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ABSTRACT 

E-glass fiber-reinforced composites (FRC) have become popular in dental and medical 
applications for load-bearing applications. This is due to their enhanced biomechanical 
matching with living tissues compared to traditional materials, as well as additional 
biocompatible properties. Recently, it has been shown that FRC enhances gingival soft 
tissue integration. Besides, satisfactory results have been observed after undergoing five 
years of simulated oral fatigue on unidirectionally reinforced FRC abutments. These 
studies make FRC promising materials for implant abutment applications. Nonetheless, 
there is a lack of studies regarding bacterial adhesion of FRC when compared with those 
published on traditional implant abutment materials. Furthermore, the effect of different 
fiber orientation on the load-bearing capacity of FRC abutments has yet to be 
determined. Therefore, this work aimed to evaluate E-glass FRC in terms of biological 
and mechanical aspects in order to explore a new alternative metal-free abutment 
material. A further aim has been to develop a standard set of surface analysis methods. 

Surface topography characterization was performed by using atomic force microscopy 
and white light interferometry. Wettability was determined by using the sessile drop 
method. Additionally, a novel standard set of surface parameters to characterize 
biomaterial surfaces was proposed taking into account their correlation values and 
sensitivity in material discrimination (Study I). The attachment (bacterial adhesion) of 
Escherichia coli and Staphylococcus aureus was determined and discussed (Study II). 
Finally, the mechanical properties were assessed by three-point bending tests and the 
load-bearing capacity examined using static loading following ISO 10477 and ISO 
14801 standards (Study III). 

The results of the FRC surface characterization showed that they exhibited rough 
surfaces with hydrophobic characteristics. This increased roughness enhanced the early 
bacterial adhesion on FRC surfaces nevertheless, on the later, mature biofilm 
compensated these differences. The following parameters were best in biomaterials 
discrimination: Sa, Sku, and Smid at the nanoscale, Sa and Sz at the microscale and one 
contact angle. Bidirectionally reinforced FRC rods showed a greater breakage capacity 
compared to unidireccional rods. Bidirectionally reinforced FRC abutments showed 
statistically higher load-bearing capacities compared to unidirectionally reinforced 
abutments. Hence, owing to its comparable bacterial response to current implant 
abutment materials in addition to the adequate mechanical properties of bidirectional 
FRC abutments, it can be concluded that FRC is a promising alternative material in 
implant prosthetic dentistry. 

Keywords: fiber-reinforced composite, implant abutment, roughness, nanoroughness, 
wettability, load-bearing capacity, static load. 
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RESUMEN 

Los materiales compuestos de resina reforzados con fibras de vidrio E (FRC) están 
aumentando su uso en aplicaciones dentales y ortopédicas como materiales de soporte 
de carga. Esto es debido a que exhiben una mejor adaptación biomecánica con los tejidos 
vivos en comparación con los materiales tradicionales, así como por sus propiedades 
biocompatibles. Recientemente, se ha observado que mejora la formación del tejido 
gingival peri-implantario. Además, pilares de FRC reforzados unidireccionalmente han 
soportado satisfactoriamente 5 años de fatiga oral simulada. Estos estudios hacen que 
los FRC sean materiales prometedores para pilares de prótesis sobre implantes. Sin 
embargo, hay una falta de estudios que comparen la adhesión bacteriana de FRC a los 
materiales actuales para prótesis sobre implantes. Además, el efecto de la diferente 
orientación de las fibras en la capacidad de carga de los FRC como pilar implantario está 
aún por determinar. Por lo tanto, este estudio tuvo como objetivo evaluar los aspectos 
bacterianos y mecánicos de los FRC en con el fin de investigar un nuevo material 
alternativo libre de metal como pilar para prótesis sobre implante.  

La caracterización de la rugosidad superficial se realizó mediante microscopía de fuerza 
atómica e interferometría de luz blanca, y la humectabilidad se determinó utilizando el 
método de la gota sésil. Se analizaron los parámetros de superficie obtenidos en función 
de su  eficacia en discriminar materiales y se propuso un conjunto de parámetros con el 
mayor poder discriminatorio (Estudio I). Posteriormente se cuantificó y analizó la 
adhesión bacteriana de Escherichia coli y Staphylococcus aureus (Estudio II). Por 
último, se evaluaron las propiedades mecánicas mediante ensayos de flexión de tres 
puntos y la capacidad de carga estática siguiendo las normas ISO 10477 e ISO 14801 
respectivamente (Estudio III). 

Los resultados de la caracterización de superficie mostraron que los FRC presentan 
superficies rugosas con características hidrofóbicas. Esta rugosidad aumentó la adhesión 
bacteriana temprana aunque si nos atenemos al biofilm maduro no se observaron 
diferencias. Los parámetros Sa, Sku y Smid en la nanoescala, Sa y Sz en la microescala y un 
ángulo de contacto resultaron ser los más eficaces en la discriminación de biomateriales. 
Las barras reforzadas bidireccionalmente mostraron una mayor capacidad de fractura en 
comparación con las unidireccionales. Los pilares de FRC reforzados bidireccionalmente 
mostraron estadísticamente una mayor capacidad de carga en comparación con pilares 
reforzados unidireccionalmente. Por lo tanto, debido a su similar respuesta bacteriana con 
los actuales materiales así como de las adecuadas propiedades mecánicas de los pilares de 
FRC reforzados bidireccionalmente, se puede concluir que los FRC son materiales 
alternativos prometedores para su aplicación en prótesis sobre implante. 

Palabras clave: compuestos reforzados con fibras, pilar sobre implante, rugosidad, 
nanorugosidad, humectabilidad, capacidad de carga, carga estática. 



10 List of Abbreviations 

 

LIST OF ABBREVIATIONS  

AFM Atomic Force Microscopy 
ANOVA Analysis of variance 
ATCC American type culture collection 
BAG Bioactive glass 
Bis-GMA Bisphenol-A-glycidyl dimethacrylate 
CAD-CAM Computer-aided-design/Computer-aided-manufacturing 
CD Degree of conversion 
CDD Charged-double-device 
DMLS Direct laser metal soldering 
E-glass Electrical glass 
FRC Fiber-reinforced composite 
HEMA Hydroxyethylmethacrylate 
ISO International Organization for Standardization 
kHz Kilohertz 
mm Milimeter 
mW/cm2 Milliwatt per square centimeter 
Mpa Megapascal 
n  Sample size 
nm Nanometer 
N Newtons 
N/m  Newton per metro 
OD Optical density 
PEEK Polyetheretherketone 
SD Standart Deviation 
SEM Scanning electron microscopy 
SPSS Statistical package for the social sciences 
STL Standard stereolithography 
TEGDMA Triethyleneglycoldimethacrylate 
UCLA University of California, Los Angeles 
UDMA Urethane dimethacrylate 
WLI White light interferometry   
rpm Revolutions per minute 
Vol. % Volume percentage 
Y-TZP  Yttria-stabilized tetragonal zirconia polycrystal 



 Definitions 11 

 

DEFINITIONS 

Anisotropic is the property of being directionally dependent or non-uniform (e.g. 
unidirectional FRC, natural bone).  

Biomaterial is a material intended to interact with biological systems to evaluate, treat, 
augment, or replace any tissue, organ of function of a body (Williams, 1999).  

Bioactive glass is any glass or glass ceramic that displays the characteristics of 
bioactivity (Williams, 1999). 

Bioactivity is a phenomenon in which a biomaterial elicits or modulates a biological 
response at the interface of the material that results in the formation of bond between 
the tissue and the material (Williams, 1999). 

Biocompatibility is an ability of a material used in a medical device to perform with an 
appropiate host response in a specific application (Williams, 1999). 

Cross-link is a bond that links a polymer chain to other polymer chains by covalent 
bonds (e.g. BisGMA-TEGDMA help in the stablishment of cross-linked chains).  

Elastic modulus or modulus of elasticity (ࡱሻ is the ratio of the stress applied to a body 
or substance to the resulting strain within the elastic elastic deformation region. It 
describes the rigidity of the material.  

Flexural modulus or bending modulus is the stress to strain ratio in flexural 
deformation. It describes the tendency for a material to bend.  

Flexural strength is defined as a material's ability to resist deformation under load. It 
represents the highest stress (force per unit area) experienced at the instant within the 
material at its moment of rupture subjected to flexural loading.  

Toughness (K) is the ability of a material to absorb energy and plastically deform 
without fracturing. It is represented by the total area of the stress-strain curve. 

Isotropic is the property of being uniform in all orientations (e.g. short fiber composite, 
particulate filler composite). 

Load-bearing capacity or Fracture strength is the maximum stress a material 
withstands before failure when subjected to load.  

Osteoinductive is the ability to induce bone growth in nonosseous tissues. 

Osteointegration is the direct structural and functional connection between living bone 
and the surface of a load-bearing implant. 
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Strain is the change in length per unit of the original length uppon applied stress. 

Stress/Load is the force applied to produce a deformation is a specimen.  

Thermoset is a physical property of a material that when heated polymer chains attach 
to each other by cross-linking. Therefore, it irreversibly cures (e.g. BisGMA, epoxy 
resin).  

Thermoplastic is a physical property of a material that when heated does not cross-link, 
instead, the polymer chain becomes fluid and moldable and sodifies upon cooling 
(e.g. denture base resin). 

Orthotropic materials are a subset of anisotropic materials that show two axes of elastic 
symmetry with independent properties in this orthotropic direction (e.g. bidirectional 
FRC). 
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1 INTRODUCTION 

Current implant systems cannot reproduce the functional semi-elastic attachment to the 
peri-implant bone like the one that exists between the natural tooth and a sound 
periodontal ligament. Therefore, occlusal forces are transmitted directly to the bone. In 
addition to this, in severe bone resorption conditions, the difference in stiffness of 
traditional implant materials´ with human living tissues can generate stresses that may 
lead to treatment failure (Lemons, 1998). Hence, interest in implant dentistry has shifted 
towards achieving implant materials that could provide better biomechanical properties 
to match those of natural bone in order to facilitate the transmission of physiological 
stress levels to the peri-implant tissues (Adbulmajeed et al., 2011a; Ballo et al., 2014a; 
Ballo et al., 2014b; Moritz et al., 2014). 

 
Figure 1: Soft tissue interface differences between teeth and implants. (Source: Fombellida F & 
Martos F (2004). Cirugía mucogingival. Team Work Media España. 12;371-428). In the natural 
tooth (a) there is a direct connective tissue attachment to the tooth while in an implant (b) this is 
inexistent. In addition, implants lack a periodontal ligament to act as a shock-absorber. 

Fiber-reinforced resin composite materials have become popular owing to the fact that 
their mechanical properties can be tailored to match those of the living tissues (Ballo et 
al., 2009; Zhao et al., 2009; Adbulmajeed et al., 2011a; Ballo et al., 2014b; Moritz et 
al., 2014). One of such materials is fiber-reinforced composite (FRC) made of bisphenol-
A-glycidyl dimethacrylate (BisGMA) and triethyleneglycoldimethacrylate (TEGDMA) 
light-polymerizable biopolymers reinforced with unidirectional silanized E-glass fiber 
rovings. FRCs are durable materials characterized by a low elastic modulus which is 
similar to the dentin and bone tissues and exhibits high fracture resistance and tensile 
strength (Vallittu, 1999; Abdulmajeed et al., 2011a). 



 Introduction 15 

 

 
Figure 2: Three-point bending test of FRC rod showing high flexural strength and toughness. 
The unidirectional E-glass fibers maintain the structural integrity of the FRC after failure. 

Fiber-reinforced composite materials have been used in restorative and prosthetic 
dentistry for years. The use of FRC has increased in many disciplines such as fixed and 
removable prosthodontics (Vallittu, 2004; Dyer et al., 2005; Perea et al., 2014), 
periodontal splints (Meiers et al., 1998), root canal posts (Lassila et al., 2004; Manocci 
et al., 2005), orthodontic treatment (Ohtonen et al., 2013), and in restorative composite 
resins (Garoushi et al., 2013). 

In recent years, FRC implants have been developed for head-and-neck, maxillofacial and 
orthopedic applications which also makes them a promising materials for occlusal load-
bearing appliances (Zhao et al., 2009; Aitasalo et al., 2014). Furthermore, FRC surfaces 
have shown adequate oral bacterial response (Tanner et al., 2005; Lassila et al., 2009), 
favorable fibroblast response (Adbulmajeed et al., 2014; Adbulmajeed et al., 2015), as 
well as osteoinductive properties after adding bioactive glass particles (BAG) (Ballo et 
al., 2009; Ballo et al., 2014a; Ballo et al., 2014b). 

Although there is a lack of scientific data on using FRC as an oral implant abutment, the 
material shows promising potential for further research. This study is a part of a group 
of studies that attempt to use FRC as a potential alternative implant abutment material. 
The aim of this project was to evaluate the biocompatibility (by means of surface 
characteristics and oral microbial adhesion on FRC surfaces) and the mechanical 
properties of FRC as a potential implant abutment material.  

 
Figure 3: Image of a unidirectional FRC abutment. 



16 Review of the Literature. State of the Art 

 

2 REVIEW OF THE LITERATURE. STATE OF THE ART 

2.1 Implant abutment materials 

2.1.1 Historical perspective 

2.1.1.1 From 1985 to 1990 

Per-Ingvar Brånemark´s research group was first to develop the restorative treatment 
called “tissue integrated prostheses” in 1985 (Zarb et al., 1985). This approach consisted 
of full-arch prostheses anchored to osseointegrated implants to restore function on a 
totally edentulous mandible. One of the main goals was the fabrication of a strong metal 
gold framework to splint multiple implants. These prostheses were made out of long 
titanium transepithelial abutments, cast gold cylinders with small gold screws and a cast 
noble alloy framework that was later processed using acrylic resin. Nevertheless, these 
transmucosal components (between the abutment and the implant) were visible, which 
were highly unaesthetic. 

 
Figure 4: A full-arch prostheses attached to implants with long transepithelial abutments 
according to the Brånemark´s principles. 

At the same time single tooth restorations were developed and they consisted of 
prefabricated machined titanium abutments veneered primarily with acrylic resin, 
resulting in a one-piece abutment-crown restoration (Jemt, 1986). 

The next relevant step was the development of the UCLA abutment which consisted of 
a machined plastic pattern fully castable, allowing the direct connection between the 
implant supported restoration and the upper part of the implant fixture (Lewis et al., 
1988). This system avoided transmucosal metal components thereby improving the 
aesthetic outcome. Moreover, the bigger screw reduced loosening of the screw and at 
the same time made it feasible to create cement-retained reconstructions. Subsequently, 
UCLA abutments with a pre-machined metal base were developed to avoid fit 
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imperfections of casting techniques. This abutment continues to be used today for both 
screw and cement-retained restorations.  

 
Figure 5: UCLA abutment prototypes. 

At that time, the principles of implant prosthodontics were based on basic prosthethic 
procedures that included intraoral impressions, jaw relation registrations, waxing, 
casting noble alloys by the lost wax technique, metal framework try-in and delivery. 
Although casting errors could be corrected using various soldering techniques, high 
incidence of prosthodontics complications were observed (Zarb & Schmitt, 1990).  

2.1.1.2 From 1990 to 2000 

During the nineties, prosthetic techniques improved with the goal to minimize problems 
associated with manufacturing techniques; these were mainly screw fractures and 
esthetic considerations. The need for improved aesthetics was solved by the design of 
abutments where the crown margins could be placed below the margin of the mucosa in 
a controlled manner. NobelPharma (now Nobel Biocare, Göteborg, Sweden) developed 
the CeraOne concept in 1990. This approach was based on the use of aluminum oxide 
machined caps or standard gold alloy caps (used for crown fabrication) which were 
cemented to the CeraOne abutment. With this development, the emphasis moved from 
screw-retained to cemented restorations. In 1993, Prestipino & Ingberg (Prestipino & 
Ingberg, 1993) introduced the ceramic CerAdapt alumina abutment (Nobel Biocare, 
Göteborg, Sweden) that offered more esthetically favorable characteristics. In addition 
to this, these pioneer ceramic abutments offered good surface properties such as low 
corrosion, high biocompatibility, and low thermal conductivity. However, these 
restorations made out of ceramic cores were weaker when compared to metal-ceramic 
restorations.  

An important breakthrough was the introduction of computer-aid-designing and 
computer-aid-manufacturing (CAD-CAM) technique in the late nineties. The Procera 
technique was introduced to create custom implant abutments by CAD-CAM to improve 
the precision of fit of gold cast frameworks. 
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2.1.1.3 From 2000 to today 

At the beginning of the 21th century, the gold prices increased dramatically and a new 
generation of metals such as cobalt-chromium alloys started to gain interest. These base 
metals became a popular replacement to noble alloys because of their higher fracture 
strength, elastic modulus, hardness and lower cost. However, these metals are difficult 
to cast and inaccuracies may occur (Anusavice & Phillips 2012; Oyagüe et al., 2012; 
Castillo-Oyagüe et al., 2013). 

Therefore, in 2008, direct metal laser sintering (DMLS) method was first introduced in 
dentistry (Quante et al., 2008) to overcome the potential distortions inherent in casting 
of dental alloys. This technique is based on a high-power laser beam (e.g., a carbon 
dioxide laser) that fuses metal alloy powder particles into a mass to fabricate the 
projected frame. Structures are built up in layers from the occlusal surface to the margins 
by scanning cross-sections following a 3D CAD design.  

2.1.2 Current implant abutments 

Nowadays metals, ceramics, polymers and composites are used for fabrication of 
implant abutments. FRC will be introduced in this thesis as a potential implant abutment.  

2.1.2.1 Metals 

Metal implant abutments and frameworks can be made out of titanium or cast metal 
alloys which can be noble, high noble or base metal.  

Ti6 Al4 V (titanium grade V) is preferable for implant abutments over the commercially 
pure titanium (grades I to IV) due to its higher strength (Elias et al., 2008). On the other 
hand, commercially pure titanium is preferred for endosseous dental implants.  

Among cast metal alloys, noble metals are superior to base metals due to their lower 
corrosion. However, as previously mentioned, because of their high cost, noble metals 
were replaced by base metal alloys. Among them, alloys of cobalt-chromium (Co-Cr) 
have been widely used due to their favorable combination of excellent biocompatibility 
and mechanical properties compared to noble metal alloys (Hultherstrom et al., 1994; 
Roach, 2007). The properties of the cobalt-chrome alloy Wirobond® C (BEGO Bremer 
Goldschlägerei Wilh. Herbst GmbH & Co, Bremen, Germany) are considered excellent 
due to the adherent layer of chrome-based oxides on the surface that creates a passivating 
effect improving the corrosion resistance (McCabe 1990; Zupancic et al., 2006). 

Nonetheless, metal implant abutments show some potential shortcomings. The 
increasing esthetic demands justify the search for other materials with better optical 
properties (Jung et al., 2008). Their possible cytotoxicity is still considered a major 
concern of debate. Reactive metals may exhibit alloy corrosion and hence, may release 
metal ions into the oral environment being a potential cause of health damage (Sicilia et 
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al., 2008; Siddiqi et al., 2011). In addition to this, they show a high biomechanical 
mismatch with the living tissues due to their higher stiffness. For instance, titanium alloy 
shows a modulus of elasticity which is ten times higher compared to that of dentin and 
cortical bone (Lemons, 1998).  

2.1.2.2 Ceramics 

A demand for more esthetic restorations lead to the introduction of several ceramic 
materials such as alumina, lithium disilicate glass-ceramic and zirconia. A recent 
systematic review showed that the yttria-stabilized tetragonal zirconia polycrystal (Y-
TZP) is the “material of choice” for implant abutments (Bidra & Rungruanganunt, 2013). 
In that study, among the all-ceramic dental materials, zirconia abutments showed 
superior fracture strength. Nevertheless, ceramic abutments may show some limitations. 
Their major drawback is their brittleness, and thus, they show low tensile strength and 
fracture toughness. Besides, they are difficult to repair (Belser et al., 2004; Sailer et al., 
2009). Jung et al. found encouraging five-year survival rates of implant supported all-
ceramic single crowns (91.2%) compared to metal-ceramic crowns (95.4%) (Jung et al., 
2008). However, long-term clinical evaluations are needed in order to support their 
application (Bidra & Rungruanganunt, 2013). Thus, their use is recommended in 
aesthetically compromised areas (Gomes & Montero, 2011).  

2.1.2.3 Polymers: Polyetheretherketone 

Polyetheretherketone (PEEK) is a newly developed high performance thermoplastic 
polymer that shows good biocompatibility, mechanical strength, ductility, and low 
density (Kurtz & Devine, 2007). However, Peek implant abutments show some potential 
shortcomings in the field of restorative and prosthetic dentistry. These are related to their 
high resistance to surface modification by chemical treatments (e.g., acid-etching) that 
makes bonding to composite resin materials difficult (Ohl et al., 1999; Noiset et al., 
2000). Thereby, their use is currently limited to temporary (for a period of 6 months) 
restorations (Tetelman & Babbush, 2008). Being a novel implant abutment material 
more research is needed to justify and evaluate these aspects and other eventual 
applications. 

2.1.2.4 Fiber-reinforced composites 

In the last few years, the search for new metal-free materials has increased the 
development of composites. Between them, E-glass and carbon/graphite fiber-reinforced 
frameworks have been presented as alternatives to metallic frameworks (Björk et al., 
1985; Bergendal et al., 1995; Duncan et al., 2000; Behr et al., 2001; Freilich et al., 2002). 
Rationale for using composite materials is that they can be engineered to fit physiologic 
requirements of the application site and closely match the modulus of the dentin and 
bone. In addition to this, they show low weight and high load-bearing capacity. 
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The use of FRCs in dentistry started in the beginning of 1960 as a denture base 
reinforcement (Smith, 1961). However limitations related to the high viscosity of the 
resin systems of that time made it difficult to preimpregnate the fibers on the resin and 
thus decreased the final strength of the composite. Nevertheless, Vallittu (Vallitu, 1999) 
developed a technique that allowed a more effective impregnation of the fibers within 
the matrix obtaining major improvements in the mechanical properties of the materials 
in 1999. This consisted in preimpregnation of reinforcing fibers with highly porous 
polymer Stick (S) and Stick Net (GC, Japan). The use of light-curing dimethacrylate 
monomer instead of porous polymer can also serve for the same purpose (Vallitu, 1999). 

FRC is a material composed of a resin matrix and reinforcing fibers.  

Thermoset resins are preferred over thermoplastics for fiber reinforced systems due to 
their lower viscosity that enables an adequate impregnation of reinforcing fibers. For this 
reason, first thermoplastic composites were reinforced with chopped (discontinuous) 
fibers, however, on the other hand, they showed inferior strength compared to continuous 
FRC (Brown et al., 1990). Among thermosets, the bisphenol-A-glycidyl dimethacrylate 
(BisGMA) has been extensively used as a matrix in composite formulations since 1960s 
(Bowen, 1963). BisGMA was first developed by Bowen to improve the polymerization 
shrinkage, strength and adhesiveness of resin restorations by attaching methyl 
methacrylate groups to epoxy resins, thereby converting epoxy resins to dimethacrylate 
resins. This resin showed cross-linking abilities (stronger than linear polymers) during 
polymerization. However, its high viscosity led to the addition of diluent monomers with 
lower viscosities such as triethyleneglycol dimethacrylate (TEGDMA) (Darvell, 2006). 

 

Figure 6: Chemical structure of Bis-GMA and TEGDMA monomers. 

Nowadays, dimethacrylate-based resins (e.g. BisGMA or urethane dimethacrylate 
(UDMA) diluted with TEGDMA or hydroxyethylmethacrylate (HEMA)) and silorane-
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based epoxy resins are reinforced with inorganic fillers (commercial dental composites) 
or fibers (fiber-reinforced composites). The specific characteristics of the silorane-based 
matrix and the epoxy-functional silane agent restrict the use of particular fillers, resulting 
in a formulation with a reduced filler content (Leprince et al., 2010).  

Among dimethacrylate-based resins the fully cured biostable 50/50 BisGMA-TEGDMA 
(equal parts of the monomers) in addition to CQ (0.7 wt%) and DMDA (0.7 wt%) resin 
did not show any cytotoxic effects in animal experimentation (Zhao et al., 2009; 
Adbulmajeed et al., 2015). This resin mixture showed a degree of monomer conversion 
(DC) above 60%; resulting in a minimal release of residual monomer (Imazato et al., 
2001; Uctasli et al., 2005). Additionally, it can be autoclaved at 121º at 0.1MPa pressure 
(Zhao et al., 2009; Adbulmajeed et al., 2015). 

When a load is applied to FRC, fibers reinforce the resin carrying the load. Various types 
of fibers can be used for reinforcement of resins such as carbon, polyethylene, and glass 
fibers. E-Glass fibers (silica-based fibers) can bond to BIS-GMA-TEGDMA through 
silane coupling agents rendering them excellent mechanical properties for load-bearing 
devices in dental (Abdulmajeed et al., 2011a) and orthopedic applications (Zhao et al., 
2009, Aitasalo et al., 2014; Ballo et al., 2014a). In addition, they show favorable 
aesthetic properties compared to carbon fibers. 

 
Figure 7: E-glass bundle formed by 2.400 continuous unidirectional silanized E-glass fibers 
(diameter 15 µm). 

Continuous glass fibers have been widely used in various dental applications. Depending 
upon the orientation on the resin matrix, they are classified into unidirectional (fiber 
bundle), bidirectional (fiber weave) or randomly oriented (mat). Unidirectional fibers 
provide anisotropic mechanical properties being therefore best to the direction of the 
stress; bidirectional fibers provide orthotropic characteristics suitable in two-
dimensional stresses and multidirectional fibers show isotropic properties being 
adequate for three-dimensional stresses (Vallittu et al., 1998). 
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Figure 8: SEM images of different fiber orientations. Left to right unidirectional; bidirectional 
plain-weave; and randomly oriented E-glass fibers. 

FRC materials possess several advantages such as computer-aid-designing and computer-
aid-manufacturing (CAD-CAM) fabrication and permit intraoral adjustments without heat 
transfer to the bone. Besides, they also show adequate esthetic properties and high fracture 
strength. Thereby, FRC implant abutments have been introduced as promising alternatives 
to traditional abutment materials (Behr et al., 2001; Kim et al 2009; Erkmen et al., 2011). 

2.2 Surface characterization of implant abutments  

Surface characteristics of implant abutments govern major aspects of biological interactions 
such as the bacterial attachment. Subsequently, surface properties of implant abutments are 
key factors in the implant treatment outcome (Park et al., 2012; Gittens et al., 2013). In other 
words, bacterial attachment depends not only upon the bacterial abilities but also on the 
material properties. Among them there are three main characteristics modulating bacterial 
adhesion: roughness, wettability and surface chemistry (Subramani et al., 2009). 

2.2.1 Surface roughness 

A considerable attention is devoted to surface roughness since it plays an important role 
in the bacterial adhesion to biomaterials. It is stated that there is a threshold roughness 
value of 0.2 µm, suggesting that lower values may not affect the biofilm formation 
(Bollen et al., 1997; Teughels et al., 2006). Amoroso et al. claimed that since most 
bacteria are larger than 0.2 µm, roughness values inferior to this size may not promote 
bacterial adherence (Amoroso et al., 2006). Thus, surface roughness modification 
strategies have been performed to modulate the surface properties of biomaterials in 
order to act on bacteria-substrate interactions and improve the overall biological 
response (Ivanova et al., 2010). Nevertheless, to accomplish this, a detailed 
characterization of surface roughness must be performed.  

2.2.1.1 Roughness analysis methods 

Previous studies have measured the surface roughness of biomaterials using scanning 
electron microscopy (SEM), contact surface profilometer, atomic force microscopy 
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(AFM) and white light interferometry (WLI) (Hove et al., 2008; Teté et al., 2008; 
Pegueroles et al., 2010; Gittens et al 2011; Rosa et al., 2012; Park et al., 2012; Pereira 
et al., 2013; Luangruangrong et al., 2014). Among these techniques, only, profilometry, 
AFM and WLI provide quantitative topographical data. To overcome the surface damage 
created by the traditional profilometry techniques a non-destructive 3D surface 
profilometer has been developed. Nevertheless there are only a few reports using this 
newly developed roughness analysis method (Liu et al., 2013; Uppal et al., 2013).  

2.2.1.1.1 Atomic force microscopy 

Atomic force microscopy has become a powerful tool in imaging the surface topography 
of biomaterials and bacteria being up today, the most used tool for topographical 
characterization at the nanoscale. Hence, AFM is widely used in the life sciences 
providing high-resolution images in mapping surface topography of biomolecules, 
membranes and cells (Binnig et al., 1986; Dorobantu & Gray, 2010; Dorobantu et al., 
2012). Another highlighting characteristic of AFM is its usefulness in analyzing living 
or dead cells directly in their natural medium without sample preparation. 

The mechanisms of the AFM is based on capturing the forces of interaction between a 
sharp tip (connected to a flexible spring) and the atoms, molecules or nanostructures of the 
sample surface being analysed. The AFM tip is tipically silica or silicon nitride (Si3N4, or 
SiO2) with a radius of curvature on the order of nanometers and supported on a flexible 
cantilever. As the tip passes through the sample surface, it oscillates (due to the action of 
e.g. interatomic van der Waals forces) deflecting the cantilever following Hooke´s law. 
This law states that the force ሺܨሻ needed to elongate or compress a spring by some 
distance	ሺݔ) is proportional to that distance within the elastic limit (Binnig et al., 1986).	 

ܨ ൌ  where ݇ is is a constant factor characteristic of the spring, its stiffness ݔ݇

The deflection of the cantilever is then measured by a laser spot reflected from the 
surface of the cantilever and registered by photodiodes (photodetectors that transform 
light into current or voltage) and seen on the computer as the tip scans the surface. 

There is a wide variety of imaging modes that are generally divided into static (contact) 
of dynamic (non-contact or "tapping") modes.  

The acquired data during the surface scanning is converted into 4 types of images: 
topography, signal, amplitude, and phase. In topography images it is possible to observe 
the shape, structure and texture of the sample surface while the phase images emphasizes 
the variations in the chemical composition of the sample in addition to the relative 
softness/hardness of the sample (Dorobantu & Gray, 2010). 
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Figure 9: Schematic representation of the principle of the measurement of an AFM. 

2.2.1.1.2 White light interferometry 

WLI is a non-contact computerized optical interference microscopy. Its use has rapidly 
spread as a quality control of microscale engineering processes. WLI topography 
measurements are simpler, faster and more accurate than other optical methods and can cover 
a larger image area than atomic force microscopy. This method has been demonstrated to be 
fast, non-destructive and accurate (Hove et al., 2008; Stenhagen et al., 2010). 

The topography measurement is based on a non‐contact interferometric computerized 
optical interference microscope operating in vertical scanning interferometry mode 
producing a 3D topographic image. The basic principle of a white light interferometer 
follows Michelson´s Interferometer that consists of an incident light source that splits 
into two paths, one of which goes to a reference surface which is completely smooth and 
the other is directed to the sample surface. Both beams, are reflected and recombined 
inside the interferometer generating the so-called constructive and destructive 
interference phenomena. Subsequently, an interferometer pattern or interferogram with 
white and dark fringes is created (Jackson, 2008). Taking into account that the vertical 
movement of the reference surface can be easily tracked, it is possible to create a 3D 
map by measuring the position of the lens to create the brightest image at each point of 
the charged-double-device (CCD). 

The intensity of each point of light is then digitally registered on the CDD. Each pixel 
of the CDD array acts as an effective interferometer, creating an accurate 3D map image 
point by point of the sample surface (de Groot & Deck, 1995). 



 Review of the Literature. State of the Art 25 

 

    
Figure 10: Schematic representation of the principle of the measurement of a WLI. Image of a 
constructive interference pattern. 

2.2.1.2 Surface parameters 

In dentistry a multi-parameter representation method has been suggested in order to 
provide an accurate description of a surface. Hence, a wide variety of surface roughness 
parameters have been developed and termed as “the parameter rash” by Whitehouse 
(Whitehouse, 1982). Despite of this, inconsistencies have been reported when describing 
a surface topography (Dong et al., 1994; Gadelmawla et al., 2002). This fact may be 
explained by the lack of standardized techniques (Wennerberg & Albrektsson 2000; 
Crawford et al., 2012). To evercome this situation a possible solution is the reduction in 
the number of parameters for general standardization in order to facilitate data 
comparisons.  

Among the surface parameters, amplitudinal parameters are calculated according to the 
height (vertical) values of a given profile or surface, and therefore considered the most 
relevant surface morphology characteristic. Surface roughness parameters are denoted 
with the letter S, followed by an identifying subscript, e.g. Sa. Likewise, profile 
roughness parameters are denoted with the letter R. The arithmetical mean deviation of 
surface roughness Sa (or its counterpart Ra) is so far the most cited surface parameter for 
the description of the topography of biomaterials (Whitehead et al., 2005; Mitik-Dineva 
et al., 2009; Truong et al., 2010). 

Recent studies focused on this topic suggest including spatial (horizontal) parameters in 
order to obtain the best overall surface description. Nevertheless, “the parameter rash” 
should be avoided; Dong et al. claimed that the selection of the surface should be based 
on sound statistical principles (Dong et al,. 1994). In contrast, the statistical dependence 
or independence of the surface parameters is rarely studied in the literature (Radford et 
al., 1998; Wang et al., 2004). 
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2.2.1.2.1 The parameter reduction method 

Many attempts to achieve a parameter selection method have been developed for years 
(Thomas 1981; Nowicki 1985; Kaiser & Brinkmann, 2006). Among them, the parameter 
reduction method is effective in selecting which roughness parameters should be 
addressed (Nowicki 1985; Rosen et al., 2008; Ham & Powers, 2014). As stated by 
Nowicki, the parameters least correlated are best for discriminating between materials 
whereas among the highly correlated parameters, one can represent the whole group 
(Nowicki, 1985).  

In brief, the correlation coefficient (r) is related to the covariance coefficient and the 
standard deviation of two data sets. Thus, when the value of (r) approaches to one, the 
two data sets show a strong correlation and are therefore interchangeable. In contrast, 
when it approaches zero the two data sets are not related and therefore both give 
complementary and thus relevant information.  

2.2.1.3  Surface roughness of implant abutments  

For implant abutments, average roughness values ranged between 0.088 and 0.2 µm for 
titanium (Rimondini et al., 1997; Bollen et al., 1997; Sawase et al., 2000; Hanel et al., 
2014); and between 0.15 to 0.39 µm for cobalt-chrome (Hjalmarsson, 2009; Herbst et 
al., 2013; Kim et al., 2015). Values ranged between 0.08 to 0.22 µm for zirconia surfaces 
(Bollen et al., 1996; Rimondini et al., 2002; Rosenttrit et al., 2009; Yang et al., 2015), 
and <0.1 to 1.25 µm for FRC surfaces (Tanner et al., 2003; Lassila et al., 2009; 
Adbulmajeed et al., 2014). Finally for PEEK surfaces values varied from 0.084 to 0.536 
µm (Rochford et al., 2014). 

2.2.2 Surface wettability 

Hydrophobicity of a surface is a major factor in the regulation of bacterial attachment 
and therefore, is considered a predictive index of cytocompatibility (Lim & Oshida, 
2001). The direct correlation shown by previous studies explains that the higher capacity 
of a surface to interact within a liquid, the higher bacterial attachment rate is expected. 
Many techniques can be used for measuring wettability. Among them, the sessile drop 
technique is the most commonly used one (Ivanova et al., 2010; Gittens et al., 2011; de 
Oliveira et al., 2012). This method measures the internal (intersection of the line tangent 
to the liquid and the sample surface) or the external angle which is supplementary to the 
former. Internal high contact angles indicate poor wettability while low contact angles 
indicate good wettability. This angle can be modified by certain properties such as 
surface roughness and surface chemistry (Wenzel, 1949).  
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Figure 11: An example of the sessile drop technique. Equilibrium contact angle θc  

2.2.2.1 Surface wettability of implant abutments   

For implant abutments, wettability values in degrees ranged between: 76.3 to 81.4 for 
titanium (Ivanova et al., 2010; Kim et al., 2015); 90.2 for cobalt-chrome (Kim et al., 
2015); 51.98 to 63.87µm for zirconia surfaces (Yang et al., 2015; Kim et al., 2015); 54.3 
to 69 for FRC surfaces (Adbulmajeed et al., 2011b); and 60 to 80 for PEEK surfaces 
(Ourahmoune et al., 2014). 

2.2.3 Surface chemistry 

Surface chemical composition influences bacterial adhesion and proliferation 
(Subramani et al., 2009, Yamane et al., 2013; Nascimento et al., 2014). Several studies 
have demonstrated differences in biofilm formation between alloys and ceramics 
showing that alloys feature thicker biofilms compared to ceramic materials (Ausschill et 
al., 2002; Busscher et al., 2010). This may be explained by the fact that the electron 
transfer of reactive free electrons of metallic surfaces can contribute to bacterial adhesion 
(Poortinga et al., 1999; Poortinga et al., 2001). Meanwhile, ceramics, are bio-inert and 
thus non-reactive materials. Nevertheless, further investigations are needed to confirm 
this assumption due to the fact that its clinical repercussion remains unclear. To date, 
there is almost no scientific evidence available regarding the formation of biofilms on 
the surface of polymers. One in vitro study showed that PEEK gathered similar bacterial 
count to that of titanium (Gorth et al., 2012). Regarding FRCs, only a few studies have 
observed the bacterial adhesion onto FRC surfaces but the results are encouraging. FRC 
gathered similar bacterial adhesion in vivo and in vitro when compared to conventional 
restorative materials (Tanner et al., 2005; Lassila et al., 2009). However, we lack studies 
comparing bacterial adhesion of FRC with traditional implant abutment materials. 

2.3 Bacterial adhesion on implant abutments  

Bacterial contamination and the subsequent biofilm growth on implant abutments is a 
major concern in oral implantology. Since the vast majority of peri-implantitis start with 
the bacterial contamination of the peri-implant soft tissues in contact with the surface of 
abutments (Lindhe et al., 1992; Groessner‐Schreiber et al., 2004), these prosthetic 
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devices are of utmost relevance in the maintenance of implant health. However, current 
implant abutments cannot fully prevent the bacterial adhesion. Thus one of the major 
aims of oral prosthetic dentistry is to prevent or at least reduce oral biofilm formation on 
the implant abutment surfaces. 

a) 

 

b)

 
Figure 12: Schematic representation of a Gram-positive bacterium a) and a Gram-negative 
bacterium b). Gram-positive bacteria do not contain lipopolysaccharide on their outer membrane, 
they possess a thick external layer of peptidoglycan instead. 

Bacteria are prokaryotic organisms, measuring nanometers in size (< 1µm in length), 
which show a wide variety of shapes. From a morphological point of view, bacteria can 
be cocci (spherical), bacili (rod-shaped) and spirochaetes (helicoidal). According to the 



 Review of the Literature. State of the Art 29 

 

staining characteristics of their cell envelopes they are divided into two subgroups: 
Gram-positive and Gram-negative. Gram-positive bacterial envelopes consist of the 
cytoplasmic membranes in addition to a peptidoglycan wall, whereas Gram-negative 
bacteria possess a cytoplasmic membrane covered by a thin layer of peptidoglycan and 
an additional membrane called the outer membrane or endotoxin (Salton, 1953; 
Gregersen, 1978). Depending on their metabolic requirement, bacteria can require 
oxygen (aerobes) or oxygen-free environment (anerobes). Obligate aerobes require 
oxygen to grow because their ATP-generating system is dependent on oxygen as the 
final electron acceptor (aerobic respiration).  

In the oral cavity, bacterial adhesion to a dental or prosthetic material surface is 
considered to be a two-stage process comprising of an initial immediate and reversible 
stage (the salivary acquired pellicle) followed by a time-related and irreversible phase 
(biofilm formation) (An & Friedman, 1998). The pioneer bacteria (mostly streptococci 
and related bacteria) once adhered, constitute the basis for the attachment of other 
microbes. These are termed late colonizers which include both Gram-negative and 
Gram-positive bacteria and finally after 48 hours when mature, anaerobes become 
predominant (Viñas et al., 1991; Subramani et al., 2009). Oral biofilm formation is a 
highly sophisticated ecological succession able to originate a relatively stable 
community, so-called climax community or mature biofilm. When mature, a biofilm is 
formed by a wide variety of Gram-positive, Gram-negative bacteria and extracellular 
components extremely resistant to host defense mechanisms and antibiotic treatment 
leading to implant treatment failure. Mature oral biofilm is found to have a significant 
impact on the pathogenesis of peri-implantitis and implant loss (Scarano et al., 2004). 

 
Figure 13: Schematic model of the phases involved in biofilm formation.  
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Thereby, in the past decades, many strategies have been developed to prevent or reduce 
bacterial colonization of the surface of implant devices. Such strategies include: surface 
modification approach on the chemical and physical properties of the implant abutments, 
mechanical removal with curettes, and the application of antimicrobial agents like 
disinfectants. Microorganisms found in oral biofilm have shown an increased resistance 
to host defenses and most conventional antimicrobial therapies, which may result in 
more intense and persistent infections (Ramage et al., 2006; Tsang et al., 2007). This 
has increased the administration of broad-spectrum antibiotics (due to differences in 
antibiotic-resistance depending on bacteria) that can result in imbalances in the oral flora 
which promotes the emergence of opportunistic bacterial infections. In general the 
Gram-positive bacteria are more susceptible to antibiotics than the Gram-negative ones 
since their outer membrane is a permeable barrier which prevents or reduces the 
antibiotic penetration (Viñas et al., 1991). Detailed knowledge of these substrate-cell 
interactions may constitute the conceptual basis to develop the research and production 
of “intelligent surfaces” featuring enhanced performance for a specific application site 
(Variola et al., 2011). 

Considering the aforementioned, it is wishful that implant abutment materials feature 
low biofilm formation on their surface. However, little evidence is available regarding 
bacterial adhesion to FRC materials.  

2.4 Load-bearing capacity of implant abutments 

Dental implants do not have periodontal ligaments but rather ankylosis, thereby 
transmitting loads directly to the bone. This load transmission can be influenced by the 
material and the design of the restorative material.Traditional materials for implant 
restorations show a high modulus of elasticity displaying a great stiffness mismatch 
compared to living tissues. Therefore, increased interest has been devoted in implant 
prosthetic dentistry towards achieving materials that could provide better biomechanical 
matching in order to allow a physiological load transmission (Adbulmajeed et al., 2011a; 
Ballo et al., 2014; Moritz et al., 2014).  

2.4.1 Mechanical properties 

Mechanical properties relevant to dentistry include, among others, elastic modulus, 
fracture toughness, flexural strength and load-bearing capacity. All of them are measures 
of resistance of a material to deformation, crack propagation, or fracture under an applied 
force.  

Flexural tests are widely used to obtain the mechanical properties of dental materials 
(Vallittu et al., 1994; Vallittu, 1999). One of these, the three-point bending test (Figure 
3) applies a load perpendicular to the longitudinal axis of a specimen generating 



 Review of the Literature. State of the Art 31 

 

compressive and tensile stresses in the specimens (Vishu, 2007). As the axial load is 
gradually applied, the strain for a given stress is always the same and the two are related 
by Hooke´s Law (stress is directly proportional to strain). Knowing the cross-sectional 
area and length of the specimen, stress–strain curves (Figure 14) can be obtained to 
categorize materials as ductile and brittle materials. 

 
Figure 14: Curve Stress vs Strain describing the mechanical deformation of a solid. 

The strength of FRC relies on the failure mechanisms i.e. toughness is associated with 
the capacity of the composite to absorb energy. Several damage modes including: fiber 
de-bonding, fiber pull-out, delamination, fiber breakage and matrix cracking have been 
described as energy absorbing mechanisms (Scheirs, 2000). Glass fibers are brittle thus 
they poorly contribute to energy absorption in failure while highly organized polymer 
fibers show the ability to absorb higher amounts of energy during loading.  

2.4.2 Load-bearing capacity 

Abutments should withstand functional masticatory loads. Static load testing until 
material fracture to measure the load-bearing capacity is the most commonly used test 
in preclinical assessment of newly developed material. For this purpose, a standardized 
guideline for dental implants by the International Organization for Standardization (ISO 
14801) has been established. Maximum masticatory loads in anterior region have been 
reported to range between 40 and 370 N (Papanghoraki et al., 1997; Ferrario et al., 
2004). However, higher possible loads (i.e. bruxism) should be considered when 
selecting appropriate materials. 

Current abutments have shown adequate mechanical properties. Among ceramics, 
zirconia abutments are being increasingly accepted due to their higher fracture resistance 
compared to alumina. Alumina shows a poor fracture resistance (280 N) compared to 
zirconia (738 N) or titanium (944 N) (Yildirim et al; 2003; Dittmer et al., 2012). 
Regarding PEEK abutments, despite showing values of 329.4 N, (Agustín-Panadero et 
al., 2015), they are still considered provisional abutments (Tetelman & Babbush, 2008; 
Agustín-Panadero et al., 2015). This is partly explained by their inherent difficulty in 
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achieving adequate bond strength to the veneering composite resin (Ohl et al., 1999; 
Noiset et al., 2000). In contrast, FRCs are promising materials for implant abutments. A 
study by Behr et al. describes a mean fracture resistance of 321N after undergoing five 
years of simulated oral stress (Behr et al., 2001). These promising results encourage 
further research due to the fact that in their study only unidirectional fibers were 
analyzed. 

FRC structures may fulfill clinical performance criteria. The strength of FRC is related 
to the fiber orientation. Dyer et al. showed that reinforcement with unidirectional glass 
fiber occurred when fibers were located perpendicular to the compression side of the 
specimen (Dyer et al. 2005). However, this anisotropic behavior of unidirectional FRC 
structures contributed to the failure of FRC (delamination) during clinical function 
(Freilich et al., 2002; Behr et al. 2003; Gohring & Roos, 2005). Thereby, to overcome 
this, design strategies may include reinforcement in several directions to reduce the 
anisotropicity of unidirectional FRC. On the other hand, this multidirectional 
reinforcement occurs at the expense of a decrease in the fracture strength (Krenchel, 
1963; Dyer et al., 2004).  

Potential concerns of these prostheses are decrease of strength due to water absorption 
and subsequently a reduction in the long-term stability. Water can break the bond 
between the polymer and fiber (Lassila et al., 2002). Moreover, the release of residual 
monomers in the oral environment can potentially cause mucosal irritation or allergic 
reactions (Ruyter, 1995).  
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3 AIMS OF THE THESIS  

This study was based on the working hypothesis that the E glass-FRC features 
biocompatible bacteria culture conditions and satisfactory mechanical properties 
comparable to current implant abutments aimed to be used for oral clinical application. 
Therefore, the following specific aims were set to: 

1. Characterize FRC surfaces. Evaluate the role of the surface roughness and 
wettability parameters in biomaterials discrimination (Study I). 

2. Determine bacterial adhesion to FRC (Study II). 

3. Evaluate the load-bearing capacity of FRC implants and abutments (Study III). 
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4 MATERIALS AND METHODS  

4.1 Surface characterization and bacterial adhesion to implant 
abutments  

4.1.1 Fabrication of the substrates  

Disks, ten mm in diameter and two mm thick (Figure 15), were manufactured (n = 16) 
from six different implant abutment materials. The materials are presented in Table 1.  

Table 1: Materials used in the bacterial adhesion tests. 

Materials Description Manufacturer 

Cast Co-Cr Cast and polished Co-Cr alloy  Bego 
DLMS Co-Cr Direct laser metal soldered and polished Co-Cr alloy Bego 
Titanium Titanium grade V machined and polished Klockner 
Zirconia Y-TZP disks Dentisel 
FRC E-glass FRC  Bioloren 
PEEK Polyetheretherketone Tekniimplant 

4.1.1.1 Cast cobalt-chromium disks  

Acrylic resin (pattern resin® LS, GC Corp.) disks of the desired final shape were 
fabricated and casted by induction (Ducatron Série 3 UGIN'Dentaire. Seyssins. France) 
using Co-Cr (Wirobond C® alloy, BEGO, Bremer Goldschlägerei Wilh. Herbst GmbH 
& Co. KG, Bremen, Germany). After casting, the sprues were eliminated with the aid of 
carbide discs at low speed. The castings were sandblasted with 110-µm aluminum oxide 
particles (Korox®, Bego, Bremen, Germany) under 3 bar pressure to remove oxide films 
and residual investment. Care was taken not to damage the disks’ surfaces. 

4.1.1.2 DLMS cobalt-chromium disks 

The disk shaped specimens were designed in a 3D software package and saved in an 
industry standard stereolithography (STL) format. The standard DLMS (direct laser 
metal soldering) manufacturing method by EOSINT M 270 (EOSINT 270 GmbH 
Electro Optical Systems, Munich,Germany) was used to fabricate the disks.  

Both the cast and the DLMS Co-Cr disks were polished in three stages: (a) using a hard 
rubber disk at 15,000 rpm; (b) then with a soft rubber disk at 15,000 rpm, and finally (c) 
using a soft brush with a polishing paste at 1400 rpm. Each polishing phase lasted 90 
seconds. 
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4.1.1.3 Titanium disks  

Machined and polished titanium grade V disks were provided by Klockner® (Klockner-
Soadco S.L., Andorra). 

4.1.1.4 Zirconia disks  

Zirconia (Y-TZP) disks were supplied by Dentisel (Dentisel S.L., Barcelona, Spain). 

4.1.1.5 FRC disks  

E-glass FRC disks, prepared from rods, were provided by Bioloren® (Bioloren, S.r.L, 
Saronno, Varese, Italy). 

4.1.1.6 PEEK disks  

Polyetheretherketone (PEEK) disks were obtained from rods and were supplied by 
Tekniimplant® (Tekniimplant S.L., Barcelona, Spain). 

 
Figure 15: Representative images of the tested materials: a) cast Co-Cr; b) DLMS Co-Cr; 
c)titanium; d) zirconia; e) FRC and f) PEEK. 

4.1.2 Surface characterization  

4.1.2.1 Atomic Force Microscopy  

Atomic Force Microscope XE-70 (Park Systems, Korea) imaging was carried out in a 
non-contact mode. The rectangular-shaped silicon cantilever tip (ACTA Si-cantilevers, 
Park Systems, Korea) with a force constant of 40 of ± N/m, a resonance frequency of  
± 300 kHz, and a tip radius with a curvature of < 10 nm was used. Images were 
simultaneously acquired with scan areas of 5 × 5 μm², at a scan rate of 0.6 Hz. and a 
resolution of 256 × 256 pixels. The acquired data during the surface scanning were 
converted into 4 types of images: topography, signal, amplitude and phase (4 images of 
each type thus, 16 images in total for each disc) and analysed using XEI software (Park 
Systems, Korea). Topography images were levelled to order 1 and representative 
roughness parameters Smin, Smax, Smid, Smean, Spv, Sq, Sa, Sz, Ssk and Sku (Dong et al., 1994) 
described in Table 2 were obtained. 

a) b) c) d) e) f) 
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4.1.2.2 White light interferometry  

Specimens were scanned on a white light interferometer microscope (LeicaSCAN 
DCM3D, Leica Microsystems, Switzerland), with a Mirau-interferometer objective lens 
(Leica N Plan H 50×/0.50) and an image resolution of 250.64 × 190.90 μm². The Leica 
map DCM 3D, version 6.2.6561 image processor (Leica Microsystems, Switzerland) 
was used to analyze the images with a the threshold value of 1.0% and a Gaussian filter 
of 25 µm. Images and Rp ,Rv, Rz, Rt, Ra, Rq Sa, Sz, Sq (Dong et al., 1994) roughness 
parameters (Table 2) were acquired. 

4.1.2.3 Contact angle measurements  

Surface wettability measurements were conducted by measuring the equilibrium contact 
angles using the sessile drop method (Truong et al., 2010; Gittens et al., 2013). A drop 
of 10 µl of MilliQ water quality was dropped onto the centre of each specimen using an 
injector and digital photographs were taken (Nikon D70). Afterwards, the images were 
analyzed using IMAT software (CCIT, Barcelona, Spain) and external contact angle 
values θleft and θright (Table 2) were obtained.  

Table 2: List of parameters analyzed in the present study (Dong et al., 1994). 

Technique Parameter Symbol Definition 

AFM Surface Smin Minimum height 
    Smax Maximum height 
    Smid Median height 
    Smean Mean height 
    Spv Peak to valley height 
  Sa Arithmetic mean 
  Sq Ten point height 
  Sz Maximum height 
  Ssk Skeweness 
   Sku Kurtosis 

WLI Surface Sa Arithmetic mean heigh 
    Sz Ten point height 
    Sq Root-mean-square deviation 
 Profile Rp Maximum peak height 
    Rv Maximum valley depth 
    Rz Ten point height 
    Rt Total height 
    Ra Arithmetic mean deviation 
    Rq Root-mean-square 

Sessile drop Contact angle θleft Left contact angle 
  θright Right contact angle 
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4.1.3 Surface parameter selection  

The nanoroughness parameters acquired by AFM, microroughness parameters obtained 
by WLI and water angle contact values obtained by the sessile drop method were 
statistically correlated compared in order to assess which parameter provides the best 
optimum surface characterization method. SPSS 21.0 (Version 21.0; SPSS. Inc, 
Chicago, Illinois) was utilized for data analysis. 

4.1.3.1 Descriptive analysis 

The median, maximum and minimum were computed for each surface parameter and 
represented in Box-plot Figures. 

4.1.3.2 Statistical analysis 

Statistical analysis was performed with Statistical Package for the Social Sciences 
(Version 21.0; SPSS. Inc, Chicago, Illinois). First the Kruskall-Wallis adjustment was 
applied in order to evaluate the effects of surface parameters among the different samples 
of pairs of materials. Subsequently, in order to identify how many or where did the 
differences occur, the Mann–Whitney U-test tests was performed with the Bonferroni 
correction according to the number of tests performed. 

In addition, for each roughness parameter, Spearman´s correlation coefficient with every 
other roughness parameter was calculated. To seek the correlations and the effective 
parameters, correlations among nanoroughness parameters, microroughness parameters 
and wettability data were performed. Coefficient values of “0.80-1.0” were considered 
as highly correlated for data interpretation. A 5% of alfa error with an interval estimate 
of 95% confidence level was considered for contrasting hypothesis.  

4.1.4 Bacterial adhesion tests  

The adhesion of two bacterial strains was tested on the six different substrates (n=16). 
The tested materials (substrates) were: Cast Co-Cr, DLMS Co-Cr, titanium grade V, 
zirconia, FRC and PEEK. 

4.1.4.1 Adhesion experiments  

Prior to bacterial tests, disks were sterilized in an autoclave for 15 min at 121ºC at 0.1 
MPa pressure. A Gram-negative bacterium Escherichia coli ATCC 25922 and a Gram-
positive bacterium Staphylococcus aureus ATCC 28213 were used in adhesion 
experiments. They were obtained from the American Type Culture Collection (ATCC, 
USA). First fresh bacterial suspensions were prepared for each strain, grown overnight 
in 100 mL of Triptic Soy Broth and incubated at 37ºC with shaking (120 rpm). The cell 
density of each strain was adjusted to OD 600nm = 0.3 (Ivanova et al., 2010; Truong et al., 
2010) by using a spectrophotomer to obtain suspensions with a similar number of cells. 
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Incubation of the bacterial cultures was carried out as follows: aliquots of 100 mL of a 
bacterial suspension of 1×106 colony forming units/ml (CFU/ml) were used to submerge 
the discs and incubated for 2 and 24 hours. After incubation, the discs were washed four 
times in Ringer's ¼ to remove unattached bacteria and then placed in test tubes 
containing 1 ml of Ringer ¼. In order to detach the surface-attached bacteria, tubes were 
ultrasonically treated for 3 min, vigorously vortexed for 1 min, and then sonicated again 
for 3 min. Serial dilutions (100 - 10-7) of these suspensions were used to inoculate agar 
plates, which were incubated for 48 hours. Colonies were then scored and counted. 

4.1.4.2  AFM imaging  

Following incubation discs were washed four-fold by using Ringer ¼ and allowed to dry 
in air at room temperature. Samples were imaged in air by using a non-contact mode 
Atomic Force Microscope XE-70 (Park Systems, Korea) using rectangular-shaped 
silicon cantilevers with a spring constant of ± 40 N/m and a resonance frequency of ± 
300 kHz. The images were simultaneously acquired with scan size of 25 µm2 at a scan 
rate of 0.6 Hz. The acquired data during the surface scanning were converted into images 
of topography, signal, amplitude, and phase; and analysed by using XEP and XEI 
software (Park Systems, Korea). 

4.2 Mechanical tests  

The materials used for the mechanical loading test are listed in Table 3. 

Table 3: Materials used in the mechanical tests. 

Product Description Manufacture Lot no. Composition 

*E-glass 
fiber 

Unidirectional 
fiber bundle 

Ahlstrom, 
Karhula, 
Finland 

11372313 
55% SiO2, 15% Al2O3, 
22% CaO, 6% 
B2O3, 0.5%MgO, and 
>1.0% Fe + Na + K 

Bidirectional 
weave plane fiber

240299 

Stick Resin Light curing resin
Stick Tech, 

Turku, Finland 
54031672 

BisGMA-** 
TEGDMA*** (50-50%) 

* E-glass, electrical glass 
** Bis-GMA, bisphenol A-glycidyl- dimethacrylate 
*** TEGDMA, triethylenglycol-dimethacrylate 

4.2.1  Flexural test  

4.2.1.1 Experimental groups  

Unidirectional and bidirectional (4mm Ø, 66mm length) FRC rods (n = 9) were prepared 
for three-point bending tests. 
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4.2.1.1.1 Preparation of the unidirectional rods  

The specimens were manufactured by collecting 8 bundles. Each bundle consisted of 
2.400 continuous unidirectional silanized E-glass fibers of 15 µm diameter 
approximately. The final fiber bundle was manually pre-impregnated for 48h in light by 
light-polymerizable BisGMA-TEGDMA (50-50%) resin in an incubator at 37ºC (D 
06062, Modell600, Memmert GmbH + Co.KG, Schwabach, Deutschland). Cylindrical 
unidirectional rods (n = 9) were fabricated by pulling the fiber bundles through a special 
cylindrical mold with an opening diameter of 4.2 mm (Adbulmajeed et al., 2011a).  

 
Figure 16: Fabrication of the unidirectional FRC specimens. 

4.2.1.1.2 Preparation of the bidirectional rods  

Bidirectional weave plane fiber FRC net (130 mm) was pre-impregnated with light-
polymerizable BisGMA-TEGDMA (50-50%) resin and incubated for 48h in an 
incubator at 37ºC before polymerization (D 06062, Modell 600, Memmert GmbH + 
Co.KG, Schwabach, Deutschland). Cylindrical bidirectional rods concentrically 
orientated (n = 9) were manually prepared by a rolling technique. 

 
Figure 17: Rod-shaped bidirectional and unidirectional FRC specimens. 
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4.2.1.1.3 Polymerization condition  

The substrates were photopolimerized for 2 min per side (Elipar S10, 3M Espe, Seefeld, 
Germany). The irradiance was 950 mW/cm2 measured using a curing radiometer. 
Consequently, the polymerization was pursued for 25 min in a light curing oven (Targis 
Power, Ivoclar, Schann, Liechtenstein), whereby the temperature was increased up to 
90ºC. In order to optimize the degree of monomer conversion (CD%) the substrates were 
post-polymerized for 24 hours in hot-air oven at 120ºC (Adbulmajeed et al., 2011a). 

4.2.1.2 Three-point bending test  

The cantilever bending test was performed to measure the flexural properties of the 
specimens. Specimens were tested with a universal testing device (LR 30K plus, Lloyd, 
Sussex, UK) adapted to ISO 10477:92 standards (test span 5 0mm, crosshead speed 5.0 
mm/min, indenter 2 mm diameter). Thus, specimens were placed 50 mm apart and the 
force applying tip in the middle of the two supports. The device was set at a crosshead 
speed of 5.0 mm/min., and the stress-strain curves were recorded and analyzed with a 
PC-computer program (Nexygen, Lloyd Instruments Ltd., Fareham, England). The 
flexural modulus, fracture toughness, flexural strength and load-bearing capacity were 
determined.  

4.2.2 Load-bearing capacity under static load  

4.2.2.1 Experimental groups  

The materials used for the fabrication of FRC specimens are listed in Table 3. Four 
different experimental FRC groups of one-piece implants and abutments in addition to 
two control groups were included (n = 6), as follows:  

 one-piece unidirectional FRC implant obtained from unidirectional rods (as 
described previously) and prepared by CAD-CAM. 

 one-piece bidirectional FRC implant obtained from bidirectional rods (as 
described previously) and prepared by CAD-CAM. 

 unidirectional FRC abutment obtained from bidirectional rods (as described 
previously), prepared by CAD-CAM and screwed onto MIS implants (size 
3.75/11.5 Lance, MIS™, Israel). 

 bidirectional FRC abutment obtained from  bidirectional rods (as described 
previously) , prepared  by CAD-CAM and screwed onto MIS implants (size 
3.75/11.5 Lance, MIS™, Israel). 

 custom-made zirconia abutment (control group) Custom-made zirconia 
abutments (ICE Zircon translucent, Zirkonzahn GmbH, Gais, Italy) were prepared 



 Materials and Methods 41 

 

using CAD/CAM technology (Zirkonzahn GmbH, Gais, Italy), and screwed onto 
to MIS implants (size 3.75/11.5 Lance, MIS™, Israel). 

 commercially available titanium abutment (control group). External 
hexagonal commercially available titanium (Teknimplant, Barcelona, Spain) were 
screwed onto MIS implants (3.75/11.5 Lance, MIS™, Israel). 

4.2.2.2 Fabrication of the abutments and one-piece implants  

A commercially available titanium hexagonal abutment was shaped to a length of 7.2 
mm to simulate a central incisor abutment and served as the master abutment. The master 
abutment was scanned (Zirkonzahn, GmbH, Gays, Italy), and 6 identical abutments of 
each FRC group and zirconia group were manufactured.  

An external hexagonal implant (size 3.75/11.5 Lance, MIS™, Tel Aviv, Israel) was 
screwed onto the master abutment. This implant and abutment were scanned 
(Zirkonzahn, GmbH, Gays, Italy), and 6 identical one-piece unidirectional and 
bidirectional FRC implants were manufactured. 

Table 4: Description of the implant abutment systems. 

Type of 
connection 

Abutment Material Manufacture Implant/Abutment 
interface 

Screw-retained Unidirectional FRC CAD / CAM FRC / Ti 
 Bidirectional FRC CAD / CAM FRC / Ti 
 Zirconia CAD / CAM Zr / Ti 
 Titanium Milling Ti / Ti 

One-piece Unidirectional FRC CAD / CAM FRC / FRC 
 Bidirectional FRC CAD / CAM FRC / FRC 

 
Figure 18: Representative images of the one-piece experimental groups: left to right one-piece 
unidirectional FRC implant and one-piece bidirectional FRC implant. 
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Figure 19: Representative images of the abutments. Left to right: unidirectional FRC abutment; 
bidirectional FRC abutment; zirconia, and titanium. 

4.2.2.3 Preparation of specimens for static loading  

36 standardized acrylic holders were custom made and filled with cold curing resin 
(Vertex™, Vertex-Dental, B.V. Headquarters, The Netherlands). FRC and Titanium 
implants were placed in the holders and fixed to the resin using dual-polymerizing resin 
composite cement (RelyX™ Ultimate, 3M ESPE Dental, Seefeld, Germany). Following 
ISO 14801, the resin had a modulus of elasticity beyond 3 GPa and 3mm of implant 
shoulder were left uncovered to simulate bone resorption in order to replicate the worst 
clinical case-scenario. The abutments were fixed on their respective implants according 
to the manufacturer’s instructions. The access holes were cleaned with ethanol (95%) 
and then conditioned with Scothbond™ Universal adhesive (3M, Gmbh, Neuss, 
Germany). Afterwards, the access holes were closed by a cotton pellet (cotton pellets, ∅ 
2 mm, Roeko, Langenau, Germany) and a resin-based composite restorative filling 
material on top (EverX Posterior™ Stick Tech., Turku, Finland). 

4.2.2.4 Load testing 

After storage in ultrapure distilled water for 24h at 37.5°C, all the specimens were 
statically loaded. A universal testing machine (LR 30K plus, Lloyd, Sussex, UK, 
1.0mm/min) was used to contact the specimen at an angle of 130º (Hjerppe et al ., 2011; 
Rosentritt et al., 2014), representing an average interincisal angle of people with normal 
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occlusion. A 0.5 mm-thick tin foil was used in between to ensure even distribution of 
the force during loading (Sailer et  al,. 2009). 

 
Figure 20: Loading of the abutment with a Universal testing machine at 130º. 

4.2.3 Precision of fit  

A scanning electron microscope (SEM) (LEO 1530 Gemini, Helmholtz Centrum, Berlin, 
Germany) was used to image the unidirectionally and bidirectionally reinforced fiber 
geometry and to measure the precision of fit of the screw-retained abutments. The 
abutments were cleaned ultrasonically in water for 10min, dried and screwed onto 
stainless steel replicas (RP implant replica Branemark Sytem®) according to the 
manufacturers´ recommendations. Before imaging with SEM the specimens were 
sputtered with gold (Bal-Tec SCD 050, Scotia, New York, USA). Magnifications of ×30, 
×250 and ×1000 were carried out. The vertical misfit was measured with ×1000 
magnification at 9 different locations and the mean values were reported for each 
abutment.  

4.2.4 Statistical analysis  

Statistical analysis was performed with Statistical Package for the Social Sciences 
(Version 21.0; SPSS. Inc, Chicago, Illinois). The distribution of data was normal, which 
was determined by the Kolmogorov-Smirnov test. Thus, the data were analyzed using 
one way analysis of variance (ANOVA) followed by Tukey’s test. Differences were 
considered significant at 95% confidence level. 

130º 
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5 RESULTS AND DISCUSSION 

5.1 General discussion 

In vitro pre-clinical studies are necessary to introduce a newly developed material for 
implant abutment fabrication. Thus, the present study aimed to evaluate the use of E-
glass fiber-reinforced composites (FRC) as an implant abutment material in terms of 
both bacterial attachment and mechanical properties. The main idea supporting the 
hypothesis was that FRCs have better biomechanical matching to living tissues 
compared to traditional implant abutment materials. Besides displaying a modulus of 
elasticity comparable to bone and dentin, they can be engineered to match a specific 
application site. Accordingly, they may reduce undesirable high stress concentration and 
enhance a more even stress distribution in the peri-implant tissues. The aims of the 
present study were of utmost interest since FRCs have recently gained interest as dental, 
orthopedic and cranial devices for load-bearing applications (Zhao et al., 2009; Aitasalo 
et al., 2014; Adbulmajeed et al., 2015; Ballo et al., 2015). Unfortunately there is a lack 
of studies regarding the bacterial adhesion and the mechanical properties of FRCs aimed 
to be used as an implant abutment material, therefore, these studies were designed to 
elucidate some characteristics on the potential use of FRCs in implant prosthetic 
dentistry.  

Smooth surface textures (i.e, Sa <0.2 µm) and hydrophobic surfaces are recommended 
when characterizing materials for implant abutment materials. Both characteristics may 
prevent bacterial adhesion on biomaterials. The average roughness (Sa or Ra) is the most 
used parameter to measure surface roughness nevertheless; it is known that it may not 
always be sufficient to describe complex surface geometries. Additionally, since there is 
no standardized protocol for biomaterial surface characterization, an exhaustive 
correlation analysis of surface parameters, including roughness and wettability, was 
performed in order to obtain optimal surface parameters for biomaterial surface 
characterization. Hence, Study I aimed to characterize FRC surfaces and compare them 
to five widely used implant abutment materials. A further aim was to propose a set of 
surface parameters showing the highest discriminatory power to characterize 
biomaterials. 

Evaluation of the bacterial adhesion is relevant since the vast majority of implant failures 
start with microbial colonization. Study II aimed to evaluate bacterial adhesion on FRC 
surfaces, and correlate with bacterial adhesion on current implant abutment materials. 
Thereby, the adhesion of S. aureus and E. coli on FRC surfaces was determined and 
related to roughness and wettability. 
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Following the adequate bacterial response of FRC, the mechanical properties of FRC 
either for an implant abutment or an oral implant application were analyzed (Study III). 
Fracture resistance to functional loads is one of the mechanical requirements when 
selecting an appropriate material for implant dentistry. Therefore, considering that the 
type of structure and fiber orientation have a significant influence on the mechanical 
properties of FRC, Study III was conducted to evaluate the load-bearing capacity of FRC 
abutments and one-piece FRC implants with two different types of fiber orientations 
(unidirectional vs. bidirectional) for oral anterior application. 

5.2  Surface characterization 

Results of the surface characterization (Figures 21 and 22) showed that FRC surfaces 
displayed the highest roughness values among the tested materials, but in the range of 
previous studies (Tanner et al., 2003; Lassila et al., 2009; Adbulmajeed et al., 2014). 
These values were above the threshold roughness proposed by Bollen (Bollen et al., 
1997) suggesting that FRC surfaces could enhance bacterial adhesion and biofilm 
formation (Bollen et al., 1997). Nevertheless, comparable FRC surfaces (Lassila et al., 
2009) did not harbor more bacteria compared to the most commonly used materials in 
restorative dentistry. On the other hand, this increased roughness could benefit the soft 
tissue attachment since rough abutment surfaces have shown increased fibroblast 
ingrowth in comparison to smooth textures (Nothdurft et al., 2014). 

In addition to the surface roughness, wettability plays a key role in many biological cell-
substrate interactions. FRC surfaces displayed low external angles and subsequently, 
high internal contact angles (>90 degrees) that indicate poor wetting properties and thus, 
a hydrophobic caracter (Figure 23). The different wettability values obtained compared 
to a previous study could be attributed to the different fiber orientation (Adbulmajeed et 
al., 2011b). In the present study fibers run perpendicular and vertical to the camera 
(fibers were cross-sectioned on the surface of the disks) in contrast to the previous study 
where fibers ran horizontal and parallel. 

In general the characterization of the cast Co-Cr, DLMS Co-Cr, titanium, zirconia, and 
PEEK surfaces were in agreement with previous studies (Rosentritt et al., 2009; Ivanova 
et al., 2010; Adbulmajeed et al., 2014; Ourahmoune et al., 2014; Kim et al., 2015). 
However, in the present study zirconia was shown to be rougher than previously 
analyzed zirconia (Att et al., 2009). Contrary to that study, in the present study, zirconia 
did not undergo glazing procedures; this technique has been shown to reduce the surface 
roughness of zirconia (Sabrah et al., 2013). In addition to this, DLMS cobalt-chrome 
exhibited the lowest roughness value. This finding is in agreement with previous studies 
that state that laser sintering procedures enhance the surfaces properties of metals 
compared to casting approaches (Oyagüe et al., 2012; Castillo-Oyagüe et al., 2013). In 
contrast, this finding is not in accordance with a study where the average roughness value 
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of DLMS cobalt-chrome was significantly higher compared to cast cobalt-chrome. The 
differences in chemical composition of the cobalt-chromium alloys analyzed may have 
affected these results (Kilicarslan & Ozcan, 2012).  

Wettability values in general were also in agreement with previous studies except for 
zirconia which resulted to be the most hydrophilic material (highest contact angle value 
and thus the lowest internal angle). This may be explained by the fact that the examined 
surfaces were rougher than those in previous studies (Att et al., 2009).  

Topographical features of biomaterial surfaces are determinant in many biological cell-
substrate reactions. Despite being highly relevant, there exists a lack of a standardized 
set of surface parameters to characterize biomaterials. One posible explanation is that 
there exist a large number of surface parameters in the literature which diminish the 
probability of identifying potential associations due to the vast variability. The present 
study was in accordance with previous studies that confirm that the most commonly used 
parameters to characterize biomaterials are redundant (Dong et al., 1994; Crawford et 
al., 2012; Webb et al., 2013). Twenty-one parameters were reduced to six considering 
their efficiency in materials discrimination by means of correlation analysis and 
sensitivity testing in the differentiation between pairs of materials.  

At the nanoscale (Table 8) the surface parameters showed poor correlations, nevertheless 
three clusters of non-correlated parameters were differentiated. The Sa-Smax-Smin-Spv-Sq-
Sz group displayed strong correlations, in contrast, the Smean-Smid and Ssk-Sku groups were 
weakly correlated among themselves and with the former. Since strongly correlated 
parameters addressed the possibility of reducing interchangeable parameters and 
conversely, weak correlations pointed towards independence between parameters, a 
preliminary selection of surface parameters was performed. From the highly correlated 
group, Sa was selected to represent as shown by its superior sensitivity on the pair-wise 
material discrimination (Table 5). From the weakly correlated cluster of parameters, the 
lesser which correlated to Sa, were selected. Thus at the nanoscale the selected set of 
parameters was Sa,Sku, and Smid. 

Conversely, at the microscale (Table 9) all the parameters were correlated challenging 
the selection of which parameter was best in surface characterization. Similarly to the 
nanoscale, the Sa parameter exhibited the highest sensitivity discrimination pairs of 
materials being therefore selected (Table 6). Sz was also selected due to the fact that it 
displayed the lower correlation value to Sa. 

Nanoscale and microscale roughness parameters in general were not correlated (Table 
10); this indicated the complementarity of these approaches. The combination of both 
techniques has also been previously claimed by authors aiming to overcome the 
limitations of each measuring device in the achievement of an efficient surface 
characterization (Tyrrell et al., 2004; Guo et al., 2011). 
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Wettability values did not correlate with nanoroughness parameters whilst they poorly 
correlated with microroughness parameters (Tables 11 and 12). Previous studies have 
shown that smooth microscale surface characteristics (Ra less than 0.1 μm) have minor 
influence on the surface wettability of a surface (Busscher et al., 1994; Adbulmajeed et 
al., 2011). In those studies smooth surfaces displayed contact angles that ranged between 
60º and 86º and the differences of the contact angles were related to the surface 
chemistry. The present study, is in agreement with those studies since all the smooth 
surfaces investigated (all the materials except for FRC) showed contact angle values 
within this given range. Accordingly, rough FRC surfaces showed a contact angles above 
86º showing a similarity in the trend claimed by Wenzel (Wenzel, 1949). 

Sa,Sku, and Smid at the nanoscale, Sa and Sz at the microscale and θright were the best 
parameters discriminating materials being therefore selected to represent the whole 
group of parameters. Thus, in Figures 24, 25 and 26 the materials are characterized 
according the screened parameters. The efficiency of the selected parameters is 
demonstrated by the fact that characterizing the materials with the proposed set agrees 
with early studies (Rosentritt et al., 2009; Ivanova et al., 2010; Adbulmajeed et al., 2014; 
Ourahmoune et al., 2014; Kim et al., 2015). Hence, the adoption of this set will allow a 
more effective characterization of materials, in addtion to facilitating data comparisons.  

Table 5: Results of Kruskal–Wallis test (p value) and Mann–Whitney U-test (number of different 
pairs of materials). Eficiency in discrimating pairs of materials by nanoscale roughness 
parameters.  

  Smin Smax Smid Smean Spv Sa Sq Sz Ssk Sku 

Kruskal-
Wallis* 

0.03 0.20 0.10 0.40 0.01 0.01 0.01 0.01 0.60 0.03 

Different 
pairs**  0 0  0  0  4 6  4  4  1  1 

*Statistical significant differences p<0.01 
**Statistical significant differences p<0.003 

Table 6: Results of Kruskal–Wallis test (p value) and Mann–Whitney U-test (number of different 
pairs of materials). Eficiency in discrimating pairs of materials by microscale roughness 
parameters. 

 Sa Sz Sq Rp Rv Rz Rt Ra Rq 

Kruskal-
Wallis* 

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Different 
pairs** 

11 8 8 10 7 8 9 9 9 

*Statistical significant differences p<0.01 
**Statistical significant differences p<0.003 
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Figure 23: Box plot data of the descriptive anaysis of wettability parameters including the 
median, minimum and maximum. Left to right cast Co-Cr, DLMS Co-Cr, titanium, zirconia, 
FRC, and PEEK.  

Table 7: Results of Kruskal–Wallis test (p value) and Mann–Whitney U-test (number of different 
pairs of materials). Eficiency in discrimating pairs of materials by wettability parameters. 

  θleft θright 

Kruskal-Wallis p* 0.001 <0.01 
Different pairs** 3 4 

*Statistical significant differences  p<0.01 
**Statistical significant differences p<0.00 

θleft  θright  



 

 T
ab

le
 8

: 
C

or
re

la
ti

on
 m

at
ri

x 
fo

r 
na

no
sc

al
e 

ro
ug

hn
es

s 
pa

ra
m

et
er

s.
 

 
S

m
in

 
S

m
ax

 
S

m
id

 
S

m
ea

n 
S

pv
 

S
q 

S
a 

S
z 

S
sk

 
S

ku
 

S
m

in
 

—
 

-.
86

1**
 

.0
94

 
-.

02
2 

-.
94

4**
 

-.
91

9**
 

-.
90

5**
 

-.
94

3**
 

-.
18

9 
.0

77
 

S
m

ax
 

-.
86

1**
 

—
 

.2
60

*  
.2

06
*  

.9
67

**
 

.9
21

**
 

.9
02

**
 

.9
67

**
 

-.
10

3 
-.

01
8 

S
m

id
 

.0
94

 
.2

60
*  

—
 

.2
94

**
 

.0
77

 
.0

36
 

.0
35

 
.0

78
 

-.
53

0**
 

.1
56

 

S
m

ea
n 

-.
02

2 
.2

06
*  

.2
94

**
 

—
 

.1
08

 
.1

00
 

.1
07

 
.1

04
 

-.
08

8 
-.

09
4 

S
pv

 
-.

94
4**

 
.9

67
**

 
.0

77
 

.1
08

 
—

 
.9

61
**

 
.9

42
**

 
1,

00
0**

 
.0

49
 

-.
05

7 

S
q 

-.
91

9**
 

.9
21

**
 

.0
36

 
.1

00
 

.9
61

**
 

—
 

.9
93

**
 

.9
63

**
 

.1
54

 
-.

23
5*  

S
a 

-.
90

5**
 

.9
02

**
 

.0
35

 
.1

07
 

.9
42

**
 

.9
93

**
 

—
 

.9
43

**
 

.1
67

 
-.

27
0**

 

S
z 

-.
94

3**
 

.9
67

**
 

.0
78

 
.1

04
 

1**
 

.9
63

**
 

.9
43

**
 

—
 

.0
52

 
-.

06
0 

S
sk

 
-.

18
9 

-.
10

3 
-.

53
0**

 
-.

08
8 

.0
49

 
.1

54
 

.1
67

 
.0

52
 

—
 

-.
32

4**
 

* S
ta

ti
st

ic
al

 s
ig

ni
fi

ca
nt

 d
if

fe
re

nc
es

 p
<

0.
05

 
**

S
ta

ti
st

ic
al

 s
ig

ni
fi

ca
nt

 d
if

fe
re

nc
es

 p
<

0.
01

 

 
 

Results and Discussion 51 



 

 T
ab

le
 9

: 
C

or
re

la
ti

on
 m

at
ri

x 
fo

r 
m

ic
ro

sc
al

e 
ro

ug
hn

es
s 

pa
ra

m
et

er
s.

 

  
S

a 
S

z 
S

q 
R

p 
R

v 
R

z 
R

t 
R

a 
R

q 

S
a 

—
 

.7
55

**
 

.9
41

**
 

.8
44

**
 

.6
99

**
 

.8
10

**
 

.8
41

**
 

.8
66

**
 

.8
56

**
 

S
z 

.7
55

**
 

—
 

.8
75

**
 

.6
46

**
 

.5
84

**
 

.6
53

**
 

.7
12

**
 

.6
53

**
 

.6
64

**
 

S
q 

.9
41

**
 

.8
75

**
 

—
 

.7
69

**
 

.6
56

**
 

.7
49

**
 

.7
98

**
 

.7
94

**
 

.7
92

**
 

R
p 

.8
44

**
 

.6
46

**
 

.7
69

**
 

—
 

.8
47

**
 

.9
55

**
 

.8
86

**
 

.9
65

**
 

.9
63

**
 

R
v 

.6
99

**
 

.5
84

**
 

.6
56

**
 

.8
47

**
 

—
 

.9
30

**
 

.7
83

**
 

.8
77

**
 

.8
74

**
 

R
z 

.8
10

**
 

.6
53

**
 

.7
49

**
 

.9
55

**
 

.9
30

**
 

—
 

.8
82

**
 

.9
60

**
 

.9
59

**
 

R
t 

.8
41

**
 

.7
12

**
 

.7
98

**
 

.8
86

**
 

.7
83

**
 

.8
82

**
 

—
 

.8
86

**
 

.8
96

**
 

R
a 

.8
66

**
 

.6
53

**
 

.7
94

**
 

.9
65

**
 

.8
77

**
 

.9
60

**
 

.8
86

**
 

—
 

.9
89

**
 

R
q 

.8
56

**
 

.6
64

**
 

.7
92

**
 

.9
63

**
 

.8
74

**
 

.9
59

**
 

.8
96

**
 

.9
89

**
 

—
 

* S
ta

ti
st

ic
al

 s
ig

ni
fi

ca
nt

 d
if

fe
re

nc
es

 p
<

0.
05

 
**

S
ta

ti
st

ic
al

 s
ig

ni
fi

ca
nt

 d
if

fe
re

nc
es

 p
<

0.
01

 
 

 

52 Results and Discussion 



 

 T
ab

le
 1

0:
 C

or
re

la
ti

on
 m

at
ri

x 
fo

r 
na

no
sc

al
e 

an
d 

m
ic

ro
sc

al
e 

ro
ug

hn
es

s 
pa

ra
m

et
er

s.
 

 
S

a 
S

z 
S

q 
R

p 
R

v 
R

z 
R

t 
R

a 
R

q 

S
m

in
 

  -
0.

31
**

 
-0

.2
1 

 -
0.

25
*  

  -
0.

27
**

 
-0

.1
8 

 -
0.

25
*  

-0
.1

9 
  -

0.
28

**
 

  -
0.

27
**

 
S

m
ax

 
  0

.2
3*  

 0
.1

5 
  0

.2
3*  

  0
.2

3*  
 0

.1
7 

  0
.2

1*  
 0

.1
6 

  0
.2

3*  
  0

.2
2*  

S
m

id
 

-0
.1

5 
-0

.1
6 

-0
.1

0 
-0

.0
4 

 -
0.

03
 

-0
.0

4 
-0

.0
7 

-0
.0

7 
-0

.0
7 

S
m

ea
n 

 0
.0

6 
 0

.0
3 

 0
.0

6 
 0

.0
4 

  0
.0

3 
 0

.0
4 

 0
.1

5 
 0

.0
3 

  0
.0

3 
S

pv
 

   
0.

29
**

 
 0

.2
0 

   
 0

.2
7**

 
   

0.
27

**
 

  0
.1

9 
  0

.2
5*  

 0
.2

0 
   

0.
28

**
 

   
0.

27
*  

S
q 

  0
.2

5*  
 0

.1
4 

   
0.

21
*  

  0
.2

4*  
  0

.1
6 

 0
.2

0 
 0

.1
9 

  0
.2

3*  
   

0.
22

*  
S

a 
 0

.2
1 

 0
.0

9 
  0

.1
6 

  0
.2

1*  
  0

.1
3 

 0
.1

7 
 0

.1
6 

 0
.2

0 
  0

.1
9 

S
z 

   
0.

29
**

 
 0

.1
9 

   
 0

.2
7**

 
   

0.
28

**
 

  0
.1

9 
  0

.2
5*  

 0
.2

0 
   

0.
28

**
 

   
0.

27
*  

S
sk

 
0.

07
 

 0
.0

9 
  0

.0
2 

 0
.0

6 
  0

.1
0 

 0
.0

7 
 0

.1
6 

 0
.0

7 
  0

.0
8 

S
ku

 
-0

.2
4*  

-0
.0

2 
 -

0.
15

 
-0

.1
7 

 -
0.

12
 

-0
.0

9 
-0

.2
0 

-0
.1

5 
 -

0.
13

 
* S

ta
ti

st
ic

al
 s

ig
ni

fi
ca

nt
 d

if
fe

re
nc

es
 p

<
0.

05
 

**
S

ta
ti

st
ic

al
 s

ig
ni

fi
ca

nt
 d

if
fe

re
nc

es
 p

<
0.

01
 

T
ab

le
 1

1:
 C

or
re

la
ti

on
 m

at
ri

x 
fo

r 
w

et
ta

bi
li

ty
 a

nd
 n

an
os

ca
le

 r
ou

gh
ne

ss
 p

ar
am

et
er

s.
 

 
S

m
in

 
S

m
ax

 
S

m
id

 
S

m
ea

n 
S

pv
 

S
q 

S
a 

S
z 

S
sk

 
S

ku
 

θ l
ef

t 

θ l
ef

t 
0.

06
 

 -
0.

06
 

-0
.1

1 
-0

.0
8 

  -
0.

05
 

-0
.0

5 
-0

.0
6 

  -
0.

04
 

  -
0.

02
 

0.
02

 
 

θ r
ig

h
t 

0.
05

 
 -

0.
05

 
-0

.0
8 

-0
.0

8 
  -

0.
04

 
-0

.0
4 

-0
.0

4 
  -

0.
04

 
0.

03
 

0.
03

 
0.

97
**

 
*S

ta
ti

st
ic

al
 s

ig
ni

fi
ca

nt
 d

if
fe

re
nc

es
 p

<
0.

05
 

**
S

ta
ti

st
ic

al
 s

ig
ni

fi
ca

nt
 d

if
fe

re
nc

es
 p

<
0.

01
 

T
ab

le
 1

2:
 C

or
re

la
ti

on
 m

at
ri

x 
fo

r 
w

et
ta

bi
li

ty
 a

nd
 m

ic
ro

sc
al

e 
ro

ug
hn

es
s 

pa
ra

m
et

er
s.

 

 
S

a 
S

z 
S

q 
R

p 
R

v 
R

z 
R

t 
R

a 
R

q 
θ l

ef
t 

θ l
ef

t 
-0

.2
2*  

-0
.1

9 
-0

.2
1*  

-0
.1

8 
-0

.2
5*  

 -
0.

24
*  

-0
.2

8**
 

-0
.2

2**
 

-0
.2

2**
 

 
θ r

ig
h

t 
-0

.2
6*  

-0
.2

3*  
-0

.2
6*  

-0
.1

9 
-0

.2
5*  

-0
.2

5 
-0

.2
9*  

-0
.2

4*  
-0

.2
4*  

0.
97

**
 

* S
ta

ti
st

ic
al

 s
ig

ni
fi

ca
nt

 d
if

fe
re

nc
es

 p
<

0.
05

 
**

S
ta

ti
st

ic
al

 s
ig

ni
fi

ca
nt

 d
if

fe
re

nc
es

 p
<

0.
01

 

Results and Discussion 53 



54 Results and Discussion 

 

 
Figure 24: Characterization of the materials according to the selected nanoscale parameters.  

 
Figure 25: Characterization of the materials according to the selected microscale parameters. 

 
Figure 26: Characterization of the materials according to the selected wettability parameter. 
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5.3 Bacterial adhesion to FRC  

The role of implant abutment surfaces has acquired increasing interest in in implant 
dentistry owing to its intimate connection to the peri-implant gingival tissues and thus, 
of utmost relevance in implant health preservation. Considering that biofilm formation 
on abutment surfaces, if not removed, creates a basis for future peri-implantitis, it is 
desirable that a material for implant abutment fabrication features low bacterial 
adhesion. The present findings are in agreement with previous studies which show that 
FRC surfaces feature adequate bacterial response (Tanner et al., 2005; Lassila et al., 
2009). Thus, it can be postulated that the use of FRC does not increase the microbial 
adhesion.  

It has been reported that the chemical composition and surface properties of biomaterials 
including roughness, nanoroughness, and wettability are determining factors in bacterial 
adhesion (Subramani et al., 2009; Ivanova et al., 2010). With increasing roughness, 
larger areas and retentive locations for bacterial adhesion are created. In addition to this, 
water adsorption is the initial event when a surface is first in contact with biologic 
environment (Kasemo, 2002) and the more or less hydrophilic/phobic characters of a 
surface determines the subsequent biologic processes, i.e. extracellular matrix adsorption 
(Anselme, 2000; Kasemo, 2002). Owing to the fact that in Study I the average surface 
value resulted to be the best parameter in the material discrimination at the nano and 
microscale, Sa was selected to characterize the materials. Therefore in the present study 
the average roughness at both scales (Figures 27 and 28) in addition to wettability value 
data (Figure 29) were correlated to bacterial adhesion (Figures 30 and 31). 

 
Figure 27: Median average roughness (Sa) and standard deviations of the experimental groups 
measured by AFM. 
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Figure 28: Median average roughness (Sa) and standard deviations of the experimental groups 
measured by WLI.  

Figure 29 shows the average contact angle values obtained from the surfaces 
investigated. A high contact angle (>90 degrees) is an indication of poor wetting 
properties and thus hydrophobic character. On the contrary, a low contact angle 
addresses the enhanced wetting property and thus the hydrophilic character (O’Brien, 
1997). The results show that FRC are hydrophobic materials that show poor wettability 
properties.  

 
Figure 29: Mean contact angle values of the experimental group measured by the sessile drop 
method. 

0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
1

R
ou

gh
n

es
s 

(µ
m

)

0

20

40

60

80

100

120

C
on

ta
ct

 a
n

gl
e 

(d
eg

re
es

)



 Results and Discussion 57 

 

S. aureus has been shown to be a major contributor to implant related infections 
(Leonhardt et al., 2003; Tortora et al., 2004; Mombelli & Decaillet 2011). In addition to 
the Gram positive S. aureus, the Gram negative E. coli has been widely studied in the 
evaluation of biofilm formation on biomaterials (Mitik Dineva et al., 2009; Ivanova et 
al., 2010; Juan et al., 2010; Zhang et al., 2013); both species are generally used as 
models. Thus, the adhesion of S. aureus and E. coli was assessed at 2 and 24 hours of 
contact. Figure 30 shows the results of bacterial adhesion of both species after 2 hours 
of contact. Bacterial populations are expressed as colony-forming units (CFU/mm2) 
obtained by the calculation of the average value of 16 measurements. 

 
Figure 30: Bacterial adhesion after 2 hours of contact expressed as colony-forming units 
(CFU/mm2). 

The present data show that the initial biofilm formation is affected by the surface 
roughness. Subsequently, after two hours of contact, the smoothest surface (DLMS Co-
Cr) featured the lowest bacterial counts while the roughest (FRC) displayed an opposite 
behavior. In this early adhesion stage, as expected, the “early colonizer” S. aureus was 
found in higher proportions. These differences in the binding behavior of the two species 
is in agreement with the ‘‘attachment point’’ theory which states that different 
microorganisms morphologies (i.e. spherical-cocci and rod-shaped bacili) exhibit 
different attachment patterns (Advincula et al., 2007). Additionally, at this stage the 
previously stated threshold value of Ra 0.2 μm claimed by Bollen was confirmed (Bollen 
et al., 1997). Amoroso et al. reported that this threshold value is related to the minimum 
bacterial size. They claimed that since most bacteria are larger in size, lower roughness 
values may not promote bacterial adhesion (Amoroso et al., 2006). 

Conversely, after 24 hours of contact (Figure 31) no differences were found in the 
numbers of bacteria adhered to FRC over the rest of the analyzed surfaces. 
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Figure 31: Bacterial adhesion after 24 hours of contact expressed as colony-forming units 
(CFU/mm2). 

Hence, according to these results it can be hypothesized that wettability is a major 
factor in microbial adhesion to FRC. The poor wettability characteristic shown by FRC 
surfaces may explain their adequate bacterial performance; despite being the roughest 
materials they showed the lowest hydrophilic properties. The present study like the 
presvious study of Lassila et al., observed that low-surface free contact angles which 
are an indication of high water contact angles (Duncan-Hewitt, 1990) resulted to be a 
major factor governing bacterial adhesion on E-glass FRC compared to roughness. 
Furthermore previous in vivo and in vitro studies have shown that bacterial adhesion 
to FRC resembles restorative composite, which nowadays is widely accepted (Tanner 
et al., 2000; Lassila et al., 2009). One explanation can be the similar composition 
organic polymer matrix (dimetacrilate monomer systems) and inorganic filler 
particles.  

The present study is in agreement with previous in vitro and in vivo studies were the 
early bacterial adhesion was influenced by physic-chemical characteristics of the tested 
materials (Mitik Dineva et al., 2009) nevertheless, on the later, mature biofilm 
compensated this differences (de Oliveira et al., 2012; do Nascimento et al., 2013; 
Nascimento et al., 2014). This is in relatively disagreement with other authors (Bürgers 
et al., 2010a; Bürgers et al., 2010b). According to their results the adhesion and biofilm 
forming activity of Candida albicans on titanium surfaces strongly depend upon 
wettability and roughness seemed to play a secondary role. Contrary to this, when 
measuring the initial adhesion of Streptococcus sobrinus to differently textured titanium 
surfaces, they found it was primarily influenced by the roughness whereas the influence 
of wettability seemed to be of only minor importance. Subsequently it seems that 
significant differences can be expected when using different microbial species and 
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moreover Bürgers´ studies compared differently polished titanium and not different 
materials. 

AFM imaging of the cultured bacteria, confirmed that FRC substrates do not provide good 
environmental conditions for bacterial growth. The large amount of exopolysaccharide can 
be clearly observed from micrographs which indicate a low rate of growth. 

 
Figure 32: AFM topography and phase images on FRC substrates.  

 
Figure 33: 3D bacteria adhesion images on FRC substrates obtained by AFM: a) S. aureus and 
b) E. coli. 
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Research on nanotechnology is gaining interest. Because bacteria are measured on the 
nanoscale (< 1µm), molecular and cellular events occur on the nanoscale. On the other 
hand, human gingival fibroblasts responsible for establishing the transmucosal 
connections between the oral environment and the underlying tissues are measured in 
micrometers. Because of this, the exploration of the surfaces where these biological 
reactions occur (bacterial adhesion and fibroblast attachment), are important when 
analyzing biomaterial surfaces. The present study also confirmed the role of resolution 
in scanning, as shown by the observed differences in the order of the materials according 
to their roughness values. For example, zirconia was rougher when analyzed by AFM 
than WLI. 

Nanoengineered surfaces can modulate molecular and cellular events and subsequently, 
cell adhesion and proliferation predicting the overall biological response (Variola et al., 
2011). FRC surfaces allow the creation of a surface coating as in the case of lactose-
modified chitosan (Chitlac) that can be bonded to BisGMA-TEGDMA resin polymer 
(Nganga et al., 2013). In line with these thoughts, various in vitro studies have shown 
excellent antibacterial properties against Staphylococcus aureus and Pseudomonas 
aeruginosa when adding silver-polysaccharide silver nanoparticles coatings on FRC 
surfaces (Nganga et al., 2013; Nganga et al., 2014). 

As the oral biofilm formation is a very complex process, it is clear that the results 
gathered inthis study cannot be completely transferred to the clinical performance of a 
biomaterial. Nevertheless, Staphylococcus aureus and Escherichia coli reflect two major 
types of biological and chemical organizations of the bacterial surface. Although our 
results cannot be mechanistically extended to all microbes, large differences with other 
oral pathogens are not expected. 

5.4 Mechanical properties 

Bidirectionally reinforced FRC abutments and one-piece FRC implants carry the 
potential to be used as alternative implant materials as shown by their high load-bearing 
capacity and enhanced ability to withstand breakage compared to those unidirectionally 
reinforced. Previously, one study evaluated the load-bearing capacity of FRC abutments, 
however, only unidirectional fibers were analyzed (Behr et al., 2001). Therefore the 
present study is first in reporting the load bearing capacity of FRC abutments and 
implants with different types of fiber orientation. Furthermore the mode of failure and 
precision of fit were evaluated. 

Three-point bending test was used to determine the mechanical properties of the two 
types of experimental FRC groups. Data is presented in Table 13. 
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Table 13: Comparison of the mechanical properties of one-piece unidirectional FRC with 
bidirectional FRC rods  

 Unidirectional FRC Bidirectional FRC 

Flexural Strength (MPa) 1082.1 ± 174.5*  417.8 ± 82.2* 
Flexural modulus (GPa) 34.7 ± 7.8* 14.8 ± 4.2* 

Toughness (MPa) 1.1 ± 0.28 0.71 ± 0.17 
Load-bearing capacity (N) 495.8 ± 48* 223.2 ± 54.8* 

*p value <0.0001 

Bidirectional FRC rods as expected, had inferior values compared to unidirectional FRC 
rods (Krenchel, 1964; Moritz et al., 2014). The mode of failure of FRC rods under 
flexion has been described as complex. Under tension, load beams can fail either 
longitudinally or transversely and show shear failure within the matrix, the fiber-matrix 
interface or within the fiber (Issac, 1999). None of the rods failed catastrophically 
besides bidirectional FRC rods showed a greater ability to withstand breakage (Figure 
34) since they prevented the characteristic interlaminar shear failure exhibited by 
unidirectional rods (Behr et al., 2000; Abdulmajeed et al., 2011a).  

 

Figure 34: In the process of FRC fracture, unidirectional fibers (a) displayed intralaminar shear 
failure (delamination) due to the tension failures in the resin layers while, bidirectional fibers, (b) 
showed bending and fiber pull-out. This can be explained by the capacity of bidirectional fibers 
bridging the cracks in the resin providing resistance to crack propagation and crack opening 
before fiber pull-out. 

Nevertheless, both groups displayed a elastic modulus similar to cortical bone and dentin 
and adequate strength that acknowledge them for load bearing applications such as 
abutments and implants in the oral anterior region (Brunski & Skalak, 1998; Black & 
Hastings 1998; Ritchie, 2009). 

Load-bearing capacity under functional loading is a prerequisite for a material aimed to 
be used as an oral material. Therefore, the ISO 14801 test was performed (Hjerppe et al., 
2011; Rosentritt et al., 2014). Accordingly the following testing conditions were 
adapted: (1) Implants were embedded in a resin with an elastic modulus similar to natural 
bone; (2) The implant shoulder was left uncovered to reproduce 3mm of bone resorption. 

200µm 200µm 

a) b) 
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Furthermore to simulate the average interincisal angle (Hjerppe et al., 2011; Rosentritt 
et al., 2014) load was directed to contact the specimen at an angle of 130º. Load-bearing 
capacity data and standart deviations of the experimental group is presented in Table 14. 

Table 14: Mean fracture values and standart deviations (SD) of the experimental groups. Same 
superscript letters indicate that data are not statistically different (p<0.001). 

Experimental groups Mean fracture loads (N) 

Unidirectional screw-retained FRC abutment 220.5 ± 24.2a  
Bidirectional screw-retained FRC abutment 466.2 ±  43.0b  

One-piece unidirectional FRC implant abutment 733.2 ± 39.1c  
One-piece bidirectional FRC implant abutment 746.9 ±  41.8c  

Custom-made zirconia abutment 687.8 ± 69.4c  
Commercially available titanium abutment 1260 ± 201.7d  

This study revealed that one-piece FRC implants exhibited mean fracture loads far 
beyond the maximal incisal forces and were the best among FRC groups (p<0.001). It is 
known that the mechanical properties of FRC are influenced by changing the fiber 
orientation (Dyer et al., 2005), however the one-piece group in this study did not show 
this. The minor effect of different fiber orientations on the strength of one-piece implant 
abutments could be attributed to the properties of high fiber vol.% of the bulk FRC 
structure. However, bidirectional fibers showed a higher resistance to breakage since 
they showed bending without fracture compared to the delamination showed by 
unidirectional fibers (Figure 35). This is explained by the different energy transfer of the 
two groups. While unidirectional fibers transfer the energy longitudinally from the 
abutment to the implant, bidirectional fibers, show an even load distribution.  

 
Figure 35: Representative fracture patterns of one-piece FRC implants: a) unidirectional and b) 
bidirectional.  

Controversial results in success-rates of metallic one-piece implants have been reported. 
While some papers report high success rates (Parel & Schow, 2005; Hahn et al., 2007) 
others show a significantly reduced success rates (Ostman et al., 2007; Sennerby et al., 
2008). One possible explanation is that one-piece implants require shaping in situ 
immediatelly after implant insertion. Thus, when using metallic implants bone health 
can be potentially damaged owing to heat generation (Gross et al., 1995; Gabay et al., 
2010). Unlike titanium, FRC is easy to grind and modify without heat generation. 
Additionally it shows osteoinductive properties when added to bioactive glass particles 

a) b) 
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(BAG). Both advantageous properties make one-piece FRC potential alternatives to 
metallic one-piece implants for immediate loading protocols (Ballo et al., 2014).  

Contrary to FRC implants, in FRC abutments the fiber structure had a significant 
influence on the load-bearing capacity. Unidirectional fibers failed when compressive 
loads where directed in the fiber direction, in contrast bidirectional fibers, provided 
optimal reinforcement showing fracture loads (p<0.001) above the maximum incisal 
forces. Similar to Behr et al.'s findings, in unidirectional FRC abutments, tensile stresses 
originated at the fiber-matrix interface resulted in slight reinforcement leading to 
catastrophic failure (Figure 36a) (Behr et al., 2001). In contrast the bidirectional fibers 
improved the shock absorbing properties of the polymer matrix since bending failure 
was only observed (Figure 36b). The more flexible matrix achieved by the bidirectional 
reinforcement allowed abutment bending without fiber damage (e.g. delamination), 
transmitting the entire energy towards the screw. 

 
Figure 36: Representative fracture pattterns of FRC abutments: a) unidirectional and b) 
bidirectional. 

In the present study, the load-bearing capacities of the control groups were within the 
range (944N for titanium and 480-831N for zirconium) of previous studies (Yildirim et 
al., 2003; Dittmer et al., 2012). Likewise, the failure modes of the control groups (i.e. 
zirconia and titanium) were comparable to earlier studies (Yildirim et al., 2003; Dittmer 
et al., 2012). The catastrophic failure (Figure 37a) exhibited by zirconia abutments may 
be explained by the reduced tolerance of zirconia to tensile loads that are generated 
around the screw (Tripodakis et al., 1995; Att et al., 2006). Titanium abutments showed 
plasticization of metallic components (i.e. implant hexagon- abutment hexagon) and 
screw bending (Figure 37b). Clinically, this leads to an undesirable scenario since it 
cannot be repaired and would probably require implant removal.  

a) b) 
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Figure 37: Representative fracture pattterns of:a) zirconia abutment and b) titanium abutment. 

Scanning electron microscopy images have shown that the fiber distribution either in the 
multidirectional or unidirectional FRC groups corresponded with the desired geometry 
(Figure 38). 

   

Figure 38: Scanning electron microscopic images of (a) unidirectional reinforced matrix and (b) 
bidirectional reinforced matrix of the tested materials at ×250 magnification. 

The accuracy of passive fit has been previously evaluated by measuring implant 
abutment distances in relation to a reference group (Hjerppe et al., 2011; Rosentritt et 
al., 2014) as shown in Figure 39. The mean vertical gap distances and standard 
deviations in µm were as follows: unidirectional FRC: 0.0 ± 0.0; bidirectional FRC 5.30 
± 0.67; zirconia: 2.14 ± 0.40; and titanium: 4.60 ± 0.38 (Figure 39). 

a) b) 

20µm 20µm 

a) b) 
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Figure 39:Precision of fit at x250 magnification: a) unidirectional FRC; b) bidirectional FRC; c) 
zirconia; and d) titanium. 

Interestingly, the unidirectional FRC abutment material allowed to closing of the implant 
abutment gap compared to any other abutments evaluated in this study. The poor 
marginal fit reported for titanium abutments is because the used implants and abutments 
were from different manufacturers (Byrne et al., 1998) Nevertheless, the range of misfit 
for all experimental groups in the current study is consistent with earlier studies and it 
can be considered as acceptable (Hjerppe et al., 2011; Rosentritt et al., 2014).  

Optimization of screw-retained FRC abutments can be achieved via implementation of 
some constructional improvements: 1) the FRC specimens were hand-made resulting in 
voids. This could be avoided by utilizing vacuum–molding techniques which help 
remove trapped air bubbles in the resin during processing, 2) Regardless of the different 
materials examined all the specimens were milled by the same technique and had 
identical final shape. In FRC abutments the thin abutment walls may have lead to a 
substantial weakness of the restoration during loading. According to the present results 
by using a bulk FRC abutment a significant improvement in the performance may be 
achieved. Therefore the type of material should guide the shape and not opposite, 3) 
Bidirectional reinforcement significantly improved the anisotropic behavior of 
unidirectional reinforcement. However, the mechanical optimization for FRC composite 
structures for abutments may have to have a combination of unidirectional and 
bidirectional fiber structures and 4) in the area of the fracture initiation fiber 
reinforcement could be placed to increase the reinforcement efficiency. 

Some limitations of the study need to be outlined. Cyclic load fatigue tests with water 
immersion are believed the best technique to evaluate fracture strength and long-term 



66 Results and Discussion 

 

survival of implant abutments (Behr et al., 2001; Rosentritt et al., 2014). Nevertheless, 
from a static load test significant relevant findings may arise (Yildirim et al., 2003; 
Dittmer et al., 2012) particularly when new materials are being tested. One variable, the 
screw design, could not be standardized as we aimed to follow the manufacturers' 
recommendations for the zirconium group. For the titanium and FRC abutments, the 
screw head had a tapering design, whereas the zirconia´s abutment screw head had a 
butt-joint design. In addition, the zirconia abutment screw had more threads than the 
other type. Additionally, this investigation did not include a full veneer crown in the 
model system. Higher load-bearing capacity values are expected with crowns due to 
stress shielding allowing a larger load to be applied before failure.  

5.5 Future perspectives 

In vitro mechanical testing plays a key role in the screening and validation of newly 
developed materials and structures. These results may influence the design of FRC 
abutments and implant structures. In addition to this, FRC materials show promising 
properties for implant abutments.  

Future FRC surface properties could be optimized to prevent microbial adhesion by 
changing the surface of the fibers or also by incorporating antimicrobial agents to the 
polymer matrix. Taking into consideration the enhancement of the bidirectional 
reinforcement compared to unidirectional, further research including multidirectional 
reinforcement should be tested. In addition, cyclic fatigue loading with water immersion 
could be more representative of masticatory loading. Nevertheless, either in vivo 
bacterial and in vivo under loaded clinical tests will definitively validate the results.  
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6 CONCLUSIONS 

Based on the studies developed in the present thesis the main findings and conclusions 
are: 

1.  FRC surfaces showed high roughness values and low wettability (hydrophobic) 
properties. Roughness quantification at two different scales gave complementary 
information. Wettability was not correlated with nanoroughness. In contrast, it 
was correlated with microroughness but this correlation was weak. Sa-Sku-Smid at 
the nanoscale, Sa- Sz at the microscale and one angle contact value are suggested 
for surface characterization. 

2.  FRC surfaces feature a bacterial response comparable to current implant abutment 
materials. This resulted to be true for both Gram positive (S. aureus) and Gram 
negative (E. coli) bacteria. Their poor wettability (hydrophobic) properties 
counteract the increased roughness preventing bacterial attachment. FRC do not 
estimulate the development of both young and mature biofilms. 

3.  Bidirectional reinforcement improved the performance of FRC abutments and 
one-piece implants Bidirectional FRC abutments showed significantly higher 
load-bearing capacity than unidirectional FRC abutments. Abutments and 
implants made of bidirectional fibers could be promising oral load-bearing 
devices.  
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ABSTRACT 

Topographical features of biomaterials’ surfaces are determinant when addressing their application site. 
Unfortunately up to date there has not been an agreement regarding which surface parameters are more 
representative in discriminating between materials. Discs (n=16) of different currently used materials for 
implant prostheses fabrication, such as cast cobalt-chrome, direct laser metal soldered (DLMS) cobalt-chrome, 
titanium grade V, zirconia (Y-TZP), E-glass fiber-reinforced composite and polyetheretherketone (PEEK) were 
manufactured. Nanoscale topographical surface roughness parameters generated by atomic force microscopy 
(AFM), microscale surface roughness parameters obtained by white light interferometry (WLI) and water angle 
values obtained by the sessile-water-drop method were analyzed in order to assess which parameter provides 
the best optimum surface characterization method. Correlations between nanoroughness, microroughness and 
hydrophobicity data were performed to achieve the best parameters giving the highest discriminatory power. 
A subset of 6 parameters for surface characterization were proposed. AFM and WLI techniques gave 
complementary information. Wettability did not correlate with any of the nanoroughness parameters while it 
however showed a weak correlation with microroughness parameters.  
 

INTRODUCTION 

Surface features significantly condition many 
technological and biomedical applications of 
biomaterials (Ham and Powers, 2014). Surface 
roughness and surface wettability can significantly 
determine major aspects of biological interactions 
and, subsequently, allow to predict the eventual 
failure or success of an implant-prosthetic 
treatment (Park et al., 2012; Gittens et al., 2013). 
Surface modification strategies attempt to 
modulate the surface properties of biomaterials in 
order to affect cell-substrate interactions and 
improve the overall biological response (Ivanova et 
al., 2010). Furthermore, in order to accomplish this 
purpose a detailed characterization of surface 
topography must be achieved. 

Characterization of surface roughness is 
complex as it depends on both the intrinsic 
properties of the material and manufacturing 

procedures and conditions (De Chiffre et al., 2000). 
In an attempt to have a more extensive and clear 
description, a wide variety of surface roughness 
parameters (RPs) have been developed. This has 
been termed as “the parameter rash” by Whitehouse 

(Whitehouse, 1982). Nevertheless, inconsistencies 
have been reported when describing surface 
topographies, in part due to the lack of standardized 
methods. Nowadays a wide set of parameters are 
being used; however, it seems that there is an urgent 
need to reduce the number of parameters in order to 
achieve a general standardization to facilitate 
comparisons and reduce cost. 

The parameter reduction method is effective at 
selecting the RP to represent a surface (Nowicki, 
1985; Rosén et al., 2008; Ham and Powers, 2014). 
This method is based on the analysis of strong and 
weak correlations between RPs; correlated RPs 
highlight the similarity between them; conversely, 
non-correlated RPs underline the difference among 
them. Highly correlated RPs are redundant and 

I 
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thereby one can be selected to represent the whole 
group. In contrast, poorly correlated RPs provide 
complementary information being thereby best 
discriminating between materials (Nowicki, 1985). 

Progress in nanotechnologies has led to the 
development of nanometer resolution technologies 
allowing research and visualization at a scale in 
which interactions between bacterial cells and 
biomaterials’ surfaces occur. Atomic Force 
Microscopy (AFM) is the most powerful tool for 
topographical characterization at the nanometer and 
sub-nanometer scales (Binnig et al., 1986; Dorobantu 
and Gray, 2010). AFM topography imaging is non-
destructive and widely used in life sciences which 
provides high-resolution characterization of surface 
topography, biomolecules, membranes and cells at 
the nanoscale. White Light Interferometry (WLI) is a 
type of computerized optical interference 
microscopy. Its use has rapidly widespread as a 
quality control of microscale engineering processes 
and has been used to analyze surface roughness and 
cell adhesion at the microscale (Hove et al., 2007). 
This method has been shown to be fast, non-
destructive and accurate. The combination of both 
techniques has been proposed to improve the 
measuring efficiency of AFM for the surface 
characterization of biomaterials (Tyrrell et al., 2004; 
Guo et al., 2011). 

To characterize surface structure, the present 
study examined six different dental materials for 
implant abutment manufacture using an atomic 
force microscope (AFM) for high resolution 
analysis, white light interferometry (WLI) and the 
drop-sessile-water method. From both techniques, 
amplitudinal roughness parameters were 
determined, which are so far the most cited surface 
parameters for surface characterization Ivanova et 
al., 2010; Gittens et al., 2013; Webb et al., 2013). 
These are obtained from the height values of a given 
profile (denoted by R) or surface (denoted by S). 
The aim of this study was to attempt the 
combination of surface parameters resulting in an 
optimum surface description. 

MATERIALS AND METHODS 

Specimen preparation 

Disks 10 mm in diameter and two mm thick were 
manufactured (n = 16) from six different implant 
abutment materials. The tested materials were: cast 
cobalt-chrome (Co-Cr), direct laser metal soldered 
selective laser melted (DLMS) Co-Cr disks, Titanium 
grade V disks, Zirconia (Y-TZP) disks, E-glass fiber-

reinforced composite and polyetheretherketone 
(PEEK). The disks were manufactured as previously 
described (Etxeberria et al., 2014).  

Cast cobalt-chromium disks  

Acrylic resin (pattern resin® LS, GC Corp.) disks of 
the desired final shape were fabricated and casted by 
induction (Ducatron Série 3 UGIN'Dentaire. 
Seyssins. France) using Co-Cr (Wirobond C® alloy, 
BEGO, Bremer Goldschlägerei Wilh. Herbst GmbH 
& Co. KG, Bremen, Germany). After casting, the 
sprues were eliminated with the aid of carbide discs 
at low speed. The castings were sandblasted with 110-
μm aluminum oxide particles (Korox®, Bego, 
Bremen, Germany) under 3 bar pressure to remove 
oxide films and residual investment.  

DLMS cobalt-chromium disks 
The disk shaped specimens were designed in a 3D 
software package and saved in an industry standard 
stereolithography (STL) format. The standard 
DLMS (direct laser metal soldering) manufacturing 
method by EOSINT M 270 (EOSINT 270 GmbH 
Electro Optical Systems, Munich,Germany) was 
used to fabricate the disks.  

Both the cast and the DLMS Co-Cr disks were 
polished in three stages: (a) using a hard rubber disk 
at 15,000 rpm; (b) then with a soft rubber disk at 
15,000 rpm, and finally (c) using a soft brush with a 
polishing paste at 1400 rpm. Each polishing phase 
lasted 90 seconds. 

Titanium disks  

Machined and polished titanium grade V disks 
were provided by Klockner® (Klockner-Soadco S.L., 
Andorra). 

Zirconia disks  

Zirconia (Y-TZP) disks were supplied by Dentisel 
(Dentisel S.L., Barcelona, Spain). 

FRC disks  

E-glass FRC disks, prepared from rods, were 
provided by Bioloren® (Bioloren, S.r.L, Saronno, 
Varese, Italy). 

PEEK disks  

Polyetheretherketone (PEEK) disks were obtained 
from rods and were supplied by Tekniimplant® 
(Tekniimplant S.L., Barcelona, Spain). 
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All disks were handled by their lateral walls not 
to damage the disks’ surfaces. In addition were 
gently cleaned using a cotton pellet with ethanol 
and dried under warm dry air.  

CHARACTERIZATION 

Atomic Force Microscopy 

The surface topographies of the tested materials 
were characterized at the nanoscale using AFM 
(XE-70, Park Systems, Korea). Images with the 
areas of 5 × 5 μm² were scanned in the standard 
non-contact mode. The probe was supported on a 
rectangular-shaped cantilever tip (tip radius: < 10 
nm, ƒ=± 300 kHz, spring constant= ± 40 N/m, 
silicon coating). The scan rate was 0.6 Hz and the 
resolution 256 × 256 pixels. Representative 
roughness parameters SMin, SMax, SMid, SMean, Spv, Sq, 
Sa, Sz, Ssk and Sku described in Table 1 were 
calculated from the roughness values obtained by 
AFM and processed by XEI image processing 
software (Park Systems). 

White light interferometry 

The surface topographies of the tested materials 
were characterized at the microscale using a white 
light interferometer microscope (LeicaSCAN 
DCM3D, Leica Microsystems, Switzerland). A 
50×/0.50 Mirau objective was utilized. The 
threshold was set to 1.0% and the Gaussian filter to 
25 μm. Vertical scanning interferometry mode 
images with the areas of 250.64 × 190.90 μm² were 

obtained. Image data-analyses were performed 
using	Leica map DCM 3D, version 6.2.6561 (Leica 
Microsystems, Switzerland) and Rp ,Rv, Rz, Rt, Ra, Rq, 
Sa, Sz, and Sq roughness parameters described in 
Table 1 were calculated. 

Surface wettability 

External water contact angles were analyzed with 
the sessile-water-drop method at room temperature 
(Gittens et al., 2013; Truong et al., 2010). A 10 μl 
drop of MilliQ-quality water was placed onto the 
center of each specimen using an injector. Digital 
photographs were taken (Nikon D70) and the 
determination of the external contact angle was 
done using IMAT software (CCIT, Barcelona, 
Spain). Two contact angles (θleft and θright) per disk 
were obtained.  

Statistical analysis 

The surface nanoroughness, microroughness and 
wettability data did not follow a normal 
distribution. Therefore, a non-parametric ANOVA 
statistical analysis was carried out for data 
comparisons. Quantitative data analysis including 
the median, minimum and maximum were 
computed for each parameter. Spearman’s rank 
correlation coefficient was used to express the 
degree of pair-wise association among 
nanoroughness parameters, microroughness 
parameters, and wettability. In order to identify 
statistical differences among the materials, 
Kruskal–Wallis and Mann-Whitney U test were 
performed with the Bonferroni adjustment 

Table 1. Summary of roughness parameters (Stout et al., 1994). 

Surface characterization technique Symbol Parameter 

Atomic force microscopy Smax Maximum height of the surface 
 Smin Minimum height of the surface 
 Smid Median height of the surface 
 Smean Mean height of the surface 
 Spv Peak to valley height 
 Sa Arithmetical mean deviation of surface roughness 
 Sq Root-mean-square deviation of surface topography 
 Sz Ten point height of surface topography 
 Ssk Skewedness of topography height distribution 
 Sku Kurtosis of topography height distribution 
White light interferometry Sa Arithmetical mean deviation of surface roughness 
 Sz Ten point height of surface topography 
 Sq Root-mean-square deviation of surface topography 
 Rp Maximum peak height of the roughness profile 
 Rv Maximum valley depth of the roughness profile 
 Rz Ten point height of the roughness profile 
 Rt Total height of the roughness profile 
 Ra Arithmetical mean deviation of the roughness profile 
 Rq Root-mean-square deviation of the roughness profile 
Wettability θleft Left contact angle 
 θright Right contact angle 
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according to the number of tests performed. Total 
data were analyzed in SPSS 2 to provide descriptive 
statistics and to perform non-parametric testing. 
Statistical analysis was performed with Statistical 
Package for the Social Sciences (Version 21.0; SPSS. 
Inc, Chicago, Illinois). Hypotheses were contrasted 
with an alpha error of 5% and estimations with 95% 
confidence level. 

RESULTS 

Overall results of the measurements on the 
surfaces are summarized in Tables 2 to 4. Tables 2, 
3 and 4 describe the median, minimum and 
maximum values computed for each surface 
parameter carried out of 16 estimations per each 
material.  

Table 2. Median, minimum and maximum values of nanoscale surface parameters in nanometres. Results of Kruskal–Wallis (p-value) 
and Mann–Whitney U-test with Bonferroni correction (number of pairs of materials with statistically significant differences). 

 

Cast 

Co-Cr 

DLMS 

Co-Cr 
Titanium Zirconia FRC PEEK 

Kruskal-
Wallis 

p* 

Different 
pairs** 

         
Smin 
 

-200.5 
(-494; -57) 

-69 
(-411; -25) 

-125 
(-181; -75) 

-355 
(-573; 258) 

-507 
(-993; -1) 

-207 
(-515; -85) 

0.03 
 

0 
 

Smax 
 

178 
(51; 633) 

80.5 
(32; 502) 

143 
(82; 201) 

427 
 (1; 759) 

253 
(1; 980) 

194 
 (110; 591) 

0.2 
 

0 

Smid 
 

-2 
(-157; 69) 

8.5 
(-45; 140) 

15.5 
(-36; 32) 

30.5 
(-89; 164) 

0.0 
(-127; 141) 

-6 
 (-67; 199) 

0.1 
 

0 

Smean 
 

0.0 
(-82; -0) 

0.0 
(0.0; 0.0) 

0.0 
(0.0; 0.0) 

0.0 
(0; -134) 

0.0 
(0.0; 0.0) 

0.0 
(0; -152) 

0.4 
 

0 

Spv 
 

427 
(128; 112) 

183.5 
(64; 91) 

265.5 
(189; 37) 

795.5 
(1; 1297) 

761 
(2; 1860) 

457 
(221; 932) 

0.01 
 

4 
 

Sa 
 

53.5 
(11; 142) 

11.5 
(4; 132) 

32 
(22; 31.5) 

99.5 
(0; 185) 

87 
(0; 268) 

42.5 
(17; 167) 

0.01 
 

6 

Sq 
 

66 
(14; 179) 

19 
(6; 153) 

32 
(22; 66) 

128 
(0; 234) 

114 
(0; 329) 

61 
(22; 184) 

0.01 
 

4 

Sz 
 

421 
(106; 1126) 

179 
(61; 906) 

259 
(182; 363) 

787.5 
(1; 1276) 

750 
(2; 1825) 

445 
(216; 920) 

0.01 4 

Ssk 
 

0 
 (-1; 1) 

0 
 (-7; 2) 

0 
 (-1; 1) 

0 
 (-1; 0) 

0 
(0; 1) 

0 
(-1; 1) 

0.6 
 

1 

Sku 
 

3.5 
(2; 7) 

5 
(2; 71) 

3 
(2; 9) 

3 
(2; 5) 

3 
(2; 6) 

4 
(2; 11) 

0.03 
 

1 

*Statistically significant differences  p<0.01 
**Different pairs of materials as determined by Mann–Whitney U-test p<0.003 

Table 3. Median, minimum and maximum values of microscale surface parameters. Results of Kruskal–Wallis (p-value) and Mann–
Whitney U-test with Bonferroni correction (number of pairs of materials with statistically significant differences). 

 

 
Cast 

Co-Cr 

 
DLMS 
Co-Cr 

 
 

Titanium 

 
 

Zirconium 

 
 

FRC 

 
 

PEEK 

 Kruskal-
Wallys 

p* 

 
Different 

pairs  

Sa 
 

0.15 
(0.04; 0.18) 

0.06 
(0.01; 0.18) 

0.08 
(0.08; 0.63) 

0.15 
(0.11; 0.30) 

0.87 
(0.34; 1.33) 

0.22 
(0.18; 0.32) 

<0.01 
 

11 
 

Sz 
 

2.44 
(0.54; 18.1) 

1.83 
(0.31;104.14 

1.19 
(0.88; 5.46) 

2.83 
(1.87; 8.08) 

24.71 
12.5; 108.41)

4.37 
(3.4; 12.78) 

<0.01 8 

Sq 
 

0.21 
(0.44; 0.23) 

0.21 
(0.02; 0.63) 

0.11 
(0.08, 0.16) 

0.21 
(0.14; 0.41) 

1.31 
(0.53; 1.92) 

0.31 
(0.24; 0.47) 

<0.01 8 
 

Rp 
 

0.17 
(0.02; 0.29) 

0.06 
(0.02; 0.23) 

0.12 
(0.04; 0.32) 

0.29 
(0.18; 0.73) 

1.26 
(0.30; 4.26) 

0.22 
(0.11; 0.57) 

<0.01 10 

Rv 
 

0.21 
(0.00; 0.47) 

0.12 
(0.03; 0.33) 

0.14 
(0.03; 0.30) 

0.25 
(0.14; 0.50) 

1.40 
(0.41; 3.26) 

0.21 
(0.00; 0.59) 

<0.01 7 
 

Rz 
 

0.41 
(0.00; 0.76) 

0.19 
(0.05; 0.56) 

0.27 
(0.08; 0.50) 

0.54 
(0.33; 1.14) 

2.64 
(0.72; 7.10) 

0.45 
(0.00; 1.17) 

<0.01 8 

Rt 
 

0.66 
(0.16; 1.45) 

0.37 
(0.10; 0.94) 

0.41 
(0.20;1.80) 

0.88 
(0.56; 3.36) 

5.42 
(3.49; 25.51) 

1.07 
(0.48; 2.23) 

<0.01 9 

Ra 
 

0.07 
(0.01; 0.01) 

0.03 
(0.00; 0.11) 

0.05 
(0.13; 0.10) 

0.10 
(0.68; 0.20) 

0.51 
(0.11; 1.07) 

0.11 
(0.04; 0.24) 

<0.01 9 

Rq 
 

0.10 
(0.01; 0.18) 

0.04 
(0.01; 0.13) 

0.06 
(0.83; 0.13) 

0.13 
(0.00; 0.27) 

0.69 
(0.15; 1.48) 

0.13 
(0.05; 0.30) 

<0.01 9 

*Statistically significant differences p<0.01 
**Different pairs of materials as determined by Mann–Whitney U-test p<0.003 
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Correlation coefficient calculations are 
presented from Table 5 to Table 7: among 
nanoscale roughness parameters and wettability 
(Table 5); among microscale roughness parameters 
and wettability (Table 6) and finally Table 7 
summarizes the correlations between nanoscale 
and microscale roughness parameters. At the 
nanoscale, roughness parameters showed poor 
correlations however 3 clusters of parameters are 
differentiated. A highly correlated group (r>0.86) 
comprised by Sa-Smax-Smin-Spv-Sq-Sz in addition to  
Smean-Smid and Ssk-Sku groups that are weakly 
correlated (r = 0.29 and r = -0.32 respectively) 
among themselves. Contrary to the nanoscale, at the 
microscale all the parameters are correlated 
(r>0.58). Nevertheless, two subgroups are slightly 
differently related by their correlation degree: the 

profile roughness parameters and the surface 
roughness parameters. Contact angles (θleft and 
θright) are highly correlated (r = 0.97) among 
themselves regardless of the scale. Wettability did 
not correlate with any of the nanoroughness 
parameters in contrast it showed a weak and 
negative correlation with microroughness 
parameters. Correlation analysis of nano and 
microescale parameters in Table 7 presented few 
and weak correlations. 

Results of Kruskal–Wallis (p<0.01) and Mann-
Whitney U test (p<0.003)	(Tables 2, 3) show that Sa 
roughness parameter exhibited the highest 
discrimination power at both scales. 

Table 4. Median, minimum and maximum values of external contact angle measurements. Results of Kruskal–Wallis (p-value) and 
Mann–Whitney U-test with Bonferroni correction (number of pairs of materials with statistically significant differences). 

 

Cast 
Co-Cr 

DLMS 
Co-Cr 

 
Titanium 

 
Zirconia 

 
FRC 

 
PEEK 

Kruskal-
Wallis 

p* 

 
Different 

pairs** 

θleft 91.1 
(78.6; 117) 

95.8 
(78.8; 106.3) 

88.3 
(73; 111.6) 

110.2 
(80.1; 124.3) 

75.3 
(50.8; 114) 

93.5 
(70.3; 103.4) 

0.001 3 

θright 91.6 
(80.2; 115.2) 

93.6 
(77.4; 109.5) 

89.8 
(73; 115.7) 

108.2 
(81.1; 122.2) 

74.5 
(51.1; 109) 

92.8 
(70.9; 100.1) 

0.0 
 

4 

*Statistically significant differences  p<0.01 
**Different pairs of materials as determined by Mann–Whitney U-test p<0.003 

 
Figure 1. Characterization of the materials according to the selected parameters. 
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Characterization of the tested materials 

Results of the characterization of the analyzed 
materials showed that FRC was found to be the 
roughest while DLMS Co-Cr resulted the 
smoothest. Zirconia was shown to be the most 
hydrophilic whereas FRC resulted the most 
hydrophobic material. Finally, in Figure 1 a graphic 
representation of the discrimination of the 
materials according to the selected parameters is 
described. 

DISCUSSION 

Several attempts have been made to establish a set 
of surface parameters giving the optimum surface 
description for the discrimination of materials 

(Stout et al., 1994; Crawford et al., 2012; Webb et 
al., 2013). However, the statistical dependence of 
the surface parameters has rarely been analyzed. 
The present study is in agreement with previous 
studies that state that the commonly used 
parameters to characterize biomaterials are 
redundant (Stout et al., 1994; Crawford et al., 2012; 

Table 5. Correlation matrix showing correlation coefficients (r values) for nanoscale roughness parameters and wettability. 

 Smin Smax Smid Smean Spv Sq Sa Sz Ssk Sku θleft 

Smax   -0.86**           
Smid 0.09 0.26*          
Smean   -0.02 0.20*   0.29**         
Spv  -0.94**  0.96** 0.07 0.10        
Sq  -0.91**  0.92** 0.04 0.10   0.96**       
Sa  -0.90**  0.90** 0.03 0.10   0.94**    0.99**      
Sz 0.18  0.96** 0.08 0.10   1.00**    0.96**   0.94**     
Ssk   -0.18  -0.10   -0.53** -0.09 0.05 0.15 0.17 0.05    
Sku 0.07  -0.01 0.16 -0.09   -0.06 -0.23*   -0.27**   -0.06   -0.32**   
θleft 0.06  -0.06 -0.11 -0.08   -0.05 -0.05 -0.06   -0.04   -0.02 0.02  
θright 0.05  -0.05 -0.08 -0.08   -0.04 -0.04 -0.04   -0.04 0.03 0.03 0.97** 

**p< 0.01 
 *p< 0.05 

Table 6. Correlation matrix showing correlation coefficients (r values) for microscale roughness parameters and wettability. 

 Sa Sz Sq Rp Rv Rz Rt Ra Rq θleft 

Sz  0.75**          
Sq  0.94**  0.87**         
Rp  0.84**  0.65**  0.77**        
Rv  0.69**  0.58**  0.66**  0.85**       
Rz  0.81**  0.65**  0.75**  0.95**  0.93**      
Rt  0.84**  0.71**  0.79**  0.88**  0.78**    0.99**     
Ra  0.87**  0.65**  0.79**  0.96**  0.88**    0.96**  0.88**    
Rq  0.85**  0.66**  0.79**  0.96**  0.87**    0.96**  0.89**  0.99**   
θleft -0.22* -0.19 -0.21* -0.18 -0.25*  -0.24* -0.28** -0.22** -0.22**  
θright -0.26* -0.23* -0.26* -0.19 -0.25* -0.25 -0.29* -0.24* -0.24* 0.97** 

**p< 0.01 
 *p< 0.05 

Table 7. Correlation matrix showing correlation coefficients (r values) for microscale and nanoscale roughness parameters. 

 Sa Sz Sq Rp Rv Rz Rt Ra Rq 

Smin   -0.31** -0.21  -0.25*   -0.27** -0.18  -0.25* -0.19   -0.28**   -0.27** 
Smax   0.23*  0.15   0.23*   0.23*  0.17   0.21*  0.16   0.23*   0.22* 
Smid -0.15 -0.16 -0.10 -0.04  -0.03 -0.04 -0.07 -0.07 -0.07 
Smean  0.06  0.03  0.06  0.04   0.03  0.04  0.15  0.03   0.03 
Spv    0.29**  0.20     0.27**    0.27**   0.19   0.25*  0.20    0.28**    0.27* 
Sq    0.25*  0.14    0.21*   0.24*   0.16  0.20  0.19   0.23*    0.22* 
Sa  0.21  0.09   0.16   0.21*   0.13  0.17  0.16  0.20   0.19 
Sz    0.29**  0.19     0.27**    0.28**   0.19   0.25*  0.20    0.28**    0.27* 
Ssk 0.07  0.09   0.02  0.06   0.10  0.07  0.16  0.07   0.08 
Sku -0.24* -0.02  -0.15 -0.17  -0.12 -0.09 -0.20 -0.15  -0.13 

**p< 0.01 
*p< 0.05 
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Webb et al., 2013). A set of six parameters giving 
the highest discriminatory power (Sa,Sku, and Smid at 
the nanoscale, Sa and Sz at the microscale and θright) 
where selected out of 21 parameters to represent the 
whole group of parameters.  

The poor correlations exhibited among the 
nanoscale surface parameters are in agreement with 
previous studies (Rosén et al., 2008). However the 
strong correlations displayed by the Sa-Smax-Smin-Spv-
Sq-Sz cluster of parameters means that the 
determination of one of the parameters 
automatically leads to the definition of the others.  
Smean-Smid and Ssk-Sku groups are not correlated 
thereby they provide additional complementary 
information. The present results may be explained 
by the fact that all the highly correlated parameters 
are height descriptors, Smean, Smid are normality 
height descriptors and Ssk, Sku describe the spatial 
surface topography. Regarding the most correlated 
group, the criteria for selecting the parameter to 
represent the group was based on the most sensitive 
parameter in the materials discrimination which 
was found to be Sa (Table 2). From the less 
correlated groups, the criteria for selecting the 
parameter was the lesser correlation of parameters. 
Hence, a preliminary set of three independent 
parameters, Sa, Smid and Sku was selected.  

Sa (or its counterpart Ra) is one of the most 
commonly used parameters to quantify surface 
topography (Whitehead et al., 2005; Truong et al., 
2010; Crawford et al., 2012). It quantifies the 
“absolute” magnitude of surface heights but in 
contrast, is insensitive to the spatial distribution of 
the heights. Similarly to previous studies, our 
results highlight that the Sa value is insufficient for 
the surface discrimination of biomaterials at the 
nanoscale and spatial surface descriptors are 
needed for an optimized surface characterization 
(Ivanova et al., 2010;  Webb et al., 2012). In practical 
terms,  kurtosis values describe the shape of the 
distribution of the heights; (i.e. normal 
distributions have kurtosis value of 3 while sharper 
distributions have higher values and rounded 
distributions have lower). In the present study, 
DLMS Co-Cr and PEEK showed the smoothest 
surfaces at the nanoscale obtaining kurtosis values 
> 3 compared to the rest of materials, which had 
values of < 3. On the other hand, the zero value for 
Ssk, (skewedness  is a measure of the symmetry of 
height distribution) reflects symmetrical height 
distribution and these results are corroborated by a 
zero value for Smean. This may be explained by the 
fact that the materials underwent polishing 
procedures. It is evident that these parameters 

(kurtosis and skewedness) are material-dependent 
and that either one or the other or both should be 
addressed depending on the required information 
(Crawford et al., 2012). To the author´s knowledge, 
Smid has not been addressed before. 

The applicability of the first subset of 
parameters has also played a role in determining 
bacterial adhesion. Thereby, in the study of Webb 
et al. the Sa, Sq and Smax parameters gathered similar 
bacterial counts in contrast to Ssk and Sku (Webb et 
al., 2013).  

In contrast to the nanoscale, at the microscale, 
all the roughness parameters are correlated (Table 
5) nevertheless, profile values are slightly differently 
related by their correlation degree to surface values. 
These findings are comparable to previous studies 
(Nowicki, 1985; Rosén et al 2008; Ham and Powers, 
2014); however, the different correlation values 
obtained by Ham et al. is due to the different 
averaging methods. In their study the mean of 3 
calculations was computed while in ours the 
median of 16 calculations. Due to the fact that all 
the parameters are correlated, the selection of the 
best set of roughness parameter for is hindered. 
Therefore, Sa was selected to represent the whole 
group of parameters for being the most sensitive 
parameter on the pair-wise material discrimination 
at the microscale (Table 3).  

This result is confirmed by recent studies which 
recommended the selection of S values as they are 
obtained from the surface and thus are more 
representative compared to those obtained from the 
profile (Webb et al 2013). In the present study, Sz 
shows the lowest correlation value with Sa and with 
the rest of parameters and thus could be considered 
as a useful complementary roughness parameter. 
The efficiency of both parameters determined as the 
average and the maximum values has been widely 
used for material discrimination (Gorlenko et al., 
1981; Nowicki, 1985; Gittens et al., 2013). Thus at 
the microscale subset, the two selected parameters 
are Sa and Sz.  

The few and weak correlations encountered 
among nano and microroughness (Table 7) suggest 
that both techniques give complementary 
information and thus it is of paramount concern to 
include two different scales. These results are in 
agreement with previous authors’ 
recommendations of using optical measuring 
methods such as white light interferometry to 
expand the AFM measuring range and to improve 
roughness measuring efficiency (Tyrrell et al., 2004; 
Guo et al., 2011). Therefore, in general Sa-Sku-Smid at 
the nanoscale and Sa-Sz at the microscale are not 
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correlated being confirmed the complementarity of 
both groups of parameters.  

As first described by Wenzel, an intimate 
relationship between surface roughness and 
wettability exists (Wenzel, 1949). Nevertheless, this 
correlation was not observed at the nanoscale. 
Likewise in a recent study, no correlation was found 
between roughness and wettability at the nanoscale 
(Gittens et al., 2013). While wettability values did 
not correlate with nanoroughness parameters, they 
correlated poorly with microroughness parameters. 
The negative correlation encountered indicates that 
as the roughness value increases the external angle 
contact value decreases and vice versa. This is 
explained by Wenzel´s method that states that 
roughness induces hydrophobicity (Wenzel, 1949) 
and has been confirmed in previous studies 
(Gittens et al., 2011; Webb et al., 2013). 

The selected parameters are efficient in 
characterizing and differentiating between 
materials and the obtained characterizations are in 
agreement with previous studies (Ivanova et al., 
2010 Rosentritt et al., 2009; Adbulmajeed et al., 
2014; Ourahmoune et al., 2014; Kim et al., 2015). 
FRC exhibited the highest roughness value Sa <0.2 
μm among the tested materials values but in the 
range of previous studies (Tanner et al., 2003; 
Garoushi et al., 2009; Adbulmajeed et al., 2014). In 
contrast, DLMS Co-Cr obtained the lowest 
roughness value. This finding is in agreement with 
recent studies that support the notion that the 
powder additive manufacturing layer by layer 
improves the surface compared to the conventional 
casting methods (Oyagüe et al., 2012; Castillo-
Oyagüe, 2013). However, this finding is not in 
accordance with a recent study where the average 
roughness value of DLMS was significantly higher 
compared to cast Co-Cr. One explanation could be 
differences in the composition of the used metal 
alloys (Kilicarslan and Ozcan, 2012). 

Previous studies have shown that smooth 
microscale surface characteristics (Ra less than 0.1 
μm) have minor influence on the surface wettability 
of a surface (Busscher et al., 1994; Adbulmajeed et 
al., 2011). In those studies smooth surfaces 
displayed contact angles that ranged between 60º 
and 86º and the differences of the contact angles 
were related to the surface chemistry. The present 
study, is in agreement with those studies since all 
the smooth surfaces investigated (all the materials 
except for FRC) showed contact angle values within 
this given range. Accordingly, rough FRC surfaces 
showed a contact angles above 86º showing a 
similarity in the trend claimed by Wenzel (Wenzel, 

1949). Wettability values in general are also in 
agreement with previous studies except for the 
Zirconia which showed the highest contact angle 
value roughness can be considered This may be 
explained by the fact that the surfaces were rougher 
than in previous studies (Att et al., 2009). On the 
other hand, FRC showed the lowest wettability, 
which may be explained by the influence of fibers 
on the wettability behavior of composite materials 
(Adbulmajeed et al., 2014). 

The limitations of measuring devices may 
introduce errors during data acquisition which may 
reflect on the final surface characterization. For 
instance, even the very sharp tip of an AFM shows 
limitations, and the optical methods are limited 
when recording small wavelength components. In 
addition to this, filtering techniques should be 
considered with care. 

Correlation tests can be carried out to 
systematize the choice of a set of parameters when 
multiple parameters have to be reduced. The 
selection of parameters should be founded on the 
results of the degree of correlation between the 
multiple parameters and the required properties 
regarding their application site. This set of 
parameters was efficient in differentiating between 
six types of materials at the nano and microscale. 
The adoption of this proposed set of parameters will 
enable universal comparisons. 

CONCLUSIONS 

The present study proposes 6 parameters for 
characterizing biomaterial surfaces: 

Sa-Sku-Smid at the nanoscale, Sa-Sz at the 
microscale and one angle contact value are 
suggested for surface characterization. 

Roughness quantification at two different scales 
gave complementary information. 

Wettability was not correlated with 
nanoroughness. In contrast, it was correlated with 
rough surfaces at the microscale. 
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