serian las de
masticacién. Una de las caracteristicas que debemos buscar en los materiales de
rehabilitacidn es la resistencia a estas fuerzas, que llamamos resistencia a la fatiga. La
fatiga permite medir el limite de fatiga sin fractura a un determinado ndmero de ciclos
de tension. La presencia de defectos en la microestructura deriva en la fractura del
material. El entorno clinico de la boca puede influir en la resistencia a la fatiga y el

desarrollo de fractura del material (25).

2.3.-El método de los Elementos Finitos

En ingenieria de los materiales la investigacién basada en estudios de elementos
finitos esta muy instaurada y validada desde hace muchos afios. Estos estudios permiten
conocer el comportamiento de los materiales sometidos a distintas situaciones de carga

y condiciones de contorno gracias a los métodos numéricos computacionales (30) .

El método de los elementos finitos es un método numérico para analizar las
tensiones y las deformaciones en una estructura con una geometria determinada. Esa
estructura esta formada por unos puntos, llamados nodos, unidos entre si forman
elementos (finitos), que es una divisién en partes de una estructura mayor. El tipo, la

cantidad y la disposicién de los elementos afecta a la precisidn de los resultados, cuanto

22



mas pequenos y mas cantidad de elementos mayor precision. La secuencia para hacer
un estudio de elementos finitos pasa por la creacién de la estructura, la asignacién de
las propiedades mecanicas de los materiales implicados, la carga y las condiciones de
contorno (31). Cuando hablamos de aplicar las propiedades mecdnicas de los materiales,
es importante conocer si el material en cuestidn es isétropo o anisdétropo. Los materiales
isétropos presentan siempre el mismo comportamiento mecdnico independientemente
de la direccidn de la carga, mientras que los anisétropos varian sus propiedades con la

direccidn de la carga.

Los datos de las propiedades mecanicas de los elementos a investigar se
obtienen a partir de los ensayos anteriormente citados en el apartado de fundamentos

de fisica de los materiales.

El analisis de elementos finitos presenta algunas ventajas, por ejemplo, mientras
en un estudio in vitro es necesario un gran numero de muestras sometidas al estudio
para que el resultado del mismo sea estadisticamente significativo, en el caso de los
estudios con elementos finitos, la variabilidad que nos pueda dar entre las distintas
muestras no existe, asi pues, no necesitamos distintas muestras del mismo objeto a
investigar. Tampoco requieren consideraciones éticas, son repetibles y los disefos del

estudio pueden ser modificados (32,33).

Los estudios de elementos finitos son una simulacién, y como tal, son una

aproximacion. Nunca reproduciremos exactamente la realidad y el contorno tampoco
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serd exactamente el mismo al real, como podria ser el caso del entorno oral (32,34). A
pesar de ello, se ha demostrado la fiabilidad de los elementos finitos como metodologia
de estudio (35) y ademas, nos permite valorar pardmetros que seria imposible o muy

dificil de valorar en estudios in vivo o in vitro de laboratorio.

En nuestra investigacidn queriamos evaluar la tensién generada, a nivel de la
corona, el pilar y del hueso periimplantario, por las fuerzas oclusales segln el material
rehabilitador utilizado en la prétesis unitaria. Después de valorar posibles metodologias,
llegamos a la conclusidon que la mejor opcidén era un analisis dindmico de elementos
finitos en el que se aplicara una fuerza de impacto. Los pardmetros utilizados respecto
a los materiales fueron la densidad, el coeficiente de Poisson y el mdédulo eldstico o

Moddulo de Young.

Como se ha comentado la secuencia para realizar un andlisis de elementos finitos
seria: realizar el disefio del modelo, establecer las condiciones del contorno y realizar el

analisis.

El disefio del modelo de estudio puede obtenerse mediante disefio digital o a
partir de un escaneado, se obtiene un archivo STL que posteriormente es procesado
mediante un programa como Solid Works (Dassault Systémes, SolidWorks Corp.,
Waltham, MA, USA) que permite obtener la estructura formada por puntos unidos entre
si, los nodos. Respecto a las condiciones del contorno debemos tener en cuenta, en el

caso de estudios de impactos, la distancia entre el modelo y la superficie de contacto, si
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existe friccién o no en el momento del contacto, la masa del modelo y la velocidad del
mismo. En el caso de estudios estaticos, la fuerza aplicada y por donde estan sujetas o

fijadas las superficies.

La gran mayoria de analisis de elementos finitos encontrados en la bibliografia
son estudios estaticos, es decir, que al modelo de estudio se le aplica una fuerza
constante en el tiempo (27-29, 31-34). A nivel del sistema estomatognatico concurren
dos situaciones en las que se pueden dar una fuerza que podria calificarse como estatica.
Una seria cuando un sujeto ocluye con fuerza sus dientes o sobre un objeto entre los
dientes; otra, durante la parafuncion de apretar los dientes (clenching). Estas dos
situaciones no podemos contarlas como una accién fisioldgica normal ya que de forma
habitual una persona no tiene en contacto constante los dientes, si no que se mantienen
a una distancia conocida como posicion de reposo (11). Por otro lado, cuando una
persona esta efectuando el acto fisiolégico de la masticacidn se crea un contacto entre
el bolo alimenticio y los dientes y entre los dientes antagonistas. Este contacto es
puntual en el tiempo y esta producido por el movimiento mandibular, un movimiento
definido por una masa (la mandibula) y una velocidad imprimida por los musculos
masticatorios. Es decir, un movimiento que produce una fuerza de impacto. Gracias a la
ingenieria, hoy podemos realizar estudios de elementos finitos aplicando fuerzas de
impacto, es decir, podemos aplicar a una masa una velocidad y analizar en el tiempo
cudl es la reaccion mecdnica y fisica de los objetos de estudio. Esto es realmente
novedoso y aln mas en el ambito de la investigacién odontoldgica, permitiéndonos

aproximarnos mucho mas a la realidad del proceso masticatorio (38—41).
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2.4.- Complementariedad entre los articulos publicados

Teniendo en cuenta lo mencionado anteriormente el objetivo de esta tesis es
valorar la respuesta fisico-mecdnica de algunos de los materiales utilizados para
rehabilitar ausencias dentales unitarias mediante implantes. Concretamente, conocer
las tensiones generadas al complejo implante-hueso por las fuerzas oclusales, a fin de
preservar la osteointegracion del implante y el tratamiento protésico, manteniendo un

adecuado estado de salud oral de nuestros pacientes a lo largo de los afios.

Para dar respuesta a esta pregunta se han realizado dos estudios

complementarios que se han publicado en sendos articulos.

El primer estudio publicado tenia por objetivo conocer las tensiones generadas
en la corona, pilar protésico y hueso cortical periimplantario utilizando distintos
materiales rehabilitadores, asi mismo, conocer si estos materiales tenian la capacidad
de absorcién de la fuerza aplicada y se generaria una menor tensién en las distintas
partes. Segun lo expuesto anteriormente, si un exceso de tensidon en el hueso
periimplantario asociada a inflamacidn gingival puede producir una pérdida désea
alrededor del implante (2,9,10), consideramos pertinente conocer qué materiales
tienen la capacidad de absorber las fuerzas aplicadas y minimizar la tensién transmitida
al hueso periimplantario. Asi mismo, es importante realizar el estudio en condiciones lo
mas parecidas posibles a las fisioldgicas del paciente, dentro de las limitaciones propias

de los estudios de elementos finitos. Es realmente complejo analizar in vivo las
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tensiones que se producen en el hueso de un paciente producidas por un impacto
determinado. Por ello, la investigacion se realizé mediante el uso de analisis dinamico
de elementos finitos, es decir, aplicando un impacto, en vez de una fuerza estatica que
es la mas frecuentemente utilizada en la mayoria de estudios (41-43). Si aplicamos en
distintos materiales una fuerza de intensidad predeterminada y constante (fuerza
estatica), sin llegar a provocar la fractura, las tensiones que se generaran en el implante
y el hueso circundante seran las mismas para cualquiera de los materiales investigados,
porque la fuerza resultante estd predeterminada y su flujo a través del material
(tensiones internas) también. Esto es debido, por un lado, al postulado de Euler-Cauchy
y por otro lado, al principio de Saint Venant, que postula que “...1a diferencia entre los
efectos de dos sistemas de cargas estaticamente equivalentes se hace arbitrariamente
pequena a distancias suficientemente grandes de los puntos de aplicacién de dichas
cargas...” (44). Es por este motivo que el uso de impacto nos ayuda a dar una respuesta

mas cercana a la realidad fisioldgica.

Una vez comprobado con la primera investigacion que la tensidon generada en la
corona, el pilar y en el hueso cortical podia variar considerablemente dependiendo del
material de rehabilitacion utilizado, se quiso comprobar cual seria la tension en el hueso
trabecular, sin la presencia del hueso cortical, dependiendo del material rehabilitador
utilizado. Asi mismo, siendo conocedores de que hay ciertas circunstancias en las que la
ausencia de hueso cortical periimplantario puede suceder, como es el caso de pacientes
con enfermedad periimplantaria activa, pacientes que llevan implantes en una zona en

la que se ha realizado una regeneracién dsea guiada con xenoinjerto o aloinjerto, en
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implantes que se han colocado inmediatamente después de una extraccion dental o en
implantes con posicién subcortical (45—49), quisimos conocer cual seria la tensién
recibida en el hueso trabecular en ausencia de la capa cortical y como repercutiria el
hecho del uso de materiales menos rigidos para la rehabilitacién sobre implantes

unitarios.

La ausencia de hueso cortical puede conllevar un comportamiento distinto en el
implante y la tensidn generada en el hueso periimplantar debido a los impactos. Saber
cudl es la tension generada en el hueso trabecular en ausencia de hueso cortical
dependiendo del material de rehabilitacion que se esta utilizando nos puede ayudar a

decidir cudl es el material mas adecuado para disminuir el riesgo de pérdida dsea.
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Ill. HIPOTESIS

Las tensiones transferidas a una proétesis implantosoportada y al hueso
periimplantario cortical y trabecular por una fuerza oclusal de impacto varian segun el

material rehabilitador utilizado.
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IV. OBJETIVOS

Objetivo general:

Estudiar las tensiones transferidas por fuerzas oclusales de impacto en protesis

unitarias implantosoportadas segln el material rehabilitador.

Objetivos especificos

Evaluar las tensiones transferidas por una fuerza de impacto a la corona, al pilar y al

hueso cortical periimplantario, segin el material rehabilitador.

Evaluar las tensiones transferidas por una fuerza de impacto al hueso trabecular con

presencia y ausencia de hueso cortical, seglin el material rehabilitador.
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V. METODOLOGIA

5.1.- Modelo

Se realizé un modelo 3D digital que simulaba una prétesis implantosoportada
unitaria a nivel mandibular. El modelo estaba formado por una seccién mandibular
con hueso cortical y trabecular, un implante dental, un pilar protésico antirotatorio
con un tornillo de fijaciédn y una corona o rehabilitacién protésica. Se asumié la total
osteointegracion del implante y la perfecta unién entre los distintos componentes
de la rehabilitacién. Por otro lado, se disefié una superficie plana sobre la que

impactaria el modelo (Fig.7).

Corona Pilar
/ >
m Tornillo de fijacion
_E__
Implante

Hueso cortical

( - t Mandibula

Hueso trabecular

Fig. 7. Representacion del modelo y partes.
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5.1.1.- La corona

Para obtener un modelo sélido y poder realizar el andlisis de elementos finitos,
se disefid un modelo 3D de una corona en el software Exocad (v3.0, Exocad GmbH,
Darmstadt, Germany) y se importd al software SolidWorks (Dassault Systémes,
SolidWorks Corp., Waltham, MA, USA). Se crearon dos partes de la corona, el nucleo
o estructura interna y el recubrimiento estético. El volumen total de la corona era
de 411,5 mm?, siendo la estructura interna el 51,3% del total y el otro 49,7% el

recubrimiento estético (Fig.8).

_ Recubrimiento estético de
B la corona

Estructura interna de la
corona

Fig.8. Representacidn del mallado 3D de la corona y sus partes.

5.1.2.- El pilar protésico y el tornillo de fijacion

La funcion del pilar protésico es unir la corona con el implante. Se sujeta al
implante mediante un tornillo. Ademas, el pilar tenia un mecanismo antirotatorio

(un hexdgono), para prevenir el movimiento rotacional entre el complejo pilar-
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corona y el implante. Tanto el pilar como el tornillo de fijacién fueron modelados
mediante el software CAD de SolidWorks v.2021. El disefo original del pilar
corresponde a un pilar protésico de la empresa MIS Implants Tech (MIS Implants
Technology, Bar-Lev, Tel Aviv-Yafo, Israel), teniendo como sistema antirotatorio una

conexién hexagonal interna (Fig.9).

Fig. 9. Representacién del pilar protésico con sistema antirotatorio y el tornillo de fijacion.

5.1.3.- El implante

Se realizd el escaneado de un implante MIS SEVEN ( MIS Implants Technology,
Bar-Lev, Tel Aviv-Yafo, Israel) de 4,2x11,5 mm con conexién interna hexagonal
mediante un escaner digital 3D (Visual Computing Lab, Pisa, Italy). El escaneado se
convirti6 a una malla en archivo STL (Standard Tessellation Language) v,
posteriormente, a un modelo sélido con el software de SolidWorks. Asi se

obtuvieron las medidas del implante y finalmente se modeld con el software de
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SolidWorks para garantizar la maxima precisiéon de la geometria de todos los

componentes (Fig. 10).

Fig.10. Esquema del implante.

5.1.4.- La mandibula

La seccion de hueso mandibular fue disefiada a través de la imagen de un CBCT
(NewTom Giano, Newtom, Imola, Italia). Se dibujaron unos puntos de referencia a
una distancia fija sobre la imagen de la seccion mandibular para transferirlo al
ordenador y la geometria se obtuvo con el software de SolidWorks midiendo las
distancias de los distintos puntos. Con ello se crearon dos cuerpos solidos: la
estructura correspondiente al hueso cortical y la correspondiente al hueso

trabecular o esponjoso (Fig.11).
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Fig. 11. CBCT de una seccién mandibular transferida a la geometria 3D.

5.1.5.- La placa

Se necesitaba una superficie rigida sobre la que impactaria todo el conjunto
corona-pilar-implante-hueso mandibular. Para ello se disefid una superficie
rectangular (w= 10mm, h= 12mm, e= 2mm) (Fig. 12). La distancia inicial entre la

superficie y la corona fue de 0,01 mmy se considerd que el impacto seria sin friccion.

e

Fig.12. Representacion de la placa sobre la que impacta el modelo.
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5.2.- Opciones de rehabilitacion estudiadas

Utilizando el mismo modelo de corona, se decidid comparar las distintas
tensiones generadas en la corona, el pilar y el hueso periimplantar a partir de la
aplicacion de una fuerza de impacto a al modelo con los distintos materiales

rehabilitadores.

Los materiales de rehabilitacién y las combinaciones seleccionadas para el
estudio fueron:

-FCOM: Corona con estructura interna de fibra de carbono (BioCarbon Bridge
fibers. Microdemica, Italia) y recubrimiento estético de composite (Composite
BioXfill. Micromedica, Italia).

-MCER: Corona con estructura interna de aleacién de metal de Cr-Co (Renishaw,
Gran Bretana) y recubrimiento estético de ceramica (Ceramic VMK 95. Vita.
Alemania).

-MCOM: Corona con estructura interna de aleacién de metal (Renishaw. Gran
Bretaifia) y recubrimiento estético de composite (Composite BioXfill. Micromedica.
Italia).

-MET: Corona completamente de aleacion metalica de Cr-Co (Renishaw. Gran
Bretafia).

-FCCER: Corona con estructura interna de fibra de carbono (BioCarbon Bridge
fibers. Microdemica. Italia) y recubrimiento estético de ceramica (Ceramic VMK 95.

Vita. Alemania).
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-PKCOM: Corona con estructura interna de PEEK (Invibio. Alemania) y

recubrimiento estético de composite (Composite BioXfill. Micromedica. Italia).

Con estos materiales se pretendia tener una representacion de algunos de los
distintos materiales existentes en el mercado, tanto cldsicos como nuevos y que

divergieran en sus propiedades fisico-mecanicas.
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5.3.- Propiedades de los materiales

Todos los materiales utilizados para el modelo se consideraron como isotrdpicos
y homogéneos. Los mddulos de Young, el Coeficiente de Poisson y densidad se
muestran en la Tabla 1. Las propiedades fisicas y mecdnicas de los diferentes

materiales se consiguieron de los fabricantes de los mismos.

E v p
(g/cm’)
(MPa)
Corona FCOM
Corona de fibra de [86]
carbono-composite
Micro-Medica 300.000 0,3 1,40
BioCarbon Bridge Micro-Medica 22.000 0,3 8,30
fibers
Composite BioXfill
MCER
Corona de Meta- [87,88]

Ceramica Renishaw 208.000 0,31 8,90
Aleacion de Cr-Co Vita 69.000 0,28 2,50
Ceramica VMK 95

MCOM
Corona de Metal- [87,86]
Composite
Renishaw 208.000 0,31 8,90
Aleacion de Cr-Co Micro-Medica 22.000 0,3 8,30
Composite BioXfill
MET [89]
Corona
completamente Heraeus Kulzer 208.000 0,31 8,90
metalica
Aleacion Cr-Co, Mo,
%
FCCER [86,90]
Corona de Fibra de
carbono-Ceramica Micro-Medica 66.000 0,3
Ivoclar Vivadent 95.000 0,2 1,4
Carbon Fiber Bridge 2,5
Ceramic IPS e.max
PKCOM [91,86]
Corona de PEEK-
composite
PEEK Optima Invibio 4.100 0,36 1,3
Composite BioXfill Micro-Medica 22.000 0,3 8,30
Implante Ti-6-Al-4V ELI MIS [92] 113.800 0,34 4,43
Hueso Hueso Cortical [93,94] 15.000 0,3 1,79
Hueso Trabecular [93] 500 0,3 0,45

Tabla 1. Propiedades fisicas y mecanicas de los materiales utilizadas en el estudio.
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5.4.- Método numérico

Todos los modelos independientes se ensamblaron en un solo modelo, generando
un modelo integrado por la prétesis, el implante y la seccidon de hueso mandibular. Este
modelo geométrico fue convertido a un archivo IGS ( Graphics Exchange Specification).
Mediante el programa Ansys Workbrench Software (Ansys Inc., Canonsburg, PA, USA)
se determind la tensién transferida a la corona, al pilar protésico de titanio y al hueso
cortical y esponjoso (dependiendo del estudio realizado), cambiando las caracteristicas

de los materiales de rehabilitacidn protésica.

Se simuld un impacto entre el modelo formado por el conjunto prétesis-implante-
hueso contra la placa disefiada fijada y rigida a una velocidad de 1m/s y con un

desplazamiento libre (gap) de 0,01mm.

Para tener un resultado preciso, el tamafio del modelo a nivel de nodos es muy
importante. El modelo de elementos finitos tenia 96.160 nodos. En cuanto a las
condiciones del contorno se considerd una serie de particularidades para el analisis de
elementos finitos: todos los materiales eran isétropos y homogéneos, los
desplazamientos se realizaban solo en direccidn vertical, se asumid la perfecta
osteointegracién del implante en el hueso y que finalmente el impacto era contra un

cuerpo rigido y no habia friccion.
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5.5.- Definicion de la malla

Antes de realizar la simulacién se tuvo que definir el tamano de la malla y el tipo de
elemento utilizado. La precisidon de los resultados dependen directamente del tamafno
de los elementos, es decir, a menor tamafio mayor precisién. Sin embargo, esto afecta
al tiempo de trabajo computacional, no tan importante en un analisis estdatico, pero si
en un analisis dindmico, al repetirse el calculo muchas veces, uno para cada instante de

tiempo a lo largo del impacto.

En las zonas donde se requeria mayor precision, puntos de estudio y parte externa
del implante (espiras), la distancia entre los elementos fue de 0,2 mm. En el resto de la
corona e implante, la distancia variaba entre los 0,5 mm y los 2 mm. Aunque las
diferentes partes estaban ensambladas se consideraron las partes por separado para el

andlisis de los resultados (fig.13).

Fig.13. A. Imagen del modelo mallado 3D con sus nodos. B. Seccién del mallado.
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5.6.- Duracion del impacto y de la simulacidon

Se establecié una duracién de la simulaciéon de 0,4 ms, para asegurar que fuera
superior a la duracidn del impacto. Dentro de este tiempo se establecieron 53
momentos de valoracién con un intervalo entre ellos de 7,55 ps. Si el tiempo hubiera
sido mas pequefio, el tiempo de trabajo del andlisis computacional se hubiera

incrementado mucho; si hubiera sido mayor la precisién hubiera sido disminuido.

5.7.- Configuracion de la simulacion

Inicialmente el complejo compuesto por la seccion mandibular-implante-protesis al
impactar contra la superficie plana tiene una energia cinética que viene dada por la masa

del modelo y su velocidad de acuerdo a la formula:

E,L,:Z:%-mi-v2

Donde:
Ex es la energia cinética

m; es la masa
v; es la velocidad

Cuando el conjunto del modelo impacta contra la superficie de la placa rigida, la
energia cinética se transforma en energia de deformacién. Si la deformacién ocurre
dentro del rango elastico, la energia de deformacién eldstica puede obtenerse de la

ecuacion:

Eu=12 [o,-&-dV
V
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Donde:
Eqes €s la energia potencial elastica de deformacion
oi es el estado de tension

gi es el estado de deformacion
dV es el diferencial de volumen

Las caracteristicas dinamicas de un impacto estan determinadas por la energia
inicial del sistema (0,5-m-v?) y el momento lineal (m-v). Ambas caracteristicas deben
tener el mismo valor para todos los modelos simulados, lo que se garantiza

introduciendo la misma velocidad (v) y la misma masa total del sistema (m).

Como se observa en el cuadro de las propiedades de los materiales, cada uno de
ellos tiene distinta densidad. Asi pues, la masa inicial del sistema en cada uno de los
casos propuestos de distinta rehabilitacion seria diferente y en consecuencia también la
energia cinética. A fin de igualar la energia cinética en cada uno de los casos, se afiadio
un valor de masa en los planos laterales de la seccién mandibular (no en el implante)
dependiendo de la densidad de cada uno de los materiales de los modelos. La tabla 2

muestra la masa adicional anadida en cada modelo.

MET 8.62 0
MCER 6.73 1.89
MCOM 6.63 1.99
FCOM 5.23 3.39

PKCOM 7.20 1.42
FCCER 5.07 3.55

Tabla.2. Compensacién de la masa adicional afiadida en cada modelo.
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5.7.1.- Configuracion de la simulacidn sin hueso cortical

Cuando se realizé el estudio sin hueso cortical se realizaron dos cambios en el
modelo. En primer lugar, se suprimié del modelo la parte cortical del conjunto y se
mantuvo intacto el resto de la malla y, en segundo lugar, se afiadié masa para igualar la
energia cinética del impacto y poder comparar con la situacién de modelo con hueso
cortical. Esta masa afladida corresponde al hueso cortical suprimido siendo constante
para todos los modelos (2,27g). La Tabla 3 muestra la masa afiadida para poder realizar

la comparacién. La masa se afiadié en todo el conjunto del modelo.

MET 0 2.27
MCER 1.89 4.16
MCOM 1.99 4.26
FCOM 3.39 5.66

PKCOM 1.42 3.69
FCCER 3.55 5.82

Tabla 3. Compensacién de la masa adicional afiadida en los modelos con y sin cortical.

5.8.- Condiciones iniciales del contorno

En el andlisis dindmico de elementos finitos la condicion mas relevante es la

velocidad inicial que nos determina la energia cinética inicial del modelo.

Los distintos conceptos de energia nos permiten relacionar la masa del modelo

y la velocidad aplicada como condiciones iniciales del contorno. Se calculé la masa de

cada uno de los modelos, como se ha descrito anteriormente, y se compensaron sus
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diferencias segun las distintas densidades de los materiales. La velocidad aplicada al

modelo fue de 1m/s como condicidn cinematica inicial.

Este dato importante en las condiciones iniciales de contorno se tomé de algunos
estudios que se focalizan en la cinemdtica mandibular mediante acelerdmetros y que
dieron como resultado una aceleracién maxima al abrir la boca de 2,5 m/s?(13,14,50).
Considerando esto y teniendo en cuenta que estamos tratando con un movimiento
controlado por el cerebro, se puede suponer la misma aceleracién (a) durante la

oclusién. De manera que mediante la siguiente formula podemos definir la velocidad

(v):

1v=a~At

Donde:
v es la velocidad

a es la aceleracién
At es el incremento el tiempo

Considerando que el contacto dental en la masticacién dura menos de 0,5
segundos segun la ecuacion anterior podemos definir como un valor razonable para la

velocidad de 1,25 m/s.

La placa utilizada para el impacto se supuso fija, es decir, que no podia moverse
ni rotar en ninguna direccién. La distancia libre entre la placa y la corona fue de 0,01mm.
Las superficies laterales del hueso cortical y trabecular estaban fijadas en el eje zy en el

eje x de manera que solo se podian desplazar en el eje y ,es decir, de manera vertical.
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5.9.- Seleccidn de los nodos

Se decidid valorar las tensiones de von Mises obtenidas a través del tensor de
tensiones de Cauchy en la corona (debajo del material estético de recubrimiento), el

pilar, el hueso cortical y el hueso trabecular (dependiendo del estudio realizado).
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VI. RESULTADOS DE LA INVESTIGACION
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Abstract: In the literature, many researchers investigated static loading effects on an implant. However,
dynamic loading under impact loading has not been investigated formally using numerical methods. This
study aims to evaluate, with 3D finite element analysis (3D FEA), the stress transferred (maximum peak
and variation in time) from a dynamic impact force applied to a single implant-supported prosthesis made
from different materials. A 3D implant-supported prosthesis model was created on a digital model of a
mandible section using CAD and reverse engineering. By setting different mechanical properties, six
implant-supported prostheses made from different materials were simulated: metal (MET), metal-ceramic
(MCER), metal-composite (MCOM), carbon fiber-composite (FCOM), PEEK-composite (PKCOM), and
carbon fiber-ceramic (FCCER). Three-dimensional FEA was conducted to simulate the collision of 8.62 g
implant-supported prosthesis models with a rigid plate at a speed of 1 m/s after a displacement of 0.01
mm. The stress peak transferred to the crown, titanium abutment, and cortical bone, and the stress
variation in time, were assessed.

Keywords: FEA; FEM; impact test; transient analysis; dynamical forces; biomechanical behavior; implant
rehabilitation; rehabilitation materials; crown materials

1. Introduction

Currently, implant-supported prostheses are widely used for the rehabilitation of partially
and fully edentulous patients. This type of treatment has undergone significant changes in the
choice of materials since the first treatments carried out by Branemark. The use of gold or gold
alloys, with and without resin veneering (51,52), has been discarded for economic, esthetic, and
functional reasons (53-55). The increase in the price of gold led to the use of much cheaper non-
noble metals, although with different mechanical and biological characteristics (53-56). The
composites and resins used at the end of the last century showed significant deficiencies in
esthetics and wear; they were replaced by ceramics and, currently, by zirconia, (56-59) with
different mechanical characteristics. The choice of the material used for implant-supported
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prosthesis manufacturing is a crucial issue due to the dynamic characteristics of the
stomatognathic system.!

Static forces are applied from the mandible to the maxilla, without mandibular movements,
and the intensity remains constant over time. In contrast, dynamic forces are related to
mandibular movements, and the intensity varies with time. The dynamic force magnitude is
calculated by multiplying the mass of the moving object and its acceleration in that direction.
Static (clenching) and dynamic forces (chewing, swallowing, and eccentric bruxism) occur in the
masticatory system (12,14,20,50,60,61). The literature shows that forces are transferred to a lesser
or greater extent to the peri-implant area (62) depending on whether the applied force is static or
dynamic (63-70). Moreover, the results in recent publications showed that static loading,
compared with dynamic loading, caused increased stress, which proves the need of transient
analysis of dental implants (38,41).

The chosen material for single implant-supported prostheses manufacturing has little
relevance in the transmission of static forces, as explained in the Saint-Venant principle, which
states that the difference between the effects of two different but statically equivalent loads
becomes minimal at sufficiently large distances from the load (44,71,72) Dynamic forces and the
impact of the moving mandible against the maxilla are transferred very differently in single and
multiple implant-supported prostheses, depending on the material that the prostheses are made
from. Rigid materials, such as zirconia, ceramics, and metals, generate higher dynamic forces
(63,65—67) than other materials used in veneering prosthetic frameworks (composites, hybrid
composites, or resins) or in prosthetic framework manufacturing (carbon fiber, fiberglass, or
polyether-ether-ketone (PEEK)), which absorb and dissipate the impact energy with lower
dynamic forces [28—40].

There are different in vitro methods for studying the transmission of static and dynamic
forces to the peri-implant area from single and partial implant-supported prostheses made from
different materials, such as the use of photoelastic resins (44,64,83-85), digital image correlation
(DIC) (44,86,87), strain gauges (65,88), loss coefficient (LC) (67), and finite element analysis (FEA)
in two (2D FEA) and three dimensions (3D FEA) (43,68-70,89-92). All of them provide very
similar results (44,93-95) in terms of stress.

Photoelastic resins allow visualizing the stress generated in the peri-implant area after the
application of a static or dynamic force with isochromatic fringes. The color and number of the
shown isochromatic fringes indicates the magnitude of the generated stress. Digital image
correlation (DIC) is an optical-numerical system using resins with randomly colored microdots,
where the displacement of these microdots is calculated after the application of a force, both
vertically and horizontally. The magnitude of transferred forces is determined according to the
magnitude of the displacements.

Magne et al. (67) used the Periometer (University of Southern California, Los Angeles, CA,
USA) to calculate the energy absorbed by prostheses made with different frameworks and veneer
materials, such as composite, ceramic, and zirconia. The Periometer is a handheld percussion
probe that records the rebound suffered by the object of study, so the energy absorbed by the
material can be calculated by subtracting the applied force and the rebound force.

Another system is the use of strain gauges, which are sensors that measure the material
strain when loads are applied. Gracis (65) recorded the impact force transmitted by a steel ball
rolled along a slope to discs made from different materials. Menini (63,66), used strain gauges to
design a device that applied oscillating movements to monolithic prostheses of different materials
(gold, zirconia, ceramics, composites, and resins) against an upper dental arch made of a Co-Cr
alloy. The force transferred to the crowns (made from different materials) by the simulation of
the mandibular movements was recorded.

Dental biomechanics based on finite element analysis (FEA) is attracting huge interest in
many areas: biomedical sciences, anthropology and, odontology. However, several shortcomings
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in FEA modeling exist, mainly due to unrealistic (static) loading imposition (96). FEA analysis is
the most widely used numerical procedure today, since it allows reproducing mechanical
behavior under a mechanical load based on the known properties of the material. Density, the
Poisson coefficient, and Young’s modulus values can be set in 2D or 3D FEA software, which also
includes the depth dimension. Three-dimensional FEA permits the visualization of the stresses
on the entire body of the implants. In the consulted dental literature, dynamic FEA studies are
still scarce (34,38,41,96-98) compared to the large number of existing FEA studies with static
loads. Moreover, very few studies that simulate dynamic forces under impact loading using 2D
or 3D FEA have been found. Thus, this article is devoted exclusively to the study of the impacts
on dental implants, which is minimally covered in the literature.

Knowledge about stress distribution in the peri-implant area may be essential for predicting
the survival of dental implants, especially in patients with risk factors such as smoking, poor
hygiene habits, previous periodontitis, or predisposing genetic factors (1,7,47,99,100). These
patients present, to a greater or lesser extent, gingival inflammation that may cause peri-implant
bone loss (2,6,9,10,45,101-104). This peri-implant bone loss may be directly affected by the stress
generated in the implant-bone-prosthesis area; the higher the transferred force, the higher the risk
of peri-implantitis (16,67,105-110). The amount of cortical bone could also be a factor to be
considered when choosing the material for manufacturing the prosthesis, as this cortical bone is
poorly vascularized, fragile, rigid, and regenerates slowly (48,111-114).

Numerous studies have shown, using 2D or 3D FEA, the behavior of implants rehabilitated
with single crowns made with different materials. In these studies, all of them used a static force
to simulate the oral environment. Our study has aimed to show, using dynamic 3D FEA, the
dynamic impact forces related to oral function.

This in vitro study aims to evaluate, with three-dimensional finite element analysis (3D
FEA), the stress transferred (time to peak, maximum peak, and variation in time) from an impact,
a dynamic force, on a single implant-supported prosthesis made from different restorative
materials (metal, metal-ceramic, metal-composite, carbon fiber-composite, PEEK-composite, and
carbon fiber-ceramic), applied to the crown, titanium abutment, and cortical mandibular bone.

2. Materials and Methods
2.1. The Whole Implant Model

The 3D digital model simulated dental rehabilitation on the implants used in this study to
evaluate the stress (von Mises stress) on the inner part of the crown, the external part of the neck
of the titanium abutment, and the top of the cortical bone, using different implant crowns in a
dynamic situation (chewing, swallowing, or eccentric bruxing). This was obtained from the
integration of six independently developed models from real elements: (1) the crown, (2) an anti-
rotatory abutment, (3) a fixation screw, (4) a single implant-supported prosthesis, (5) a section of
the mandibular bone (cortical and cancellous bone), and (6) the plate. Total osseointegration of
the implant was considered, assuming a perfect relation between the nodes at the interface of the
implants and the bone.

2.1.1. The Crown

In order to obtain a solid model of the crown, a high-resolution 3D Exocad model was
imported to SolidWorks. Then, two parts were created within the crown geometry (the core and
the esthetic veneering), separated by an inner boundary. The framework and the veneering
material were delimited from the single implant-supported prosthesis. The total volume of the
crown was 411.5 mms3. The framework core accounted for 51.3% of the total crown volume, and
the remaining 39.7% was esthetic veneering.
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2.1.2. The Abutment and Fixation Screw

The abutment’s function is to join the crown and the implant with a thread mechanism. Also,
an anti-rotation system must be available to prevent the relative movement between the implant
and the abutment (in this case, a hexagonal anti-rotational system). The abutment and the fixation
screw were fully modeled using the CAD software SolidWorks v.2021 (Dassault Systemes,
SolidWorks Corp., Waltham, MA, USA) [85] in order to reduce the typical surfaces of a 3D
2scanning process to triangular forms, thus maintaining simpler geometries. The abutment used
in this study was the MIS implant with an internal hexagonal connection.

2.1.3. The Implant

Accurate measurements of implant geometry were obtained by 3D digital scan (Visual
Computing Lab, Pisa, Italy) of a 4.2 x 11.5 mm implant with an internal hexagon (MIS Implants
Technology, Bar-Lev, Tel Aviv-Yafo, Israel), which was converted into an STL (Standard
Tessellation Language) mesh. Then, it was converted into a solid with the SolidWorks Software
(Dassault Systemes, Vélizy-Villacoublay, France) in order to obtain the measurements of the
implant. Finally, it was modeled with the CAD SolidWorks software in order to guarantee more
precise geometry and to avoid too many surfaces being shown.

2.1.4. The Mandible

The section of the mandible bone was designed from a sectional image of cone-beam
computed tomography (CBCT) (NewTom Giano, Newtom, Imola, Italy). Keypoints were drawn
at a fixed distance over the section image of the CT scan in order to transfer it to the computer.
The geometry of the mandible could be obtained with SolidWorks software by measuring the
distances of the points and calculating the real value through the scanning scale. Two different
bounded solids were created over the mandible geometry to apply the mechanical properties of
both trabecular and cortical bone.
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E v p
Kerrypnx Material Name Manufacturer Young Modulus Poisson Density
(MPa) Ratio (g/em?)
FCOM
Carbon fiber-composite [86]
BioCarbon Bridge fibers Micro Medica 300,000 0.3 1.40
Composite BioXfill Micro Medica 22,000 0.3 8.30
MCER
Metal-ceramic [87,88]
Co-Cr alloy Renishaw 208,000 0.31 8.90
Ceramic VMK 95 Vita 69,000 0.28 2.50
MCOM
Metal-composite [87,86]
Co-Cr alloy Renishaw 208,000 0.31 8.90
Composite BioXfill Micro-Medica 22,000 0.3 8.30
Crown MET [89]
Full metal
Co-Cr Alloy, Mo, W Heraeus Kulzer 208,000 0.31 8.90
FCCER
Carbon fiber-ceramic [86.90]
. . Micro-Medica 66,000 0.3 1.4
Carbon Fiber Bridge 1 010 Vivadent 95,000 0.2 2.5
Ceramic IPS e.max
PKCOM
PEEK-composite [91,86]
PEEK Optima Invibio 4100 0.36 1.3
Composite BioXfill Micro-Medica 22,000 0.3 8.30
Implant Ti-6-Al-4V ELI MIS [92] 113,800 0.34 4.43
Bone Cortical bone [93,94] 15,000 0.3 1.79
Trabecular bone [93] 500 0.3 0.45
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2.1.5. The Plate

A fixed rigid body with a flat surface was required to simulate impact loads on the
tooth during chewing. To this end, a rectangular-shaped plate (w =10, h =12, e =2 mm) was set
up to apply the impact load on the three parts of the whole model: the crown, the implant, and
the mandible. The initial distance between the plate and the crown was only 0.01 mm. The
collision with the plate was frictionless. This means that a zero coefficient of friction was
assumed and allowed free sliding. In addition, normal pressure equaled zero if separation
occurred.

2.2. Material Properties

All materials were modeled as linear elastic isotropic and homogeneous. Young’s modulus
and Poisson ratio of each material are shown in Table 1. The mechanical properties of the different
materials of the crowns have been provided by the manufacturers.

Abbreviated names of the crown materials are the following: FCOM is a carbon fiber-
composite crown, MCER is a metal-ceramic crown, MET is a metal crown alloy (Cr-Co, Mo, and
W).

Table 1. Properties of materials used in the prothesis and the bone (trabecular and cortical).

2.3. Numerical Methods

All independent models were put together by assembly modeling, generating a unique
prosthesis-implant-bone model (Figure 1). The geometry was converted to an IGES file, and
Ansys Workbench Software (Ansys Inc., Canonsburg, PA, USA) was used to determine the stress
transferred to the crown, titanium abutment, and cortical bone before the FEA simulation by the
implant-supported prosthesis made from different materials.

Figure 1. View of the whole 3D FEA model (A). Sectional model (B).

The prosthesis-implant-bone model was simulated to collide with a 10 x 12 x 2 mm fixed and
rigid plate at a speed of 1 m/s after a displacement of 0.01 mm. For accurate results, the size of the
elements is very important. The FEA model had 96,160 nodes and 62,606 elements to simulate the
real models (prosthesis, implant, and bone) (see Figure 1). Young’s modulus, Poisson’s
coefficient, and density were assigned to each material used in the manufacturing of the implant-
supported prosthesis: CoCr (MET), CoCr-Ceramic (MCER), CoCr-Composite (MCOM), Carbon
Fiber-Composite (FCOM), PEEK-Composite (PKCOM), Carbon Fiber-Ceramic (FCCER), the
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titanium abutment, and the cortical bone of the model (Table 1). For the FEA, all materials were
considered isotropic and homogeneous, displacements were only in the vertical direction, perfect
osseointegration was assumed, the impact was carried out on a rigid object (plate), and, finally,
the collision was frictionless.

2.3.1. Mesh Definition

Before performing the simulation with the finite element method, the mesh size and the
element type must be defined. The accuracy of the results depends directly on the size of the
elements. The smaller the elements, the more accurate the solution. Therefore, small elements
were used in order to improve precision. However, this affected the computational time. While
CPU time is not that important in static analyses, it is crucial in transient dynamic analyses.

The solid 3D element SOLID187 (Ansys Inc., Canonsburg, PA, USA) [85] was used, with 10
nodes and quadratic interpolation functions that are more suitable for irregular geometries. The
element had three degrees of freedom per node, i.e., the three translations in the global coordinate
directions x, y, z. Surface-to-surface contact was defined with the element CONTA174.

In the process of creating the mesh, a refinement process was carried out in order to obtain
a stable solution independent of the mesh size, especially around the impact zone, thereby
ensuring high accuracy in this area. Therefore, as this refinement had been done, it was not
necessary to use an area to obtain an average solution, since the nodal solution was especially
accurate. Thus, the corresponding mesh was then considered to be optimal.

In addition, Ansys software performs control of the aspect ratio systematically. The accuracy
of the results depends directly on the size of the finite element mesh. The smaller the mesh, the
more accurate the solution obtained. Near the loading point and the threaded part, where higher
accuracy was needed, the size was 0.2 mm, but in the other parts it was larger, from 0.5 to 2 mm.
Even if the different parts of the implant are assembled together, the finite element results can be
analyzed independently. Six solids were considered individually: the crown, the abutment, the
implant, the fixation screw, the mandible, and the plate.

2.3.2. Simulation Time

Regarding simulation time, 0.4 ms were simulated. The number of substeps is the number
of intervals into which the simulation time is divided. That is to say, the calculation time-step
between one instant to the next. If they are too small, the computing time increases considerably
and, if they are set too high, the accuracy of the time-history response decreases. A value of 53
substeps, i.e., a time-step of 7.55 us, was found to be reasonable.

3. Results
3.1. Stress Results

The von Mises stress value (obtained from a Cauchy stress tensor) was calculated over time
in the dynamic FEA simulation and compared for each node (Figure 2) in a time interval of 0.4

ms. The stress peak values in the crown, titanium abutment, and cortical bone are summarized
in Table 2.3
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Von-Misses stress Gy,
= MET
e MCER
=== MCOM
FCOM
e PKCOM
====FCCER

Figure 2. The nodes selected for numerical simulation. (A) Sectional view of the 3D FEA model at the crown
node. (B) The abutment node. (C) The node on top of the cortical bone.

Table 2. Maximum equivalent von Mises stress transferred to the crown, the titanium abutment, and the
cortical bone by the different prosthesis materials.

Maximum von Mises Stress ¢yaumax (MPa)

Node/Material —yrpr™ViGgR MCOM  FCOM  PKCOM _ FCCER
Crown 103.81 91.18 51.05 49.98 3151 61.82
Abutment 89.27 81.91 77.82 50.80 7778 82.80
Cortical 63.35 72.06 40.71 35.70 32.05 75.46

At the crown node (Figure 3) the maximum peaks were found at the MET and MCER crown,
followed by that at FCCER. The lower values were found at MCOM and FCOM, and the lowest
at the PKCOM crown.

oy (MPa) Von Mises stress - Crown Node
120
100
80
=== MCER
60 e MCOM
FCOM
40 === PKCOM
20 ——FCCER
0
0 0.1 0.2 0.3 04  t(ms)

Figure 3.
Comparison of equivalent von Mises stress at the crown node.

At the same time, Figure 4 compares the displacement of each crown during impact.
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Y (um) Plate displacement

—100
_50 , e MET
0 == MCER
50 e MCOM
100 FCOM
150 e PK COM
200 === FCCER
250
0 0.1 0.2 0.3 0.4 f(ms)

Figure 4. Comparison of plate displacement for each crown after impact.

All the crowns except FCOM showed high peak intensity values at the titanium abutment
node (Figure 5). MET and MCER showed higher stress rebound over time, while MCOM, FCOM,
PKCOM, and FCCER showed no rebound peaks after the impact (See Figure 5).

oy (MPa) Von Mises stress - Abutment Node

100
90
80
70 = MET
60 e MCER
50 == MCOM
40 FCOM
30 e PKCOM
20 ====FCCER
10

0 0.1 0.2 0.3 0.4 £ (ms)

Figure 5. Comparison of equivalent von Mises stress at the titanium abutment node.

Composite-veneered implant-supported prostheses (MCOM, FCOM, and PKCOM)
generated lower stress peaks at the cortical bone than ceramic-veneered (MCER and FCCER) or
all-metal (MET) implant-supported prostheses. The implant-supported ceramic-veneered
(MCER and FCCER) or all-metallic (MET) prostheses exhibited a more significant and earlier
stress peak on the cortical bone than those veneered with composite (MCOM, PKCOM, and
FCOM) (Figure 6). The highest stress rebound peaks happened in MET and MCER implant-
supported prostheses. Implant-supported prostheses made of carbon fiber-ceramic (FCCER)
showed the highest maximum peak of stress, but it dissipated quickly with rebound peaks of
lower intensity. A rapid reduction in stress was observed in implant-supported prostheses
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veneered with composite (MCOM, PKCOM, and FCOM) and in those made with carbon fiber-
ceramic (FCCER) (Figure 6).*

oy (MPa) Von Mises stress - Cortical Node

80
70
60 e MET
50 e M[CER
40 e MCOM
30 FCOM
e PK COM
20
== FCCER
10
0
0 0.1 0.2 0.3 04  t(ms)

Figure 6. Comparison of equivalent von Mises stress at the cortical node.

3.2. Elastic Failure Test

A failure test was carried out to see if the dental implants could withstand the mechanical
conditions to which they were subjected. Elastic failure criteria establish different approaches for
different materials. In this case, the von Mises or maximum elastic distortion energy criterion was
used. This criterion says that a structural element fails when at some point the distortion energy
per unit volume exceeds a certain threshold. In stress terms, this means that the equivalent stress
at a point, which is the von Mises stress, cannot exceed the elastic limit or the yield strength of
the material, oy:

Oym < 0y @

Consequently, research on the elastic limits of the different materials was needed. After
obtaining the values, a comparison was made for each model of the dental implant with each of
the studied nodes used before. In Table 3, the yield stress, oy, and the maximum value of stress,
OvMmax, are compared for each material and node. In this table, we can observe how the largest
stresses occurred in the most rigid models.
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Table 3. Comparison of the yield stress, oy, and the maximum value of stress, ovmmas, for each material and
node.

. Yield Strength Maximum von Mises
Material Node ay (MPa)g vamax (MPa)

Crown 145-270 103.81

MET Abutment 880-920 89.27
Cortical 100-150 63.35

Crown 150 91.18

MCER Abutment 880-920 81.91
Cortical 100-150 72.06

Crown 280 51.05

MCOM Abutment 880-920 77.82
Cortical 100-150 40.71

Crown 280 49.99

FCOM Abutment 880-920 50.80
Cortical 100-150 35.70

Crown 280 31.51

PKCOM Abutment 880-920 77.78
Cortical 100-150 32.05

Crown 380 61.82

FCER Abutment 880-920 82.80
Cortical 100-150 75.46

In order to prevent uncertainties that may occur when real loads act on the implant, a safety
factor is used. The safety factor is defined as the ratio between the yield strength of the material
and the maximum value of von Mises equivalent stress. A usually applied Safety Factor is 1.5.

%y
Ysp = - =15 ()
Taking yield strength as the 100% value and rearranging Equation (2):

100% - o
Oy < ——=— = 66.67% 0, 3)
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Figure 7 shows the yield strength ratio for each material and node. The red line indicates the
66.67% value of yield stress.
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Figure 7. Comparison of the yield strength ratio depending on the node and crown material.

There was no elastic failure in any model, since all von Mises stresses were below the elastic
limit, taking an arbitrary safety factor of 1.5. In the bar plots, we can observe how the von Mises
stresses did not surpass 66.67% of the yield stress (red line). The most rigid models with the
highest von Mises stresses were the ones closest to the 66.67% of the yield stress of each material.>

In summary, the assumption of linearity of the behavior of materials was fulfilled in the
studied model, and the calculated stresses were below the yielding limits of the materials, so we
can consider that there was no plasticization.

The spider plots of Figure 8 show a comparison between the yield strength, oy, of the
materials and the maximum values of von Mises stress, ovmmay, Obtained in the numerical
simulations for each node.
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Figure 8. Spider plots comparing the yield strength of the materials and the maximum von Mises stress
obtained for each node.

4. Conclusions

Denture forces, such as those from chewing, are transferred to implants and cause stress in
the bone and the implant. That is why it is important to study the stresses (or strains) transferred
to the implant and the bone in situations of maximum stress, modeled by dynamic forces under
impact loading.

It can be concluded from the results of this study that the stress transferred to the crown, the
abutment, and the peri-implant bone by an impact load on an implant-supported prosthesis
varies according to the rigidity of the material and whether it is used as a framework or veneering
material. It can also be stated that the more elastic material used for the crown, the lower the
stresses generated in the bone. Too much stress induces bone resorption, which ultimately causes
loosening of the implant, and overstrain can instigate bone failure. It turns out that the use of
PEEK or carbon fibers as framework materials made stress dissipate faster than when using metal
at the bone. By using these materials that can absorb and/or dissipate the stress transferred to the
implant, we can reduce the risk of having bone resorption around the implant.

Therefore, with the use of more elastic materials that can better dissipate the impact energy
and reduce the stress transferred to the implant, the risk of having bone resorption around the
implant can also be reduced, especially in patients at risk of gingival inflammation that may cause
peri-implant bone loss.
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MET CoCr Metal
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PKCOM PEEK-Composite
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Abstract: Statement of problem. Previous peri-implantitis, peri-implant bone regeneration, or immediate
implant placement postextraction may be responsible for the absence of cortical bone. Single crown
materials are then relevant when dynamic forces are transferred into bone tissue and, therefore, the presence
(or absence) of cortical bone can affect the long-term survival of the implant. Purpose: the purpose of this
study is to assess the biomechanical response of dental rehabilitation when selecting different crown
materials in models with and without cortical bone. Methods: several crown materials were considered for
modeling six types of crown rehabilitation: full metal (MET), metal-ceramic (MCER), metal-composite
(MCOM), peek-composite (PKCOM), carbon fiber-composite (FCOM), and carbon fiber-ceramic (FCCER).
An impact-load dynamic finite-element analysis was carried out on all the 3D models of crowns mentioned
above to assess their mechanical behavior against dynamic excitation. Implant-crown rehabilitation models
with and without cortical bone were analyzed to compare how the load-impact actions affect both type of
models. Results: numerical simulation results showed important differences in bone tissue stresses. The
results show that flexible restorative materials reduce the stress on the bone and would be especially
recommendable in the absence of cortical bone. Conclusions: this study demonstrated that more stress is
transferred to the bone when stiffer materials (metal and/or ceramic) are used in implant supported
rehabilitations; conversely, more flexible materials transfer less stress to the implant connection. Also, in
implant-supported rehabilitations, more stress is transferred to the bone by dynamic forces when cortical
bone is absent.

Keywords: FEA; FEM; impact test; transient analysis; dynamical forces; biomechanical behavior; implant
rehabilitation; rehabilitation materials; crown materials; bone loss
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1. Introduction

The quantity and quality of bone tissue around a rehabilitated implant play a key role in its
long-term survival [1]. After peri-implantitis, immediate implant placement, or regenerated bone,
cortical bone is missing for a variable period [2]. Moreover, the absence of cortical bone can affect
the biomechanical behavior of both the bone tissue and its ability to withstand impact loads [3].

Different models and techniques are used to analyze the behavior of dental implants [4]
including two-dimensional (2D) or three-dimensional (3D) finite element analyses (FEA), photo-
elastic studies, or digital image-correlations (DIC). Also, ultrasonic wave analysis [5,6] can be
used successfully in dental implant analysis [7].

FEA, whether in 2D or 3D, is a numerical and approximate technique that yields results
depending on both the geometry and mechanical properties of the materials. Regarding photo-
elastic techniques, when either static or dynamic forces are applied, isochromatic fringes appear
in photo-elastic studies [8], thereby allowing the stress distribution at implants to be calculated.
The DIC is an image-based analysis that shows how points inside resin blocks move when static
or dynamic forces are applied [9]. On the other hand, the analysis of implant behavior requires
that the difference between static forces (due to clenching) and dynamic forces (due to mastication
or eccentric bruxism) be very clear, particularly when selecting the rehabilitation materials
[10,11].

Other works reported similar results for implant behavior [4,8]. These authors showed that
the main differences are due to variables such as the type of implant connection, the
diameter/length of the implant, the type of rehabilitation material or whether the load was
applied statically or dynamically [8,12]. However, the presence or absence of cortical bone is an
issue that, to date, was not studied or quantified sufficiently. The absence of cortical bone can
lead to the implant loosening and eventually to implant failure [13-17].

From a mechanical perspective, and according to some previous works [18-22], static
analysis is not completely enough to get precise and reliable results. Several authors agreed that
it is needed to perform dynamic analysis. Dynamic analysis can be found in literature [18,22] but
addressing fatigue analysis and not impact dynamic loading.

In previous works [23] the authors analyzed the mechanical behavior of implants with
different restorative materials subjected to static loads by three different methods: finite element
method (FEM), digital photoelasticity (DP), and digital image correlation (DIC). They concluded
that (1) all 3 methods provide very close solutions; (2) FEM is enough reliable and robust for
predicting the tooth-implant mechanical behavior, and (3) dynamic impact analysis is mandatory
for getting more accurate and closer results to the problem’s physical reality.

Therefore, in this work a fully 3D dynamic FEA study of the influence of different crown
materials on the implant behavior with and without cortical bone when subjected to impact
dynamicloads is performed. Moreover, we also discuss two clinical cases: (a) both trabecular and
cortical bone, and (b) only trabecular bone.

Significant differences in the mechanical response when the peri-implantitis generated a loss
of cortical bone were encountered. The study concludes with a comparative dynamic analysis of
crowns made with different restorative materials.
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2. Materials and Methods
2.1. The Model

A 3D dynamic finite-element model comprising a crown, an abutment screw, an abutment, an
implant, and the surrounding bone was set up to evaluate the von Mises stresses at both the
cortical and trabecular bone (See Figure 1). Ethics approval was not required for this in-vitro

study. All the parts of the model are described hereafter.

Crown \ _Abutment
-

-

/

A _—~Abutment screw
-

Implanl\
)
(

- / Cortical bone
{

\

/ Trabecular bone

Mandible

Figure 1. Cross-sectional view of 3D model.

2.1.1. The Crown

The crown model was processed using Solidworks (version 2021, Dassault Systéemes, Waltham,
Massachusetts , USA) [24] by importing a CAD model generated by Exocad-3D (v3.0, Exocad
GmbH, Darmstadt, Germany). The model was built by assembling two components: the core
(51% of the total volume) and the aesthetic veneering (40% of the total volume), as displayed in
Figure 2. The volume of the resulting crown model is 411.5 mm?.

External crown
(aesthetic coverage)

Internal crown
(Core part)

Figure 2. Crown model. Left: cross section showing both internal and external crown.
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2.1.2. The Abutment and Screw

The abutment is a metal component whose function is to attach the crown and the implant. Also,
a hexagonal antirotation system prevents the relative movement between the abutment and the
implant. The screw allows the connection between the abutment and the implant.

Solidworks was also used to model the abutment and the screw, thus reducing the classical
surfaces to a simpler triangular shapes (see Figure 3). The model corresponds to the hexagonal-
connection abutment of the MIS implant [25].

Figure 3. Left: abutment screw; center: abutment with hexagonal antirotational system; right: screw-
abutment assembly.

2.1.3. The Implant

Figure 4 displays the implant created with Solidworks to obtain more accurate geometric shapes.
The implant used in this study was a 4.2 x 11.5 mm? MIS implant [25], because it is a well-known
and reliable implant used in the area of restorative dentistry and world-wide commercialized.

Figure 4. Implant. Left: lateral view; right: cross section.
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2.1.4. The Mandible

The mandible section was made from a CT scan section [26]. The mandible’s geometry was
generated by following two steps: (a) some key points were defined at a known distance at the
CT-scan section, and (b) the scan scale was then used to compute the actual distances at the real
mandible. The 3D geometry of the mandible was split into an external region of cortical bone and
an internal one of trabecular bone, each one with its specific mechanical properties (see Figure 5).

Figure 5. Left: CT scan. Center: mandible section obtained from CT scan. Right: isometric view of mandible’s
model.

2.1.5. The Loading Plate

The impact loads produced by chewing were applied to the model (crown, implant, and
mandible) by using a rectangular rigid plate dimensioned as shown in Figure 6. Some boundary
conditions were considered: (a) the initial separation between the plate and the crown was set to
0.01 mm; (b) free sliding is assumed, i.e., the impact of the plate on the model is frictionless; (c)
normal stresses were considered null if the plate loses contact with the model.

S o
N

e

Figure 6. Dimensions of rigid plate (w =10 mm, 1 =12 mm, ¢ =2 mm).
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2.2. Geometry of the Assembled Model

After all the individual parts were independently built, they were assembled together as shown
in Figure 7.

Before conducting the FEA simulation, the assembled geometry was converted to IGES format,
which was imported into Ansys Workbench Design Modeler (version 2021, ANSYS, Inc,
Canonsburg, Pennsylvania, USA)]. Perfect osseointegration between the implant and the bone
was assumed. This means that the bone is integrated into all slots of the placed implant, although
this does not always happen in clinical cases

Figure 7. Assembled geometry. Left: isometric view; right: cross section.
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2.3. Materials of the Model

The mechanical properties of the materials have a direct influence on the calculation of the stress
response and its deformations. All materials were considered elastic,c homogeneous, and
isotropic. Mandible bone mechanical properties can be found elsewhere [27]. Different materials
were used in the crown, to discover if the crown material has a direct effect on the implant stress

distribution and mechanical performance (see Table 1 below):

Young Poisson Density
Material Name Manufacturer Modulus Ratio [g/cm’]
[MPa]
FCOM
Carbon fiber-
composite Micro Medica 300,000 0.3 1.40
BioCarbon Bridge =~ Micro Medica 22,000 0.3 8.30
fibers
Composite BioXfill
MCER
Metal-ceramic Renishaw 208,000 0.31 8.90
Co-Cr alloy Vita 69,000 0.28  2.50
Ceramic VMK 95
MCOM
Metal-composite Renishaw 208,000 0.31 8.90
Co-Cr alloy Micro-Medica 22,000 0.3 8.30
Crown Composite BioXfill
MET
cOg{ﬁg;alMo Heraeus Kulzer 208,000 031  8.90
\Y
FCCER
C“Z’;;’;“nf:’i’;”' Micro-Medica 66,000 03 1.4
Carbon Fiber Bridge Ivoclar Vivadent 95,000 0.2 2.5
Ceramic IPS e.max
PKCOM
PEEK-composite Invibio 4,100 0.36 1.3
PEEK Optima Micro-Medica 22,000 0.3 8.30
Composite BioXfill
ImPIan - ri 6 AL4v ELI MIS 113,800 034 443
Bone Cortical bone [27,28] 15,000 0.3 1.79
Trabecular bone [28] 500 0.3 0.45

Table 1. Crown materials and manufactures. Acronyms used in this study.
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A total of six crown rehabilitation materials were analyzed: the carbon fiber-composite crown
(FCOM) had an aesthetic layer of a BioXfill composite [29] and carbon fiber framework of
BioCarbon Bridge; the metal-ceramic crown (MCER) had a framework of LaserPFM Co-Cr metal
alloy and aesthetic veneering of VITA VMK 95 ceramic material [30,31]; the metal-composite
crown (MCOM) had a framework of LaserPFM Co-Cr metal alloy [30] and BioXfill composite
[29]; the metal crown (MET) is made entirely of melted Co-Cr alloy [32]; the carbon fiber-ceramic
crown (FCCER) had a framework of BioCarbon Bridge carbon fibers [29] and lithium disilicate
ceramic aesthetic covering [33]; finally, the PEEK-composite crown (PKCOM) is made in the inner
part of polymer polyetheretherketone (PEEK) and the aesthetic veneering with BioXfill composite
[34].

All the mechanical properties of each crown, the implant, and both bone tissues (cortical and
trabecular) used in the numerical simulation are listed in Table 1. The mechanical properties of
the materials were obtained from the manufacturer datasheets indicated in the table.

2.4. Numerical Simulation

Although there are numerous studies centered on static forces, there are few studies of the
dynamic forces applied during physiological functions. Some biomechanical estimated values
can be obtained in the literature [35,36]. Therefore, a simulated impact between the rigid plate
and the whole implant geometry was carried out. Results were analyzed over time due to the
dynamic response of the model. The simulation was performed with ANSYS (version 2021,
ANSYS, Inc, Canonsburg, Pennsylvania, USA) [37] using the mechanical APDL solver and the
Transient Structural analysis system.

2.4.1. Simulation Setup

A first simulation was performed to check that all the materials, hypotheses, and boundary
conditions of the model were correctly defined. All the results were coherent, but the
computational time was very high for two main reasons: there was a very large number of nodes
and elements and the time set for analysis was more than was needed. Therefore, the time and
number of elements and nodes were reduced. The distance between the plate and the crown was
also shortened. Furthermore, to carry out reasonable comparisons, the dynamic characteristics of
the impact, i.e., initial kinetic energy and linear momentum, should be the same in all the
simulations.

Initially, all the mass particles of the dental implant have the same velocity as well as the kinetic
energy due to the movement of the whole structure (mandible, implant, crown, and abutment),
as shown below:

E=Ym M)

where

Ek is the kinetic energy
mi is the particle mass

vi is the particle velocity

When the dental implant collides with the plate the kinetic energy is transformed into strain
energy. The strain energy for a deformable solid can be determined through the stress and strain
tensors time-history.

If the deformation occurs within the linear-elastic range, the potential elastic deformation energy
can be obtained from Equation (2):
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where

Eugis the potential elastic deformation energy
oi is the stress state

¢iis the strain state

dV is the volume differential

The dynamic characteristics of an impact are determined by the system’s initial energy (0.5-m-v?)
and linear momentum (m-v). Both features must have the same value in any case, which is
guaranteed by introducing the same speed (v) and the same mass (m). On the other hand, the
effect of the mandible’s mass is not so significant because it is externally fixed.

Since each crown material has a different density, the initial mass of the system and,
consequently, its initial kinetic energy would be different for every combination case. Then, the
base mass (implant + mandible) was leveled in all models to balance the crown’s mass changes.
Note that the base mass represents the whole mass of the mandible, which should be assumed to
be the same in all cases. Therefore, a uniformly distributed mass was added to the models to
make the impacts equivalent energetically. Table 2 shows the additional mass added to each
model.

Table 2. Initial and added masses to each model.

Model Initial Mass (g) Added Mass (g)
MET 8.62 0
MCER 6.73 1.89
MCOM 6.63 1.99
FCOM 5.23 3.39
PKCOM 7.20 1.42
FCCER 5.07 3.55

Two changes were made to the whole model to simulate the absence of cortical bone, as in peri-
implantitis, peri-implant bone regeneration, or immediate implant placement. Firstly, the cortical
part of the assembly was suppressed, and the rest of the mesh is kept intact. Therefore, the nodes
chosen (see section ‘Node selection’) are the same and can be compared. Secondly, some mass
was added to equal the impact energy. This added mass corresponds to the suppressed cortical
bone and is obtained by multiplying the volume by its density. It is constant for all models, and
the value is 2.27 g. Table 3 lists the added mass in the lateral surface for each crown material:

Table 3. Added mass for both analyses: with and without cortical bone.

Model Added Mass Added Mass
with Cortical (g) without Cortical (g)

MET 0 2.27
MCER 1.89 4.16
MCOM 1.99 4.26
FCOM 3.39 5.66
PKCOM 1.42 3.69
FCCER 3.55 5.82
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2.4.2. Finite Element Mesh

Now, the next step is to generate a suitable finite element mesh, which must be done carefully
since the precision of the results depends largely on how refined the mesh is. Then, if greater
precision is needed, smaller elements should be used. The more refined the mesh, the more
computer time is required. This does not have a large impact in finite element (FE) static analysis
but, nevertheless, it is a key aspect in FE transient dynamic analysis.

A mesh sensitivity analysis was done to ensure a reliable model mesh. The refining process
started from an initial mesh of 57,330 nodes until reaching a final mesh of 96,160 nodes, where
the difference between stress values at some selected nodes did not exceed 5%. Figure 8 shows
the finite elements mesh.

Figure 8. Model mesh (96,160 nodes and 62,606 elements). Left: cross section; center: isometric view; right:
details on top of crown.

The Ansys 3D solid element type SOLID187 was used, with 10 nodes and quadratic interpolation
functions, which fits better to irregular geometries. The element has three degrees of freedom per
node, i.e., the three translations in the global coordinate directions x, y, z. The surface-to-surface
contact was defined with the element CONTA174.

Also, a refinement was set for the impact zone, thereby ensuring better accuracy in this area.
Therefore, as this refinement was done, it is not necessary to use an area to obtain an average
solution, since the nodal solution is especially accurate. In addition, Ansys software performs a
control of the aspect ratio systematically.

The size of the finite element mesh, related to its accuracy, is smaller at the loading point and the
threaded part (0.2 mm), where higher accuracy is needed, but larger in the other parts (from 0.5
to 2 mm). To find the optimal mesh and an acceptable computational time, a sensitivity analysis
of the mesh was also carried out. First of all, a coarse mesh was used, and subsequently, finer
meshes were tested. The refining process was stopped when results became stabilized.

2.4.3. Initial and Boundary Conditions

In dynamic analysis, the boundary conditions (BC) are displacements, velocities, and
accelerations instead of static forces and displacements as in static analysis. There are many
publications and studies offering strategies on how to configure the loads to obtain a realistic
simulation in static analysis. But in dynamic analysis the loads are the result of the calculation,
i.e., the input for an impact simulation is the model’s initial energy, not an applied load.

Energy concepts allow us to relate the model mass (bone-implant-abutment-crown) and the
velocity applied as an initial boundary condition. The mass was calculated according to a density
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and volume of 411.5 mm?3 for each crown (see Table 1). The model was also subjected to an initial
velocity of 1 m/s as the initial kinematic condition.

Some studies focus on the mandibular kinematics by using small accelerometers [33]. The peak
peripheral acceleration when opening the mouth can reach an average of 2.5 m/s?. Considering
this and keeping in mind that we are dealing with a brain-controlled occlusally system, the same
acceleration (4) during occlusion can be assumed. An estimated velocity (v) can now be obtained
using this value and the formula of the constant acceleration movement:

1yv=g-At (3)

where

v is the velocity

a is the acceleration

At is the time increment

Considering that the mastication occlusion lasts less than 0.5 s, according to Equation (3) we can
write: v = a-At = 2.5:0.5 = 1.25 m/s. Therefore, a reasonable value for the velocity condition would
be 1.25 m/s.

Note that the bottom surface of the plate was fixed. This means that it cannot move or rotate in
any direction. During the impact, certain forces appear to counteract the vertical displacement of
the rest of the bodies. The distance between the plate and the external crown is 0.01 mm. The
lateral surfaces of the cortical and trabecular bones were fixed in the normal (z-axis) and
tangential (x-axis) directions, thereby having a degree of freedom in the direction of the
displacement (y-axis). As a result, the bones only move in the direction of the vertical axis and do
not rotate in any direction.

2.4.4. Simulation Time

The simulation time-limit also has to be set. The impacts happen in a very short period. Some
previous works in other scientific fields found that the impact lasts less than one millisecond [38,
39], but there is very little (or almost no) published work on dynamic impact loads in dental
applications. On the one hand, the duration of the simulations should be as short as possible to
reduce the CPU computation time; but on the other, it should be longer than the impact duration
and its further effects. Finally, the simulation time was set at 0.4 ms.

Now, the time interval between two analysis steps (known as time-step or At) needs to be defined.
Similar to what was discussed about mesh’s size, the shorter the time-step, the more accurate the
results and the more computer time is required. After some sensibility numerical analyses, a time-
step of At =7.55 us was found to lead to sufficiently accurate results.

2.4.5. Node Selection

To conduct this study, the energy of the object was computed over two benchmark nodes: one at
the top of the cortical bone, and the other at the top of the trabecular bone (see Figure 9). The
dynamic simulation was run on the six types of crown, with and without cortical bone. As the
mesh is the same for all the models, the selected nodes are also the same.
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Figure 9. Benchmark nodes shown with a purple marker. Left: node at top of cortical bone; right: node at
top of trabecular bone.

Two simulations were performed. In the first simulation, a healthy bone was considered, with a
cortical and trabecular part, where the stresses at the cortical node and the trabecular node were
measured. In the second simulation, a cortical bone absence was considered; this is only
containing trabecular part, so stresses were measured only at the trabecular node (See Table 4).

Table 4. Bone part considered in each simulation.

Node Cortical Bone Trabecular Bone
. . Trabecular X X
Simulation 1 Cortical % x
Simulation 2 Trabecular X

3. Results

The von Mises stress value was calculated and compared for each node. Table 5 shows the
values of maximum von Mises stress obtained over time in the dynamic FEA simulation, with
cortical bone at both nodes (cortical and trabecular) and the trabecular node without cortical bone.

Table 5. Maximum von Mises stresses obtained in cortical bone node (cortical and trabecular) and trabecular
node without cortical bon'e.

Maximum Von Mises Stress (MPa)
Node Bone MET MCER MCOM FCOM PKI\EO FCCER
Cortical trab +cort 63.35 72.06 40.71 35.70 32.05 75.46
Trabecular trab+cort 12.09 1523 10.30 10.01 9.15 16.69
Trabecular Trab 30.80 33.87 2930 31.14 22.80 43.33
trab vs. Trab +
cort 60.75% 55.03% 64.85% 67.85% 59.87% 61.48%
AO'VM(%)
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The von Mises stresses increase of trabecular bone without cortical with respect to the
trabecular bone with cortical were calculated as follows:

G +cof _Gv ral
AGVM(%): VM trab+cort Mt blOO (4)

VM trab+cort

where ow is the von Mises stress. The distribution of stress varies according to the
time, reaching the maximum values of stress during the impact (see Figure 10).

=0.2 ms =0.5 ms =0.7 ms = 0.9 ms =1.1 ms

527,99 Max
27,455
24,909
22,364
i 19,818
17,273
14,727
12,182
9,6364
7,0909
4,5455
2
0,0098643 Min
Figure

10. Von Mises stress distribution over time at a cross section using the Carbon Fiber-Ceramic
crown (FCCER), considering both trabecular and cortical bone.
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3.1. Cortical Node (with Cortical and Trabecular Bone)

Figure 11 shows the evolution of the von Mises stress of the dynamic simulation over time
for the different models at the cortical node. The results obtained at the cortical node were (units
in MPa): 32.05 (PKCOM), 35.70 (FCOM), 40.71 (MCOM), 63.35 (MET), 72.06 (MCER), and 75.46
(FCCER).
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Figure 11. Comparison of equivalent von Misses stress over time on all crown materials at cortical node,
considering both trabecular and cortical bone.

3.2. Trabecular Node (with Cortical and Trabecular Bone)

Figure 12 displays the evolution of the von Mises stress of the dynamic simulation over time
for the different models at the trabecular node. The results obtained at the trabecular node (units
in MPa) were: 9.15 (PKCOM), 10.01 (FCOM), 10.30 (MCOM), 12.09 (MET), 15.23 (MCER), and
16.69 (FCCER).

The evolution of the stress in the trabecular node displays the same pattern as in the cortical
node but the stress values are considerably lower, since the trabecular bone is not very dense and
is less rigid than cortical bone. Moreover, the trabecular bone receives the effects of the impact-
load later. The shape of the function is almost equal to that of the cortical node, with more
irregular oscillations at the end. Similar as the case of cortical node the maximum stress is in
FCCER.

oy (MPa)  Von Mises Stress: trabecular node (trab+cort)

18
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12 ' ——MCER
10 N
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4 ——FCCER
2
0
0 0.1 0.2 0.3 0.4  t(ms)

Figure 12. Comparison of equivalent von Mises stress over time depending on all crown materials at
trabecular node, considering both trabecular and cortical bone.

Figure 11 (cortical node) and Figure 12 (trabecular node) show the high peak of stress and
the duration over time for FCCER and MCER, which were much longer than for the composite-
coated crowns, MCOM, FCOM, and PKCOM. The stress fluctuations due to the eccentricity of
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the impact load with respect to the implant longitudinal axis can also be observed. The maximum
stress values in the ceramic models (MCER and FCCER) are notably higher than in the rest of the
models.

3.3. Trabecular Node (with Trabecular Bone Only)

This section is devoted to analyzing the effects of the pathological bone without cortical bone
(peri-implantitis, bone regeneration, or immediate implant placement). Figure 13 displays the
evolution of the von Mises stress of the dynamic simulation over time for the different models at
the trabecular node. The results obtained trabecular node (units in MPa) were: 22.80 (PKCOM),
31.14 (FCOM), 29.30 (MCOM), 30.80 (MET), 33.87 (MCER), and 43.33 (FCCER). Figure 12 shows,
like Figure 11, a similar behavior of the oscillations after the first peak happens. In Figure 13 the
frequency of the oscillations is lower as a result of a more damped impact. Results at the cortical
node (see Figure 11) showed that the behavior of the stress in the trabecular node is the same as
the cortical but the values are much lower. Since the trabecular bone is not very dense, it is more
flexible and works as a stress reducer.

oy (MPa) Von Mises Stress: trabecular node (trab)

2(5) <«——Impact zone —>:<—Oscillatory response —s|
40
35 ——MET
30 ——MCER
25 MCOM
20 FCOM
15 —PKCOM
10 ——FCCER
0 .
0 0.1 0.2 0.3 04  1(ms)

Figure 13. Comparison of equivalent von Mises stress over time at trabecular node, considering trabecular
bone only.

Figure 14 shows a comparison between the maximum von Mises stress obtained in
trabecular node with and without cortical bone.
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Figure 14. Comparison of maximum von Mises stress obtained at different nodes.

Figure 14 also shows a significant decrease of the von Mises equivalent stress at the
trabecular bone with cortical compared to the case without cortical bone. The reason is that in the
case with cortical bone, the impact was affecting the whole jawbone and cortical and trabecular
bones, so the stress was divided into the two parts. The biggest increase in absolute value was
observed in the MCER, with approximately 19 MPa difference.

4. Discussion

This study focused on comparing the stresses generated on cortical bone using six types of
crown materials placed on a specific implant under impact-load conditions, so the same implant
was maintained in all simulations. Therefore, the same methodology can be used to analyze the
dynamic response of other implant models.

Since the forces applied in the masticatory process and eccentric bruxism are dynamic, it is
important not only to study the mechanical behavior of the restorative materials in static forces,
but also to know the mechanical behavior produced by dynamic forces. The rehabilitation
materials used in the oral cavity could absorb impacts that may vary according to their
mechanical properties [10,40-42]. Therefore, the evaluation of the mechanical behavior of the
most widely-used materials in implant supported rehabilitations becomes a key issue. Moreover,
the morphological, elemental, and biochemical structure without cortical bone is different to
healthy bone structure [2].

Figures 11 and 12 (healthy bone) show that over time the reaction of the crown veneered
with ceramic was different to that of the crown veneered with composite or with peek as a core.
Many fluctuations in the MCER can be observed over time, and the results of the rebound
produced by the material’s stiffness, whereas in the crowns with less rigid materials (MCOM,
PKCOM, or FCOM), only one fluctuation was observed.

Figure 13 (trabecular node: only trab.) does not have the damping effect of Figure 11 (cortical
node: cort. and trab. bone) and Figure 12 (trabecular node: cort. and trab. bone). On the other
hand, Figures 11 and 12 can be analyzed through the type of bone they represent, although the
shape and location of the oscillations are similar, the Figure 12 has lower amplitudes.

The implant-crown rehabilitation materials made from a combination of metals and ceramics
(FCCER, MET, MCER) are more rigid. In those materials, an initial stress peak of higher
magnitude is observed, as compared to polymeric materials (PKCOM) that are less rigid. On the
other hand, FCOM and PKCOM composites (less rigid) presented very low oscillations which
were quickly damped.
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It is important to transfer less stress to bone in cases of immediate implant placement, bone
regeneration, or after peri-implantitis healing, given that there is no bone for some time in those
cases. Hence, using materials that transfer less stress to the bone could avoid problems. In short,
crowns made of rigid materials present a greater risk over time of bone loss around implants in
the presence of gingival inflammation, since these materials transfer more stress to the bone,
whether cortical or trabecular.

5. Conclusions

Our study demonstrated that more stress is transferred to the bone when stiffer materials
(metal and/or ceramic) are used in implant supported rehabilitations and, conversely, more
flexible materials transfer less stress to the implant connection. These relationships between
materials” elastic properties and the dynamic force transmission are in accordance with the
findings of different authors [10,40-43].

The presence (or absence) of cortical bone around the implant connection generates different
behavior in rehabilitation implants when dynamic forces are applied, such as grinding,
swallowing, or eccentric movements. Such transferred force, on the other hand, varies according
to the rehabilitation material (more with ceramic than with composite), which is even more
pronounced if cortical bone is present than if it is not.

The absence of cortical bone, in peri-implantitis, bone regeneration, or immediate implant
placement cases, must be considered when choosing the crown material for the rehabilitation.
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MET Metal crown
MCER Metal-Ceramic crown
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PKCOM Peek-Composite crown
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VII. DISCUSION

Es importante conocer las propiedades fisico-mecdnicas de los materiales utilizados
en las rehabilitaciones implantoldgicas. Hay diversas investigaciones que valoran y
analizan las propiedades mecanicas de los materiales de rehabilitacion. Una de las
valoraciones mecanicas que se halla habitualmente en las investigaciones, es la
respuesta de los materiales de rehabilitacion a las cargas o fuerzas estaticas.
Constatamos que la mayoria de investigaciones realizadas con fuerzas estaticas no
encuentran diferencias significativas entre materiales de distinta rigidez cuando se
someten a una fuerza constante, tanto en estudios in vitro de laboratorio (115), como
en estudios de elementos finitos (116). Como indican Canté-Navés et al. (44) y
Juodzbalys et al. (117), esto es debido a que cuando se somete un material de
rehabilitacion a una fuerza constante, una vez se ha producido la deformacién
correspondiente, la tension transmitida a través del material no varia para materiales

de distinta rigidez.

Como hemos visto, en la fisiologia oral no todas las fuerzas que pueden recibir
nuestras rehabilitaciones son siempre fuerzas constantes o estaticas, de manera que es
importante valorar también el comportamiento de los materiales de rehabilitacién
cuando estdn sujetos a fuerzas dindmicas. Asi, durante la masticaciéon se producen
fuerzas de impacto, resultado de la entrada en contacto de dos cuerpos (bien diente-

alimento o diente-diente) a cierta velocidad. Las fuerzas de impacto han sido muy
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frecuentemente utilizadas para evaluar el comportamiento de los materiales de
rehabilitacion a las fuerzas oclusales. Se han utilizado distintas metodologias para su

determinacion.

Gracis et al. (65) realizaron un estudio in vitro en el que analizaron la capacidad de
absorber los impactos de distintos materiales de rehabilitacidon: oro, cromo-cobalto,
metal-cerdmica, metal-composite y metal-resina. Mediante una rampa, impactaron una
bola de acero sobre unas muestras cilindricas de las distintas combinaciones de los
materiales indicados. Debajo de las muestras se posiciond una galga extensiométrica
conectada a un transductor y este a un osciloscopio digital que reproducia una curva en

la que se podia medir la tensién transmitida.

Magne et al. (67) analizaron la capacidad de absorcion de fuerzas de impacto de
rehabilitaciones implantosoportadas de resina compuesta CAD/CAM monolitica, resina
compuesta-cerdmica, zirconia-resina compuesta, zirconia-ceramica, utilizando el
Periometer®. El Periometer® (Perimetrics, Newport Beach, CA, EE. UU.) es un
instrumento aprobado por la FDA que proporciona datos del coeficiente de pérdida
(comportamiento de amortiguamiento) y la energia que retorna después de haberse

realizado el impacto.

Bassit et al. (88) realizaron un estudio in vivo para evaluar la capacidad de absorcién

de las fuerzas de masticacién de coronas implantosoportadas de oro-ceramica y oro-

resina, mediante galgas extensiométricas. A cinco pacientes les emplazaron a realizar un
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cierre bucal rdpido y posteriormente varios cierres rapidos continuados sobre los dos
tipos de coronas. En la misma investigacién, también realizaron un estudio in vitro en el
gue se hacia impactar un peso de 164 gr desde una altura (no concretada) sobre estas

mismas muestras.

Destacar el estudio de Conserva et al. (115). Estos autores disefiaron un simulador
de masticacidn mecanico que era capaz de reproducir los movimientos mandibulares en
tres dimensiones. Ademas, lo validaron para determinar la transmisién de la tensién de
materiales con distinto mddulo elastico. Aparte de simular los movimientos
tridimensionalmente con una precision de 0,1 mm, el sistema estaba provisto de una
base con sensores (8 galgas extensiométricas activas, 2 galgas pasivas en la superficie y
2 galgas activas en la base) que permitian detectar las tensiones de las muestras cada

100 ms, mediante un conversor analdgico-digital.

También cabe mencionar el estudio in vivo de Hobkirk et al. (116). Colocaron en cinco
pacientes dos tipos de rehabilitaciones completas sobre implantes (resina acrilica y
ceramica). Con unos transductores fijados a la prdétesis evaluaron la trasmisién de las

fuerzas de masticacion a través de las protesis al masticar diferentes tipos de comida.

Por otro lado Juodzbalys et al. (42) utilizaron como metodologia el andlisis de
elementos finitos. Mediante el disefio de una seccion mandibular con una corona sobre
un implante unitario se aplicaron, primeramente, fuerzas estdticas y posteriormente

fuerzas a lo largo de un periodo de tiempo, a las que denominé fuerza transicional o de
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impacto. Sin embargo, al ser una fuerza que iba en aumento en el tiempo podemos decir

gue era una fuerza dindmica pero no una fuerza de impacto.

No hemos hallado en la literatura investigaciones con elementos finitos 3D
dinamicos que utilicen fuerzas de impacto en el estudio de materiales de rehabilitacién

sobre implantes.

Por otra parte, Geng et al. en el 2001 (31) en su revision bibliografica sobre el analisis
de elementos finitos en implantologia, recomienda el uso de estudios dindmicos, ya que
hay una tensién mayor cuando se aplican fuerzas dindmicas que cuando se aplican

fuerzas estaticas.

Asi pues, la metodologia aplicada en nuestros estudios es novedosa al utilizar una
fuerza dindmica mediante un impacto con elementos finitos 3D. De esta forma,
podemos evaluar la tensién generada y transferida a distintos niveles de la rehabilitacién
sobre implantes, es decir, a nivel del material de recubrimiento estético, del pilar y del

hueso, lo cual creemos que es dificultoso o no es posible mediante otros métodos.

Los estudios que hemos realizado demuestran que las fuerzas dindmicas generadas
por unimpacto se distribuyen a lo largo de la rehabilitacién implantolégica unitaria hasta
el hueso y que este recibe una determinada tensién. Esta tensién puede variar de

acuerdo con las propiedades fisico-mecanicas de los materiales utilizados en la
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rehabilitacidon, ya sea el recubrimiento estético de las coronas sobre implantes como el

material interno de las mismas.

En el primer estudio publicado se observo que las fuerzas de impacto en las coronas
con recubrimiento estético de materiales rigidos (ceramica) y las coronas metdlicas
generaban, a nivel de la cortical dsea y a nivel del material de recubrimiento estético,
mayores tensiones que las coronas con recubrimiento estético menos rigido
(composite) y, ademas, esta tensién en el nodo de la corona y en la cortical aparecia de
manera mas inmediata en las coronas con recubrimiento rigido que en las coronas con
recubrimiento menos rigido. Asi, a nivel de la corona MET se generaba una tensién de
103,81 MPay en la MCER de 91,18 MPa. Por el contrario, en la corona FCOM se observé
una tension de 49,98 MPa, en la de PKCOM de 31,51 MPa y en la de FCCER una tensién
de 61,82 MPa. Por lo tanto, se reducia la tensién con el uso de materiales menos rigidos
y mas aun si estos materiales estaban en el recubrimiento estético. Estos resultados no
pueden ser comparados con otros estudios de impactos dindmicos, ya que solo es
posible obtener estas tensiones mediante el andlisis de una fuerza de impacto con un

estudio dindmico de elementos finitos.

En el nodo del pilar, las tensiones obtenidas fueron similares en todas las coronas
(entre 89,27 MPay 77,82 MPa), excepto en la de FCOM que fue de 50,80 MPa. Con la
corona de FCCER se generaba, a nivel de la cortical, una tensién de 75,46 MPa, mientras
gue con la de PKCOM la tensién fue de 32,05 MPa, lo cual supone una reduccidon de la

tension de un 42,5%. Estos resultados se corresponden con los resultados obtenidos
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por Gracis et al. (65) en su estudio in vitro, en el que se midid una trasmisién de las
fuerzas de impacto de 148,38 N para las muestras de metal-ceramica y de 64,28 N para
las muestras de metal-composite. O sea, se observd una absorcidon del impacto
generado del 43,3 % con el uso de metal-composite respecto a las muestras metal-
ceramica. Este resultado es altamente similar al que hemos obtenido con nuestro

estudio de impacto mediante analisis dindmico de elementos finitos 3D.

Asi mismo, Magne et al. (67) en su estudio in vitro utilizando el Periometer® y el
coeficiente de pérdida de energia, obtuvieron como resultado que las coronas sobre
implantes que utilizaban composite, ya fuera en el pilar o en la rehabilitacion, tenian una
capacidad de absorcién de los impactos parecido al diente natural simulado que
utilizaron. Y ademds, el cambio de material en cualquiera de los componentes (pilar,
estructura interna o estructura externa) tenia un efecto significativo, siendo la corona
sobre implante con nucleo de composite y composite en la rehabilitacion la que tenia
mas coeficiente de pérdida de energia (LC = 0,068) y la corona con nucleo de zirconiay
ceramica en la rehabilitaciéon la que menos (LC= 0,042). Por tanto, se observa que los
valores altos de LC (composites), corresponden a los materiales que presentan mayor
absorciéon de la energia. Debemos tener en cuenta que en este estudio los autores
evaluan el efecto de amortiguacién con el Periometer®. La capacidad de amortiguacién
estd relacionada con la viscosidad del material y esta a la velocidad de deformacidn vy,
por tanto, a la velocidad de impacto. A pesar de las diferencias metodoldgicas, las

conclusiones que obtuvieron son similares a las de nuestros estudios.
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Bassit et al.(88), en su estudio in vivo, no encontraron diferencias significativas entre
el uso de coronas con recubrimiento ceramico (rigido) y coronas con recubrimiento de
resina (menos rigido). Hallaron una gran variabilidad en los resultados, tanto entre
pacientes como en cada uno de ellos. Asi pues, la falta de significancia podria ser debida
a esta variabilidad y al tamafio muestral (n=5). Por otro lado, cuando realizaron la parte
in vitro de su estudio mediante la caida de un peso sobre las muestras, si observaron
diferencias significativas entre las coronas con recubrimiento cerdmico (n1: 310 N; n2:
3025 N; n3:1197; n4: 3668 N; n5: 2164 N) y las coronas con recubrimiento de resina (n1:
110 N; n2: 315; n3: 403 N; n4: 530 N; n5: 344 N) cuyos valores presentan una variacién
de porcentaje que oscila de entre un 10% y un 35%. Aun observando los resultados del
estudio, los autores discrepan de la idea de que las fuerzas de la masticacion puedan
generar, en una situacion fisiolégica real, mas tensiones sobre el implante cuando se
utilizan rehabilitaciones ceramicas que cuando se utilizan rehabilitaciones de resina
acrilica, ya que, segun ellos mismos, la velocidad del movimiento de cierre o de oclusién
y la masa de la mandibula pueden no ser suficientes para introducir una generacién de
choque significativa y que la diferencia de elasticidad entre los diferentes materiales
oclusales puede ser anulada por la flexibilidad del hueso. Ahora bien, nuestros estudios
han demostrado que la masa de la mandibula y la velocidad de movimiento de la
mandibula es suficiente para apreciar diferencias significativas en cuanto a las tensiones

generadas en el hueso periimplantario.

En el estudio in vitro de Menini et al. (66), utilizando el robot descrito por Conserva

et al. (117) que simulaba los movimientos masticatorios, determinaron que una corona
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de ceramica Empress 2 (Ivoclar Vivadent, Liechtenstein) transmitia una fuerza de 484,5
N (5,5 SD (Standard Deviation)) y una corona de composite Signum (Heraeus Kulzer,
Alemania) 187,4 N (4,2 SD); por lo tanto, se producia una reduccidon de la fuerza
transmitida entre ellos de un 38,7% (63). Como se puede observar en la reduccion de la
fuerza transmitida al hueso segun el material de rehabilitacién utilizado, ain usando
distintos parametros, hay resultados similares entre nuestro estudio dindmico de

elementos finitos 3D y los estudios realizados por Menini et al. (63,66).

Teniendo en consideracion las limitaciones de una comparacién de resultados
obtenidos mediante distintas metodologias y evaluando distintos materiales, se
constata en todos ellos el efecto de reduccion de tensiones que tienen los materiales

con menor rigidez.

Se ha podido constatar con los resultados obtenidos en nuestros estudios, que el
material estético de recubrimiento de la corona es el que mas influye en la absorcion de
la energia del impacto. Asi, cuanto menos rigido es el material de recubrimiento
menores son las tensiones en la superficie de la corona y en la zona periimplantar. Las
protesis unitarias implantosoportadas con recubrimiento de cerdmica o totalmente
metalicas mostraron un pico de tensidon mas significativo y mds temprano, tanto en la

corona como en el hueso cortical que aquellas con recubrimiento de composite.

En el estudio en el que valoramos las tensiones en ausencia de hueso cortical se

observé que la tensién que recibia el hueso trabecular era mucho mayor cuando hay
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ausencia de hueso cortical. En la corona de PKCOM se pasa de tensiones en el nodo
trabecular de 9,14 MPa en presencia de cortical a 22,8 MPa en ausencia de cortical; en
la corona de FCOM se pasaba de 10,01 MPa a 31,14 MPa; en la corona de MCOM se
pasaba de 10,3 MPa a 29,30 MPa; en la corona de MET se pasaba de 12,09 MPa a 30,82
MPa; en la corona de MCER se pasaba de 15,23 MPa a 33,87 MPa y finalmente en la
corona de FCCER se pasaba de 16,64 MPa a 43,33 MPa; es decir habia un incremento de
las tensiones de entre 2,23 y 3 veces. También se constatd que el uso de materiales
menos rigidos en la parte de recubrimiento estético disminuye sustancialmente la
tension generada en el hueso trabecular en ausencia de hueso cortical. Asi, la tension
en el hueso trabecular en ausencia de cortical en el caso de la corona de FCCER fue de

43,33 MPa donde contrasta con la tensién de la corona de PKCOM de 22,8 MPa.

En el estudio de Juodzbalys et al. (42) los autores compararon una rehabilitacion
unitaria sobre implante con un recubrimiento estético de ceramica Vita VMK 68 Vident
(Vita, Alemania) con una con recubrimiento estético de composite GC Gradia (GC,
Japén). Se observé una reduccién de la fuerza de impacto en mas de un 6.75% con el
uso del recubrimiento de composite. Aun observdndose en estos resultados una
reduccidn de la tension obtenida no se asemeja mucho a nuestros resultados. Creemos
gue esto puede ser debido a que en este estudio se utilizd un tiempo de 5 ms, cuando
nosotros utilizamos una duracién de la simulacién de 0,4 ms 'y 53 puntos de valoracién
con un intervalo entre ellos de 7,55 us siendo mas concisos Asi mismo, teniendo en
cuenta que Juodzbalys et al. (42) emplearon fuerzas que llegaron hasta los 1000N en

sentido oblicuo sus resultados pueden diferir de los nuestros en gran medida. Ademas,
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en nuestro estudio, se utilizaron fuerzas de impacto creadas por una masa a una
velocidad de 1,25 m/s y entendemos que en su estudio no se realizé un impacto sino
gue se utilizé un estudio de fuerzas dindmicas en el que se incrementaba la fuerza

aplicada de forma constante hasta llegar a los 1000 N.

Por otro lado, Wakabayashi et al. (118) recomiendan utilizar los datos de los
materiales de forma adecuada, es decir, en el caso de los materiales que presentan una
curva de tension-deformacion, los llamados materiales no-lineales, utilizar estos valores
no-lineales para mejorar la precision del estudio. En el primero de nuestros estudios, a
pesar de ser dindmico, se comprobd que las tensiones a las que se sometian los
materiales en nuestra investigacion no llegaban al punto de deformacién plastica, por
lo tanto, las tensiones aplicadas no podian crear una deformaciéon permanente en los
materiales, de manera que usar condiciones de los materiales no lineales no tendria

consecuencias en nuestros resultados.

Nuestros estudios presentan las limitaciones propias de los estudios de simulacion
numérica, debido a sus posibles diferencias con la realidad clinica, a pesar que

intentamos reproducirlas en la medida de lo posible.

Los resultados obtenidos nos indican que los materiales de rehabilitacion menos
rigidos tienen la capacidad de absorber mas las fuerzas de impacto que los materiales
mas rigidos. Asi mismo podemos afirmar que en ausencia de hueso cortical las tensiones

transmitidas al hueso trabecular son mayores que en su presencia. Por tanto, estos
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resultados estan de acuerdo con la hipétesis de que las tensiones transferidas a una
protesis unitaria implantosoportada y al hueso periimplantario cortical y trabecular por

una fuerza oclusal de impacto varian segun el material rehabilitador utilizado.

Al analizar los resultados a nivel de la cortical ésea, se observé que el material
utilizado en la estructura interna de la corona también influye ya que aparecen unas
oscilaciones a lo largo de los 4 ms. que no se observan cuando analizamos el nodo de la
corona. En las coronas con materiales rigidos en la superficie (MET, MCER y FCCER) se
aprecia un pico alto, mientras que las restauraciones con materiales menos rigidos en la
superficie (MCOM, FCOM y PKCOM) presentan un pico de tension menor. Podemos
observar, ademas, que las coronas MET y MCER presentan unas oscilaciones con picos
altos de tensidn, mientras que la corona FCCER estas oscilaciones desaparecen casi por
completo. Las coronas MCOM, FCOM y PKCOM, casi no presentan oscilaciones. No se
han encontrado estudios que refieran dichas oscilaciones, de manera que no podemos

contrastarlas.

En nuestro estudio, en las situaciones con ausencia de hueso cortical se observo, asi

mismo, que esas oscilaciones a las que nos hemos referido eran erraticas.

Las revisiones sobre elementos finitos en implantologia de Reddy et al. (119), Jian-
Ping et al.(31) y Chang et al. (34) sugieren que las investigaciones de elementos finitos
deberian tener una validacion con estudios in vitro. En las investigaciones realizadas en

esta tesis, donde queriamos conocer como repercutia el uso de distintos materiales de
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rehabilitacidon sobre un implante en la tensién recibida en el hueso, no teniamos la
capacidad de realizar un estudio in vitro o in vivo que nos permitiera conocer la tensién
en el hueso. Este es el motivo por el que se realizé solo mediante analisis dinamico de
elementos finitos. No obstante, actualmente, estamos trabajando dentro de esta linea
de investigacion en un estudio in vitro, que nos permitird determinar la capacidad de
absorcién de un impacto con distintos materiales de restauracidn, aunque no la tensién
generada a nivel dseo. El estudio in vitro que estamos realizando, refleja nuestro interés
de proseguir con esta linea de investigacién. Las caracteristicas de los materiales de
restauracién utilizados y el desarrollo de metodologias estandarizadas para la valoracién
de la tension generada por las fuerzas oclusales en la prétesis y en el hueso
periimplantario son nuestro objetivo. Este interés se basa en las posibles consecuencias
gue pudieran derivarse del uso de un material u otro en las rehabilitaciones,
especialmente en situaciones en las que hay inflamacion de los tejidos blandos
periimplantarios o ausencia de hueso cortical. La industria va generando nuevos

materiales que deberan ir siendo estudiados.
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Viil. CONCLUSIONES

Las fuerzas oclusales se transfieren a la corona, al pilar y al implante causando
tension en el hueso periimplantario, tanto cortical como trabecular. Por este motivo
es importante estudiar las tensiones transferidas al hueso periimplantar

dependiendo de los materiales de rehabilitacién utilizados.

Teniendo en consideracion las limitaciones de nuestros estudios, se puede
concluir que la tensidn que se transfiere al hueso periimplantario a través de la
corona, el pilar y el implante con la aplicacién de una fuerza de impacto depende del
material rehabilitador. Dicha tensidn varia segun la rigidez del material utilizado en
la rehabilitacion, tanto del material de la estructura interna de la corona como del

material estético de recubrimiento.

Se puede observar en nuestro estudio que el uso de materiales menos rigidos
utilizados como recubrimiento estético reduce las tensiones a nivel de la corona

(nodo dispuesto por debajo del recubrimiento estético).

También podemos concluir que, cuanto menos rigido es el material usado en la
corona, tanto en la parte externa como en la interna, menor es la tensién generada

en la superficie de la corona y en el hueso periimplantario. El uso de materiales
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menos rigidos en el recubrimiento estético de la corona protésica es mas
recomendable que el uso de materiales rigidos, aunque tengamos en la estructura
interna materiales menos rigidos. Por lo tanto, podria deducirse que se puede
reducir el riesgo de pérdida ésea periimplantaria, especialmente en pacientes de
riesgo de presentar inflamacién gingival, usando materiales menos rigidos, ya que

se reduce la tensién generada en el hueso.

En ausencia de hueso cortical, como podemos encontrar en los pacientes con
regeneraciones oseas, periimplantitis previa, colocacidon de implantes inmediatos
post-extracciéon o en implantes colocados a nivel subcortical, la transmisién de la
tension en el hueso trabecular varia considerablemente segun el material utilizado
en la rehabilitacidn, presentando en todos los casos mayor tensiéon que en las

situaciones en que si hay cortical dsea.

En ausencia de hueso cortical el uso de materiales con menor rigidez reduce
considerablemente la tension en el hueso trabecular, comparandolo con el uso de
materiales mas rigidos y se deberia considerar su uso cuando se realiza la eleccién

del material de rehabilitacion.
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Abstract: In the literature, many researchers investigated static loading effects on an implant. How-
ever, dynamic loading under impact loading has not been investigated formally using numerical
methods. This study aims to evaluate, with 3D finite element analysis (3D FEA), the stress transferred
(maximum peak and variation in time) from a dynamic impact force applied to a single implant-
supported prosthesis made from different materials. A 3D implant-supported prosthesis model was
created on a digital model of a mandible section using CAD and reverse engineering. By setting dif-
ferent mechanical properties, six implant-supported prostheses made from different materials were
simulated: metal (MET), metal-ceramic (MCER), metal-composite (MCOM), carbon fiber-composite
(FCOM), PEEK-composite (PKCOM), and carbon fiber-ceramic (FCCER). Three-dimensional FEA
was conducted to simulate the collision of 8.62 g implant-supported prosthesis models with a rigid
plate at a speed of 1 m/s after a displacement of 0.01 mm. The stress peak transferred to the crown,
titanium abutment, and cortical bone, and the stress variation in time, were assessed.

Keywords: FEA; FEM; impact test; transient analysis; dynamical forces; biomechanical behavior;

implant rehabilitation; rehabilitation materials; crown materials

1. Introduction

Currently, implant-supported prostheses are widely used for the rehabilitation of
partially and fully edentulous patients. This type of treatment has undergone significant
changes in the choice of materials since the first treatments carried out by Branemark. The
use of gold or gold alloys, with and without resin veneering [1,2], has been discarded for
economic, esthetic, and functional reasons [3-5]. The increase in the price of gold led to the
use of much cheaper non-noble metals, although with different mechanical and biological
characteristics [3-6]. The composites and resins used at the end of the last century showed
significant deficiencies in esthetics and wear; they were replaced by ceramics and, currently,
by zirconia, [6-9] with different mechanical characteristics. The choice of the material
used for implant-supported prosthesis manufacturing is a crucial issue due to the dynamic
characteristics of the stomatognathic system.

Static forces are applied from the mandible to the maxilla, without mandibular move-
ments, and the intensity remains constant over time. In contrast, dynamic forces are related
to mandibular movements, and the intensity varies with time. The dynamic force mag-
nitude is calculated by multiplying the mass of the moving object and its acceleration in
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that direction. Static (clenching) and dynamic forces (chewing, swallowing, and eccentric
bruxism) occur in the masticatory system [10-15]. The literature shows that forces are
transferred to a lesser or greater extent to the peri-implant area [16] depending on whether
the applied force is static or dynamic [17-24]. Moreover, the results in recent publications
showed that static loading, compared with dynamic loading, caused increased stress, which
proves the need of transient analysis of dental implants [25,26].

The chosen material for single implant-supported prostheses manufacturing has little
relevance in the transmission of static forces, as explained in the Saint-Venant principle,
which states that the difference between the effects of two different but statically equivalent
loads becomes minimal at sufficiently large distances from the load [27-29]. Dynamic
forces and the impact of the moving mandible against the maxilla are transferred very
differently in single and multiple implant-supported prostheses, depending on the material
that the prostheses are made from. Rigid materials, such as zirconia, ceramics, and metals,
generate higher dynamic forces [17,19-21] than other materials used in veneering pros-
thetic frameworks (composites, hybrid composites, or resins) or in prosthetic framework
manufacturing (carbon fiber, fiberglass, or polyether-ether-ketone (PEEK)), which absorb
and dissipate the impact energy with lower dynamic forces [28—40].

There are different in vitro methods for studying the transmission of static and dy-
namic forces to the peri-implant area from single and partial implant-supported prostheses
made from different materials, such as the use of photoelastic resins [18,29,41-43], digital
image correlation (DIC) [29,44,45], strain gauges [19,46], loss coefficient (LC) [21], and finite
element analysis (FEA) in two (2D FEA) and three dimensions (3D FEA) [22,24,31,47-51].
All of them provide very similar results [29,52-54] in terms of stress.

Photoelastic resins allow visualizing the stress generated in the peri-implant area
after the application of a static or dynamic force with isochromatic fringes. The color
and number of the shown isochromatic fringes indicates the magnitude of the generated
stress. Digital image correlation (DIC) is an optical-numerical system using resins with
randomly colored microdots, where the displacement of these microdots is calculated after
the application of a force, both vertically and horizontally. The magnitude of transferred
forces is determined according to the magnitude of the displacements.

Magne et al. [21] used the Periometer (University of Southern California, Los Angeles,
CA, USA) to calculate the energy absorbed by prostheses made with different frameworks
and veneer materials, such as composite, ceramic, and zirconia. The Periometer is a
handheld percussion probe that records the rebound suffered by the object of study, so the
energy absorbed by the material can be calculated by subtracting the applied force and the
rebound force.

Another system is the use of strain gauges, which are sensors that measure the material
strain when loads are applied. Gracis [19] recorded the impact force transmitted by a steel
ball rolled along a slope to discs made from different materials. Menini [17,20], used strain
gauges to design a device that applied oscillating movements to monolithic prostheses
of different materials (gold, zirconia, ceramics, composites, and resins) against an upper
dental arch made of a Co-Cr alloy. The force transferred to the crowns (made from different
materials) by the simulation of the mandibular movements was recorded.

Dental biomechanics based on finite element analysis (FEA) is attracting huge interest
in many areas: biomedical sciences, anthropology and, odontology. However, several
shortcomings in FEA modeling exist, mainly due to unrealistic (static) loading imposi-
tion [55]. FEA analysis is the most widely used numerical procedure today, since it allows
reproducing mechanical behavior under a mechanical load based on the known properties
of the material. Density, the Poisson coefficient, and Young’s modulus values can be set
in 2D or 3D FEA software, which also includes the depth dimension. Three-dimensional
FEA permits the visualization of the stresses on the entire body of the implants. In the
consulted dental literature, dynamic FEA studies are still scarce [25,26,55-58] compared to
the large number of existing FEA studies with static loads. Moreover, very few studies that
simulate dynamic forces under impact loading using 2D or 3D FEA have been found. Thus,
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this article is devoted exclusively to the study of the impacts on dental implants, which is
minimally covered in the literature.

Knowledge about stress distribution in the peri-implant area may be essential for
predicting the survival of dental implants, especially in patients with risk factors such
as smoking, poor hygiene habits, previous periodontitis, or predisposing genetic fac-
tors [59-63]. These patients present, to a greater or lesser extent, gingival inflammation
that may cause peri-implant bone loss [64-72]. This peri-implant bone loss may be di-
rectly affected by the stress generated in the implant-bone-prosthesis area; the higher the
transferred force, the higher the risk of peri-implantitis [21,73-79]. The amount of cortical
bone could also be a factor to be considered when choosing the material for manufacturing
the prosthesis, as this cortical bone is poorly vascularized, fragile, rigid, and regenerates
slowly [80-84].

Numerous studies have shown, using 2D or 3D FEA, the behavior of implants reha-
bilitated with single crowns made with different materials. In these studies, all of them
used a static force to simulate the oral environment. Our study has aimed to show, using
dynamic 3D FEA, the dynamic impact forces related to oral function.

This in vitro study aims to evaluate, with three-dimensional finite element analysis
(3D FEA), the stress transferred (time to peak, maximum peak, and variation in time) from
an impact, a dynamic force, on a single implant-supported prosthesis made from differ-
ent restorative materials (metal, metal-ceramic, metal-composite, carbon fiber-composite,
PEEK-composite, and carbon fiber-ceramic), applied to the crown, titanium abutment, and
cortical mandibular bone.

2. Materials and Methods
2.1. The Whole Implant Model

The 3D digital model simulated dental rehabilitation on the implants used in this study
to evaluate the stress (von Mises stress) on the inner part of the crown, the external part of
the neck of the titanium abutment, and the top of the cortical bone, using different implant
crowns in a dynamic situation (chewing, swallowing, or eccentric bruxing). This was
obtained from the integration of six independently developed models from real elements:
(1) the crown, (2) an anti-rotatory abutment, (3) a fixation screw, (4) a single implant-
supported prosthesis, (5) a section of the mandibular bone (cortical and cancellous bone),
and (6) the plate. Total osseointegration of the implant was considered, assuming a perfect
relation between the nodes at the interface of the implants and the bone.

2.1.1. The Crown

In order to obtain a solid model of the crown, a high-resolution 3D Exocad model was
imported to SolidWorks. Then, two parts were created within the crown geometry (the
core and the esthetic veneering), separated by an inner boundary. The framework and the
veneering material were delimited from the single implant-supported prosthesis. The total
volume of the crown was 411.5 mm?®. The framework core accounted for 51.3% of the total
crown volume, and the remaining 39.7% was esthetic veneering.

2.1.2. The Abutment and Fixation Screw

The abutment’s function is to join the crown and the implant with a thread mechanism.
Also, an anti-rotation system must be available to prevent the relative movement between
the implant and the abutment (in this case, a hexagonal anti-rotational system). The
abutment and the fixation screw were fully modeled using the CAD software SolidWorks
v.2021 (Dassault Systemes, SolidWorks Corp., Waltham, MA, USA) [85] in order to reduce
the typical surfaces of a 3D scanning process to triangular forms, thus maintaining simpler
geometries. The abutment used in this study was the MIS implant with an internal
hexagonal connection.
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2.1.3. The Implant

Accurate measurements of implant geometry were obtained by 3D digital scan (Visual
Computing Lab, Pisa, Italy) of a 4.2 x 11.5 mm implant with an internal hexagon (MIS
Implants Technology, Bar-Lev, Tel Aviv-Yafo, Israel), which was converted into an STL
(Standard Tessellation Language) mesh. Then, it was converted into a solid with the
SolidWorks Software (Dassault Systemes, Vélizy-Villacoublay, France) in order to obtain
the measurements of the implant. Finally, it was modeled with the CAD SolidWorks
software in order to guarantee more precise geometry and to avoid too many surfaces
being shown.

2.1.4. The Mandible

The section of the mandible bone was designed from a sectional image of cone-beam
computed tomography (CBCT) (NewTom Giano, Newtom, Imola, Italy). Keypoints were
drawn at a fixed distance over the section image of the CT scan in order to transfer it to the
computer. The geometry of the mandible could be obtained with SolidWorks software by
measuring the distances of the points and calculating the real value through the scanning
scale. Two different bounded solids were created over the mandible geometry to apply the
mechanical properties of both trabecular and cortical bone.

2.1.5. The Plate

A fixed rigid body with a flat surface was required to simulate impact loads on the
tooth during chewing. To this end, a rectangular-shaped plate (w = 10, h = 12, ¢ = 2 mm)
was set up to apply the impact load on the three parts of the whole model: the crown, the
implant, and the mandible. The initial distance between the plate and the crown was only
0.01 mm. The collision with the plate was frictionless. This means that a zero coefficient of
friction was assumed and allowed free sliding. In addition, normal pressure equaled zero
if separation occurred.

2.2. Material Properties

All materials were modeled as linear elastic isotropic and homogeneous. Young's
modulus and Poisson ratio of each material are shown in Table 1. The mechanical properties
of the different materials of the crowns have been provided by the manufacturers.

Table 1. Properties of materials used in the prothesis and the bone (trabecular and cortical).

E v p
Kerrypnx Material Name Manufacturer Young Modulus Poisson Density
(MPa) Ratio (g/cm®)
FCOM
Carbon fiber-composite [86]
BioCarbon Bridge fibers Micro Medica 300,000 0.3 1.40
Composite BioXfill Micro Medica 22,000 0.3 8.30
MCER
Metal-ceramic [87,88]
Crown Co-Cr alloy Renishaw 208,000 0.31 8.90
Ceramic VMK 95 Vita 69,000 0.28 2.50
MCOM
Metal-composite [86,87]
Co-Cr alloy Renishaw 208,000 0.31 8.90
Composite BioXfill Micro-Medica 22,000 0.3 8.30
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E v o
Kerrypnx Material Name Manufacturer Young Modulus Poisson Density
(MPa) Ratio (g/cm®)
MET [89]
Full metal
Co-Cr Alloy, Mo, W Heraeus Kulzer 208,000 0.31 8.90
FCCER
Carbon fiber-ceramic [86,90]
Carbon Fiber Bridge Micro-Medica 66,000 0.3 1.4
Ceramic IPS e.max Ivoclar Vivadent 95,000 0.2 25
PKCOM
PEEK-composite [86,91]
PEEK Optima Invibio 4100 0.36 1.3
Composite BioXfill Micro-Medica 22,000 0.3 8.30
Implant Ti-6-Al-4V ELI MIS [92] 113,800 0.34 443
B Cortical bone [93,94] 15,000 0.3 1.79
one Trabecular bone [93] 500 03 0.45

Abbreviated names of the crown materials are the following: FCOM is a carbon fiber-
composite crown, MCER is a metal-ceramic crown, MET is a metal crown alloy (Cr-Co, Mo,

and W).

2.3. Numerical Methods

All independent models were put together by assembly modeling, generating a unique
prosthesis-implant-bone model (Figure 1). The geometry was converted to an IGES file,
and Ansys Workbench Software (Ansys Inc., Canonsburg, PA, USA) was used to determine
the stress transferred to the crown, titanium abutment, and cortical bone before the FEA
simulation by the implant-supported prosthesis made from different materials.

Figure 1. View of the whole 3D FEA model (A). Sectional model (B).
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The prosthesis-implant-bone model was simulated to collide with a 10 x 12 x 2 mm
fixed and rigid plate at a speed of 1 m/s after a displacement of 0.01 mm. For accurate
results, the size of the elements is very important. The FEA model had 96,160 nodes and
62,606 elements to simulate the real models (prosthesis, implant, and bone) (see Figure 1).
Young’s modulus, Poisson’s coefficient, and density were assigned to each material used
in the manufacturing of the implant-supported prosthesis: CoCr (MET), CoCr-Ceramic
(MCER), CoCr-Composite (MCOM), Carbon Fiber-Composite (FCOM), PEEK-Composite
(PKCOM), Carbon Fiber-Ceramic (FCCER), the titanium abutment, and the cortical bone of
the model (Table 1). For the FEA, all materials were considered isotropic and homogeneous,
displacements were only in the vertical direction, perfect osseointegration was assumed, the
impact was carried out on a rigid object (plate), and, finally, the collision was frictionless.

2.3.1. Mesh Definition

Before performing the simulation with the finite element method, the mesh size and
the element type must be defined. The accuracy of the results depends directly on the
size of the elements. The smaller the elements, the more accurate the solution. Therefore,
small elements were used in order to improve precision. However, this affected the
computational time. While CPU time is not that important in static analyses, it is crucial in
transient dynamic analyses.

The solid 3D element SOLID187 (Ansys Inc., Canonsburg, PA, USA) [85] was used,
with 10 nodes and quadratic interpolation functions that are more suitable for irregular
geometries. The element had three degrees of freedom per node, i.e., the three translations
in the global coordinate directions x, y, z. Surface-to-surface contact was defined with the
element CONTA174.

In the process of creating the mesh, a refinement process was carried out in order to
obtain a stable solution independent of the mesh size, especially around the impact zone,
thereby ensuring high accuracy in this area. Therefore, as this refinement had been done, it
was not necessary to use an area to obtain an average solution, since the nodal solution
was especially accurate. Thus, the corresponding mesh was then considered to be optimal.

In addition, Ansys software performs control of the aspect ratio systematically. The
accuracy of the results depends directly on the size of the finite element mesh. The smaller
the mesh, the more accurate the solution obtained. Near the loading point and the threaded
part, where higher accuracy was needed, the size was 0.2 mm, but in the other parts it was
larger, from 0.5 to 2 mm. Even if the different parts of the implant are assembled together,
the finite element results can be analyzed independently. Six solids were considered
individually: the crown, the abutment, the implant, the fixation screw, the mandible, and
the plate.

2.3.2. Simulation Time

Regarding simulation time, 0.4 ms were simulated. The number of substeps is the
number of intervals into which the simulation time is divided. That is to say, the calculation
time-step between one instant to the next. If they are too small, the computing time
increases considerably and, if they are set too high, the accuracy of the time-history response
decreases. A value of 53 substeps, i.e., a time-step of 7.55 us, was found to be reasonable.

3. Results
3.1. Stress Results

The von Mises stress value (obtained from a Cauchy stress tensor) was calculated
over time in the dynamic FEA simulation and compared for each node (Figure 2) in a time
interval of 0.4 ms. The stress peak values in the crown, titanium abutment, and cortical
bone are summarized in Table 2.
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Von-Misses stress oy
== MET
«===MCER
= MCOM
FCOM
== PKCOM
===FCCER

Figure 2. The nodes selected for numerical simulation. (A) Sectional view of the 3D FEA model at
the crown node. (B) The abutment node. (C) The node on top of the cortical bone.

Table 2. Maximum equivalent von Mises stress transferred to the crown, the titanium abutment, and
the cortical bone by the different prosthesis materials.

Maximum von Mises Stress o yyrmax (MPa)

Node/Material = e r ™ MCER MCOM FCOM  PKCOM  FCCER
Crown 103.81 91.18 51.05 49.98 3151 61.82
Abutment  89.27 8191 77.82 50.80 77.78 82.80
Cortical 63.35 72.06 4071 35.70 32.05 75.46

At the crown node (Figure 3) the maximum peaks were found at the MET and MCER
crown, followed by that at FCCER. The lower values were found at MCOM and FCOM,
and the lowest at the PKCOM crown.

oy (MPa) Von Mises stress - Crown Node
120
100
=—=MET
80
=== MCER
60 e MCOM
FCOM
40 === PKCOM
20 e FCCER
0
0 0.1 0.2 0.3 04  t(ms)

Figure 3. Comparison of equivalent von Mises stress at the crown node.

At the same time, Figure 4 compares the displacement of each crown during impact.
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 (um) Plate displacement
—100
-50 e MET
0 ——MCER
50 e MCOM
100 FCOM
150 ee PK COM
200 == FCCER
250
0 0.1 0.2 0.3 04 t(ms)

Figure 4. Comparison of plate displacement for each crown after impact.

All the crowns except FCOM showed high peak intensity values at the titanium
abutment node (Figure 5). MET and MCER showed higher stress rebound over time, while
MCOM, FCOM, PKCOM, and FCCER showed no rebound peaks after the impact (See
Figure 5).

oy (MPa) Von Mises stress - Abutment Node

100

90

80

70 e MET
60 =—MCER
50 e MCOM
40 FCOM
30 e PKCOM
20 ==FCCER
10

0 -

0 0.1 0.2 0.3 0.4 1 (ms)

Figure 5. Comparison of equivalent von Mises stress at the titanium abutment node.

Composite-veneered implant-supported prostheses (MCOM, FCOM, and PKCOM)
generated lower stress peaks at the cortical bone than ceramic-veneered (MCER and
FCCER) or all-metal (MET) implant-supported prostheses. The implant-supported ceramic-
veneered (MCER and FCCER) or all-metallic (MET) prostheses exhibited a more significant
and earlier stress peak on the cortical bone than those veneered with composite (MCOM,
PKCOM, and FCOM) (Figure 6). The highest stress rebound peaks happened in MET
and MCER implant-supported prostheses. Implant-supported prostheses made of carbon
fiber-ceramic (FCCER) showed the highest maximum peak of stress, but it dissipated
quickly with rebound peaks of lower intensity. A rapid reduction in stress was observed in
implant-supported prostheses veneered with composite (MCOM, PKCOM, and FCOM)
and in those made with carbon fiber-ceramic (FCCER) (Figure 6).
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oy (MPa) Von Mises stress - Cortical Node

80
70
50 === MCER
40 MCOM
30 FCOM
= PKCOM
20
== FCCER
10
0
0 0.1 0.2 0.3 0.4 t (ms)

Figure 6. Comparison of equivalent von Mises stress at the cortical node.

3.2. Elastic Failure Test

A failure test was carried out to see if the dental implants could withstand the me-
chanical conditions to which they were subjected. Elastic failure criteria establish different
approaches for different materials. In this case, the von Mises or maximum elastic distor-
tion energy criterion was used. This criterion says that a structural element fails when at
some point the distortion energy per unit volume exceeds a certain threshold. In stress
terms, this means that the equivalent stress at a point, which is the von Mises stress, cannot
exceed the elastic limit or the yield strength of the material, o

oym < Oy (1)

Consequently, research on the elastic limits of the different materials was needed. After
obtaining the values, a comparison was made for each model of the dental implant with
each of the studied nodes used before. In Table 3, the yield stress, 7y, and the maximum
value of stress, oypimax, are compared for each material and node. In this table, we can
observe how the largest stresses occurred in the most rigid models.

In order to prevent uncertainties that may occur when real loads act on the implant, a
safety factor is used. The safety factor is defined as the ratio between the yield strength of
the material and the maximum value of von Mises equivalent stress. A usually applied
Safety Factor is 1.5.

Top = L =15, @
ovm

Taking yield strength as the 100% value and rearranging Equation (2):

100% - oy .
(TVM S T - 6667/0 . Uy (3)

Figure 7 shows the yield strength ratio for each material and node. The red line
indicates the 66.67% value of yield stress.
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Table 3. Comparison of the yield stress, oy, and the maximum value of stress, Cypimax, for each
material and node.

Material Node Yle(}_: (Sl\t/i‘;r;;gth Ma):fl\l;;l::xv((l)\flll?: )1ses
Crown 145-270 103.81
MET Abutment 880-920 89.27
Cortical 100-150 63.35
Crown 150 91.18
MCER Abutment 880-920 81.91
Cortical 100-150 72.06
Crown 280 51.05
MCOM Abutment 880-920 77.82
Cortical 100-150 40.71
Crown 280 49.99
FCOM Abutment 880-920 50.80
Cortical 100-150 35.70
Crown 280 31.51
PKCOM Abutment 880-920 77.78
Cortical 100-150 32.05
Crown 380 61.82
FCER Abutment 880-920 82.80
Cortical 100-150 75.46

There was no elastic failure in any model, since all von Mises stresses were below the
elastic limit, taking an arbitrary safety factor of 1.5. In the bar plots, we can observe how
the von Mises stresses did not surpass 66.67% of the yield stress (red line). The most rigid
models with the highest von Mises stresses were the ones closest to the 66.67% of the yield
stress of each material.

In summary, the assumption of linearity of the behavior of materials was fulfilled
in the studied model, and the calculated stresses were below the yielding limits of the
materials, so we can consider that there was no plasticization.

The spider plots of Figure 8 show a comparison between the yield strength, o, of the
materials and the maximum values of von Mises stress, 0y max, Obtained in the numerical
simulations for each node.
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MET MCER
100% 100%
90% A 90% B
80% 80%
70% 70%
60% 60%
50% 50%
40% 40%
30% 30%
20% 20%
10% 10%
0% - 0% .
Crown node Abutment node Cortical bone Crown node Abutment node Cortical bone
MCOoOM FCOM
100% 100%
90% C 90% D
80% 80%
70% 70%
60% 60%
50% 50%
40% 40%
30% 30%
20% 20%
0% [ 0% —
Crown node Abutment node Cortical bone Crown node Abutment node Cortical bone
PKCOM FCCER
100% 100%
9w0% E 9% F
80% 80%
70% 70%
60% 60%
50% 50%
40% 40%
30% 30%
20% . 20%
10% 10% -
v R - o ]
Crown node Abutment node Cortical bone Crown node Abutment node Cortical bone
Figure 7. Comparison of the yield strength ratio depending on the node and crown material.
Crown node Oy max (MPa) Abutment node 6y, (MPa) Cortical node oy (MPa)
400 150
FCCER MCER FCCER MCER FCCER 2 MCER
PKCOM MCOM PKCOM MCOM PKCOM MCOM
FCOM FCOM FCOM
—Yield strength ——Maximum stress

Figure 8. Spider plots comparing the yield strength of the materials and the maximum von Mises stress obtained for
each node.
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4. Conclusions

Denture forces, such as those from chewing, are transferred to implants and cause
stress in the bone and the implant. That is why it is important to study the stresses (or
strains) transferred to the implant and the bone in situations of maximum stress, modeled
by dynamic forces under impact loading.

It can be concluded from the results of this study that the stress transferred to the
crown, the abutment, and the peri-implant bone by an impact load on an implant-supported
prosthesis varies according to the rigidity of the material and whether it is used as a
framework or veneering material. It can also be stated that the more elastic material used
for the crown, the lower the stresses generated in the bone. Too much stress induces bone
resorption, which ultimately causes loosening of the implant, and overstrain can instigate
bone failure. It turns out that the use of PEEK or carbon fibers as framework materials
made stress dissipate faster than when using metal at the bone. By using these materials
that can absorb and/or dissipate the stress transferred to the implant, we can reduce the
risk of having bone resorption around the implant.

Therefore, with the use of more elastic materials that can better dissipate the impact
energy and reduce the stress transferred to the implant, the risk of having bone resorp-
tion around the implant can also be reduced, especially in patients at risk of gingival
inflammation that may cause peri-implant bone loss.
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Abstract: Statement of problem. Previous peri-implantitis, peri-implant bone regeneration, or
immediate implant placement postextraction may be responsible for the absence of cortical bone.
Single crown materials are then relevant when dynamic forces are transferred into bone tissue
and, therefore, the presence (or absence) of cortical bone can affect the long-term survival of the
implant. Purpose: the purpose of this study is to assess the biomechanical response of dental
rehabilitation when selecting different crown materials in models with and without cortical bone.
Methods: several crown materials were considered for modeling six types of crown rehabilitation:
full metal (MET), metal-ceramic (MCER), metal-composite (MCOM), peek-composite (PKCOM),
carbon fiber-composite (FCOM), and carbon fiber-ceramic (FCCER). An impact-load dynamic finite-
element analysis was carried out on all the 3D models of crowns mentioned above to assess their
mechanical behavior against dynamic excitation. Implant-crown rehabilitation models with and
without cortical bone were analyzed to compare how the load-impact actions affect both type of
models. Results: numerical simulation results showed important differences in bone tissue stresses.
The results show that flexible restorative materials reduce the stress on the bone and would be
especially recommendable in the absence of cortical bone. Conclusions: this study demonstrated
that more stress is transferred to the bone when stiffer materials (metal and/or ceramic) are used
in implant supported rehabilitations; conversely, more flexible materials transfer less stress to the
implant connection. Also, in implant-supported rehabilitations, more stress is transferred to the bone
by dynamic forces when cortical bone is absent.

Keywords: FEA; FEM; impact test; transient analysis; dynamical forces; biomechanical behavior;
implant rehabilitation; rehabilitation materials; crown materials; bone loss

1. Introduction

The quantity and quality of bone tissue around a rehabilitated implant play a key
role in its long-term survival [1]. After peri-implantitis, immediate implant placement, or
regenerated bone, cortical bone is missing for a variable period [2]. Moreover, the absence
of cortical bone can affect the biomechanical behavior of both the bone tissue and its ability
to withstand impact loads [3].

Different models and techniques are used to analyze the behavior of dental implants [4]
including two-dimensional (2D) or three-dimensional (3D) finite element analyses (FEA),
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photo-elastic studies, or digital image-correlations (DIC). Also, ultrasonic wave analy-
sis [5,6] can be used successfully in dental implant analysis [7].

FEA, whether in 2D or 3D, is a numerical and approximate technique that yields results
depending on both the geometry and mechanical properties of the materials. Regarding
photo-elastic techniques, when either static or dynamic forces are applied, isochromatic
fringes appear in photo-elastic studies [8], thereby allowing the stress distribution at
implants to be calculated. The DIC is an image-based analysis that shows how points
inside resin blocks move when static or dynamic forces are applied [9]. On the other hand,
the analysis of implant behavior requires that the difference between static forces (due
to clenching) and dynamic forces (due to mastication or eccentric bruxism) be very clear,
particularly when selecting the rehabilitation materials [10,11].

Other works reported similar results for implant behavior [4,8]. These authors showed
that the main differences are due to variables such as the type of implant connection, the
diameter/length of the implant, the type of rehabilitation material or whether the load was
applied statically or dynamically [8,12]. However, the presence or absence of cortical bone
is an issue that, to date, was not studied or quantified sufficiently. The absence of cortical
bone can lead to the implant loosening and eventually to implant failure [13-17].

From a mechanical perspective, and according to some previous works [18-22], static
analysis is not completely enough to get precise and reliable results. Several authors
agreed that it is needed to perform dynamic analysis. Dynamic analysis can be found in
literature [18,22] but addressing fatigue analysis and not impact dynamic loading.

In previous works [23] the authors analyzed the mechanical behavior of implants with
different restorative materials subjected to static loads by three different methods: finite
element method (FEM), digital photoelasticity (DP), and digital image correlation (DIC).
They concluded that (1) all 3 methods provide very close solutions; (2) FEM is enough
reliable and robust for predicting the tooth-implant mechanical behavior, and (3) dynamic
impact analysis is mandatory for getting more accurate and closer results to the problem’s
physical reality.

Therefore, in this work a fully 3D dynamic FEA study of the influence of different
crown materials on the implant behavior with and without cortical bone when subjected to
impact dynamic loads is performed. Moreover, we also discuss two clinical cases: (a) both
trabecular and cortical bone, and (b) only trabecular bone.

Significant differences in the mechanical response when the peri-implantitis generated
a loss of cortical bone were encountered. The study concludes with a comparative dynamic
analysis of crowns made with different restorative materials.

2. Materials and Methods
2.1. The Model

A 3D dynamic finite-element model comprising a crown, an abutment screw, an
abutment, an implant, and the surrounding bone was set up to evaluate the von Mises
stresses at both the cortical and trabecular bone (See Figure 1). Ethics approval was not
required for this in-vitro study. All the parts of the model are described hereafter.
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Figure 1. Cross-sectional view of 3D model.

2.1.1. The Crown

The crown model was processed using Solidworks (version 2021, Dassault Systemes,
Waltham, MA, USA) [24] by importing a CAD model generated by Exocad-3D (v3.0, Exocad
GmbH, Darmstadt, Germany). The model was built by assembling two components: the
core (51% of the total volume) and the aesthetic veneering (40% of the total volume), as
displayed in Figure 2. The volume of the resulting crown model is 411.5 mm?3.

External crown
(aesthetic coverage)

Internal crown
(Core part)

Figure 2. Crown model. Left: cross section showing both internal and external crown.

2.1.2. The Abutment and Screw

The abutment is a metal component whose function is to attach the crown and the
implant. Also, a hexagonal antirotation system prevents the relative movement between
the abutment and the implant. The screw allows the connection between the abutment and
the implant.

Solidworks was also used to model the abutment and the screw, thus reducing the
classical surfaces to a simpler triangular shapes (see Figure 3). The model corresponds to
the hexagonal-connection abutment of the MIS implant [25].
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\Q

Figure 3. Left: abutment screw; center: abutment with hexagonal antirotational system; right:
screw-abutment assembly.

2.1.3. The Implant

Figure 4 displays the implant created with Solidworks to obtain more accurate ge-
ometric shapes. The implant used in this study was a 4.2 x 11.5 mm? MIS implant [25],
because it is a well-known and reliable implant used in the area of restorative dentistry
and world-wide commercialized.

Figure 4. Implant. Left: lateral view; right: cross section.

2.1.4. The Mandible

The mandible section was made from a CT scan section [26]. The mandible’s geometry
was generated by following two steps: (a) some key points were defined at a known
distance at the CT-scan section, and (b) the scan scale was then used to compute the actual
distances at the real mandible. The 3D geometry of the mandible was split into an external
region of cortical bone and an internal one of trabecular bone, each one with its specific
mechanical properties (see Figure 5).

».»‘

Figure 5. Left: CT scan. Center: mandible section obtained from CT scan. Right: isometric view of

mandible’s model.
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2.1.5. The Loading Plate

The impact loads produced by chewing were applied to the model (crown, implant,
and mandible) by using a rectangular rigid plate dimensioned as shown in Figure 6. Some
boundary conditions were considered: (a) the initial separation between the plate and the
crown was set to 0.01 mm; (b) free sliding is assumed, i.e., the impact of the plate on the
model is frictionless; (c) normal stresses were considered null if the plate loses contact with
the model.

e

Figure 6. Dimensions of rigid plate (w = 10 mm, & = 12 mm, ¢ = 2 mm).

2.2. Geometry of the Assembled Model

After all the individual parts were independently built, they were assembled together
as shown in Figure 7.

Figure 7. Assembled geometry. Left: isometric view; right: cross section.

Before conducting the FEA simulation, the assembled geometry was converted to
IGES format, which was imported into Ansys Workbench Design Modeler (version 2021,
ANSYS, Inc, Canonsburg, PA, USA). Perfect osseointegration between the implant and
the bone was assumed. This means that the bone is integrated into all slots of the placed
implant, although this does not always happen in clinical cases

2.3. Materials of the Model

The mechanical properties of the materials have a direct influence on the calculation
of the stress response and its deformations. All materials were considered elastic, homoge-
neous, and isotropic. Mandible bone mechanical properties can be found elsewhere [27].
Different materials were used in the crown, to discover if the crown material has a direct
effect on the implant stress distribution and mechanical performance (see Table 1 below):
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Table 1. Crown materials and manufactures. Acronyms used in this study.

. Young Modulus Poisson Density
Material Name Manufacturer [MPa] Ratio [g/cm?]
FCOM
Carbon fiber-composite Micro Medica 300,000 0.3 1.40
BioCarbon Bridge fibers Micro Medica 22,000 0.3 8.30
Composite BioXfill
MCER
Metal-ceramic Renishaw 208,000 0.31 8.90
Co-Cr alloy Vita 69,000 0.28 2.50
Ceramic VMK 95
MCOM
Metal-composite Renishaw 208,000 0.31 8.90
Crown Co-Cr alloy Micro-Medica 22,000 0.3 8.30
Composite BioXfill
MET
Full metal Heraeus Kulzer 208,000 0.31 8.90
Co-Cr Alloy, Mo, W
FCCER
Carbon fiber-ceramic Micro-Medica 66,000 0.3 1.4
Carbon Fiber Bridge Ivoclar Vivadent 95,000 0.2 2.5
Ceramic IPS e.max
PKCOM
PEEK-composite Invibio 4,100 0.36 1.3
PEEK Optima Micro-Medica 22,000 0.3 8.30
Composite BioXfill
Implant Ti-6-Al-4V ELI MISs 113,800 0.34 443
Cortical bone [27,28] 15,000 0.3 1.79
Bone
Trabecular bone [28] 500 0.3 0.45

A total of six crown rehabilitation materials were analyzed: the carbon fiber-composite
crown (FCOM) had an aesthetic layer of a BioXfill composite [29] and carbon fiber frame-
work of BioCarbon Bridge; the metal-ceramic crown (MCER) had a framework of LaserPFM
Co-Cr metal alloy and aesthetic veneering of VITA VMK 95 ceramic material [30,31]; the
metal-composite crown (MCOM) had a framework of LaserPFM Co-Cr metal alloy [30]
and BioXfill composite [29]; the metal crown (MET) is made entirely of melted Co-Cr
alloy [32]; the carbon fiber-ceramic crown (FCCER) had a framework of BioCarbon Bridge
carbon fibers [29] and lithium disilicate ceramic aesthetic covering [33]; finally, the PEEK-
composite crown (PKCOM) is made in the inner part of polymer polyetheretherketone
(PEEK) and the aesthetic veneering with BioXfill composite [34].

All the mechanical properties of each crown, the implant, and both bone tissues (corti-
cal and trabecular) used in the numerical simulation are listed in Table 1. The mechanical
properties of the materials were obtained from the manufacturer datasheets indicated in
the table.

2.4. Numerical Simulation

Although there are numerous studies centered on static forces, there are few studies of
the dynamic forces applied during physiological functions. Some biomechanical estimated
values can be obtained in the literature [35,36]. Therefore, a simulated impact between the
rigid plate and the whole implant geometry was carried out. Results were analyzed over
time due to the dynamic response of the model. The simulation was performed with
ANSYS (version 2021, ANSYS, Inc, Canonsburg, PA, USA) [37] using the mechanical APDL
solver and the Transient Structural analysis system.
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2.4.1. Simulation Setup

A first simulation was performed to check that all the materials, hypotheses, and
boundary conditions of the model were correctly defined. All the results were coherent, but
the computational time was very high for two main reasons: there was a very large number
of nodes and elements and the time set for analysis was more than was needed. Therefore,
the time and number of elements and nodes were reduced. The distance between the plate
and the crown was also shortened. Furthermore, to carry out reasonable comparisons, the
dynamic characteristics of the impact, i.e., initial kinetic energy and linear momentum,
should be the same in all the simulations.

Initially, all the mass particles of the dental implant have the same velocity as well as
the kinetic energy due to the movement of the whole structure (mandible, implant, crown,
and abutment), as shown below:

1
Ek:ZE'mi'Uz (1)

where E; is the kinetic energy, m; is the particle mass, v; is the particle velocity.

When the dental implant collides with the plate the kinetic energy is transformed into
strain energy. The strain energy for a deformable solid can be determined through the
stress and strain tensors time-history.

If the deformation occurs within the linear-elastic range, the potential elastic deforma-
tion energy can be obtained from Equation (2):

Eger = /(Ti'€i'dV ()
v

where E; is the potential elastic deformation energy, o; is the stress state, ¢; is the strain
state, dV is the volume differential.

The dynamic characteristics of an impact are determined by the system’s initial energy
(0.5-m-v?) and linear momentum (m-v). Both features must have the same value in any
case, which is guaranteed by introducing the same speed (v) and the same mass (m).
On the other hand, the effect of the mandible’s mass is not so significant because it is
externally fixed.

Since each crown material has a different density, the initial mass of the system and,
consequently, its initial kinetic energy would be different for every combination case. Then,
the base mass (implant + mandible) was leveled in all models to balance the crown’s mass
changes. Note that the base mass represents the whole mass of the mandible, which should
be assumed to be the same in all cases. Therefore, a uniformly distributed mass was added
to the models to make the impacts equivalent energetically. Table 2 shows the additional
mass added to each model.

Table 2. Initial and added masses to each model.

Model Initial Mass (g) Added Mass (g)
ET 8.62 0
MCER 6.73 1.89
MCOM 6.63 1.99
FCOM 523 3.39
PKCOM 7.20 1.42
FCCER 5.07 3.55

Two changes were made to the whole model to simulate the absence of cortical bone,
as in peri-implantitis, peri-implant bone regeneration, or immediate implant placement.
Firstly, the cortical part of the assembly was suppressed, and the rest of the mesh is kept
intact. Therefore, the nodes chosen (see section “‘Node selection’) are the same and can be
compared. Secondly, some mass was added to equal the impact energy. This added mass
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corresponds to the suppressed cortical bone and is obtained by multiplying the volume by
its density. It is constant for all models, and the value is 2.27 g. Table 3 lists the added mass
in the lateral surface for each crown material:

Table 3. Added mass for both analyses: with and without cortical bone.

Model Added Mass Added Mass
with Cortical (g) without Cortical (g)

MET 0 2.27
MCER 1.89 4.16
MCOM 1.99 4.26
FCOM 3.39 5.66
PKCOM 1.42 3.69
FCCER 3.55 5.82

2.4.2. Finite Element Mesh

Now, the next step is to generate a suitable finite element mesh, which must be done
carefully since the precision of the results depends largely on how refined the mesh is. Then,
if greater precision is needed, smaller elements should be used. The more refined the mesh,
the more computer time is required. This does not have a large impact in finite element
(FE) static analysis but, nevertheless, it is a key aspect in FE transient dynamic analysis.

A mesh sensitivity analysis was done to ensure a reliable model mesh. The refin-
ing process started from an initial mesh of 57,330 nodes until reaching a final mesh of
96,160 nodes, where the difference between stress values at some selected nodes did not
exceed 5%. Figure 8 shows the finite elements mesh.

Figure 8. Model mesh (96,160 nodes and 62,606 elements). Left: cross section; center: isometric view;
right: details on top of crown.

The Ansys 3D solid element type SOLID187 was used, with 10 nodes and quadratic
interpolation functions, which fits better to irregular geometries. The element has three
degrees of freedom per node, i.e., the three translations in the global coordinate directions
x, Y, z. The surface-to-surface contact was defined with the element CONTA174.

Also, a refinement was set for the impact zone, thereby ensuring better accuracy in
this area. Therefore, as this refinement was done, it is not necessary to use an area to obtain
an average solution, since the nodal solution is especially accurate. In addition, Ansys
software performs a control of the aspect ratio systematically.

The size of the finite element mesh, related to its accuracy, is smaller at the loading
point and the threaded part (0.2 mm), where higher accuracy is needed, but larger in the
other parts (from 0.5 to 2 mm). To find the optimal mesh and an acceptable computational
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time, a sensitivity analysis of the mesh was also carried out. First of all, a coarse mesh was
used, and subsequently, finer meshes were tested. The refining process was stopped when
results became stabilized.

2.4.3. Initial and Boundary Conditions

In dynamic analysis, the boundary conditions (BC) are displacements, velocities, and
accelerations instead of static forces and displacements as in static analysis. There are
many publications and studies offering strategies on how to configure the loads to obtain a
realistic simulation in static analysis. But in dynamic analysis the loads are the result of
the calculation, i.e., the input for an impact simulation is the model’s initial energy, not an
applied load.

Energy concepts allow us to relate the model mass (bone-implant-abutment-crown)
and the velocity applied as an initial boundary condition. The mass was calculated accord-
ing to a density and volume of 411.5 mm? for each crown (see Table 1). The model was also
subjected to an initial velocity of 1 m/s as the initial kinematic condition.

Some studies focus on the mandibular kinematics by using small accelerometers [33].
The peak peripheral acceleration when opening the mouth can reach an average of 2.5 m/s?.
Considering this and keeping in mind that we are dealing with a brain-controlled occlusally
system, the same acceleration (2) during occlusion can be assumed. An estimated velocity
(v) can now be obtained using this value and the formula of the constant acceleration
movement:

lo =a- At 3)

where, v is the velocity, a is the acceleration, At is the time increment.

Considering that the mastication occlusion lasts less than 0.5 s, according to Equation (3)
we can write: v = a-At = 2.5-0.5 = 1.25 m/s. Therefore, a reasonable value for the velocity
condition would be 1.25 m/s.

Note that the bottom surface of the plate was fixed. This means that it cannot move or
rotate in any direction. During the impact, certain forces appear to counteract the vertical
displacement of the rest of the bodies. The distance between the plate and the external
crown is 0.01 mm. The lateral surfaces of the cortical and trabecular bones were fixed in the
normal (z-axis) and tangential (x-axis) directions, thereby having a degree of freedom in
the direction of the displacement (y-axis). As a result, the bones only move in the direction
of the vertical axis and do not rotate in any direction.

2.4.4. Simulation Time

The simulation time-limit also has to be set. The impacts happen in a very short
period. Some previous works in other scientific fields found that the impact lasts less than
one millisecond [38,39], but there is very little (or almost no) published work on dynamic
impact loads in dental applications. On the one hand, the duration of the simulations
should be as short as possible to reduce the CPU computation time; but on the other, it
should be longer than the impact duration and its further effects. Finally, the simulation
time was set at 0.4 ms.

Now, the time interval between two analysis steps (known as time-step or At) needs
to be defined. Similar to what was discussed about mesh’s size, the shorter the time-
step, the more accurate the results and the more computer time is required. After some
sensibility numerical analyses, a time-step of At =7.55 us was found to lead to sufficiently
accurate results.

2.4.5. Node Selection

To conduct this study, the energy of the object was computed over two benchmark
nodes: one at the top of the cortical bone, and the other at the top of the trabecular bone
(see Figure 9). The dynamic simulation was run on the six types of crown, with and
without cortical bone. As the mesh is the same for all the models, the selected nodes are
also the same.
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Figure 9. Benchmark nodes shown with a purple marker. Left: node at top of cortical bone;
right: node at top of trabecular bone.

Two simulations were performed. In the first simulation, a healthy bone was consid-
ered, with a cortical and trabecular part, where the stresses at the cortical node and the
trabecular node were measured. In the second simulation, a cortical bone absence was
considered; this is only containing trabecular part, so stresses were measured only at the
trabecular node (See Table 4).

Table 4. Bone part considered in each simulation.

Node Cortical Bone Trabecular Bone
Simulati Trabecular X X
imulation 1 Cortical X X
Simulation 2 Trabecular X

3. Results

The von Mises stress value was calculated and compared for each node. Table 5
shows the values of maximum von Mises stress obtained over time in the dynamic FEA
simulation, with cortical bone at both nodes (cortical and trabecular) and the trabecular
node without cortical bone.

Table 5. Maximum von Mises stresses obtained in cortical bone node (cortical and trabecular) and
trabecular node without cortical bone.

Maximum Von Mises Stress (MPa)

Node Bone MET MCER MCOM FCOM PKCOM FCCER
Cortical trab + cort 63.35 72.06 40.71 35.70 32.05 75.46
Trabecular trab + cort 12.09 15.23 10.30 10.01 9.15 16.69
Trabecular Trab 30.80 33.87 29.30 31.14 22.80 43.33

trab vs. trab + cort

o 60.75% 55.03% 64.85% 67.85% 59.87% 61.48%
A‘TVM(/O)

The von Mises stresses increase of trabecular bone without cortical with respect to the
trabecular bone with cortical were calculated as follows:

AU'vM (0/0) _ OvyM trab+cort — 9vM trab .100 (4)

OyM trab-cort

where o) is the von Mises stress. The distribution of stress varies according to the time,
reaching the maximum values of stress during the impact (see Figure 10).
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Figure 10. Von Mises stress distribution over time at a cross section using the Carbon Fiber-Ceramic

crown (FCCER), considering both trabecular and cortical bone.

3.1. Cortical Node (with Cortical and Trabecular Bone)

Figure 11 shows the evolution of the von Mises stress of the dynamic simulation
over time for the different models at the cortical node. The results obtained at the cortical
node were (units in MPa): 32.05 (PKCOM), 35.70 (FCOM), 40.71 (MCOM), 63.35 (MET),
72.06 (MCER), and 75.46 (FCCER).

oy (MPa) Von Mises stress: cortical node (trab+cort)

80
70
60 ——MET
50 MCER
40 MCOM
- FCOM
——PKCOM
20
—FCCER
10
0
0 0.1 0.2 03 0.4 1 (ms)

Figure 11. Comparison of equivalent von Misses stress over time on all crown materials at cortical
node, considering both trabecular and cortical bone.

3.2. Trabecular Node (with Cortical and Trabecular Bone)

Figure 12 displays the evolution of the von Mises stress of the dynamic simulation
over time for the different models at the trabecular node. The results obtained at the
trabecular node (units in MPa) were: 9.15 (PKCOM), 10.01 (FCOM), 10.30 (MCOM), 12.09
(MET), 15.23 (MCER), and 16.69 (FCCER).

The evolution of the stress in the trabecular node displays the same pattern as in the
cortical node but the stress values are considerably lower, since the trabecular bone is not
very dense and is less rigid than cortical bone. Moreover, the trabecular bone receives the
effects of the impact-load later. The shape of the function is almost equal to that of the
cortical node, with more irregular oscillations at the end. Similar as the case of cortical
node the maximum stress is in FCCER.
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o (MPa)  Von Mises Stress: trabecular node (trab+cort)
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Figure 12. Comparison of equivalent von Mises stress over time depending on all crown materials at
trabecular node, considering both trabecular and cortical bone.

Figure 11 (cortical node) and Figure 12 (trabecular node) show the high peak of stress
and the duration over time for FCCER and MCER, which were much longer than for the
composite-coated crowns, MCOM, FCOM, and PKCOM. The stress fluctuations due to
the eccentricity of the impact load with respect to the implant longitudinal axis can also
be observed. The maximum stress values in the ceramic models (MCER and FCCER) are
notably higher than in the rest of the models.

3.3. Trabecular Node (with Trabecular Bone Only)

This section is devoted to analyzing the effects of the pathological bone without cortical
bone (peri-implantitis, bone regeneration, or immediate implant placement). Figure 13
displays the evolution of the von Mises stress of the dynamic simulation over time for the
different models at the trabecular node. The results obtained trabecular node (units in MPa)
were: 22.80 (PKCOM), 31.14 (FCOM), 29.30 (MCOM), 30.80 (MET), 33.87 (MCER), and
43.33 (FCCER). Figure 12 shows, like Figure 11, a similar behavior of the oscillations after
the first peak happens. In Figure 13 the frequency of the oscillations is lower as a result of a
more damped impact. Results at the cortical node (see Figure 11) showed that the behavior
of the stress in the trabecular node is the same as the cortical but the values are much lower.
Since the trabecular bone is not very dense, it is more flexible and works as a stress reducer.

opy(MPa)  Von Mises Stress: trabecular node (trab)

451(5) ~e—Impact zone —>{<—Oscillat0ry response —
40 :
35 I ==l
30 | : ——=MCER
55 ' ——MCOM
20 FCOM
15 —PKCOM
10 ——FCCER
0
0 0.1 0.2 0.3 0.4 t (ms)

Figure 13. Comparison of equivalent von Mises stress over time at trabecular node, considering
trabecular bone only.



Materials 2021, 14, 5801

13 of 16

Figure 14 shows a comparison between the maximum von Mises stress obtained in
trabecular node with and without cortical bone.

oy (MPa) Von Mises stress - Three cases
FCCER
MCER
£  MET
2
“ McoM
FCOM
PKCOM
0 10 20 30 40 50 60 70 80
PKCOM FCOM MCOM MET MCER FCCER
Node cortical | # trab+cort bone 32,05 35,70 40,71 63,35 72,06 75.46
= trab bone 22,80 31,14 29,30 30,81 33,87 4333
Node trabecular
m trab+cort bone 9,14 10,01 10,30 12,09 15,23 16,69

Figure 14. Comparison of maximum von Mises stress obtained at different nodes.

Figure 14 also shows a significant decrease of the von Mises equivalent stress at the
trabecular bone with cortical compared to the case without cortical bone. The reason is
that in the case with cortical bone, the impact was affecting the whole jawbone and cortical
and trabecular bones, so the stress was divided into the two parts. The biggest increase in
absolute value was observed in the MCER, with approximately 19 MPa difference.

4. Discussion

This study focused on comparing the stresses generated on cortical bone using six
types of crown materials placed on a specific implant under impact-load conditions, so the
same implant was maintained in all simulations. Therefore, the same methodology can be
used to analyze the dynamic response of other implant models.

Since the forces applied in the masticatory process and eccentric bruxism are dynamic,
it is important not only to study the mechanical behavior of the restorative materials in
static forces, but also to know the mechanical behavior produced by dynamic forces. The
rehabilitation materials used in the oral cavity could absorb impacts that may vary accord-
ing to their mechanical properties [10,40-42]. Therefore, the evaluation of the mechanical
behavior of the most widely-used materials in implant supported rehabilitations becomes
a key issue. Moreover, the morphological, elemental, and biochemical structure without
cortical bone is different to healthy bone structure [2].

Figures 11 and 12 (healthy bone) show that over time the reaction of the crown
veneered with ceramic was different to that of the crown veneered with composite or with
peek as a core. Many fluctuations in the MCER can be observed over time, and the results
of the rebound produced by the material’s stiffness, whereas in the crowns with less rigid
materials (MCOM, PKCOM, or FCOM), only one fluctuation was observed.

Figure 13 (trabecular node: only trab.) does not have the damping effect of Figure 11
(cortical node: cort. and trab. bone) and Figure 12 (trabecular node: cort. and trab. bone).
On the other hand, Figures 11 and 12 can be analyzed through the type of bone they
represent, although the shape and location of the oscillations are similar, the Figure 12 has
lower amplitudes.

The implant-crown rehabilitation materials made from a combination of metals and
ceramics (FCCER, MET, MCER) are more rigid. In those materials, an initial stress peak of
higher magnitude is observed, as compared to polymeric materials (PKCOM) that are less
rigid. On the other hand, FCOM and PKCOM composites (less rigid) presented very low
oscillations which were quickly damped.



Materials 2021, 14, 5801

14 of 16

It is important to transfer less stress to bone in cases of immediate implant placement,
bone regeneration, or after peri-implantitis healing, given that there is no bone for some
time in those cases. Hence, using materials that transfer less stress to the bone could avoid
problems. In short, crowns made of rigid materials present a greater risk over time of
bone loss around implants in the presence of gingival inflammation, since these materials
transfer more stress to the bone, whether cortical or trabecular.

5. Conclusions

Our study demonstrated that more stress is transferred to the bone when stiffer mate-
rials (metal and/or ceramic) are used in implant supported rehabilitations and, conversely,
more flexible materials transfer less stress to the implant connection. These relationships
between materials’ elastic properties and the dynamic force transmission are in accordance
with the findings of different authors [10,40-43].

The presence (or absence) of cortical bone around the implant connection generates
different behavior in rehabilitation implants when dynamic forces are applied, such as
grinding, swallowing, or eccentric movements. Such transferred force, on the other hand,
varies according to the rehabilitation material (more with ceramic than with composite),
which is even more pronounced if cortical bone is present than if it is not.

The absence of cortical bone, in peri-implantitis, bone regeneration, or immediate
implant placement cases, must be considered when choosing the crown material for
the rehabilitation.
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Abbreviations

MET Metal crown

MCER Metal-Ceramic crown

MCOM  Metal-Composite crown

FCOM Carbon fiber-Composite crown
PKCOM  Peek-Composite crown

FCCER  Carbon Fiber-Ceramic crown
FEA Finite Element Analysis

DIC Digital Image Correlation

CAD Computer-Aided Design

CT Scan  Computer Tomography Scanner
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