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A mi familia






“First you guess. Don’t laugh, this is the most important step.

Then you compute the consequences. Compare the consequences to experience.

If it disagrees with experience, the guess is wrong.

In that simple statement is the key to science. It doesn’t matter how beautiful your
guess is or how smart you are or what your name is.

If it disagrees with experience, it’s wrong. That’s all there is to it.”

Richard Feynman
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CARACTERIZACION DE BIOMATERIALES DENTALES MEDIANTE METODOS OPTICOS

PROPIEDADES OPTICAS Y RUGOSIDAD

La propagacion de la luz en medios biolégicos se caracteriza mediante
los coeficientes de absorcion y esparcimiento, la funcién de fase de
esparcimiento, el indice de refraccion y las condiciones de la superficie
(rugosidad). Las propiedades de la superficie estan intimamente ligadas a las
propiedades Opticas, pues la forma en la que la luz es reflejada depende no

solo de la composicion del material sino también de su microestructura.

En Odontologia, la sustitucion de restauraciones dentales se debe en
gran medida a fallos estéticos. Obtener una restauracién estética supone que
las propiedades opticas del material de restauracion se ajustan a las de los
dientes naturales. Dichas propiedades épticas vienen determinadas por los
fenémenos de absorcién y esparcimiento de la luz que se producen tanto en la

superficie del material como en su interior.

Algunas de las principales propiedades que determinan la apariencia
de los materiales de restauracién dental dependen del esparcimiento de la
luz, como es el caso del color y la translucidez [1, 2]. Mas del 80% de los
pacientes declaran encontrar diferencias de color y de apariencia entre la
restauracion dental y sus dientes naturales [3]. Una superficie rugosa en un
diente restaurado no solo tiene implicaciones en su apariencia provocando,
por ejemplo, tinciones en la superficie, sino que también incrementa la
penetracion de bacterias y la retencién de placa. Como consecuencia de ello, el
riesgo de caries y de inflamacion gingival aumenta [4]. Por consiguiente,
mantener lisa la superficie en una restauracién dental es fundamental para

su éxito [5].

Entre los métodos basados en la resolucion de la ecuacion de transporte
radiativo, el método de Adicion-Duplicacion Inversa, en inglés Inverse
Adding-Doubling (IAD), es una alternativa para determinar las propiedades
opticas. La combinaciéon del método IAD con simulaciones de Monte Carlo

permite una determinaciéon mas precisa de las propiedades opticas que la
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teoria de Kubelka Munk [6-8], empleada con anterioridad de forma
generalizada por su simplicidad. Ello es debido a que el método IAD permite
determinar separadamente la absorcion y el esparcimiento con una alta
precision. Esto es algo que no proporcionan los coeficientes de absorcién y
esparcimiento de Kubelka Munk (K y S), puesto que en S hay contribuciones
de los coeficientes de absorcién y esparcimiento de la ecuacion de transporte
(Ua ¥ W's = (1—g)). Por esta misma razoén, la teoria de Kubelka Munk no

proporciona forma de distinciéon alguna entre el esparcimiento y su direccion.

La teoria de Kubelka-Munk [9] describe la propagacién de la luz difusa
a través de una muestra isotropica, considerando el flujo producido solo en
dos direcciones. La ventaja de esta teoria es que sus coeficientes de absorciéon
y esparcimiento se pueden expresar de forma sencilla en funcién de la
reflectancia y la transmitancia de la muestra. Sin embargo, estos coeficientes
no se relacionan de forma directa con las propiedades épticas del medio. Dado
que la teoria de Kubelka-Munk no proporciona una conexién explicita entre
sus coeficientes y las propiedades opticas, como si ocurre en los métodos
basados en la ecuacién de transporte radiactivo, diversos autores estudiaron
las relaciones entre S y K y los coeficientes de absorcién y esparcimiento de la
ecuacion de transporte radiativo [10, 11]. En dichos trabajos se establecieron

las siguientes relaciones:

K=24, (1)
3 1
S:_X:ua-"_Zlus (2)

Algunos autores consideran que puede tomarse x = 0 [12], pero ni
siquiera con esta consideracion el analisis de la anisotropia del esparcimiento
es viable. En cambio, empleando el método IAD, el esparcimiento y su
direccién se pueden analizar separadamente a través del coeficiente de
esparcimiento (us) y del factor de anisotropia de esparcimiento (g).
Conjuntamente, el uso de simulaciones de Monte Carlo minimiza los errores

sistematicos teniendo en cuenta la geometria de medida, las pérdidas en los
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bordes y la dependencia espectral del indice de refraccion. Ademas,
conociendo los valores de ua, us y g, el color puede evaluarse a partir de
simulaciones de la reflectancia sin necesidad de medidas adicionales [13-15].
El método IAD combinado con simulaciones de Monte Carlo ha sido
ampliamente utilizado para estudiar medios turbios y biolégicos [16-21]. Por
ello, se espera que dicho método sea adecuado para el analisis de

biomateriales.

La evaluacion de las caracteristicas rugométricas de las superficies se
limita habitualmente a la valoracién de la rugosidad media (R«) y, a lo sumo,
de la desviaciéon cuadratica media (Rg), sin considerar que estos valores no
incluyen informacién relevante que proporcionan otros parametros
relacionados con la superficie. Tal es el caso del tercer y el cuarto momento
con respecto a la media de la distribucién superficial de alturas, también
denominados asimetria y curtosis, respectivamente (Rs: y Rrx). Por ejemplo,
la asimetria permite distinguir dos perfiles de elevacion superficiales que
tengan los mismos valores de Rq y Ry pero distinta forma, y la evaluacién
conjunta de Rs: y Rru permite determinar si la distribucién superficial de

alturas es una distribucién normal [22].

En el ambito de la Odontologia, se suele estudiar inicamente el valor
de Ra, obtenido tradicionalmente a partir de medidas realizadas con
perfildbmetros y otros dispositivos de contacto [23—28]. Sin embargo, con los
requerimientos actuales, se impone el uso de técnicas no invasivas y la

inspeccién perfilométrica resulta insuficiente.

El creciente rango de tipos de superficies, limitaciones de medida y
requerimientos de tolerancia han motivado un gran esfuerzo investigador
encaminado a desarrollar distintos métodos, sistemas y técnicas metrologicas
para la evaluacion rugométrica. En este sentido, los métodos dpticos tienen
un papel preponderante en la inspeccién no invasiva de superficies. Entre
estos métodos, los basados en triangulacién éptica han alcanzado un estatus

elevado debido a su flexibilidad, fiabilidad y robustez.
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Durante mucho tiempo, la triangulacion 6ptica ha demostrado ser una
herramienta de gran valor para la evaluacién microtopografica de superficies
en el ambito industrial y en el cientifico [29]. Aunque el principio basico de la
medida de distancias por triangulacién éptica no es reciente, con el paso del
tiempo se han ido optimizando los sistemas destinados a la evaluacién y el
control de calidad de las superficies. Estas mejoras también han motivado
aplicaciones a nuevos campos, como es el caso de las Ciencias de la Salud [30,
31]. En particular, se ha comprobado que la inspeccion microtopografica
basada en triangulacién éptica proporciona informacién valiosa a la hora de
evaluar la calidad de la reducciéon interproximal de esmalte (una técnica
ampliamente utilizada en Odontologia para solucionar problemas de espacio
entre piezas dentales, a fin de mejorar la oclusiéon o el alineamiento de los

dientes evitando la extraccion).

La recopilacion de los parametros opticos y de rugosidad puede
potenciar el desarrollo de aplicaciones tutiles para la practica clinica, como
técnicas y tratamientos basados en el uso de fuentes laser. Por otra parte,
estos datos pueden contribuir al avance de modelos de calculo en los que se
base la optimizacion de nuevas composiciones de biomateriales. Por ejemplo,
en el futuro, la determinacién de los parametros 6pticos y de rugosidad podria
implementarse junto al desarrollo de nuevos biomateriales dentales. Esto
permitiria realizar, entre las composiciones experimentales y materiales
disponibles de propiedades conocidas, comparaciones que condujesen a

composiciones de los materiales cada vez mas adecuadas.

BIOMATERIALES DENTALES: RESINAS DE COMPOSITE Y
CERAMICAS DE ZIRCONIA

Resinas de composite

La busqueda de materiales de restauraciéon dental que imiten la
apariencia y las propiedades de los dientes naturales se inicia con la historia
de la Odontologia. Sin embargo, hasta el siglo XX no se dispuso de materiales

dentales verdaderamente estéticos. En 1958 R.L. Bowen empezé a
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experimentar con resinas epoxicas y acrilicas, utilizando, ademas, particulas
de relleno como refuerzo. Este trabajo [32] culmind con el desarrollo de la
molécula de bisfenol A diglicidiléter dimetacrilato (Bis-GMA), comunmente
denominado Bis-GMA. El Bis-GMA es la base de las resinas de composite

actuales, con las cuales se inicia la Odontologia Estética moderna.

Si bien también pueden emplearse en la sustitucion de dentina, las
resinas de composite se emplean mayoritariamente para restauraciones que

afectan al esmalte dental.

Basicamente, las resinas de composite dentales contienen, al menos dos
componentes distintos: la matriz organica o fase continua y particulas
inorganicas de relleno o fase dispersa. Ademéas se incluye un agente de
acoplamiento o fase de enlace que permite la union entre las particulas de

relleno y la matriz de organica [33].

La matriz organica estd compuesta por mondémeros organicos
disfuncionales que al reaccionar entre si forman macromoléculas
denominadas polimeros. El proceso de transformaciéon de los mondémeros en
polimeros se denomina polimerizaciéon o fotopolimerizacién. Al material
también se incorporan otros componentes, tales como fotoactivadores (para la
polimerizacién) y pigmentos colorantes (para el control de las caracteristicas

estéticas).

En la actualidad, la fase continua de la mayoria de las resinas de
composite se compone de dimetracrilatos como: el bisfenol A diglicidiléter
dimetacrilato (Bis-GMA), el bisfenol A polietilenglicol diéter dimetacrilato
(Bis-EMA), el dimetacrilato de uretano (UDMA), el dimetacrilato de
trietilenglicol (TEGDMA) o dimetacrilatos modificados.

La matriz organica representa entre el 30% al 80% del volumen total
del material. A pesar de que la molécula de Bis-GMA es ampliamente usada
y presenta grandes ventajas, una de sus mayores limitaciones radica en la
contracciéon volumétrica que presenta durante la polimerizacién (de entre el

2% y el 14%). Esta reducciéon volumétrica contribuye al desarrollo de
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tensiones de polimerizacion que a menudo conducen a fallos adhesivos,

microfracturas y caries de recidiva [34].

Con el objetivo de obtener una menor contraccién, alta reactividad y
biocompatibilidad, se introdujo un nuevo anillo catiénico en el sistema de
monoémeros, denominado Silorane [35]. Este nombre deriva de la combinaciéon
de los nombres de sus principales componentes quimicos: silanos y oxiranos
(6x1do de etileno). La investigacion desarrollada ha demostrado que respecto a
las pruebas de citoxicidad son similares o incluso presentan mejores
resultados que los mondémeros dentales de metacrilatos [36, 37]. Sin embargo,
las resinas de silorane muestran inferiores valores del parametro de
translucidez (translucency parameter, TP) que las resinas de dimetacrilatos
tanto antes como después de la polimerizacion. Esto puede explicarse por el
hecho de que las resinas de silorane cormercializadas estaban destinadas a

restauraciones de piezas dentales posteriores, lo cual limita su uso en clinica

[38].

En las ultimas décadas, las investigaciones y los avances en las resinas
de composite dentales se han desarrollado basicamente en lo que respecta a la
fase inorganica dispersa, ya que ésta es responsable en gran medida de las
propiedades fisicas del material. Ello ha dado lugar a que sean precisamente
las caracteristicas de dicha fase (tipo, tamano, fraccién volumétrica y
morfologia de la particula de relleno) las que permitan clasificar los distintos

tipos de composites disponibles en la actualidad.

Las particulas de relleno proporcionan estabilidad dimensional a la
matriz organica, mejorando las propiedades mecanicas del material sin
perder las ventajas aportadas por la matriz organica. Introduciendo esta fase
en el material, se consigue aumentar la dureza y la resistencia a la fractura,
asi como mejorar la resistencia a la compresion y a la abrasion. Por otro lado,
se logra reducir la contraccion de polimerizacion, la absorciéon de agua y el

coeficiente de expansion térmica.
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En la actualidad, los rellenos mas comunes estan compuestos de: silice
aglomerado y altamente dispersado, vidrios de silice con bario o estroncio,
fluoruro de iterbio, cuarzo cristalino, 6xidos de zirconia, silicatos de aluminio
y bario o silicatos de aluminio y litio. El tamano de las particulas de relleno se
regula a través de diferentes procesos de fabricacién, tales como

pulverizacién, trituraciéon o molido.

El tamano de particula de relleno en es el criterio mas empleado para
la clasificacion de las resinas de composite dentales. Segun este criterio, se

pueden encontrar los siguientes tipos de resinas de composite [39, 40]:

e Composites de macrorrelleno: las particulas tienen un tamano que
oscila entre 10 y 80 um y representan un 70-80% del peso o un 60-
70% del volumen del material. Son las primeras que se
desarrollaron y poseen unas caracteristicas mecanicas adecuadas,
pero sus deficientes cualidades estéticas hacen que hoy estén en

desuso.

e (Composites de microrrelleno: se caracterizan por presentar un
relleno de silice pirolitico que puede ser fraccionado en particulas
cuyo tamano oscila entre 0,007 y 0,115 um, con un promedio de 0,04
um. Se consideran altamente estéticos y presentan un excelente

pulido.

e Composites hibridos (figura I.1): con su desarrollo se pretendid
aunar las ventajas de los dos tipos de resinas anteriores, es decir,
excelentes cualidades mecanicas y estéticas. El tamano de particula
varia entre 0,4 y 3,0 um, con un valor medio de 0,7 um. Sus buenas

cualidades mecanicas permitian su uso en reparaciones posteriores.

e Composites de mnanorrelleno o nanocomposites (figura 1.1):
contienen particulas de relleno de tamanos inferiores a 10 nm.
Estas particulas se disponen individualmente o agrupadas en
agregados, denominados nanoclisteres, de 75 nm de tamafo

aproximado.
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Tabla 1. Tipos y caracteristicas del relleno en distintas resinas de composite dentales (datos

proporcionados por los fabricantes).

Tipo de Nanocomposite Hibrido Hibrido Supraesférico
relleno
Nombre | w101 Supreme XT | Tetric EvoCeram 7250 Estelite Omega
comercial
5 - 20 nm 0,04 — 3 um
Losne clp (nanoclusteres: (media: 0,01 - 3,5 um 0,200 um
particula
0,6 — 1,4 um) 0,550 pm)
Fraccion de
volumen (%) 58 - 60 5355 %0 b
Fraccion de 785 892.83 82 82
peso (%)

En los ultimos anos la nanotecnologia se ha empleado para generar
nuevos biomateriales para aplicaciones en distintas areas de la Medicina y
afines, como es el caso de la restauracion dental en Odontologia. A cualquier
material utilizado para reemplazar tejidos se le exige que, en condiciones
1deales, ademas de biocompatibilidad, presente unas cualidades fisicas

similares a los tejidos reemplazados.

En este sentido, una de las mas significativas contribuciones de la
nanotecnologia en el campo de la Odontologia ha sido, precisamente, la
generacion de los llamados nanocomposites [41]. Estos materiales se han
desarrollado a partir de combinaciones de la matriz organica de las resinas
tradicionales (dimetraquilatos) con nanoparticulas de silice dispersado
(nanorrelleno). Con ello se ha pretendido optimizar las caracteristicas 6pticas

y mecanicas del material, reduciendo la contraccién de polimerizacion.

Para preparar esta clase de resinas de composite se han sintetizado
particulas nanométricas, esencialmente silice u 6xido de zirconia. Las
nanoparticulas son tratadas con agentes de acoplamiento de silano que les

permiten estar unidas a la matriz organica cuando el material es
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fotopolimerizado. Los nanémeros se sintetizan a partir particulas del mismo
tamano y, debido a esto, aunque se utilicen para conformar materiales
compuestos altamente cargados, las propiedades reoldégicas podrian
insuficientes. Para superar esta desventaja, se ha dado lugar a que las
nanoparticulas de relleno se agrupen formando nanoclusteres, en los que
dichas particulas mantienen su forma individual. Los nanoclisteres son
6xidos nanoméricos sintetizados ligeramente para formar grupos de

particulas con una distribucién de tamanos controlada.

Mediante el uso de la teoria de Kubelka-Munk [9], trabajos recientes
[42] han encontrado que para nuevos materiales de restauracién dental
(resinas de silorane y nanocomposites) el esparcimiento prevalece frente a la
absorcion para longitudes de onda por encima de los 450 nm y la

transmitancia aumenta con la longitud de onda, a partir de 420 nm.

En los nanocomposites, el hecho de que el tamano de las particulas sea
menor que el de las longitudes de onda del espectro visible provee la
oportunidad de desarrollar materiales altamente translicidos. Si bien se ha
comprobado la mejora en algunas propiedades mecanicas de estos
biomateriales, atin es necesario profundizar en el analisis de sus propiedades

opticas.
Ceramicas de zirconia

En los ultimos anos, se ha desarrollado un nimero creciente de
materiales ceramicos que pueden ser utilizados en Odontologia sin necesidad
de emplear infraestructuras metalicas. Dado que permiten una mayor
transmision de la luz, con estos materiales se puede obtener un modelo
estético dificil de imitar por otros materiales empleados en restauraciones que

afectan a la dentina.
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Entre estos biomateriales, que han dado lugar a las denominadas
restauraciones estéticas de ceramica pura, se encuentra los sistemas de
ceramica de zirconia. Con cada uno de estos materiales ceramicos se utiliza
un enfoque diferente para intentar mejorar las cualidades estéticas sin causar

perjuicio a sus propiedades mecanicas.

El diéxido de zirconio (ZrO2) es un 6xido cristalino blanco. Se obtiene
como un polvo blanco que posee propiedades acidas y basicas y, a temperatura
normal, presenta una estructura cristalina hexagonal compacta. Su uso como
biomaterial es interesante debido a su resistencia mecanica y quimica, a su
estabilidad dimensional y a su mdédulo elastico similar al acero inoxidable [43,
44]. Aunque es uno de los 6xidos ceramicos mas empleados en restauracion
dental debido a sus excelentes propiedades mecanicas, existe controversia
sobre su comportamiento optico, concretamente, sobre si puede considerarse
un material translicido u opaco. Por otro lado, el uso de colorantes le permite
lograr colores semejantes a la estructura dentaria, favoreciendo su

integracion cromatica.

La zirconia estabilizada, en inglés partially stabilized zirconia (PSZ),
es una mezcla de polimorfos de zirconia que se obtiene al anadir 6xido ctibico
en fase de formacion (estabilizador). Agregar una cantidad pequefia de este
estabilizador a la zirconia pura produce una estructura de fase tetragonal a
una temperatura mayor a 1000°C y una mezcla de fases ciibica, monoclinica y

tetragonal, a una temperatura menor [43-45].

Se pueden agregar diversos 6xidos para estabilizar las fases tetragonal
y/o cubica, por ejemplo: 6xido de magnesio (MgO), 6xido de itrio o itria (Y203),
6xido de calcio (CaO) y é6xido de cerio (Ce203). Cualquiera de estos 6xidos
genera un material multifasico a temperatura ambiente, conocido como
zirconia policristalina tetragonal, en inglés tetragonal zirconia polycrystal
(TZP). La microestructura de este material a temperatura ambiente
generalmente consiste en zirconia cubica (fase mayor) con precipitados de

zirconia tetragonal y monoclinica (fase menor). Estos precipitados pueden
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existir como granos fronterizos o dentro de los granos cibicos de la matriz

[43-46].

Garvie y Nicholson demostraron que se mejoré la resistencia mecanica
de la PSZ debido a la distribucion fina y homogénea de la fase monoclinica
dentro de la matriz cabica [47]. El desarrollo de la zirconia como material de
ingenieria estuvo marcado por el aporte de trabajos [48] que demostraron
cémo obtener la mejor transformacién de las fases tetragonal a monoclinica
(T—-M) para lograr mejorias en la resistencia mecanica y la dureza de la PSZ.
Los autores observaron que los precipitados tetragonales metaestables
finamente dispersos dentro de la matriz ctibica eran capaces de transformarse
en precipitados monoclinicos cuando se aliviaba la fuerza ejercida sobre ellos

por la matriz.

Por ejemplo, en el avance de una grieta sobre el material, el campo de
fuerza asociado con la expansién (debido a la transformaciéon de fases) actua
en contra del campo de fuerza que promueve la propagacién de la grieta. Con
esto se logra una mayor dureza del material debido a que la energia asociada
con la propagacion de la grieta se disipa, tanto en la transformacion de fases
T—M como en superar la fuerza de compresion generada por el aumento de

volumen menor [43, 44, 50].

Se puede lograr el desarrollo de los precipitados tetragonales por la
adicién de alrededor de un 8mol% de MgO al ZrOs. Esto permite la formacién
de una microestructura totalmente cubica a 1800°C y la nucleacion dentro de
la matriz de la fase tetragonal metaestable durante el enfriamiento y
envejecimiento. Las ceramicas PSZ se pueden obtener también en el sistema
Zr02-Y203, en el que también es posible obtener ceramicas que a

temperatura ambiente presentan sélo fase tetragonal.

La zirconia policristalina tetragonal estabilizada con itria (Y-TZP)
contiene aproximadamente 2-3mol% de itria y esta compuesta por granos

tetragonales con tamanos del orden de 100 nm. Debido a sus excelentes
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propiedades mecanicas, las ceramicas Y-TZP se tienen un amplio rango de

aplicaciones clinicas.

La zirconia policristalina tetragonal estabilizada con itria 3mol% (3Y-
TZP) contiene un 3mol% de itria como estabilizador y es la ceramica de
zirconia de mayor uso biomédico. En Odontologia se emplea para la
fabricacion de pilares para implantes, coronas dentales y dentaduras
parciales fijas [51]. Las restauraciones se fabrican por un fresado suave de
bloques presinterizados y una posterior sinterizacion a altas temperaturas, o

por un fresado rigido de bloques completamente sinterizados [45, 50].

En la fabricaciéon de los bloques de 3Y-TZP, normalmente, los polvos
utilizados tienen un aglutinante que hacen al material apto para el prensado.
También contienen alrededor del 2% en peso de HO2 (tradicionalmente dificil
de separar del ZrOg. Estos polvos tienen variaciones pequenas en su
composicion quimica y consisten en aglomerados secados por aspersion

obtenidos a partir de cristales mucho mas pequenos.

Los bloques son fabricados mediante un prensado frio isostatico y el
aglutinante es eliminado posteriormente con un tratamiento de calor previo
al sinterizado. Las condiciones de este proceso deben ser controladas
cuidadosamente por el fabricante, sobre todo la velocidad de calentamiento y

la temperatura del presinterizado.

Si la velocidad de calentamiento es muy rapida, la eliminacién del
aglutinante y los productos asociados podria generar grietas en los bloques,
por lo que se prefieren velocidades de calentamiento mas lentas [52]. La
eleccion de una adecuada temperatura de presinterizaciéon de los bloques es
un aspecto critico, pues dicha temperatura afecta a la dureza y al fresado del
material. Estas dos caracteristicas actiian en direcciones opuestas: se necesita
una adecuada dureza para el manejo de los bloques pero, si la dureza es muy

alta, puede ser perjudicial para el fresado.
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El fresado es mejor si se realiza en dos pasos. Por ello, se hace primero
un fresado brusco a una velocidad de avance baja y luego un fresado fino a
una velocidad mayor [52]. La temperatura de presinterizacién también afecta
a la rugosidad de los bloques, de modo que temperaturas globales mayores

generan superficies mas rugosas.

La sinterizacion de las restauraciones fresadas tiene que ser
cuidadosamente controlada, utilizando hornos programados y respetando las
condiciones que dan los fabricantes. Las temperaturas finales alcanzadas
suelen estar entre los 1350 y 1550°C con tiempos de permanencia de 2 a 5
horas. Estas variaciones en las condiciones de sinterizaciéon se deben a la
distinta composiciéon quimica inicial del polvo de 3Y-TZP. Por ejemplo,
adicionar cantidades pequenas de alumina actiia favorablemente en la
sinterizacion, permitiendo el uso de temperaturas de sinterizacién mas bajas

y tiempo menores.

Las temperaturas y tiempos de sinterizaciéon son determinantes en la
obtenciéon del tamano del grano del producto final y en su posterior
estabilidad [50]. Por ejemplo, si las temperaturas de sinterizacién alcanzan
los 1500°C con un tiempo de sinterizacién de 5 horas, se ha comprobado que
aumenta la cantidad de fase cubica en la ceramica 3Y-TZP [53]. La mayor
presencia de granos cubicos es perjudicial para la resistencia de la ceramica
3Y-TZP, lo cual demuestra la importancia de controlar las condiciones el

proceso de sinterizacién de estos materiales.

El alto indice de refraccién y la alta opacidad en el espectro visible de
la ceramica de zirconia estabilizada con itria la hacen muy conveniente en
ciertas practicas clinicas relacionadas con estética dental. Por ejemplo, para
cubrir 1infraestructuras metalicas o para enmascarar coloraciones

inadecuadas en sustratos y pilares de piezas dentales [45, 46].

En trabajos recientes [54] se ha comparado la translucidez de la

dentina y de la zirconia policristalina tetragonal estabilizada con itria, a
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través de la evaluacion del TP (diferencia de color entre medidas realizadas

sobre un fondo negro y un fondo blanco para una misma muestra).

También se han determinado se han determinado los coeficientes de
scatering y absorcion de Kubelka-Munk de este tipo de ceramicas
concluyéndose que, tras el coloreado y sinterizado, el esparcimiento prevalece
frente a la absorcidon, como se ocurre en los tejidos bioldgicos [55]. En este
sentido, es interesante realizar nuevos estudios que permitan seguir
avanzando en el conocimiento de las propiedades Opticas de estos

biomateriales.
APORTACIONES MAS NOVEDOSAS DE LA TESIS DOCTORAL

Teniendo en cuenta este contexto y antecedentes, las contribuciones
mas novedosas que aportara esta Tesis Doctoral se pueden resumir en los

siguientes puntos:

Evaluacion de la funcion de fase de esparcimiento y del factor de
anisotropia de esparcimiento, g, a partir de medidas experimentales (no a
partir de modelos, simulaciones o aproximaciones tedrico-empiricas) en
resinas de composite y ceramicas de zirconia para aplicaciones dentales.
Comprobaciéon de la idoneidad del método experimental empleado para
obtener los valores de g con una precision tal que permita establecer
comparaciones entre materiales y distinciones entre un mismo material en
diferentes condiciones (distintos espesores de la muestra y distintas
longitudes de onda). Esto se comprueba, incluso, para tejidos dentales

humanos (esmalte y dentina).

Determinacion de los coeficientes de absorcién y esparcimiento (1a y ts)
de resinas de composite y ceramica de zirconia mediante el algoritmo IAD a
través de la incorporacion de valores experimentales del factor de anisotropia
de esparcimiento, g, considerando los cambios espectrales de dicho factor y del
indice de refracciéon. Corroboracién de la idoneidad del método experimental
empleado para obtener los valores de pua y is con una precisién que permita

analizar comparativamente distintos materiales.
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Realizaciéon, en condiciones de repetividad, de medidas encaminadas a
valorar el efecto de tejidos dentales humanos (esmalte y dentina) y resinas de
composite sobre el estado de la luz polarizada, proporcionando la

incertidumbre asociada a los angulos de desviacion del plano de polarizacion.

Evaluacién de los principales parametros de rugosidad (Ra, Rq, Rsk y
Rru) en resinas de composite y ceramicas de zirconia, -proporcionando
informacién, no sélo sobre la rugosidad media, sino también sobre la
distribucién superficial de alturas-, mediante el uso de un sistema
microtopografico no invasivo basado en triangulacién 6ptica. Comprobacion
de la i1doneidad de este sistema para obtener los principales parametros de
rugosidad con una precision tal que permita establecer comparaciones entre
materiales y distinciones entre un mismo material en diferentes condiciones
(tratamiento superficial en composites y proceso de sinterizacién en ceramica

de zirconia).

Aportaciéon de una informacién tan relevante como es la incertidumbre
asociada a todas y cada una de las magnitudes determinadas
experimentalmente (factor de anisotropia, coeficientes de absorcion,
esparcimiento y atenuacién, profundidad de penetracién éptica, angulo de
desviacion del plano de polarizacion, parametros de rugosidad y porcentaje de
brillo). Esto constituye una importante novedad pues se obvia de forma
generalizada en los trabajos que estudian biomateriales y, concretamente,
biomateriales destinados a aplicaciones dentales, de modo que no es posible
conocer la precisiéon de los valores de las magnitudes facilitados, ni en qué

medida las comparaciones establecidas se basan de diferencias significativas.
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Light propagation in biological media is characterized by the
absorption coefficient, the scattering coefficient, the scattering phase
function, the refractive index, and the surface conditions (roughness). The
surface properties are intimately related with the optical properties in a
material, since the way that light is reflected by the material depends not

only on its composition but also on its microstructure.

In dentistry, aesthetic failure is one of the most widespread reasons for
restoration replacement. Aesthetic restoration involves a visible match of the
optical properties of restorative material and natural teeth. These optical
properties are determined by light absorption and scattering by the medium’s
surface and interior. Some of the main appearance properties of restorative
materials, such as the perceived color and translucency, are intimately
related with light-scattering properties [I.1, 1.2]. More than 80% of patients
are reportedly aware of color and appearance differences between the
restoration and the adjacent natural teeth [I. 3]. The rough surface of a
treated tooth not only affects the appearance, for example superficial
staining, but also increases penetration of bacteria and plaque retention. This
results in a higher risk of cavities and gingival inflammation [I.4]. Therefore,
maintaining the smooth surface of a restoration is of utmost importance for

1ts success [L.5].

Among the methods based on solving the radiative transport theory,
the Inverse Adding-Doubling (IAD) algorithm 1is an alternative for
determining optical properties. The combination of the IAD algorithm with
the Monte Carlo simulations, leads to a more precise determination of optical
properties than the previously used Kubelka Munk theory [I.6-1.8]. This is
because the IAD method enables a separate determination of absorption and
scattering parts with high precision. This is not provided by the Kubelka
Munk absorption and scattering coefficients (K and S), since S is made up of
the radiative theory’s absorption and scattering coefficients (ua, us and g). For
this same reason, Kubelka Munk theory does not allow any separation

between pure scattering and its direction.
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In contrast, with the IAD method, scattering can be separated into
pure scattering (with the scattering coefficient us) and its direction (with the
scattering anisotropy factor g). In addition, the use of Monte Carlo
simulations minimizes systematic errors by taking into account the
measuring geometry, radiation losses at border lines, and the wavelength
dependent refractive index. Moreover, with the knowledge of the ua, us and g,
color can be evaluated from simulated reflectance values without additional
measurements [[.9-1.11]. The IAD method along with inverse Monte Carlo
simulations has been broadly used to study biological and turbid media [I.12-

1.17]. As a result, its suitability for dental biomaterials is expected.

Optical methods have the most important role for non-invasive
inspection of surfaces. The increasing range of surface types, measurement
limitations and tolerance requirements has demanded a major research effort
in the development of different methods, systems and metrological
techniques. The profilometric inspection seems to be insufficient in many
instances. Among the optical methods, triangulation-based ones have gained
a major status thanks to their flexibility, reliability and robustness. Optical
triangulation has for a long time proved to be an invaluable tool for
microtopographic evaluation of surfaces in the industrial and scientific fields
[I.18]. Successful applications in life sciences have also been performed [1.19,
1.20]. Particularly, triangulation-based microtopographic inspection of treated
tooth surfaces has proved to provide valuable insights in order to evaluate the

quality of dental enamel stripping (a technique widely used in dentistry).

Gathering of optical and roughness parameters may assist the
development of potential applications useful for clinical practice, such as
laser-based techniques and treatments. Furthermore, this data may allow the
advance of other calculation models as a basis for the optimization of new
biomaterial composition. For example, in the future, the determination of
optical and roughness parameters could be used along with the development

of new dental biomaterials. This would allow comparisons between
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experimental compositions and available materials of known properties, thus

revealing the most suitable material compositions.

Currently, dental-resin composites are among the most common and
widely used materials for replacing enamel. Dental nano-filled resin
composites have recently been introduced [I.21]. Nanotechnology applied to
dental composites has provided filler particles that are dramatically smaller,
can be dispersed in high concentrations and are polymerized into the resin
system with molecules designed to be compatible when coupled with a
polymer. Since this molecular manufacturing provides other unique
characteristics, optical properties of nanocomposites could differ when

compared with those of conventional composites (hybrids and micro-hybrids).

With the intention of avoiding the infrastructure of metallic
prostheses, structural ceramics have been improved and progressively more
employed in restorative dentistry. One ceramic material currently used to
replace dentine in an irreversibly diseased tooth i1s yttrium cation-doped
tetragonal zirconia polycrystal (3Y-TZP). The microstructure of 3Y-TZP
ceramics for dental applications consists of small equiaxed grains with
diameter sizes depending on the sintering temperature [[.22]. The sintered
ceramic for dental applications is fabricated using computer-aided design and
manufacturing (CAD/CAM) procedures from pre-sintered zirconia ceramic.
This ceramic material arose as a versatile and promising biomaterial because
of its good mechanical and biological properties [1.23, 1.24]. However, its

roughness and optical characterizations have not been completely developed.

The fulfillment of optimal quality and final success in biomedical
application of dental-resin composites and zirconia ceramics calls for

thorough studies to assess the appropriate material properties.
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The following figures show microscope images of the dental
biomaterials studied in this PhD thesis and of the dental tissues they are

meant to replace.

Figure I.1. SEM images of the inorganic fillers of two different types of dental-resin

composites: nanocomposite (left) and hybrid (right).

Figure 1.3. SEM images of the human dental tissues: enamel (left) and dentine (right).
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Currently, obtaining biomaterials capable of replacing tissue is an
issue that arouse widespread interest in society and on which an important
part of the international scientific community is concentrating its efforts. The
implementation of treatments that use new generation biomaterials happens,
no doubt, by the prior accomplishment of studies to analyze the behavior and
the actual characteristics of these materials. The results of such studies will
condition, to a large extent, the success of future applications to be carried out
in the biomedical field. Before they can be developed to their full potential, it
1s essential to know in detail how the materials already being generated are

and how they behave.

In order to deepen the knowledge of new biomaterials it is vital to
study their optical properties, even if the main function of the restored tissue
1s not visual. For example, comprehension of laser radiation propagation in
these materials is crucial to establish the effects of many current treatments,
which are based on tissue irradiation with laser sources. The latest harmless
diagnostic techniques also have their foundation in the optical response of
biological media. In fact, for the future development of therapeutic and
diagnostic applications, it is imperative to know the relationships between

optical and biological properties of tissues and, thus, of biomaterials.
Therefore, the present Thesis pursues the next goals:
Main objective:

To apply optical methods to characterize biomaterials used in dentistry
for substitution of dental tissues (dentine and enamel), such as zirconia

ceramic and dental-resin composites.
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Specific objectives:

1.-Perform measurements for precise determination of the scattering
anisotropy values of dental biomaterials. Comparatively analyze the behavior
showed by the scattering anisotropy in these biomaterials and in the tissues

that they are meant to replace.

2.-Apply the TAD algorithm to achieve precise values of the absorption
and scattering coefficients of the dental biomaterials, using the scattering

anisotropy factor values previously obtained.

3.-Perform measurements to evaluate the effect of dental biomaterials

on the polarized light state.

4.-Complete a microtopographic non-invasive inspection to evaluate
with precision the main roughness parameters of the biomaterials by means
of an optical triangulation system. Complement the information about

roughness with specular gloss measurements.

The subsequent contents of this PhD thesis are structured as follows:
Each chapter between III and VI corresponds to one of the specific objectives
pursued. Each of these chapters includes the state of the art, the
methodology, the materials analyzed, the results obtained, their discussion
and the references quoted. In chapter VII the final conclusions are gathered
and chapter VIII contains the publications due to the work developed in the
present Thesis. Finally, chapter IX is dedicated to the funding sources that

have made this work possible.

The following table shows the relationship between the specific
objectives, the chapters of this Thesis and the scientific publications included
in the database Web of Science produced by the Institute for Scientific
Information (ISI).
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Table II.1. Relationship between specific objectives, chapters and publications included in the

database Web of Science, of the Institute for Scientific Information (ISI).

Specific objective Chapter Publications in Web of Science (ISI).
Fernandez-Oliveras, A., Rubinio M. and
Pérez M. M., “Scattering anisotropy
measurements 1in dental tissues and
biomaterials”. J. Eur. Opt. Soc.-Rapid Publ.
1.- Perform measurements for 7,12016-1-12016-8 (2012).
precise determination of the Fernandez-Oliveras, A., Pecho, O. E.,
scattering anisotropy values in Rubifio, M. and Pérez, M. M,
dental biomaterials. “Measurements of scattering anisotropy in
Comparatively analyze the I dental tissue and zirconia ceramic”’. Proc.
behavior showed by the SPIE 8427, 84272C-1-6 (2012).
scattering anisotropy in these Fernandez-Oliveras, A., Carrasco, I. M.,
biomaterials and in the tissues Ghinea, R., Pérez, M. M. and Rubifio, M.,
that they are meant to replace. “Comparison between experimental and
computational methods for scattering
anisotropy coefficient determination in
dental-resin composites”. Proc. SPIE 8427,
84272B-1-7 (2012).
Fernandez-Oliveras, A., Rubifio M. and
. Pérez M. M., “Scattering and absorption
2.- .Apply thg IAD algorithm to properties of biomaterials for dental
achleve' precise values of ),Ehe restorative applications”. Submitted (2013).
absorption and scattering . L
coefficients of the  dental v Fernandez-Oliveras, A., Rubifio M. and
biomaterials including the Pérez M M.,. “Determination of optl.cal
scattering  anisotropy  factor g?Opeitle,Sl mn dfﬁltal. restoggfmve
. . iomaterials using e inverse-adding-
values previously obtained. doubling method”. Proc. SPIE, In press
(2013).
Fernandez-Oliveras, A., Pecho, O. E.,
3.- Accomplish measurements for Rubifio, M. and Pérez, M. M,
evaluating the effect of dental AV “Measurements of optical polarization
biomaterials on the polarized properties in  dental tissues and
light state. biomaterials”. Proc. SPIE 8001, 80012Y-1-7
(2011).
Ferniandez-Oliveras, A., Costa, M. F. M.,
4.- Complete a microtopographic Pecho, O. E., Rubifio, M. and Pérez,
non-invasive jnspection to “Rugometric and microtopographie non-
evaluate with precision the main invasive inspection in dental-resin
roughness parameters of the composites and zirconia ceramics’. Proc.
biomaterials by means of an VI SPIE, In press (2013).
optical ~ triangulation system. Fernandez-Oliveras, A., Costa, M. F. M,
Complement the information Yebra, A., Rubifio, M. and Pérez, M. M.,
about roughness with the results “Gloss measurements and rugometric
of specular gloss measurements. inspection in dental biomaterials”. Proc.
SPIE, In press (2013).
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STATE OF THE ART

Knowledge of the optical properties of biological structures is useful for
clinical applications, and even more so when dealing with incoming

biomaterials engineered to benefit the patient.

The optical properties of turbid media are described by the absorption
coefficient, the scattering coefficient (us), and the phase function, which
represents the scattering angular distribution. The phase function is usually
characterized by the scattering anisotropy factor g, which equals the average
cosine of the scattering angle. For media with anisotropic scattering, g and
the scattering coefficient can be combined into a reduced scattering
coefficient, u's = (1—g), to effectively assume that the media exhibits isotropic

scattering.

Certain methods for determining optical parameters assume that light
scattered from biological media is isotropically distributed over all angles
[IT1.1-II1.3]. However, many works show that an angular dependence of light
scattering may exist and affect the optical behaviour of biological media
[ITI.4-III1.11]. Therefore, the recovery of the scattering-angular distribution is
important for biological media and, consequently, a better knowledge of the

scattering anisotropy in biomaterials becomes of great interest.

On the other hand, computational models based on Mie theory can be
used to estimate the scattering anisotropy coefficient [II1.12], but they are
usually applied to ideal medium where the shape of the scattering particle is
perfectly spherical. Therefore, this approach is potentially hazardous when
applied to real material with irregular particle shapes. Although values of
specific optical properties have usually been determined employing Mie
theory [III.13], the extent to which this theory can be applied to light
scattering in dental-resin composites has not yet been analysed. For that
reason, it is important to compare the values estimated with these methods

with measured data from independent experimental techniques.
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The fulfilment of optimal quality and final success in medical
application of biomaterials required complete studies to assess the
appropriate material properties. In this sense, comparative analysis of optical

behaviour in dental tissues and their substitute material becomes necessary.

The aim of this chapter is to experimentally analyse the scattering
anisotropy in human enamel and dentine and their potential substitute
biomaterials (hybrid dental-resin, nano-filled composite, and zirconia

ceramic) and comparatively study them.

The scattering anisotropy factor can be experimentally determined by
irradiating the media with a laser beam and making angular scattering
measurements in a goniometer [III.4-II1.7]. Since the scattering coefficient
depends on the wavelength considered, in order to compute the reduced
scattering coefficient, the corresponding g value should be known. However,
the spectral variation of the scattering anisotropy factor has not been fully

analysed.

In the present chapter, goniometric measurements were made for four
wavelengths in the visible range, allowing a spectral characterization of the
material studied. Previously, for each material, measurements were made
with two different sample thicknesses at the same wavelength, checking the
behaviour of the angular scattering profile. The extrapolation of these
scattering patterns to an incremental thickness would specify the appropriate
phase function to be used in the radiative-transport equation [II1.4]. With the
intention of establishing comparisons between different materials,
measurements were made with the most similar sample thicknesses for the

rest of the wavelengths.

Moreover, at 632.8 nm, a computational model was applied to estimate
the scattering anisotropy coefficient of two different dental-resin composites
(nano-filled and hybrid). Some of the required input parameters for

computing the theoretical model, such as mean particle size and filler-volume
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fraction of the dental resins, were experimentally determined elsewhere

[TT1.14].
THEORETICAL BACKGROUND

When light travels through a biological media, it can be reflected,
transmitted, or scattered due to the heterogeneity of the medium. When light
finds an obstacle in the medium, a scattering event occurs, and the light-
propagation direction changes; if light finds another obstacle, a new
scattering event takes place and the light-propagation direction changes
again. Scattering depends on the wavelength of irradiation, the refractive
indexes of the medium, and the particle which causes the scattering, as well

as on the particle diameter and cross section.

When light is scattered by a particle, its trajectory is deflected by an
angle called scattering angle (6). A value 6 = 0 means that photons continue
in the same direction as before the collision. The component of the new
trajectory which is aligned in the forward direction is proportional to the
scattering-angle cosine. The scattering anisotropy factor g is a measure of the
amount of forward direction retained after a single scattering event, and is

defined by the mean value of the scattering-angle cosine:

1
g= I p(cos@)cos & (cos6)
-1 (III.1)
where p 1s the scattering-phase function that describes the fraction of
light scattered from the obstacle as a function of the scattering angle. The

phase function is normalized so that its integral over all directions is one:

1
f p(cos#)d(cosd) =1
-1 (I11.2)

Being normalized, p(6) represents the probability of 6 being the angle
between the direction of the photons before and after the scattering event .
The anisotropy factor varies between complete backward scattering (g = -1)

and complete forward scattering (g = 1). If g = 0, then the medium is said to
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be isotropic, signifying that photons have the same probability of going in any

direction.

The phase function describes the fraction of light scattered from one
direction into another one and depends only on the angle between the two
directions (scattering angle). Theoretically the scattering profile 1is
independent of the incoming light direction. This means that the phase
function should be symmetric when considering different directions of
rotation with respect to the incident direction of light. Therefore, when
goniometric measurements are made in order to determine the scattering

profile, the direction of rotation is usually chosen arbitrarily.

In this chapter, for goniometric measurements, we have considered
both directions of rotation in the same plane and proved that experimental
phase functions are not symmetric. Taking this into account, to compute the g
factor that represents the phase function, we consider the average between
the two values corresponding to both angular directions of rotation. Many
works deal with scattering anisotropy in turbid media but do not in general
consider the asymmetry of experimental phase functions in the recovery of

the g factor by goniometric measurements [I11.5-1I1.7].

On the other hand, if the particle which causes the scattering has a
size close to the wavelength of incident light, Mie theory can be applied to
evaluate the scattering events. This theory provides a solution to the problem

of light scattered by homogeneous spherical particles.
MATERIALS AND METHODS
Sample preparation

Two different types of dental-resin composites (nano-filled and hybrid)
with  similar polymeric matrixes (dimethacrylates): bisphenol A
diglycidylether methacrylate (Bis-GMA), bisphenol A polyethylene glycol
diether dimethacrylate (Bis-EMA), urethane dimethacrylate (UDMA) and
triethylene glycol dimethacrylate (TEGDMA), were studied. The
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characteristics of each dental-resin composite, according to the manufacturer,

are shown in Table II1.1.

Table III.1. Characteristics of the two different types of dental resin-composites analysed

according to the manufacturer data.

Dental-Resin Organic Inorganic Tyvpe
Composite Matrix Filler yp
. . Silica
Filtek Supreme BIS-GMA’ Bis- agglomerate,
XT EMA, UDMA, hichl Nanocomposite
TEGDMA sy
dispersed silica
Ba glass,
Tetric "UDMA. | trilouride
, riflouride, Hybrid
fivoCeram TEGDMA mixed oxides,
pre-polymers

Specimens were made on a glass plate (Knittel GLASER, Bielefeld,
Germany) with a circular hole prepared with a high-speed hand-piece and a
round bur. With the use of glass plates 1 mm and 0.5 mm thick, two samples
of different thickness were prepared from each dental resin. After the
placement of composites, a clear plastic sheet (Acrylite Plus Clear, Tap
Plastics, Dublin, CA, USA) was laid on the top and bottom of the mould and
another glass plate was pressed onto the top to standardize the specimen
thickness. Each sample underwent photo-polymerization for 40 seconds using
a light-curing unit (Bluephase, Ivoclar Vivadent AG, Liechtenstein) with a
irradiance of 1100 mW/cm? + 10%. After photo-polymerization, all glass plates
were removed. Specimens were handled according to manufacturer’s
instructions. All specimens were prepared by the same user in order to

minimize variability.

For dental-tissue sample preparation, one human tooth was laterally
cut into slices. All cuts were made with an automatic precision cut-off
machine (Accutom-5 Struers, Ballerup, Denmark). The slices provided
samples of enamel and dentine with different thicknesses. Specimens were

polished with silicon carbide paper from 220 to 4000 grits and finally with
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alumina slurry of 1, 0.3 and 0.05um. Then, they were placed in an ultrasonic
cleaner (Renfert, CA, USA) with distilled water in 3 cycles of 10 min to
eliminate polishing detritus. Finally, the samples were stored in distilled

water.

Sintered LAVAT™Zirconia samples provided by the manufacturer with
two different thicknesses were used to study zirconia ceramic material. The
framework ceramics were fabricated using computer-aided design and
manufacturing (CAD/CAM) procedures from presintered zirconia blanks, the
sizes of which had been increased to compensate for shrinkage during

sintering in a special high-temperature furnace.

For the different material analyzed, sample thicknesses used are listed
in Table III.2.

Table II1.2. Thicknesses of the samples used in the measurements (values determined with

0.01 mm in sensitivity).

Material Thicknesses (mm)
Enamel 0.97 0.46
Dentine 0.88 0.41

Nanocomposite 1.11 0.46
Hybrid composite 1.03 0.46
Zirconia ceramic 0.30 0.50

Experimental setup

The set-ups used for scattering anisotropy measurements (Figures III.1
to III1.4) schematically consisted of a randomly polarized laser source, a
goniometric rotary stage of 120 mm in diameter (NT62-295, Edmund Optics,
USA) and a photodiode detector connected to an amplifier-multimeter
(34401A, Agilent Technologies, USA) measuring system. The photodiode was
mounted at the edge of the rotary stage and had an aperture of 3 mm in

diameter. The samples were placed in the centre of the rotary stage and
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irradiated with the laser beam. The laser light scattered off the sample was
detected by the photodiode for different scattering angles. With each sample,
measurements were made in both directions of rotation (between 0 and 180

degrees, and between 0 and -180 degrees).

In the case of the backward-forward scattering measurements, with
the set-up configuration shown in Figures III.1 and III.2, the detector itself
may prevent the laser beam from reaching the sample. To avoid this
drawback, we propose another configuration where a beam splitter allows the
laser beam to aim at the sample by reflection without blocking backscattered
light, which reached the detector by transmission (Figures II1.3 and III.4).
This set-up configuration was used for the measurements at scattering angles

between 160 and 180°, and between -164 and -180°.

The scattering anisotropy factor was calculated for the specimens at
different wavelengths. For this, measurements were made using two laser
sources: a He-Ne laser source with a power of 17.0 mW and beam diameter of
0.98 mm (LHRR-1700, Research Electro Optics, USA), which provided a
wavelength of 632.8 nm; and a tunable ion-argon laser source with 1000 mW
of maximum total power and beam diameter of 0.75mm (Stellar-Pro-L
ML/1000, Modu-Laser, USA), which provided wavelengths of 457.9, 488.0 and
514.5 nm.

First, with the He-Ne laser, measurements were made for each
material with two different sample thicknesses (shown in Table II1.2) in order
to check the behaviour of the angular scattering profile. Then, with the ion-
argon laser, measurements were made with the most similar sample
thickness (third column in Table IIL.2), to establish comparisons between

different materials.
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laser
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Figure III.1. Scheme of the experimental set-up used in scattering anisotropy measurements
on the dental tissues and biomaterials, for scattering angles between 0 and 156°, and between

0 and -162°.

Figure II1.2. Experimental set-up used in scattering anisotropy measurements on the dental

tissues and biomaterials, for scattering angles between 0 and 156°, and between 0 and -162°.
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Figure II1.3. Scheme of the experimental set-up used in scattering anisotropy measurements

on the dental tissues and biomaterials, for scattering angles between 160 and 180°, and

between -164 and -180°.

Figure I11.4. Detail of the experimental set-up used in scattering anisotropy measurements
on the dental tissues and biomaterials, for scattering angles between 160 and 180°, and

between -164 and -180°.
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Data processing

The data of detected values represented the collected power of the
scattering signal. From the measurements of scattered-light signal (V) at
various scattering angles (6), the scattering anisotropy factor (g) was

calculated according to [III.6]:
DV, cos b,

v
i (ITL.3)
where the sums were taken over the evaluated scattering angles and

signal values, at an increment of 4 degrees of scattering angle.

Measurements were made in both directions of rotation (between 0 and
180 degrees, and between 0 and -180 degrees). Considering positive and
negative angles, we calculated both corresponding g values and determined
the average g. The average deflection angle in a scattering event (average
scattering angle) can be calculated as the arccosine of g, since g represents
the average cosine of the scattering angle. Therefore, from the average g
value, the related average scattering angle was determined. The
uncertainties associated to the anisotropy-factor values and the average
scattering angles were calculated taking into account the law of propagation

of uncertainties [II1.15].

For the scattering angles between 160 and 180°, and between -164 and
-180°, measurements were made under different experimental conditions
since we used another set-up (shown in Figures II1.3 and III1.4). The scattered
light signals were normalized in order to add the measurements to the rest of
the data (collected with the set-up in Figures III.1 and II1.2). The normalizing
factor was estimated in this way: for three different scattering angles,
measurements of the scattering signal were made with both experimental set-
ups. For each pair of measurements, a value of the normalizing factor was
calculated and the average was finally considered. Each normalizing factor

value was determined by dividing the scattering signal measured with the
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set-up schematized in Figure III.1 by the scattering signal measured with the
set-up schematized in Figure II1.3. The uncertainty in the normalizing factor
was also calculated according to the law of propagation of uncertainties and
considered in the computation of the uncertainties associated with the
normalized scattering signal values (those corresponding to scattering angles

between 160 and 180°, and between -164 and -180°).

As a test of reproducibility, for the zirconia ceramic sample at 488.0
nm, measurements with the set-up proposed (Figures III.3 and III.4) were
repeated, demonstrating that the difference between the corresponding g

values was less than the associated uncertainty.

To investigate the significance of the signal values measured with the
set-up proposed for angles between 160 and 180°, and between -164 and -180°,
we also computed the g values while omitting these measurements. The
difference between the g wvalues determined (with and without these

measurements) was found to be significant, for each material studied.

Before processing, the data were corrected to reduce effects from the
background noise, due to laboratory ambient lighting and photodiode dark
current (response produced in the absence of input light-signal, i.e. with the
detector in the dark). The background noise was corrected by subtracting
from the measured signal values the background signal detected when

obscuring the laser source.
RESULTS AND DISCUSSION

To make comparisons between the scattering-signal profiles found at
different wavelengths and with different sample thicknesses, we normalized
the scattering-signal profiles. For positive scattering angles, the profile was
normalized by dividing the each signal value by the sum of all the signal
values from O to 180. For negative scattering angles, the profile was
normalized by dividing each signal value by the sum of all the signal values
from O to -180. In this way, we determined the normalized phase function

from the angular scattering profile. Each value of the normalized phase
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function represents the probability associated to the corresponding scattering

angle as the deflection angle in a scattering event.
Influence of sample thickness

As pointed out above, to check the influence of the sample thickness in
the angular scattering profile, with the He-Ne laser, we made measurements

for each material with two different sample thicknesses (shown in Table

T11.2).

The scattering phase functions found with the different sample
thicknesses of each material are shown in Figures III.5 to III.9. The
corresponding average g values and the related average scattering angles are
listed in Table III.3, with their associated uncertainties. It is noteworthy that
by virtue of the low uncertainties found, differences between the g values are

significant.
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Figure I11.5. Normalized scattering signal for the human enamel samples of different

thicknesses.
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Figure II1.6. Normalized scattering signal for the human dentine samples of different

thicknesses.
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Figure I11.7. Normalized scattering signal for the dental nanocomposite samples of different

thicknesses.
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Figure II1.8. Normalized scattering signal for the hybrid composite samples of different

thicknesses.
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Figure II1.9. Normalized scattering signal for the zirconia ceramic samples of different

thicknesses.

Table II1.3. Average g values and scattering angles with their associated uncertainties for the

different sample thicknesses (1 = 632.8 nm).

Material Thickness (mm) Average g Average 6 (°)
Enamel 0.97 0.8870 + 0.0003 27.51 +£0.04
Dentine 0.88 -0.3021 + 0.0020 107.59 + 0.12

Nano-composite 1.11 0.9283 + 0.0004 21.83+0.06
Hybrid composite 1.03 0.7813 + 0.0004 38.62 = 0.04
Zirconia ceramic 0.30 -0.1763 £ 0.0014 100.15+0.08

Material Thickness (mm) Average g Average 6 (°)
Enamel 0.46 0.91867 + 0.00011 23.268 £ 0.016
Dentine 0.41 0.0620 + 0.0010 86.45 + 0.06

Nano-composite 0.46 0.98297 + 0.00021 10.59 + 0.07
Hybrid composite 0.46 0.95429 + 0.00014 17.39+0.03
Zirconia ceramic 0.50 -0.2074 + 0.0024 101.97+0.14
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The results show that, for all specimens studied, the thicker the
sample the lower the g value obtained from goniometric measurements, in
accordance with conclusions of other works [III.4]. As established, the thicker
sample attenuates the on-axis intensity signal, yielding a less forward-
directed scattering profile than the thinner sample. The extrapolation of
these scattering profiles to an incremental thickness would specify the

appropriate phase function to be used in the radiative-transport equation.

Therefore, in the subsequent measurements, we used the thinner
sample of each material, except in the case of the zirconia ceramic; for
zirconia ceramic, since differences between the two sample thicknesses were
lower, we chose the thicker one because its thickness was more similar to

those of the thinner samples of the other materials.
Spectral variation

In Figures III.10 to III.14, for each material, the scattering phase
functions at the evaluated wavelength are shown. The average g values
calculated from the measurements and the related average scattering angles
with their uncertainties associated are listed in Tables III.4 and IIL.5. It is
worth noting the low uncertainty found, which allowed the g wvalues

calculated to be distinguished and compared.
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Figure II1.10. Normalized scattering signal of the human enamel at different wavelengths of

the visible spectrum.
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Figure II1.11. Normalized scattering signal of the human dentine at different wavelengths of

the visible spectrum.
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Figure I11.12. Normalized scattering signal of the dental nanocomposite at different

wavelengths of the visible spectrum.
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Figure II1.13. Normalized scattering signal of the hybrid composite at different wavelengths

of the visible spectrum.
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Figure II1.14. Normalized scattering signal of the zirconia ceramic at different wavelengths of the

visible spectrum.

Table II1.4. Average g values with their associated uncertainties for the different

wavelengths analysed.

A

(nm)

Enamel Nanocomposite Hybrid composite
457.9 0.6812 + 0.0008 0.9617 + 0.0003 0.8710 + 0.0003
488.0 0.6666 + 0.0006 0.9487 + 0.0004 0.8555 + 0.0003
514.5 0.7418 + 0.0006 0.9570 + 0.0004 0.8558 + 0.0003
632.8 0.91867 + 0.00011 0.98297 + 0.00021 0.95429 + 0.00014

A

(nm)
Dentine Zirconia ceramic
457.9 0.1291 + 0.0010 -0.192+ 0.003
488.0 0.2104 + 0.0009 -0.247+ 0.005
514.5 0.2122 + 0.0010 -0.233+ 0.003
632.8 0.0620 + 0.0010 -0.2074+ 0.0024

59



CHARACTERIZATION OF DENTAL BIOMATERIALS BY MEANS OF OPTICAL METHODS

Table II1.5. Average scattering angles with their associated uncertainties for the different

wavelengths analysed.

Average 6 (°)
A (nm)
Enamel Nanocomposite Hybrid composite
457.9 47.06 + 0.06 15.91 £ 0.06 29.42 £ 0.03
488.0 48.19 + 0.05 18.44 + 0.07 31.19+0.03
514.5 42.11 +0.05 16.87 £ 0.08 31.16 +0.04
632.8 23.268 £ 0.016 10.59 £ 0.07 17.39 £ 0.03
Average 6 (°)
A (nm)
Dentine Zirconia ceramic
457.9 82.58 + 0.06 101.08 £ 0.17
488.0 77.86 +£0.05 104.3 £ 0.3
514.5 77.75 +0.06 103.48 £ 0.20
632.8 86.45 + 0.06 101.97+0.14

The results reveal that g values have similar spectral variation for all
the material, except for the human dentine. For the dental-resin composites,
human enamel, and zirconia ceramic, the g values diminish at 488.0 nm and
augment from 514.5 nm. For the human dentine, the g value increase at
488.0 nm and decrease from 514.5 nm. This may be due to the different
internal structure of dentine, which is composed of the so-called tubules,

which are oriented from the pulp to the dentin-enamel junction [II1.16].

Instead, dental enamel is internally composed of inorganic apatite-like
crystals surrounded by a protein-lipid-water matrix, with the crystals
clustered together in rods approximately perpendicular to the tooth surface
[ITI.17]. Compared with the dentine structure, the enamel structure is more
similar to the dental-resin composite structure (since dental-resins are
composed by inorganic filler particles immersed in an organic matrix), and

also to the microstructure of 3Y-TZP ceramics for dental applications, which
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consists of small equiaxed grains with diameter sizes depending on the

sintering temperature [II1.18].

For the dental composites, the angular scattering profiles indicate the
presence of a more pronounced forward-directed scattering in the nano-filled
dental resin than in the hybrid dental-resin composite. The results show that
g values are higher for the nanocomposite than for the hybrid composite, at
every wavelength studied. The higher g values for the nanocomposite reveal
that the scattering particle is more similar to a perfect sphere, since it is
established that for more spherical scattering particles the scattering
anisotropy factor increases [III.5]. On the other hand, for spherical
nanoparticles (diameters from 0.05 to 2.5 pm) in aqueous suspensions, it 1s
established that the g value increases with the scatterer diameter [III.19].
Therefore, lower g values for the hybrid composite may be related to a lower
concentration of scattering centers, resulting in a smaller scatterer diameter.
This agrees with observations made elsewhere, when filler particle size and
particle-size distribution of dental-resin composites was determined

employing a digital-image analysis [I11.14].

From the scattering profiles of Figures II1.10 to I11.14 and the g values
of Table III.4, we can conclude that, in general terms, the dental-resin
composites and human enamel show a similar angular scattering behaviour;
moreover, on the other hand, the zirconia ceramic present a scattering
angular behaviour more similar to that of human dentine. This is valuable for
biomedical applications, since it means that the biomaterials analysed show
angular-scattering behaviour comparable to that of the tissues that they are

meant to replace.

Comparison between experimental and computational methods

for the dental-resin composites

To determine the scattering anisotropy coefficient by means of Mie
theory, a MATLAB code previously described by Matzler [II1.12] was used.

This code i1s limited to homogeneous dielectric spheres and its key parameters
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for calculations are the Mie coefficients to compute the amplitudes of the
scattered field. The computation of these parameters has been the most
challenging part in Mie computations due to the involvement of spherical
Bessel functions up to high order. MATLAB’s built-in double-precision Bessel

functions were used for the computation of the Mie coefficients with this code.

From Mie coefficients, the scattering efficiency and also the scattering
functions were determined. These functions describe the scattered field and
are required if the detailed shape of the angular scattering pattern is needed,
as in the case of scattering anisotropy calculations. To describe the scattering
functions, angular scattering patterns of the spherical harmonics, followed
from recurrence relations of the scattering angle cosine, were used. These

data allowed the computation of the scattering anisotropy coefficient values.

The input parameters required for computation with the MATLAB
code are the refractive indexes (n) of the organic matrix and filler particles,
the particle size, and the filler volume fraction. For the refractive indexes,
data provided by the manufacturers was used. The filler fraction and the
mean particle size were calculated from independent morphological
measurements [III.14] employing high-zoom Field Emission Scanning

Electron Microscope (Fe-SEM) digital images.

The values of the parameters used as input in the computational
model, for both dental-resin composites involved in this study are shown in

Table III.6.

Table II1.6. Input parameters for the computational estimation of the scattering anisotropy

factor in the dental-resin composites.

. Filler Average Filler Matrix
Dental-resin . . . . .
composite fraction particle size refractive refractive
P (%) (um) index index
Nanocomposite 75.8 0.827 1.56 1.546
Hybrid composite 66.8 0.613 1.52 1.546
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Table II1.7 presents the values of the scattering-anisotropy factor (g)
for both dental-resin composites, as determined from the gonometric
measurements and as estimated with the computational method, for a

wavelength of 632.8 nm.

Table II1.7. Experimental and estimated values of the scattering anisotropy factor for the

dental resin-composites analysed (1 = 632.8 nm).

Dental-resin composite Experimental method Computational method
Nanocomposite 0.98297 + 0.00021 0.9399
Hybrid composite 0.95429 £+ 0.00014 0.8975

As can be seen, computational predictions of g are lower than reflected
by the experimental data, but the agreement is good for both materials. In
the case of the nano-filled composite, values of g found with both methods are
closer to each other than in the case of the hybrid composite. This result may
be related to irregular filler-particle shape of the hybrid dental-resin
composite. The higher experimental values (compared with Mie theory
computations) may indicate that the scattering particle causes more narrow-

angle scattering than does a perfect sphere of equal volume.

Comparative analysis of pre-sintered and sintered zirconia

ceramics

To study zirconia ceramic dental material, pre-sintered and sintered
LAVAT™Zirconia samples with similar thicknesses provided by the
manufacturer were used. For the samples analysed, thicknesses used are

listed in Table II1.8.

The samples were irradiated with the He-Ne laser beam (A = 632.8 nm)
and the angular-scattering distributions were measured using the rotating
goniometer, as described previously. Figure II1.15 shows the scattering phase

functions obtained for the human dentine and the zirconia samples analysed.
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Table II1.8. Sample thicknesses used in the measurements for the comparative analysis of

the zirconia ceramics (values determined with 0.01 mm in sensitivity).

Material Thickness (mm)

Pre-sintered zirconia ceramic 0.48

Sintered zirconia ceramic 0.50

Human dentine 0.41
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Figure II1.15. Normalized scattering signal for the zirconia ceramics (pre-sintered and

sintered) and human dentine.

The average g values calculated from the measurements and the
related average scattering angles with their uncertainties associated are
listed in Table III.9. It bears noting the low uncertainties found, which

allowed the g values calculated to be distinguished and compared.

Table II1.9. Average g values and average scattering angles with their associated

uncertainties for the human dentine and the zirconia samples analysed.

Sample Average g Average 6 (°)
Pre-sintered zirconia ceramic -0.7970 £ 0.0016 142.84° £ 0.15°
Sintered zirconia ceramic -0.2074 £+ 0.0024 101.97°+0.14°
Human dentine 0.0620 + 0.0010 86.45° + 0.06°
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The scattering profiles of Figure II1.15 and the g values of Table IIL.8
indicate the presence of a more pronounced forward-directed scattering in the
human dentine than in the =zirconia ceramic samples. However, this
difference is considerably lower in the case of the sintered zirconia sample. In
the case of the pre-sintered sample, only the backward lobe of the scattering
profile is comparable to that of human dentine. By contrast, for the sintered
zirconia and the dentine samples, both the backward and the forward lobes of
the scattering profiles show similar behaviour. For the pre-sintered zirconia
ceramic, the far lower values of the forward scattering lobe lead to a higher

opacity compared with the dentine tissue and the sintered zirconia ceramic.

In general terms, the scattering angular behaviour of zirconia ceramic
1s more similar to that of human dentine after the sintering process. This
finding 1s valuable for clinical applications, since it means that the ceramic
material analysed shows more appropriate and advantageous optical
properties when it has been sintered, as its angular-scattering behaviour

becomes comparable to that of the tissue that it is meant to replace.
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STATE OF THE ART

Optical properties of biological media are key parameters in such
contrasting fields as the food industry [IV.1] and legal or forensic medicine
[IV.2]. In particular, research concerning the interaction of laser light with
new biomaterials is of great interest for clinical applications. The
development of laser-based techniques for treatments and diagnostics
depends on the knowledge of light distribution in the biological media. In
restorative dentistry this is especially important, since novel mechanisms for

improving patients’ comfort and satisfaction are permanently sought.

The most disturbing aspects for dentistry patients are related to the
use of mechanical instruments. Therefore, the development of light tools is an
appealing alternative [IV.3]. Low-power lasers are used mainly because of
their biostimulatory, analgesic, and anti-inflammatory action. High-power
lasers which produce visible physical effects are used as substitutes for
scalpel or conventional rotary devices (e.g. laser-ablation equipment instead
of a bur or turbine handpiece) [IV.4]. There are also some laser varieties that
are replacing halogen lamps, for the same purposes: curing and whitening
[IV.5]. The use of other laser types has been proposed as a method of
decontaminating treated areas in order to prevent caries and plaque as well
as to detain bacterial spread [IV.6, IV.7]. The improvement in the adhesion of
restorative material is also an advantage of laser treatment cited by

clinicians [IV.8].

On the other hand, aesthetic failure is one of the most widespread
reasons for restoration replacement. Aesthetic restoration involves a visible
match of the optical properties of restorative material and natural teeth.
These optical properties are determined by absorption and scattering of light
emerging on the surface and inside the medium. Among the main appearance
properties of restorative materials, the perceived color and translucency are

intimately related with light-scattering properties [IV.9, IV.10].- Thus, the
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final success and quality of the restoration imply a thorough physical

understanding of light interaction in dental biomaterials.

The interaction of light in an absorbing and scattering medium can be
estimated using the radiative transport equation which may be solved using
the adding-doubling method [IV.11-IV.13]. Based on the latest one, the
inverse adding-doubling (IAD) method was proposed [IV.14] and implemented
in the iad program [IV.15]. With this technique, reflection and transmission
measurements performed with an integrating sphere are converted to the
optical properties of the media (scattering and absorption coefficients). This
program has been broadly used to determine the absorption and scattering
properties of diverse biological media [IV.16-IV.21]. The general idea is that
measurements of reflection and transmission are provided to the program in
order to extract the optical properties of the sample. Measuring the diffuse
reflection, collimated transmission (T.) and total transmission (T: = T + T¢)
allows the program to determine the three key optical properties: absorption
coefficient (uq), scattering coefficient (us), and anisotropy coefficient (g).
However, if only the diffuse reflection and total transmission measurements
are available, then only the absorption and the reduced scattering (u's =
us(1—g)) coefficients can be calculated. Thus, in these cases, additional
measurements are required in order to determine the scattering anisotropy
factor. This is an important point, since materials with the same reduced
scattering coefficient but different g values can show different angular
scattered intensities, both in form and magnitude. Therefore, using the
absorption and the reduced scattering coefficients alone for comparing
materials or for reconstruction using inverse methods based, for example, on

diffusion theory would lead to incorrect interpretations [IV.22].

The objective of this chapter is to experimentally analyze the scattering
and absorption properties of two different types of dental-resin composites
and one type of zirconia ceramic and comparatively study them. With this
aim, the IAD method was applied for these biomaterials, combining previous

results of goniometric measurements with transmission and reflection
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measurements performed using a laser-integrating-sphere-based setup. For
comparisons between the different types of materials, the uncertainties

associated to the optical properties were also determined.
THEORETICAL BACKGROUND

In this chapter, dental biomaterials were considered to have
homogeneous optical properties and a uniform refraction index. This ensured
that light will travel in a straight line until scattered or absorbed. The
geometry of the samples was approximated by a plane-parallel slab of finite
thickness. Such a shape allows generalization to layered samples or extension
to an infinitely thick sample. The boundaries were assumed to be smooth and
to reflect specularly according to Fresnel's law. The distribution of light was
assumed to be static with time (both optical properties which change and
irradiance times shorter than about one nanosecond were excluded) and it
was assumed that there were no light sources in the material. The last

assumption was that the polarization of light may be ignored.

In addition to the thickness, light propagation through a slab is
determined by three parameters: the absorption coefficient, the scattering
coefficient, and the phase function. The phase function indicates the fraction
of light scattered from an obstacle as a function of the scattering angle. If
normalized, the phase function represents the angle’s probability of being the
angle between the direction of the photons before and after the scattering
event. The phase function of several dental biomaterials was experimentally

analyzed and discussed in detail in the previous chapter [IV.23- IV.25].

Like biological tissues, biomaterials are assumed to be random turbid
media, with variations in the optical properties small enough to prevent
localized absorption. In other words, they are considered to have volumetric
scattering and absorption properties rather than being composed of discrete
scattering and absorption centers distributed in a non-scattering, non-
absorbing medium. Volumetric absorption (or scattering) is determined by

multiplying an absorption (or scattering) cross section with the density of
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absorbers (or scatterers) [IV.26].This is how the absorption coefficient, ya,
and scattering coefficient, us, are defined. These coefficients represent the
probability per infinitesimal path length that a photon will be absorbed or
scattered by the material, correspondingly. The scattering and absorption
coefficients are typically measured in inverse millimeters, and the reciprocal
of these coefficients is the average distance that light will travel before being

scattered or absorbed, respectively.

The behavior of light in a biomaterial sample for which the geometry
can be approximated by a plane-parallel slab can be described by the
radiative transport equation [IV.27]

(8- V)L(r.8) =~ L(r,8)+ .|, p(s,$)L(r e (IV.1)

where L is the radiance (W cm-2sr-1) at position r in the direction of the
unit vector s. The differential solid angle dw” has the unit vector s as an
outward normal. The phase function p represents the fraction of light
scattered from the direction s’in the direction s and is normalized such that it
is unity when integrated over all directions. The attenuation or transport

coefficient, u: is defined by the sum of scattering and absorption coefficients
My = Hy + (IV.2)

which express the exponential attenuation of light with depth in the

material (the probability that light will travel in the material to a depth z

without scattering or absorbing is e_MZ). The reciprocal of the transport
coefficient i1s the average distance that light will travel before being scattered
or absorbed, usually called the mean free path or penetration depth (since it

1s a measure of how deep light can penetrate the material), /::

Hy (IV.3)

The left-hand side of the radiative transport equation, Eq. (IV.1),

describes the rate of change of the intensity at the point indicated by r in the
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direction of the unit vector s. This rate of change is equal to the intensity lost
due to absorption and scattering (the first term on the right-hand side) plus
the intensity gained through light scattering from all other directions into the

direction s (the last term on the right-hand side).

Calculations of light distribution based on the radiative transport
equation require the knowledge of the absorption coefficient, the scattering
coefficient, and the phase function. For these parameters to be determined, a
solution of the transport equation is needed first. Due to its difficulty, diverse

approximations are made to solve the radiative transport equation.

The diffusion approximation is based on the observation that the light
distribution in highly scattering media tends to become isotropic. This is true
even if the initial light-source distribution and the phase function are highly
anisotropic. Each scattering event blurs the light distribution and, as a result,
the light distribution tends towards uniformity as the number of scattering

events increases.

In the diffusion theory, the radiance in Eq. (IV.1) can be divided into

collimated and diffuse components:

L(r8) = Lo (r,8)+ Ly (r,9) (IV.4)

Intuitively, once light becomes isotropic, only backward scattering
terms change the net flux, forward scattering is indistinguishable from no
scattering. The collimated radiance, L, includes both the light scattered
into a direction parallel to the incident beam and any unscattered light. The
unscattered light does not interact with the material and satisfies the Beer’s

law, with transmission equation

=" 1vs)

with z being the material thickness.
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Because the collimated radiance includes light scattered forwards, the
beam is attenuated not by the usual total extinction or transport coefficient,

Ut, but by the reduced transport coefficient '
o=y (IV.6)
where us’ is the reduced scattering coefficient
ps=1-9)u av.7)

and g is the scattering anisotropy factor.

The scattering coefficient is reduced because light scattered in the
forward direction is indistinguishable from unscattered light. The fraction of
light not scattered within the forward peak is (1-g), and consequently, the

scattering coefficient is reduced by a factor of (1-g).

Thus the reduced scattering coefficient, us’, represents the amount of
light scattered outside of the collimated portion of the radiance and within
the diffuse portion of the radiance. The reduced transport coefficient, u:’,
incorporates forward-scattered light into the collimated beam in the same
way, such that light was incorporated into expressions for the reduced

scattering coefficient.

The collimated light is attenuated at a rate proportional to the reduced

transport coefficient
(SO ’ v)I‘coll (r’ §) = _:ut I I‘coll (r’ §) (IV8)
where so 1s a unit vector in the direction of the incident flux.

The amount of collimated light entering the slab is given by
I-coll (rv §) = (l_ I )Linc (r’ §) (IV9)

where Linc 1s the illuminating flux and rs is the specular reflection

coefficient given by the usual Fresnel reflection formula.
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The solution of (IV.8), subject to the initial condition of Eq. (IV.9), is
I‘coll (r’ §) = (1 - rs )Linc (r’ g)e—#'t 4 (IV 10)

where o is the cosine of the angle that so forms with the z-axis (z/uo 1s
the distance incident light travels in the material to reach a depth z in the
slab) and Linc may be defined from a monodirectional flux zFo(r) which

1lluminated the top surface of the sample [IV.28]
Line (r,§): ﬂFo5(ﬂ_ﬂo) (IV.11)

with 6being the delta function.

The diffuse radiance Lq includes the light scattered in all the directions
except the one parallel to the incident beam and is characterized by the
diffusion approximation as a sum of a diffuse radiant fluence ¢s and a diffuse
irradiance (radiant flux per unit area) Eq. These are defined as the first two
moments of the radiance La:

g (r)=], Lo (r 8o

(IV.12)

Ea(r)= Lﬂ L, (r,8)sdo’ (IV.13)

The diffuse radiance can then be expressed as

~ Ealr)-s
4r (IV.14)

where the factors of 1/47 and 3/4rx result from normalization. Eq.
(IV.14) represents the first two terms of the Taylor expansion for the diffuse
radiance Lq, where ¢ represents the isotropic and Eq the anisotropic (slightly
forward directed) contribution to the diffuse radiance. The diffusion
approximation simplifies the sum to the first two terms in order to have a
more tractable transport equation [IV.29]. Specifically, if we substitute this
two-term expansion of the radiance into the radiative transport equation and

then integrate over w, the result is [IV.26]
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Vg, (r)=-3u'E(r)+Q,(r) (IV.15)
where Q; is the first-order source term of the volumetric source Q:

Q.(r)=[ Q(r s)sde (IV.16)

Where there are no sources, or where the sources are isotropic, Q1
vanishes from Eq. (IV.15). Then the vector irradiance is the gradient of the
scalar fluence. This equation gives precision to the intuitive notion that there
1s net energy flow (i.e. non-zero vector irradiance) from regions of high energy

density (high fluence) to regions of low energy density.

By integrating the radiative transport equation over all directions w at

a point r, it yields
V-Eq (I") =~ M, (r) +Qy (r) (IV.17)

where Qo is the zero-order source term of the volumetric source @

which may be equated to [28]:

Q, (F) = L” Q(r, §h0) = Hs l(l -1 )”Fo (r)eiyt e (IV.18)

Thus, regarding Eqgs. (IV.10), (IV.11) and (IV.12), we see that Eq.
(IV.17) states the net change in the diffuse radiant flux equals the intensity
lost through absorption of the diffuse radiant fluence plus that gained
through the scattering of collimated light into the diffuse portion of the

radiance.

Finally, substituting Eq. (IV.15) into Eq. (IV.17), we arrive at the

classic diffusion equation:
V2, (1) =31, 11,4 (r) =3, Qy (r)+3V - Q,(r) IV.19)

The diffusion equation has a simple solution in the case of a single

1sotropic point light source in an infinite medium
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—Hett T

):%q)e

9 (I’ Ar r (IV.20)

where @ is the power of the point light source, r is the distance to the
location of the point source, and ues is the effective attenuation or transport

coefficient:

Mot =3ty (IV.21)

Correspondingly, the effective mean free path or penetration depth, leg,

can be defined by the reciprocal of the effective transport coefficient:

1

He (IV.22)

Ieff -

In the case of a single isotropic-point light source in an infinite
medium, the point source results in an energy density in the volume with an
exponential falloff. In the case of a scattering medium in a finite region of
space, the diffusion equation must be solved subject to the appropriate
boundary conditions. For different boundary conditions (index matching or
mismatching, no incident diffuse light or diffuse light incident), Prahl
accomplished the diffuse reflection (7) and transmission (R) of a slab with
finite thickness by modeling the phase function as a delta-Eddington phase
function [IV.28].

The solutions indicate that, by measuring the diffuse reflection,
collimated transmission (T.), and total transmission (T: = T + T¢) enable the
determination of three optical properties: absorption coefficient (uq),
scattering coefficient (us) and anisotropy coefficient (g). However, if only the
diffuse reflection and total transmission measurements are available, only
absorption and reduced scattering (u's = us(1—g)) coefficients can be
calculated. Thus, in these cases, additional measurements for determining

the scattering anisotropy factor are required.
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MATERIALS AND METHODS
Sample preparation

Two different types of dental-resin composites (nano-filled and hybrid)

with similar polymeric matrices (dimethacrylates: bisphenol A diglycidylether

methacrylate [Bis-GMA], Dbisphenol A polyethylene glycol diether
dimethacrylate [Bis-EMA], urethane dimethacrylate [UDMA], and
triethylene glycol dimethacrylate [TEGDMA]), were studied. The
characteristics of each dental-resin composite, according to the

manufacturers, are shown in Table IV.1.

Table IV.1. Characteristics of the two different types of dental-resin composites analyzed,

according to the manufacturers.

Dental-Resin Organic Inorganic T
Composite Matrix Filler ype
Filtek Supreme Bis-GMA, Bis- a E)ﬁ(;iate
XTp EMA, UDMA, gghi hi ’ Nanocomposite
TEGDMA | uehy
dispersed silica
. . Silica,
7250 %&iﬁ?ﬁﬁi zirgogium Hybrid
dioxide

Each specimen was prepared on a glass plate (Knittel GLASER,
Bielefeld, Germany) with a hole bored using a high-speed hand drill with a
round bur. After the placement of the composite, a clear plastic sheet
(Acrylite Plus Clear, Tap Plastics, Dublin, CA, USA) was laid on the top and
bottom of the mould and another glass plate was pressed onto the top to
standardize the specimen thickness. Each specimen underwent photo-
polymerization for 40 seconds using a light-curing unit (Bluephase, Ivoclar
Vivadent AG, Liechtenstein) with an irradiance of 1100 mW/cm?2 + 10%. After
photo-polymerization, all glass plates were removed. Specimens were handled

according to manufacturer’s instructions. All specimens were prepared by the

same user in order to minimize variability.
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To analyze zirconia ceramic dental material, we used sintered
LAVAT™Zirconia provided by the manufacturer. The sintered ceramic were
made using computer-aided design and manufacturing (CAD/CAM)
procedures from pre-sintered zirconia blanks, the size of which had been
increased to compensate for shrinkage during sintering in a special high-

temperature furnace.
The inverse-adding-doubling method

The inverse-adding-doubling (IAD) method is a way to determine the
optical properties of turbid media based on the adding-doubling
approximation: inverse denotes a reversal of the usual process of calculating
reflection and transmission from optical properties, and adding-doubling

indicates the method used to resolve the radiative-transport equation.

The adding-doubling method assumes knowledge of the reflection and
transmission properties for a single thin homogeneous layer. For a thick
sample, the reflection and transmission are estimated by repeated doubling
until the desired thickness is reached. The radiance at the two surfaces of a
thin slab can be attained if the phase function is known, since the multiple
scattering is negligible. If an identical slab is added, the successive scattering
back and forth between the component layers may be considered in order to
calculate the radiance of the thicker slab. By iteratively adding other thin
layers or doubling the total thickness, computation can be made for thicker
slabs. With this quick and simple method, anisotropic scattering, internal

reflecting, and arbitrary thick-layered media may be modeled [IV.30].

As commented above, optical properties are used as input in order to
calculate the reflectance and transmittance by means of the adding-doubling
method. Nevertheless, in practice, total reflectance and transmittance values
are measured, whereas the optical properties are unknown. Since the
situation is the opposite, inverse estimation is needed. The IAD method,
therefore, uses total reflectance and total transmittance values as inputs to

estimate the values of the optical properties, i.e. absorption and reduced
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scattering coefficient. In the reverse approach, the optical properties of a
sample can be determined by changing them at each iteration until the
estimated reflectance and transmittance values match with the measured

ones.

To solve the radiative transport equation, the iad program must be
supplied with the experimental values of total diffuse reflectance (Mg) and
transmittance (Mr) together with the values of the scattering anisotropy
factor (g) and the refraction index (n) of the sample. The program guesses a
set of optical properties (1« and p’s) and then calculates values for reflectance
(Mg) and transmittance (Mr). This process is repeated until the calculated
and measured values of reflectance (Mr) and transmittance (Mr) are within a
specified tolerance (for the sum of both relative differences, the tolerance

default value i1s 0.01%).

In addition, particle simulations based on random sampling from
appropriate probability distributions are also solutions for the radiative
transfer equation [IV.31, IV.32]. This particle simulation represents the most

common Monte Carlo application in radiative transfer.

The Monte Carlo simulation is a statistical method that calculates the
trajectories of a great number of photons and, as a result, presents the
reflectance and transmission of a sample for a given set of optical parameters.
The use of this simulation minimizes systematic errors, considers the
scattering phase function, and also takes into account the measuring
geometry. A limiting consideration is that the accuracy of quantities
calculated increases only with the square root of the number of photon
histories, making the Monte Carlo particle simulation a computationally
costly method. Nevertheless, as computing power is progressively becoming
cheaper, this technique is being more widely applied, for example, in tissue

optics [IV.33, IV.34].
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The inverse Monte Carlo simulation was included in the iad program
to achieve an accurate evaluation of the sample’s optical properties. The
measurements of the total diffuse reflectance (MRr) and transmittance (Mr)
used in the IAD method to determine the optical absorption coefficient (1q)
and reduced scattering coefficient (1’s) are modeled by the Monte Carlo
simulation technique, which uses a stochastic simulation of light interaction

with biological media [IV.35- IV.37].

Figure IV.1 shows a schematic diagram of the iad-program logic [IV.28,
IV.36]. At the beginning, lost light through the sample edges is fixed at zero
and the program calculates a coarse grid for measured reflectance and
transmittance values with stipulated absorption coefficient, reduced
scattering coefficient, and scattering anisotropy factor (in the case of available
g values, they can be assigned by means of a command line of the program
which switches this variable to a fixed value). The diffuse and direct
reflectance and transmittance are calculated by adding-doubling algorithm
for a set of optical properties (ua, ¢’s and g). Then, the lost light for the diffuse
and direct fractions is proportionally subtracted and the total reflectance and
transmittance is calculated. The loop i1s repeated by changing the optical
properties until the calculated and the measured values match each other.
When this occurs, the fraction of lost light is calculated by performing the
Monte Carlo simulation. With the lost-light correction, new optical
coefficients are sought and the process is repeated again until the changes in

the values of the absorption and scattering coefficients are less than 0.1%.
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Measurements
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Figure IV.1. Schematic diagram of the iad-program logic with diffuse reflectance (Mr) and
transmittance (Mr) along with scattering anisotropy factor (g) experimental values as input

parameters.
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In this chapter, using the iad program [IV.15], the absorption
coefficient (1q«) and reduced scattering coefficient (1’s) were attained from the
experimental values of total diffuse reflectance (Mr) and transmittance (Mr)
along with those of the scattering anisotropy factor (g) calculated in the
previous chapter [IV.23]. The experimental values of total diffuse reflectance
(MR) and transmittance (Mr) were determined by measuring total reflection

and transmission with an integrating-sphere setup.

The difference between reflection and reflectance is that reflection is
the light reflected by the sample, whereas reflectance is the light reflected by
the sample normalized by the incoming light. Analogously, transmission is
the light transmitted by the sample, whereas transmittance is the light
transmitted by the sample normalized by the incoming light. Hence,
reflectance and transmittance are relative quantities ranging between 0 and

1, which are independent of the intensity of the incident light.

For the measurement of the reflected and transmitted light, the sample
1s situated, respectively, at the exit and entrance port of a sphere. Normally
the detector is placed on the inner sphere surface. The integrating-sphere
theory accounts for the losses caused by absorption from the sphere wall and
light escaping the sphere. The power detected depends on the total light
remaining within the sphere and on the relative (to the total sphere area) size

of the detector [IV.38, IV.39].

Together with the reflectance and transmittance values, a critical
input of the iad program is the integrating-sphere wall reflectance rw. Two
measurements (Figure IV.2) are needed to experimentally determine r» by

means of the expression

R diffuse

_ _ g ) Ned
- aW +ad r-d (1 ae )+as rstd (1 ae ) R diffuse R diffuse
0

Irw std

(Iv.23)

where aw, ad, a., and as are, respectively, the sphere wall (ports

excluded), the detector, the entrance port, and the sample, relative areas to
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the total sphere wall area; ra and rs:«a are, respectively, the reflectance of the

detector and the reference standard.

Eq. (IV.23) illustrates the difficulty in determining accurate values of

the sphere-wall reflectance from the measurements. The two diffuse

diffuse R diffuse
reflectances s and 0

differ only in the amount of diffuse light leaking
from the sphere when the port is empty. Consequently, the difference will be
small (roughly proportional to the relative area of the sample port) and any
errors in the measurements will be magnified when the division is performed.

Rdiffllse ]
0 detector

Figure IV.2. Measurements of diffuse reflectance needed to determine the integrating-sphere

wall reflectance (rw).

For a single-integrating-sphere setup using collimated light (i.e. first
incident on the sample [Figure IV.3]), the total diffuse reflectance Mr is

defined in terms of easily measurable sample and standard reflection as

. R(ro™ r.) - R(0,0)
T R ) -R(0,0) (IV.24)

where R(0,0) is subtracted to discount the effect of the incident light
that hits the sphere wall before the sample, which is not uniformly diffuse

(the light must hit the walls one more time before becoming uniform).
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R 0,0)

R (sta.75ta) R @d"rs)

detector detector

detector

=>
sample

=>
standard

Figure IV.3. Single-integrating sphere measurements of reflection needed to extract the total

diffuse reflectance of the sample Mr.

Under the same conditions (single-integrating-sphere setup using
collimated light [Figure IV.4]), the total diffuse transmittance M7 is defined

in terms of sample reflection and incident light measurements as

_ T(tgirem ) ts) - Tdark
T T00)- Ty, (IV.25)

where Taark constitutes the background signal detected when obscuring
the source. Note that, although it is necessary to subtract this signal from

every measurement, this subtraction is canceled in Eq. (IV.24).

T 0.0) TEi™%n) = Tdark —
detector detector ™ detector
> . —_— '
emll?tt}' sample blocked
e beam

Figure IV.4. Single-integrating sphere measurements of transmission needed to extract the

total diffuse transmittance of the sample M7.
Experimental setup

As commented above, it is difficult to achieve accurate values for the
integrating-sphere wall reflectance rw, since the quantity of interest is a

small difference between two measurements. In the present Thesis, this was
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done under repeatability conditions of measurement in order to determine the
corresponding uncertainty: 20 measurements of the two diffuse reflectances
were taken, from which 20 values of the sphere-wall reflectance were
determined. Then, we calculated the average of the 20 different values and its
corresponding type-A uncertainty, expressed as a standard deviation [IV.40].
In addition, to minimize the uncertainty, we repeated this procedure three
times, resulting in three sphere-wall reflectance values. Finally, the sphere-
wall reflectance was considered to be the average of these three values while
1ts associated uncertainty was computed considering the law of propagation of
uncertainties [IV.40]. In Eq. (IV.23), the reflectance of the detector, rq¢, was
assumed to be negligible. In all the calculations, the manufacturer-specified

values for rsia were considered.

Reflectance and transmittance values were determined from the direct
measurements of total reflection and transmission. It should be noted that

these values are independent of the intensity of the incident light.

For each dental biomaterial studied, the reflectance and transmittance
values were joined with the corresponding scattering anisotropy value for
computing the absorption and the reduced scattering coefficients by means of
the TAD method. Again, this was done under repeatability conditions of
measurement: the metrological procedure was repeated 20 times with each
sample in order to determine the uncertainty associated to the absorption and
the reduced scattering coefficients. From these 20 measurements, we
calculated the average value of both coefficients and their corresponding type-

A uncertainties, expressed as standard deviations [IV.40].

From the average values of the absorption and the reduced scattering
coefficients, the effective transport coefficient, eff, and the effective mean free
path, lef, were calculated for each biomaterial. The uncertainties associated
to these optical properties were computed considering the law of propagation
of uncertainties [IV.40], taking into account the uncertainties of the

corresponding absorption and reduced scattering coefficients.
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It is noteworthy that, in the present PhD thesis, spectral variations not
only of the refraction index but also of the scattering anisotropy factor were
taken into account. Despite their potential repercussion in accurateness,
these aspects are commonly neglected when using the IAD method for
determining the optical properties of biological media. Sometimes a single
value in the entire spectral range investigated is assumed for n and/or g, but
it 1s not particularly associated with the medium under study [IV.16, IV.41];
other times, g measurements are performed specifically for the medium but

with a single wavelength [IV.42- IV.44].

As demonstrated elsewhere [IV.23- IV.25], scattering anisotropy factor
values of the dental biomaterials are farther away from zero (isotropy) and
also change with the wavelength. This i1s expected to affect the spectral values
of other g-related optical properties. On the other hand, the refractive index
of the material is important in determining the optical properties because it
affects the reflection at the border lines caused by sample surface and filler
particles or matrix, in the case of the dental-resin composites [IV.49, IV.50].
Particularly, for the dental-resin composites, since they are composed of
morganic filler particles immersed in an organic matrix, changes in the
refractive index inside the material may have a substantial influence. Since
data provided by the manufacturers is restricted to separated values of filler
and matrix refractive indexes, we measured the overall refractive index of
each dental-resin composite samples with an Abbe refractometer (PCE
Iberica, Spain). For the zirconia ceramic, we considered the refractive index

values given elsewhere [IV.48].

Below, we describe the laser-integrating-sphere-based setup used to
undertake the reflection and transmission measurements on the dental
biomaterial samples. This experimental setup is shown in Figures IV.5 and
IV.6. Basically, it consists of a laser source, a mirror assembly, a three-port
integrating sphere (Oriel 70674, Newport, USA), and a silicon photodiode
detector (S2281, Hamamatsu, Japan) connected to a measuring system. The

measuring system was composed by a photosensor amplifier (C2719
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Hamamatsu, Japan), a multimeter (34401A, Agilent Technologies, USA), and

a personal computer.

Throughout the measuring procedure, the photodiode was attached to
the same port of the sphere. This port was perpendicular to the sample port
and a baffle was located between the two ports to prevent the detection of
specular reflected light. Depending on the stage of the measuring procedure,
by actuating on the mirror assembly, the laser beam was aimed at the
corresponding entrance port: the sample port, for the transmission
measurements; and the opposite port, for the reflection measurements. It
bears noting that, with this configuration, the sample port was fixed and the
entrance port was variable (as opposed to traditional configurations). In this
way, the movement of the sample between reflection and transmission

measurements was avoided.

For the reflection measurement, mirrors 1 and 2 were plugged, while
mirror 3 was put into action in order to aim the laser beam to the reflection
entrance port, Pr. The mirrors of the assembly were interchanged for the
transmission measurements: 3 was sealed off while 1 and 2 actuated to direct
the beam to the transmission entrance port, i.e. the sample port, Ps. At this
stage of the measuring procedure, Pr was obturated with a specific port plug

of the same material as the inner sphere wall (barium sulfate).

For the sphere-wall reflectance measurements, with the mirrors of the
assembly set as in the reflection measurements, the integrating sphere was
rotated so that the laser beam first irradiated the sidewall of the sphere

between the baffle and the sample port.
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Figure IV.5. Scheme of the experimental setup used in reflection and transmission

measurements on the dental biomaterials. Ps is the sample port and Pr is the reflection

entrance port (stopped with a port plug for transmission measurements).

Figure 4.6. Experimental setup used in reflection and transmission measurements on the
dental biomaterials. A folding mount allows mirror 1 (bottom left) to be lifted away so that

the beam reaches mirror 3 (bottom right) for reflection measurements.
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With the aim of calculating the optical properties of the biomaterials at
different wavelengths, measurements were made using two laser sources: a
He-Ne laser source with a power of 12.0 mW (30564, Research Electro Optics,
USA), which provided a wavelength of 632.8 nm; and a tunable ion-argon
laser source with 1000 mW of maximum total power (Stellar-Pro-L. ML/1000,
Modu-Laser, USA), which provided wavelengths of 457.9, 488.0, and 514.5
nm. For each of these wavelengths, the whole process of achieving the sphere-
wall reflectance and the samples’ reflectance and transmittance was

performed.

Before the processing, all the data were corrected to reduce effects from
background noise, due to laboratory lighting and photodiode dark current
(response in the absence of input light-signal, i.e. with the detector in the
dark). The background noise was corrected by subtracting from the measured
signal values the background signal detected when obscuring the laser

source.

The experimental procedure employed fulfilled all the necessary
requirements to provide optical-property values with lower associated
uncertainties. Firstly, collimated rather than diffuse irradiance was used.
Diffuse light may irradiate the sample through the beam by first irradiating
the sidewall of the sphere. Alternatively, collimated light may directly
irradiate the sample, as occurred in our setup. In the diffuse case, there is a
signal registered by the detector due to the light within the sphere, even
when no sample is present. Thus all measurements are made with a high
background signal. Noise in this background signal, especially with low-
reflectance samples, result in uncertainties in the calculation of the
reflectance [IV.13]. In the collimated case the sample reflectance acts as the
source, and the background signal is due only to the laboratory ambient
lighting (almost inappreciable, since it must enter the sphere before reaching
the detector) and to the photodiode dark current. Thus, noise in this

background signal is expected to be lower with the collimated irradiance that
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we used. In addition, before processing, we corrected all the data to reduce

the effects of this background noise.

Secondly, major difficulties arise in making precise collimated
transmission measurements for samples with greater extinction or transport
coefficients, due to the low signal registered by the detector. Although the use
of a photomultiplier rather than a photodiode could be expected to improve
the measurement, this constitutes a much more expensive option. Without
the collimated transmission measurement the reduced scattering coefficient
cannot be separated into the scattering coefficient and the scattering
anisotropy factor g, except if the value of the former one (g) is already known.
In the previous chapter [IV.23- IV.25], goniometric measurements were made
in order to recover the experimental phase functions and the corresponding g
values of dental-resin composites and zirconia ceramic. Given the low

uncertainties found, the use of these g values offered greater guarantees.

On other hand, with a double-integrating-sphere system, in the
reflectance sphere an additional uncertainty will be caused by the signal
returning from the transmittance sphere through the sample. For collimated
irradiance this signal is not directly proportional to the reflectance of the
sample (but rather the transmittance) and is maximal when there is no
absorption. This leads to a greater uncertainty in reflectance than with a
single-integrating-sphere system [IV.13]. Thus, with the use of a single-
sphere system the uncertainty in reflectance decreased because of the

exchange of light between the spheres was avoided.

Finally, with conventional integrating-sphere configurations, the
reflectance and transmittance measurements were sequentially undertaken
keeping the entrance port and changing the sample position. By means of a
mirror assembly, this disadvantage was overcome and, consequently, also the
uncertainty involved was expected to be reduced. It should be pointed out
that, since we did not seek to measure changes in optical properties of

biomaterials with external stimulus (such as heating o light-curing),
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simultaneous measurement of reflection and transmission were not required

in this Thesis.

In summary, the experimental procedure employed offered the
advantage of using single-sphere system (avoiding light interactions between
the spheres) without their disadvantage, since the movement of the sample
between reflection and transmission measurements was surpassed with the
incorporation of an adequate mirror assembly. This setup i1s appropriate for
steady-state (time independent) biomaterial studies and also recommended
when low uncertainties are sought, e.g. in comparative analyses of different

materials.
Input parameters for the iad program

As indicated above, for each wavelength analyzed, the absorption
coefficient (u«) and reduced scattering coefficient (1’s) were determined from
the experimental values of total diffuse reflectance (Mg), transmittance (Mr),
and scattering anisotropy factor (g) using the iad program. Together with
this data, the program requires some additional parameters related not only

to the samples but also to the experimental setup used for the measurements.

In addition to Mg, Mr and g spectral values, the parameters related to
the samples required are the thickness and the refractive index values. Table
IV.2 shows the thicknesses of the sample determined using a Series 500,
Mitutoyo digital caliper (0.01 in sensitivity). The spectral values of the

refractive index taken into account are listed in Table IV.3.

Table IV.2. Thicknesses of the samples used in the measurements (values determined with

0.01 mm in sensitivity).

Material Thickness (mm)
Nanocomposite 0.41
Hybrid composite 0.80
Zirconia ceramic 0.30
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Table IV.3. Spectral refraction index values considered for the dental biomaterials analyzed.

T ——
457.9 1.56390 1.5320 2.19337
488.0 1.5385 1.56315 2.18254
514.5 1.5380 1.56315 2.17471
632.8 1.5380 1.56315 2.15169

As noted above, among the setup parameters required for the program
to describe the particular experiment performed, the integrating-sphere wall
reflectance rw 1s critical. Table IV.4 lists the experimental r. values
indicate above, together with their

determined as corresponding

uncertainties.

Table IV.4. Reflectance values of the integrating-sphere wall, with their associated

uncertainties.

A (nm) 457.9 488.0 514.5 632.8

rw 0.9805 + 0.0009 | 0.98263 + 0.00025 0.9769 +£ 0.0006 | 0.98269 + 0.00016

Additional input parameters mandatory for executing the iad program
are the diameters of: the laser beam (2 mm), the integrating sphere (158.2
mm) and the sphere ports (15 mm, in the entrance and sample ones; 11 mm,

in the detector one).
RESULTS AND DISCUSSION

For each dental biomaterial analyzed, the spectral values of the optical
properties determined are presented in the following tables with their
associated uncertainties. Tables 4 IV.5 to IV.7 show the experimental values
of: the absorption coefficient, pq; the reduced scattering coefficient, 1’s; the
scattering coefficient, us; the effective transport coefficient, ues; and the

effective mean free path, le.
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As pointed out above, the values of uq, and u’s were determined from
the measurements, and g values were calculated in the previous chapter (see
Table II1.4) [IV.23]. By applying Eq. IV.7), us values were calculated from the

values of u’s and g. Finally, ue and leff values were calculated as indicated in

Eq. IV.21) and (IV.22), respectively.

Table IV.5. Optical properties with their associated uncertainties for the nanocomposite.

A
Ha (mm1) s (mm-?) #s (mmt) Heff (mmt) Lefr (mm)
(nm)
457.9 | 0.0704+0.0014 0.999+0.005 | 26.08+0.25 | 0.475+0.005 | 2.104 + 0.021
488.0 | 0.0350 + 0.0006 0.851+0.012 16.6+0.3 | 0.305+0.004 | 3.28+0.04
514.5 | 0.0281+0.0017 0.769 +0.005 | 17.87+0.20 | 0.259+0.008 | 3.86+0.12
632.8 | 0.01705+0.00104 | 0.7400 + 0.0039 43.5+ 0.6 0.197 + 0.006 5.08+0.16

Table IV.6. Optical properties with their associated uncertainties for the hybrid composite.

(| e (om0 oo | G |y (o) | Ly (om)
457.9 | 0.0586 + 0.0005 1.343 £ 0.004 10.41 £ 0.04 | 0.4964 + 0.0021 | 2.014 + 0.009
488.0 | 0.0382 + 0.0004 1.191 + 0.006 8.24+0.04 | 0.37563+0.0020 | 2.664 +0.014
514.5 | 0.0284 +0.0012 1.028 + 0.004 7.13+0.03 0.300 + 0.006 3.33 £.07
632.8 | 0.00221 + 0.00011 | 0.7261 +0.0014 | 15.89 £ 0.06 | 0.0695 + 0.0018 144+ 04
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Table IV.7. Optical properties with their associated uncertainties for the zirconia ceramic.

A fla (unl) gs(uml) | g(mm?) | g (mm) I —
(am)
457.9 0.0203 + 0.0005 14.63 £ 0.12 12.27 +£0.10 0.945 +£ 0.013 1.0568 £ 0.015
488.0 | 0.02889 + 0.00025 14.15 + 0.05 11.35+0.06 1.109 + 0.005 0.902 + 0.004
514.5 0.0604 + 0.0007 11.47 + 0.07 9.30 £ 0.06 1.446 + 0.009 0.692 + 0.005
632.8 | 0.00947 £ 0.00008 | 20.696 +0.014 17.14 £ 0.04 0.767 £ 0.003 1.304 + 0.005

Data in the former tables confirm the suitability of diffusion theory for
the dental biomaterials studied, since the values of the reduced scattering
coefficient are much higher than those of the absorption coefficient. On the
other hand, the data show that the spectral variations of the reduced
scattering coefficient, pu’s, did not agree with those of the scattering
coefficient, us, for all the biomaterials studied. For both dental-resin
composites u’s decreased monotonically in the wavelength range whereas s
presented a minimum. However, for the zirconia ceramic, both scattering
coefficients showed similar spectral behavior, with higher values for the
reduced one. This illustrates the expected influence of the scattering
anisotropy factor values. The factor of 1-g varied between 1.192 + 0.003 and
1.247 £ 0.005 for the zirconia ceramic, while this factor varied from 0.01700 +
0.00021 to 0.0513 =+ 0.0004 for the nanocomposite, and from 0.04570 +
0.00014 to 0.1445 + 0.0003 for the hybrid composite. Zirconia g values are
considerably closer to the isotropy (g = 0) than the composites g values, which
are strongly forward directed (near to 1). Thus, scattering anisotropy has a
markedly distinct impact on the optical properties of zirconia ceramics and

dental-resin composites, as demonstrated.
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For comparisons among the different dental biomaterials at the
wavelengths evaluated, the values of the absorption coefficient, pa, the
scattering coefficient, us, the effective transport coefficient, e, and the
effective mean free path, lef, are jointly represented in Figures IV.7 to IV.10,
respectively. In addition, to help the evaluation of the differences between the
two dental-resin composites, Figure IV.11 displays simultaneously their
values of the reduced scattering coefficient, z’s. For the zirconia ceramic, u’s
spectral values are represented in Figure IV.12. The inclusion of z’s values in
this figure assists a clearer confirmation of the scattering anisotropy effects.

In this figures, the error bars corresponding to the uncertainties have been

represented too.
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Figure IV.7. Spectral values of the absorption coefficient for the dental biomaterials studied.

45
4 . 'D
— 40 4 - - ®- - nanocomposite
= 1 — 4— hybrid composite
£ 35+ - m- zirconia ceramic
8 304
L 1
£ o25]°
o |
o
o 201 .
£ 1 . =
g 15 -
5 - B St
@ 1044~ _ "t~ -7
ke .-
1 T —h
5 T T T T T T T
450 500 550 600 650

wavelength (nm)

Figure IV. 8. Spectral values of the scattering coefficient for the dental biomaterials studied.
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Figure IV.9. Spectral values of the effective transport coefficient for the dental biomaterials studied.
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Figure IV.10. Spectral values of the effective mean free path for the dental biomaterials studied.
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Figure IV.11. Spectral values of the reduced scattering coefficient for the dental-resin composites
studied.
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Figure IV.12. Spectral values of the scattering coefficients for the zirconia ceramic studied.

As can be seen, differences in the optical properties of the three dental
biomaterials studied are significant. By virtue of the low uncertainties found,
the experimental values calculated could be distinguished and compared. The
absorption coefficient had similar spectral variations for both dental-resin
composites, but completely different for the zirconia ceramic. In the case of
the scattering coefficient, the spectral values appeared to follow more parallel
trends for the three biomaterials, with higher values for the nanocomposite.
Comparisons of the reduced scattering coefficients of only the dental resins
revealed that the highest values were presented by the hybrid composite
except at the 632.8-nm wavelength. The scattering anisotropy distinct
impacts on the optical properties of zirconia ceramic and on those of the
dental-resin composites can be clearly checked observing Figures IV.8, IV.11,
and IV.12.

For both dental-resins, the effective transport coefficient showed
similar spectral trends. On the contrary, the effective transport coefficient of
the zirconia ceramic presented not only higher values but also a different
spectral tendency compared with the composites. The effective mean free
path seemed to present rather dissimilar spectral trends for each dental
biomaterial studied, with a marked increment at 632.8 nm in the case of the

hybrid composite.
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These data may be valuable for clinical applications, since the effective
mean path or penetration depth is a measure of how deeply laser light can
penetrate into the material. Furthermore, with the knowledge of pa, ps s,
and g, we can estimate spectral values and color coordinates from simulated
reflectances without the need of preparing samples for additional

measurements [IV.48 - IV.50].
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STATE OF THE ART

Knowing the optical polarization properties of a substance or material
has many applications, because these properties are a consequence of the
internal structure of the material and can be related to other different
properties. For this reason, optical polarization studies are widely used in
metrology with diverse goals. Polarization measurements have traditionally
been used to indirectly determine the chemical concentration of solutions
when the solute is a substance with optical activity. On this basis, an optical
polarimetric system allows real-time glucose monitoring and has the potential

of being used as a noninvasive measure of glucose for diabetes [V.1].

Well-known photoelastic principles have enabled the development of
many industry-friendly tools, such as quality-control tests of solid materials,
where stress variations are measured based on the changes of light
propagation velocity in birefringent materials. Methods based on the
mechanical birefringence have been developed for the investigation of trapped
particles and defects in silicon wafers [V.2], to locate laser-induced damage in
transparent materials [V.3] and to instantly identify the stress concentration

zones in chain-plate assemblies [V.4] or in glass articles of complex shapes

[V.5].

The optical properties of biological media are related to their
constituents. Many biological tissues or molecules are known to be
birefringent, and therefore possess polarization properties. Additionally,
biological scatterers such as cell nuclei and mitochondria alter light
polarization on each scattering event according to the geometry and optical
properties of the scatterers. In biomedical applications, understanding the
relationship between the optical and biological properties of tissues has
provided not only therapeutic techniques but also diagnosis tools. Optical
polarimetry 1is especially significant for noninvasive diagnosis of
neovascularized ocular tissues and hence can enable the detection of ocular

diseases such as diabetic retinopathy and macular degeneration [V.6- V.7].
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In the field of biomaterials, certain physical and optical properties are
often analyzed for quality-control tests as well as for comparing these
materials and biological tissues. In dentistry, resin composites are among the
most common and widely used materials for replacing dental tissue. For this
reason, mechanical and certain optical properties (color, translucency and
fluorescence) of these tooth-colored polymeric restorative biomaterials have
been extensively studied. Some studies have analyzed polymerization stress
for dental resins containing a stress-reducing monomer [V.8] or in nanogel-
modified monomer and composite materials [V.9], studies aimed at evaluating
shrinkage-strain, hardness, and optical properties as a function of the
reducing agent [V.10] or color and translucency in silorane-based resin
composites [V.11]. Since optical polarization properties are the consequence of
the internal structure of the material and they are related to other properties,
the study of optical polarization behavior may provide novel and useful
information in this context. In general terms, there is a considerable interest
in the investigation of polarized light in biological media, and therefore
polarization measurements for biological tissues and biomaterials are needed.
In his chapter the aim is to measure the polarized light scattered off of dental
tissues and dental-resin composites in order to study their optical
polarization behavior and compare them. This information could be useful for

the designing and developing a functional tooth.
METHOD AND MATERIALS
Measurement of polarization shift

The experimental setup for polarization measurements for dental
tissues and biomaterials is shown in Figures V.1 and V.2. It was composed by
a He-Ne laser, two linear polarizers and a detection system based on a
photodiode. The former system included a multimeter and an amplifier
connected to the photodiode detector. The He-Ne laser (Research Electro
Optics model LHRR-1700) with a power of 17.0 mW and beam diameter of
0.98 mm, was random polarized and both polarizers were precision linear

polarizers from Newport Corp. (model 10LP-VIS-B).
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Figure V.1. Scheme of the experimental set-up used for the polarization measurements for

dental tissues and biomaterials.

Figure V.2. Experimental set-up used for the polarization measurements for dental tissues

and biomaterials.
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The laser beam was passed through one linear polarizer placed in front
of the sample, beyond which were placed the second linear polarizer
(analyzer) and the photodiode detector. At the beginning, the first linear
polarizer without the analyzer and the sample in the laser path was rotated
to maximize the laser light intensity, indicating that the laser beam was
completely polarized in the direction parallel to the transmission axis of the
linear polarizer. Then, the analyzer was placed and rotated until the
maximum laser light intensity was reached so that the transmission axes of
both polarizers were parallel. Once the maximum laser intensity was
achieved without the sample in the path of the light, the reference condition
was established. Afterwards, the sample was placed between the two linear
polarizers and the polarization shift of the scattered laser light was observed.
The shift (in degrees) was determined by rotating the analyzer until
maximum light intensity was achieved. This was done under repeatability
conditions of measurement, in order to determine the corresponding
uncertainty: for each sample analyzed, 20 measurements of the polarization
shift were taken and the average of the different values was calculated. In
addition, to minimize the uncertainties in the measurements, for each
material analyzed, measurements were repeated at three different locations

on the sample and the averages were considered.
Dental-tissue and biomaterial sample preparation

One human tooth was laterally cut into five slices of 1mm of thickness.
All cuts were made with an automatic precision cut-off machine Accutom-5
Struers (Ballerup, Denmark). A central slice provided a sample with an outer
layer (enamel) and an inner layer (dentine). This specimen was polished with
silicon carbide paper from 220 to 4000 grits and finally with alumina slurry of
1, 0.3 and 0.05um. Then, it was collocated in an ultrasonic cleaner Renfert
(California, USA) with distilled water in 3 cycles of 10 minutes to eliminate

polishing detritus. Finally, the sample was stored in distilled water.
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For sample preparation, each resin composite was packed into a hole of
a slide cover (10 mm in diameter and 1 mm in thickness). After the packing of
the composite, another slide cover was placed below the other one and a third
slide cover was pressed on top of the specimen. Each specimen underwent
light polymerization for 40 seconds, using a light-curing unit (Bluephase,
Ivoclar-Vivadent) with an irradiance of 1100 mW/ecm2+ 10% according to
manufacturer’s instructions. Once resin photopolymerized, both slide covers

were removed and the packed composite sample was attained.

The two different types of dental-resin composites studied are indicated
in Table V.1. They have similar polymeric matrices, methacrylates: bisphenol
A diglycidylether methacrylate (Bis-GMA), bisphenol A polyethylene glycol
diether dimethacrylate (Bis-EMA), urethane dimethacrylate (UDMA) and
triethylene glycol dimethacrylate (TEGDMA). However, the filler particle
type as well as the filler particle-size range and size distribution was
different: nanocomposites and hybrid resin composites were evaluated. This
1s of great importance, since the filler size, content, distribution, and

composition might influence properties of the dental-resin composites.

Table V.1. Characteristics of the two different types of dental-resin composites analyzed.

Dental-Resin Organic .
O —— Matrix Inorganic Filler Type
Filtek Bis-GMA, Bis- Siliea
e Xgpreme EMA, UDMA, hia%ﬁ Og;srzrz; d Nanocomposite
TEGDMA ERLY ISP
silica
Ba glass,
) Bis-GMA, ytterbium
Tetric . . . .
EvoCeram UDMA, triflouride, mixed Hybrid
TEGDMA oxides, pre-
polymers
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RESULTS AND DISCUSSION

As described in the previous section, four different dental materials
(two dental-resin composites and two human dental tissues) were analyzed
under repeatability conditions of measurement. First, without the sample in
the path of the laser beam, the analyzer was rotated until the maximum
intensity was reached and the angular position of the transmission axis was
measured 20 times. To establish the shift reference condition, we calculated
the average value of these measurements. For each sample analyzed, the
measurement of the transmission axe angular position was also made 20
times, and the average value was calculated as well. The corresponding
polarization shift was determined from this average value by subtracting the
shift reference condition established. The dispersion associated with the
measurements was calculated by a type-A uncertainty, expressed as a
standard deviation, and the uncertainty in the polarization shift under
repeatability conditions of measurement was calculated according to the law

of propagation of uncertainties [V.12].

In addition, to minimize the uncertainties in the measurements, for
each material studied, measurements were repeated at three different
locations on the sample and the corresponding polarization shifts were
determined. Finally, the average value of the shifts was considered and the
associated uncertainty was found by applying the law of propagation of
uncertainties again. The results for the dental tissues and biomaterials

analyzed are shown in Table V.2.

As can be seen in the Table V.2, for human dentine the average value
of the polarization shift found was 7 degrees, with an associated uncertainty
of 2 degrees. This implies that human dentine has notable polarization
properties since the polarization shift found was considerably higher than the
corresponding uncertainty. However, for the human enamel and both dental
resins the average shift values were found to be similar to their
corresponding uncertainties. Therefore, dental-resin composites and human

enamel do not show pronounced polarization properties.
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Table V.2. Average values of and uncertainties associated with the polarization shift in

dental tissues and resin composites.

D Biomaterials | Average Value () | Uncertainty ()
Human Dentine 7 9
Human Enamel 9 9
Nanocomposite 2 9

Hybrid 1 9

It is noteworthy that shift values of the former dental materials are
very close to each other, while they differ clearly with respect the polarization
shift of human dentin. Consequently, the results suggest that although
human dentine has remarkable polarization properties, human enamel and
dental-resin composites do not show major polarization shifts. This is in
agreement with the assumptions of the previous chapter, where the

polarization of light was ignored.

REFERENCES

[V.1] Malik, B. H., Coté, G. L., "Real-time, closed-loop dual-wavelength
optical polarimetry for glucose monitoring," J. Biomed. Opt. 15(1),
017002: 1-6 (2010).

[V.2] Ng, C. S., Asundi, A. K., "Defect inspections using infrared phase shift
field polariscope," Proc. SPIE 7522, 75220A (2009).

[V.3] Wang, P., Asundi, A., "Phase shift polarimetry for non-invasive
detection of laser-induced damage," Proc. SPIE 7155, 715511 (2008)

[V.4] Anand, V., Dasari, N., Ramesh, K., "Inspection of assembly stresses in
an industrial chain plate using reflection photoelasticity," Proc. SPIE

7522, 75220C (2009).

115



[V.6]

[V.7]

[V.8]

[V.9]

[V.10]

[V.11]

[V.12]

CHARACTERIZATION OF DENTAL BIOMATERIALS BY MEANS OF OPTICAL METHODS

Aben, H., Errapart, A., Ainola, L., Anton, J., "Photoelastic tomography
for residual stress measurement in glass," Opt. Eng. 44(9), 093601
(2005).

Sardar, D. K., Salinas, F. S., Perez, J. J. and Tsin, A. T. C., “Optical
characterization of bovine retinal tissues,” J. Biomed. Opt. 9(3), 624—

631 (2004).

Sardar, D. K., Yow, R. M., Tsin, A. T. C., Sardar, R., and Tsin, T.,
“Optical scattering, absorption, and polarization of healthy and
neovascularized human retinal tissues,” J. Biomed. Opt. 10(5), 051501:

1-8 (2005).

Eick, J. D., Kotha, S. P., Chappelow, C. C, Kilway, K. V., Giese, G. J.,
Glaros, A. G., Pinzino, C. S., “Properties of silorane-based dental resins

and composites containing a stress-reducing monomer,” Dent. Mater.

23(8), 1011-1017 (2007).

Moraes, R. R., Garcia, J. W., Barros, M. D., Lewis, S. H., Pfeifer, C. S.,
Liu, J., Stansbury, J. W., “Control of polymerization shrinkage and
stress in nanogel-modified monomer and composite materials,” Dent.

Mater., In press (2011).

Furusea, A. Y., Mondellib, J., Wattsc, D. C., “Network structures of
Bis-GMA/TEGDMA resins differ in DC, shrinkage-strain, hardness

and optical properties as a function of reducing agent,” Dent. Mater.

27(5), 497-506 (2011).

Pérez, M. M., Ghinea, R., Ugarte-Alvan L. 1., Pulgar, R., Paravina, R.
D., “Color and translucency in silorane-based resin composite

compared to universal and nanofilled composites,” J. Dent. 38 (2),

el110-e116 (2010).

International Organization for Standardization, Guide to the
Expression of Uncertainty in Measurement. Corrected and reprinted,

Geneva, 1995.

116



Chapter VI.

RUGOMETRIC INSPECTION FOR
DETERMINATION OF ROUGHNESS
PARAMETERS AND MEASUREMENTS OF
SPECULAR GLOSS






CHARACTERIZATION OF DENTAL BIOMATERIALS BY MEANS OF OPTICAL METHODS

STATE OF THE ART

Research concerning the surface properties of new biomaterials is of
great interest for clinical applications. In dentistry, in vitro and in vivo
studies have demonstrated that the surface texture has a significant
relationship with plaque formation [VI.1- VI.3]. The roughness of a provided
surface has been recognized as the main factor allowing bacteria to adhere to
the surface, while less surface roughness is accompanied by reduced plaque
retention [VI.4, VI.5]. Greater surface roughness of the tooth helps the
penetration of bacteria and plaque accumulation, leading to a higher risk of
cavities. Therefore, in restorative dentistry, studying the surface properties of
materials meant to replace dental tissues in an irreversibly diseased tooth is

important for avoiding harmful changes in future treatments.

On the other hand, the surface properties are intimately related with
the optical properties in a material, since the way that light is reflected by the
material depends not only on its composition but also on its microstructure.
For example, in polymer engineering, the connection between surface quality
and optical properties such as gloss and color is increasingly evident [VI.6-

VL8].

Although clinical function and longevity of biomaterials are the first
prerequisites in dental applications, optimizing appearance is desirable and
increasingly demanded by patients. Surface smoothness, polishability, luster,
and specific shade attributes play important roles in achieving optimal
aesthetics for dental restorations. Color and gloss are among the major
appearance properties of dental biomaterials [VI.9- VI.11] and its relationship
with surface roughness has also been reported. [VI.12- VI.13] Gloss is a
complex visual impression resulting from surface evaluation [VI.14, VI.15].
The more direct light is reflected, the more obvious the impression of gloss

will be.

119



CHARACTERIZATION OF DENTAL BIOMATERIALS BY MEANS OF OPTICAL METHODS

Perception of tooth color is influenced by many factors, including the
optical properties of teeth, such as scattering of light, surface gloss,
translucency, and opacity [VI.16]. The surface gloss is related to the
roughness because a rough surface will scatter the light. Greater surface
roughness results in lower gloss due to the reduction of the flux reflected by

the surface in the specular direction.

Consequently, surface properties such as roughness and gloss are
essential for a complete characterization of dental biomaterials since they are
of major significance in controlling the appearance and, therefore, restoration
aesthetics. Hence, comparative studies of different shades and surface
treatments on diverse materials that are meant to replace dental tissues may

provide useful information for restorative dentistry.

One of the objectives of this chapter is to experimentally analyze the
surface-characterization parameters of the different types of dental-resin
composites and zirconia ceramics, and comparatively study them. With this
aim, non-invasive microtopographic surface inspections of these biomaterials
were developed by means of the optical active triangulation systems
MICROTOP.06.MFC. The other objective of this chapter is to experimentally
determine the specular gloss of different types of dental-resin composites and
zirconia ceramics, and comparatively analyze them. Gloss measurements
were performed using a glossmeter calibrated with a black glass standard.
For comparisons between the different types and colors of dental
biomaterials, the uncertainties associated to gloss and roughness parameters

were also determined.
THEORETICAL BACKGROUND
Optical triangulation

The general triangulation procedure can be illustrated as in Figure
VI.1 [VI.17]. Depth information can be easily obtained. The relation between
the measured value (y') and height (%) is simply:
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Zsin(n +6)

cosn + (% j cot(n + 6)

where M = f'/f is the optical magnification in the observation arm, f

y'=M (VI.1)

and f' are the focal lengths of the observation optics, 7 the incidence angle

and @the observation one.
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Figure VI.1. A sketch of the general triangulation geometry (courtesy of Prof. Manuel F. M.
Costa).

This active triangulation structure illustrated in Figure VI.1 is
geometrically equal to the passive triangulation approach were the incidence

arm is replaced by a second observation arm.

Without considering interference effects, several systems have been
developed that use fringe projection or in general structured lightning.
Typically one light stripe is projected onto the object at a known angle and is
viewed by one or two cameras from another(s) angle(s). The stripe is made to

scan the sample by mechanical or opto-mechanical means.

More popular with the advent of large pixel number CCD cameras and
inexpensive, real time frame grabbers and image processing software, became
the projection of not just one stripe at the time but a whole fringe pattern
covering virtually all the area to be inspected. Other kinds of patterned

lightning are employed like grids or arrays of points.
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Discreet, active triangulation procedures, where a small diameter or
focused well-shaped light beam is projected onto the samples and the areas to
be inspected scanned, are also of good use for their reliability and versatility.

Observation

Incidence

Gl Cly
Surface

Figure VI.2. Geometry of the surface’s relief inspection system (courtesy of Prof. Manuel F.

M. Costa).
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<
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Figure VI.3. The intersection of an oblique light beam with an opaque surface creates on it a
bright spot whose lateral position depends on the surface height (courtesy of Prof. Manuel F.
M. Costa).

Typically in sensors based in active discreet triangulation the bright
spot that is created on a flat surface on the incidence of an oblique light beam
(Figures VI.2 and VI.3) moves over the surface when this is given a normal

displacement [VI.18]. An observer located above the surface will notice this
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lateral movement and be able to translate them into the displacement
incurred by the surface. Alternatively, if there is a reference level and the
sample under observation is placed above it, the lateral movement of the spot

can be translated in terms of local thickness.

The sample is placed on a reference surface and scanned by a light
beam shinning obliquely, and focused onto a small, diffraction limited, spot on
the surface. The scanning is made by moving the sample step by step in equal
precisely known increments. At each sampled point, the bright spot’s position
1s imaged on a camera (a linescan camera will be a suitable solution as the
spot’s position will always lay on the incidence plane) that is interfaced with a
microcomputer where the spot’s position will be registered. At each scanning
step the spot shift regarding the reference position is calculated and the
thickness, or height, and the really inspected surface points are computed

and identified. The three-dimensional set of co-ordinates (Figure VI1.3) will be:

Xom =NA=6,
Y,m =M (V1.2)
Z = Onn cotn

n,m M

where 1 1s the incidence angle, A the sweep increment in the direction
of the plane of incidence (X) and ® in the perpendicular one, M the
magnification of the observation system placed above, perpendicularly, to the
surface, and 6nm the spot shift (on the X direction), regarding a reference

position Pn,m, at the scan position (X», Yn).

The type of the surface under inspection, and its relief characteristic in
the three dimensions, condition the overall performance of this method in

addition to its particular implementation.
Statistical surface parameters

For the dimensional characterization of surfaces, meaningful statistical
parameters such as the average roughness, Rq, are commonly used. R, is

defined as the average of the absolute deviations with respect to the mean:
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N
R, :iZ\Azi\
N (VL.3)

where AZ,=7,-7Z, are the deviations with respect to the average

height, Zn:

"ONE (V1.4)

Ry 1s defined with respect to the root-mean-square deviation of the

R, = /;gAzf Vis)

Other statistical surface parameters that can be calculated from R4

surface-height dataset:

include the skewness of the surface-height distribution, Rs:, given by the

third moment about the mean:

N
Ry = ! ;D AZ]
N-Rg i3 (VL6)

and the kurtosis of the surface-height distribution Rru, defined by the

fourth moment about the mean:

1 N
R =\ R 202
q = (VL.7)

The skewness value can range from minus infinity to plus infinity and
refers to asymmetry of the distribution. A distribution with an asymmetric
tail extending to the right is referred to as positively skewed, while a
distribution with an asymmetric tail extending to the left is referred to as
negatively skewed. Perfectly symmetric distributions have zero skewness.
Kurtosis value refers to the shape of the distribution. Platykurtic

distributions have shorter tails than the normal distribution and leptokurtic

have longer tails. Platykurtic distributions are defined as having Rku < 3,
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while leptokurtic distributions have Rrx > 3 [VI.19]. When Rst = 0 and Riu =

3, the surface has a normal distribution of heights.

Gloss can be defined as an uneven geometrical light distribution
reflected by the surface of an object, with an increased flux in the specular
direction. Gloss measurements quantify the amount of light reflected in the
specular direction of the specimen’s surface. The specular angle is equal but
opposite to the angle of incidence. Specular light is responsible for the
highlight visible on shiny materials. Therefore, gloss measurements quantify

how shiny a material is.

A glossmeter is a reflectometer composed of an incandescent light
source with a collimator and a photodetector. The light beam is directed onto
the surface of the specimen test at a specified incidence angle and the
intensity of the reflected light is photoelectrically measured by the detector,
which is located in the specular direction of the incident beam. The
reflectometer method uses the proportions of directed reflected light as a
measure of gloss and, therefore, high reflectometer values are indicative of

high gloss.

The measurements relate to the reflected flux of light from a polished
black glass plate with a defined index of refraction, which is used as a
standard. A gloss of 100 gloss units is assigned to this black glass standard.
Besides referring to a black standard, it is also quite common in the literature
to relate the reflectometer value to the irradiated light quantity and to
express it as a percentage. If the reference or calibration gloss value of the

black standard (Gst) is known, this can be done by the simple calculation:

GrG

G= )
100

S

“ (VL8)

where G- and G are the reflectometer gloss values related to the black

standard and to the irradiated light quantity (as a percentage), respectively.
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Reflectometers are differentiated by the illumination/viewing angles.
The reflectometer geometry to be used depends on the surface gloss of the
specimen under test. The portion of the light reflected by the surface (R),
depending of the angle of the incoming light (&), can be calculated with the aid
of Fresnel’s formula [VI.20]:

172 BN P
n?.cose —(n® —sin® £)2 (n? —sin? ) —cose
R(n, &)= ol :
n?.cose +(n® —sin® £)2 (n? —sin? )2 + cose (VL9)

where n is the refraction index of the specimen surface under test,

which 1s assumed to be surrounded by air.

For the values of n corresponding to materials such as plastics,
ceramics, coats of paints and varnishes, and the like, R augments with & and
shows relatively low values over a broad range of the angle of incidence.
Owing to the higher proportion of reflected light with large angles of the
incoming light, matte surfaces should be evaluated with a wide angle of
incidence, semi-gloss ones with a medium angle and high-gloss ones only with
a very narrow angle [VI.21-VI.23]. It must take into account that gloss values
attained with different angles are necessarily dissimilar, since the portion of

the light reflected by the surface changes with the angle of incidence.
METHOD AND MATERIALS
Sample preparation

Two different types of dental-resin composites (nano-filled and supra-
spherical) with similar polymeric matrices (dimethacrylates: bisphenol A
diglycidylether methacrylate [Bis-GMA], bisphenol A polyethylene glycol
diether dimethacrylate [Bis-EMA], urethane dimethacrylate [UDMA], and
triethylene glycol dimethacrylate [TEGDMA]), were studied. The
characteristics of each dental-resin composite, according to the

manufacturers, are shown in Table VI.1.
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Table VI.1. Characteristics of the two different types of dental-resin composites analyzed,

according to the manufacturers.

Dental-Resin Organic Inorganic T
Composite Matrix Filler ype
Filtek Supreme Bis-GMA, Bis- a E)ﬁ(;iate
XTp EMA, UDMA, gghi hi ’ Nanocomposite
TEGDMA sy
dispersed silica
Estelite Omega ?ES G(]})l\l/\[/[% Silica, zirconia | Supra-spherical

Two different shades of both dental-resin composites were studied:
clear translucent and A2 enamel for the nanocomposite; translucent and A2

enamel in the case of the supra spherical composite.

Each specimen was made on a glass plate 1 mm thick (Knittel
GLASER, Bielefeld, Germany) with a circular hole prepared using a high-
speed hand drill with a round bur. After the placement of the composite, a
clear plastic sheet (Acrylite Plus Clear, Tap Plastics, Dublin, CA, USA) was
laid on the top and bottom of the mould and another glass plate was pressed
onto the top to standardize the specimen thickness. Each specimen
underwent photo-polymerization for 40 seconds using a light-curing unit
(Bluephase, Ivoclar Vivadent AG, Liechtenstein) with an irradiance of 1100
mW/cm2 £+ 10%.

With this procedure, the resulting specimen is called a Mylar strip.
After photo-polymerization, a Kerr OptiDisc® surface treatment was applied
to one specimen of each dental-resin composite. In this surface treatment a
sequence of four abrasive discs is used and the resulting roughness is
expected to be coarser than before the treatment. Specimens were handled
according to manufacturer’s instructions and were prepared by the same user

in order to minimize variability. Since the surfaces of all dental-resin samples
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were treated in a similar manner, between-sample comparisons are possible

in this study.

To analyze zirconia ceramic dental material, we used pre-sintered and
sintered LAVAT™Zirconia samples with similar thicknesses provided by the
manufacturer. The sintered ceramics were made using computer-aided design
and manufacturing (CAD/CAM) procedures from pre-sintered zirconia blanks,
the size of which had been increased to compensate for shrinkage during
sintering in a special high-temperature furnace. We studied two sintered
zirconia ceramics: SP3-color and uncolored. The sample thicknesses were 0.48
mm, for the pre-sintered zirconia ceramic, and 0.50 mm, for both sintered

zirconia ceramics (determined with 0.01 mm in sensitivity).
Rugometric and microtopographic inspection

All samples were submitted to rugometric and microtopographic non-
invasive inspection performed with the MICROTOP.06.MFC laser
microtopographer 1in order to determine the statistical surface-

characterization parameters Ra, Rq, Rsk, and Rru.

For computing the former statistical parameters, the sample surface
inspected was 1 mm2. In this area, 51 one-dimensional profiles with 601
points per profile were recorded. For each sample, the metrological procedure
was repeated 20 times in order to determine the uncertainty associated to the
surface parameters. From these 20 measurements, we calculated the average
value of each parameter and its corresponding type-A uncertainty, expressed

as a standard deviation [VI1.24].

Below, we briefly describe the optical active triangulation
microtopographic inspection system MICROTOP.06.MFC [VI.24- VI.26] used
for the rugometric and microtopographic non-invasive inspection of the dental
biomaterial samples. The set-up is schematically shown in Figures VI.4 and
VI.5 (courtesy of Prof. Manuel F. M. Costa). Its use for inspection in dental
applications has already been proved [VI. 28].
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Figure VI.4. Scheme of the MICROTOP.06.MFC microtopographer: 1. Interchangeable light

sources; 2. Vibration isolation stand; 3. Neutral density filter; 4. Beam steering system; 5.
Incidence angle control motorised system; 6. Incidence optics; 7. Normal observation optics; 8.
and 10. Beam splitters; 9. Interference filter; 11. Normal photosensitive detection system; 12.

Photodetector; 13. Video camera and illuminator; 14. Specular observation optics; 15.

Interference filter; 16. Specular photosensitive detection system; 17. Sample support and

motorised positioning system; 18. Data acquisition and control system; 19. Microcomputer.

Figure VI.5. The MICROTOP.06.MFC microtopographer.
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For several years, optical profilometers and microtopographers were
developed at the Physics Department of the Universidade do Minho
investigating different applications. For many years the main
microtopographer MICROTOP.03.MFC was successfully applied to the
examination of a large range of surface types and other inspection tasks
[VI.25]. Over the years, small improvements in certain characteristics have
been made and special versions have been designed for particular
applications such as a portable set and a system to inspect polymers. Recent
requests [VI.26, VI.27] have led us to improve the system by incorporating a
number of innovative features. Increased versatility and reliability, with a
larger measuring range, better accuracy, and resolution now down to the
nanometer range have been achieved in the MICROTOP.06.MFC. Discreet
active triangulation [VI.25] is the method employed. Essentially in this kind
of sensors a beam of light shines on the sample at some angle and the

reflected light is collected at another angle.

The surface to be inspected is scanned by one oblique light beam. One
Xe white light source and two HeNe lasers at 632.8 and 534 nm are available
and can be easily interchanged. The incident light is collimated and focused.
A small, diffraction-limited bright spot is thus projected onto the sample. The
bright spot is imaged both perpendicularly and specularly onto electronic
photosensitive detection systems in order to assess its lateral position. The
photosensors are a 2048-pixel Fairchild CCD linear array on the specular arm
and a Reticon line scan camera. The area of the surface to be inspected is
scanned point by point by the “sensor’s tip” (the light beam focused onto the
surface). The system’s greatest robustness was sought. Also a high lateral
positioning resolution and accuracy should be achieved. Thus both the
incidence arm and observation arms of the sensor are kept fixed. For the
sample’s scanning the sensor is moved by means of a precision XY
displacement table driven by precision step motors. Piezo-driven motors allow
positioning with nanometer resolution within a 1.5-mm range. At each
scanning point, on a rectangular array separated by distances down to 1.25

um, the lateral spot’s position in both sensors is determined and registered.
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The spot’s shift on both detector planes, between consecutive scan positions is
directly related to the height differences between those inspected surface
points. In the “specular” arm of the system the detector can be positioned
(Just introducing an adapter) tilted relative to the observation optics in order
to increase the depth range of the sensor (Schleimpflug’ condition). Employing
the linear arrays, both arms are on a confocal arrangement allowing the best

resolution.

The incidence set-up, apart from the light source, comprises a neutral
density variable filter, a motorized beam-steering system, a spatial filter, and
focusing optics. The change in the incidence angle is synchronized with the
shift in observation angle on the “specular” arm. A vertical movement
precision stage equipped with computer-controlled motion provided by an
accurate DC encoder with high positioning repeatability and resolution is
used to refocus the optical observation system but especially for calibration of
both arms of the sensor. In order to resolve shaded areas and mutual
reflections, a high-precision rotational stage is used to allow easy change to
opposite light incidence. Often the faces of the surface to be analyzed are not
parallel or simply the surface to be inspected does not lie horizontally. For
maintaining the best height resolution, a tilt table was incorporated to the
positioning system of the samples. Furthermore, it may allow the inspection

of 3D objects or surfaces with pronounced holes, for instance.

Optical observation systems are composed of microscope objective
lenses chosen according to the relief characteristics of the surface. The
objective lenses can be independently focused in both sensor arms, and they
will be used to image the light spot onto the opto-electronic photosensitive
detection systems. Both the “normal” and the “specular” sensor arms are
attached to a XYZ precision displacement table for finer adjustments. A 2D
CCD camera was attached to the system, allowing the capture of
bidimensional color images of the scanned area for matching and improved
visualization aid. To fulfill different requirements, various photosensitive

systems are available and all are interchangeable. A personal microcomputer
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acquires the data and controls the entire inspection process and the
presentation of the results. At the end of the inspection process, we may have
just one dataset, though typically two datasets, one for each arm of the
sensor. Data processing is independently performed and two sets of
parameters and functions are established by triangulation and scattering
analysis. The correlation of the datasets is investigated, comparing in order to

compile the single best set of reliable and accurate data.
Gloss measurements

Gloss measurements of all dental biomaterial samples were performed
with a Minolta Multi-Gloss 268 reflectometer which is schematically shown in
Figure VI.6. The Minolta Multi-Gloss 268 is a portable measuring unit which
conforms to the standards ASTM D 523, DIN 67 530, ISO 2813and BS 3900
Part D5, and it is provided with the standard geometries of 20°, 60° and 85°.

Digital display

S D
ar o )
‘N\W
Area of measurement .

Figure VI.6. Scheme of the Minolta Multi-Gloss 268 glossmeter used to examine the dental

biomaterial samples. S: source; C: collimator; A: aperture; D: detector.

When the Multi-Gloss 268 is used, the degree of gloss of the test
surface determines the selection of illumination and reflection angles, as
follows: semi-gloss surfaces are measured at an angle of 60°. Measurements
should range between 10 and 70 gloss units. If highly reflective surfaces are

measured using the 60° geometry and the measured value exceeds 70 gloss
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units, the measurements should be repeated using the 20° geometry. Matte
surfaces, however, showing measured values of less than 10 gloss units (using
the 60° geometry), should be measured using the 85° geometry. Nevertheless,
for a better differentiation of the measured values, the manufacturers
recommend using the 85° geometry in all cases in which the value measured

at 60° is below 30 gloss units.

According to these instructions, all the dental biomaterial samples
were firstly examined using the 60° geometry. Since for all the samples the
gloss values measured at 60° were below 30 gloss units, they were all finally
examined using the 85° geometry. To perform the measurements, each
specimen was placed below the device base and eventually completely covered
the measurement area at the center of the aperture. The measurements were

carried out in darkness to exclude external light during the readings.

For each sample, the metrological procedure was repeated 20 times in
order to determine the uncertainty associated to the gloss values. From these
20 measurements, we calculated the average gloss and its corresponding

type-A uncertainty, expressed as a standard deviation [VI.24].

The glossmeter measurements were related to a polished black glass
plate with a refractive index of 1.567, used as a standard. Each time before a
new test series was measured, the glossmeter was calibrated by comparing
the results with the calibration plate, which has a different reference value
for each incidence angle. The reference gloss value of the black standard at

the 85° geometry was 99.8.

Taking into account the calibration value at the 85° geometry, Gsd, Eq.
(VI.6) was used to relate the reflectometer values to the quantity of irradiated
light and to express gloss values as percentages. The uncertainties associated
to the gloss percentages were computed considering the law of propagation of
uncertainties [V1.24] taking into account the uncertainties of the gloss values

related to the standard and the corresponding calibration value.
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RESULTS AND DISCUSSION

For the dental biomaterials analyzed, the average surface-parameter
values calculated from the microtopographic inspection with their associated
uncertainties are presented in the following tables. Table VI.2 shows the
surface parameters of the dental-resin composites without surface treatment
(Mylar strip), whereas the parameters of the dental-resin composites after the

OptiDisc® surface treatment are listed in Table VI.3.

As can be seen, differences between the two shades of both kinds of
composites are significant. For each dental-resin composite type, the A2
enamel shade shows lower values of Ras and R,. It may be associated with
dissimilarity in the concentration of filler particles for the different shades,
resulting in cluster-formation variations. In comparisons of both composite
types with similar shades, the roughness parameters R, and Rq present
higher values in the case of the nanocomposite. Larger cluster sizes for the

nanocomposite may explain this performance (see Figure V1.7 [VI.29]).

Although the values of R. and Ry notably increase with the surface
treatment, the above observations are valid for the dental-resin composites
with and without the treatment. However, the behavior of Rsk and the Ry 1s
not the same. For the samples without the surface treatment, the skewness
values approach 0 and the kurtosis values tend to 3; therefore, these surfaces
have approximately a normal distribution of heights. With the surface
treatment, the Rsk values become smaller (more negative) and the Rr. values
larger, moving away from O and 3, respectively. As a result, we can conclude
that the surface treatment applied to the dental-resin composites not only
increases the average roughness but also changes the symmetry and shape of
the surface-height distribution, moving it farther away from the normal

distribution.
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Table VI.2. Average surface parameters with their associated uncertainties for the dental-

resin composites without surface treatment (Mylar strip).

Average R, Average R,

Material ) )

Average Rsr | Average Ry

Clear translucent

. 0.927 £ 0.012 1.156 + 0.015 0.12+0.10 3.4+0.3
nano-composite

A2 enamel nano-

. 0.206 £ 0.005 0.258 + 0.004 -0.124 £ 0.023 3.00 + 0.04
composite

Translucent

supra-spherical 0.322+£0.004 | 0.401+0.004 | -0.073+0.023 2.92 +0.03
composite

A2 enamel supra-

spherical 0.174+£0.005 | 0.212+0.004 -0.14 £ 0.03 3.28 £ 0.09
composite

Table VI.3. Average surface parameters with their associated uncertainties for the dental-

resin composites after the OptiDisc® surface treatment.

Material Average R. Average R, Average R Average
(pm) (um) Rru
Clear translucent | o 43, 605 | 3184008 | -0.30+0.18 | 3.66%0.20
nano-composite
A2 enamel nano-
. 0.90 £ 0.08 1.24 +0.13 -1.61 +0.23 7.6+1.6
composite
Translucent
supra-spherical 1.55+ 0.03 2.07 £0.04 -0.59 +£ 0.09 4.69 £ 0.09
composite
A2 enamel supra-
spherical 0.339 + 0.008 0.63 £ 0.03 -6.34 +0.17 71+3
composite
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g

Figure VI.7. Dissimilarity in the filler-particle concentration of dental-resin composites due

to cluster formation: nano-filler (left) and nano-filler with clusters (right).

Although the values of Rs and Ry notably increase with the surface
treatment, the above observations are valid for the dental-resin composites
with and without the treatment. However, the behavior of Rsk and the Rru 1s
not the same. For the samples without the surface treatment, the skewness
values approach 0 and the kurtosis values tend to 3; therefore, these surfaces
have approximately a normal distribution of heights. With the surface
treatment, the Rs: values become smaller (more negative) and the Rr. values
larger, moving away from O and 3, respectively. As a result, we can conclude
that the surface treatment applied to the dental-resin composites not only
increases the average roughness but also changes the symmetry and shape of
the surface-height distribution, moving it farther away from the normal

distribution.

In Figure VI.8, two relief maps obtained with the MICROTOP.03.MFC
system for the A2 enamel composite samples without surface treatment
(Mylar strip) are shown. In Figure VI.9, two relief maps of the treated A2

enamel composite surfaces are present for comparison.
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Figure VI.8. Relief maps obtained with the MICROTOP.03.MFC system for the A2 enamel

dental-resin composite samples without surface treatment (Mylar strip): nanocomposite (top)

and supra-spherical composite (bottom).
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Figure VI.9. Relief maps obtained with the MICROTOP.03.MFC system for the A2 enamel

dental-resin composite samples with the OptiDisc® surface treatment: nanocomposite (top)

and supra-spherical composite (bottom).

In Table VI.4, we quantify the relative differences in the statistical
parameters due to the composite-surface treatment. The uncertainties
associated were computed taking into account the law of propagation of
uncertainties [VI.24]. Note that, in the case of the clear translucent
nanocomposite, the relative difference in Rsk is negative because of its change

of sign.

138



CHARACTERIZATION OF DENTAL BIOMATERIALS BY MEANS OF OPTICAL METHODS

Table VI.4. Relative differences in the average surface parameters due to the composite

surface treatment with their associated uncertainties.

Material R. relative R, relative Rsi. relative Rru relative
difference difference difference difference
Clear
translucent 1.62 + 0.08 1.75 £ 0.08 -3+3 0.08 + 0.10
nano-composite
A2 enamel 3.4+04 3.8+0.5 12 =3 1.5+0.5
nano-composite
Translucent
supra-spherical 3.82+£0.11 4.17 £0.13 7+3 0.60 + 0.04
composite
A2 enamel
supra-spherical 0.96 £ 0.07 1.96+0.14 45+ 10 20.8+1.2
composite

The surface parameters of the zirconia ceramics studied are listed in
Table VI.5. Comparing the R, and R, values of Table VI.5 with those of Table
VI.2, the differences between the two sintered zirconia colors are not as
remarkable as the ones found between the composites’ shades. The roughness
parameters Rq and Ry present lower values in the case of the pre-sintered
zirconia ceramic. On the other hand, Rs: and the Rr. take similar values for
both sintered and pre-sintered zirconia ceramics, with skewness values close
to 0 and the kurtosis values tending to 3. Thus, for the zirconia ceramic
studied the sintering process results in an increment of the average
roughness without notably affecting the symmetry and shape of the surface

distribution of heights.
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Table VI.5. Average surface parameters with their associated uncertainties for the zirconia

ceramics analysed.

Average Ra Average R,

Material = (rica)

Average Rsr | Average Rru

SP3-color sintered

. . . 1.295+0.014 1.578 £+ 0.014 -0.06 £ 0.06 2.49 + 0.07
zlrconla ceramic

No-color sintered

. . . 1.268 = 0.017 1.613 +0.021 -0.32 + 0.05 3.29+0.12
zirconia ceramic

Pre-sintered

. . . 1.024 + 0.016 1.264 +0.015 -0.28 £ 0.04 2.41 +0.03
zirconlia ceramic

For the dental biomaterials analyzed, the average gloss percentages
and roughness values calculated from the measurements with their
associated uncertainties are presented in the following tables. Table VI.6
shows the average gloss and roughness of the dental-resin composites without
surface treatment (Mylar strip), whereas the averages for the dental-resin

composites after the OptiDisc® surface treatment are listed in Table VI.7.

Differences between the two shades of both kinds of composites were
found to be significant in the case of the roughness parameters but not for the
specular gloss. For each dental-resin composite type, the A2 enamel shade
shows lower values of R« and Rq, but a similar gloss percentage compared to
the translucent shade. In comparisons of both composite types with similar
shades, the gloss percentage proved similar or slightly lower in the case of the
nanocomposite and the roughness parameters present higher values for the

aforementioned composite.
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Table VI.6. Average gloss percentages and roughness values with their associated

uncertainties for the dental-resin composites without surface treatment (Mylar strip).

Material Avera%e gloss Average R, Average R,
(%) (wm) (wm)
Clear translucent | 4 59, 19 0.927+0.012 | 1.156+0.015
nano-composite
A2 enamel nano-
. 3.39+0.10 0.206 + 0.005 0.258 + 0.004
composite
Translucent
supra-spherical 3.59+0.10 0.322 £ 0.004 0.401 £ 0.004
composite
A2 enamel supra-
spherical 3.59+0.10 0.174 +£ 0.005 0.212 + 0.004
composite

Table VI.7. Average gloss percentages and roughness values with their associated

uncertainties for the dental-resin composites after the OptiDisc® surface treatment.

Material Avera%e gloss Average R. Average R,
(%) (nm) (nm)
Clear translucent | 4 59, 19 2.43 + 0.06 3.18 + 0.08
nano-composite
A2 enamel nano- 2.99+0.10 0.90 + 0.08 1.24+0.13
composite
Translucent
supra-spherical 3.59+£0.10 1.55+0.03 2.07+0.04
composite
A2 enamel supra-
spherical 3.569+0.10 0.339 = 0.008 0.63 +0.03
composite
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The above observations are valid for the dental-resin composites with
and without the treatment. With the surface treatment the gloss percentage
decreases only slightly for the A2 enamel nanocomposite, even though the
values of Rqs and Ry notably increase for all the composite samples. As a
result, we can conclude that the surface treatment applied to the dental-resin
composites augment the average roughness but the changes in the specular

gloss are not significant.

The average gloss percentages and roughness values of the zirconia
ceramics studied are listed in Table VI.8. As can be seen, the gloss percentage
1s higher, and R. and R, present lower values in the case of the pre-sintered
zirconia ceramic. Thus, for the zirconia ceramic studied, the sintered process

results in an increment of the surface roughness with reduced specular gloss.

Table VI.8. Average gloss percentages and roughness values with their associated

uncertainties for the zirconia ceramics analyzed.

Material Avera%e gloss Average Ra Average Rq
(%) (pm) (um)
SP3-color
sintered zirconia 0.80 +£0.10 1.295 + 0.014 1578+ 0.014
ceramic
N.o-colc.)r s1nter9d 9.40 4 0.10 1968+ 0.017 615 £ 0,091
zirconia ceramic
.Pre-.smtered. 2.99+0.10 1.024 £ 0.016 1.264 + 0.015
zirconia ceramic

In Table VI.9, we quantify the relative differences in the average gloss
percentages and roughness values due to the composite-surface treatment
and to the zirconia-sintering process. The uncertainties associated were

computed taking into account the law of propagation of uncertainties.
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Table VI.9. Relative differences in the average gloss percentages and roughness values due to

the composite surface treatment with their associated uncertainties.

Material Gloss relative R, relative R, relative
difference difference difference
Clear translucent | 5, g o4 1.62 % 0.08 1.75 + 0.08
nano-composite
A2 enamel nano- | 19, 0 04 3.4%0.4 3.8%0.5
composite
Translucent
supra-spherical 0.00 + 0.04 3.82+0.11 4.17 £0.13
composite
A2 enamel supra-
spherical 0.00 £ 0.04 0.96 £ 0.07 1.96+0.14
composite
SP3-color zirconia | 5, ( 4 0.265 + 0.024 0.249 + 0.024
ceramic
No-color zixconia | 75, 003 | 0238+0026 | 0.277+0.023
ceramic

It bears noting that the relative difference in gloss was negative while
the relative differences in Rqs and Ry were positive. This means that greater
surface roughness was accompanied by less specular gloss, corroborating that
the relationship between the specular gloss and the surface roughness

showed the expected behavior.
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1.- Angular-scattering measurements were made for a spectral
characterization of the dental tissues and biomaterials in the visible range.
Previously, measurements had been made with different sample thicknesses,
checking the behaviour of the angular-scattering profile. g values had similar
spectral variations, except for the human dentine. The thicker samples
yielded a less forward-directed scattering profile than did the thinner

samples.

The uncertainty corresponding to g values fell within the range of
0.00011 and 0.005. Zirconia g values were considerably closer to the isotropy
(g = 0) than the composites’ g values, which were strongly forward-directed
(near to 1). The angular scattering profiles indicated the presence of a more
pronounced forward-directed scattering in the nano-filled dental-resin than in
the hybrid dental-resin composite. For the zirconia ceramic, the outcome of
sintering displayed an optical behaviour more similar to that of dentine

tissue, in terms of scattering anisotropy.

The dental-resin composites and the human enamel showed a similar
angular scattering behaviour. On the other hand, the zirconia ceramic
presented a scattering angular behaviour more similar to that of the human
dentine. This is valuable for biomedical applications, since it means that, in
terms of angular scattering behaviour, the biomaterials are comparable to the

tissues that they are meant to replace.
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2.- The TIAD method was used to combine the results of the goniometric
measurements with transmittance and reflectance measurements performed
using a laser-integrating-sphere-based setup. The experimental procedure
was conducted under repeatability conditions of measurement and fulfilled all
the necessary requirements to provide optical-property values with lower
uncertainties. Therefore, this procedure is advisable for the comparative

analysis of different materials.

The results agreed with the application of the diffusion theory, since
the reduced scattering coefficient had values much higher than the
absorption coefficient. The scattering anisotropy had clearly distinct impacts
on the optical properties of zirconia ceramic and dental-resin composites. The
absorption coefficient had similar spectral variation for both dental-resin
composites, but thoroughly different for the zirconia ceramic. In the case of
the scattering coefficient, the spectral values appeared to follow more parallel
trends for the three biomaterials, with higher values for the nanocomposite.
The effective transport coefficient of the zirconia ceramic presented not only
higher values but also a different spectral behavior compared with the
composites. The effective mean free path seemed to show somewhat
dissimilar spectral trends for each dental biomaterial, with a marked

increment at 632.8 nm in the case of the hybrid composite.

3.- Dental-resin composites and human enamel did not show significant
polarization shifts. However, optical polarization properties of human dentine
were found to be different. Nevertheless, differences between nanocomposite
and hybrid dental-resin composite did not proved to be significant in terms of

their optical polarization behavior.
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4.- Dental-resin composites and pre-sintered and sintered zirconia ceramics
were submitted to rugometric non-invasive inspection performed with the
MICROTOP.06. MFC laser microtopographer. Gloss measurements were
conducted using a glossmeter device. The experimental procedure was
conducted under repeatability conditions of measurement in order to

determine the uncertainty related to gloss and roughness parameters.

The surface treatment applied to the dental-resin composites not only
increased the average roughness but also changes the symmetry and shape of
the surface-height distribution, moving it farther away from the normal
distribution. However, the changed in the specular gloss due to the surface
treatment were significant only for the A2 enamel nano-composite. The
sintering process of the zirconia ceramics appeared to increase the average
roughness and reduce the specular gloss, without notably affecting the

symmetry or shape of the surface-height distribution.

The differences between the two shades of both kinds of composites
were significant in the case of the roughness parameters but not for the
specular gloss. In comparisons of both composite types with similar shades,
the gloss percentage proved to be similar or slightly lower in the case of the
nanocomposite. In addition, the roughness parameters R, and R, presented

higher values for this dental-resin composite.

The experimental methods used for determining the optical properties
and the surface roughness parameters were shown to be suitable for

comparison between materials by virtue of the low uncertainties found.
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