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Abstract: Osseointegration capacity and good mechanical behavior are key to the success of the
dental implant. In many investigations, comparisons of properties are made using different dental
implant designs and therefore the results can be influenced by the macrodesign of the dental implant.
In this work, studies were carried out with the same dental implant model using different roughness
and different materials—commercially pure titanium (grade 4) and zirconia. For this purpose,
80 smooth passivated titanium (Ti), 80 smooth zirconia (ZrO2), and 80 rough passivated titanium
(Ti-R) dental implants were used. The samples were characterized by their roughness, wettability,
surface energy, residual stresses, and fatigue behavior. The implants were implanted in minipigs for
4 and 12 weeks. The animals were sacrificed, and histological studies were carried out to determine
the osseointegration parameters for each of the implantation times. Ti and ZrO2 dental implants have
very similar wettability and surface energy properties. However, the roughness causes a decrease
in the hydrophilic character and a decrease of the total surface energy and especially the dispersive
component, while the polar component is higher. Due to the compressive residual stresses of alumina
sandblasting, the rough dental implant has the best fatigue behavior, followed by Ti and due to the
lack of toughness and rapid crack propagation the ZrO2 implants have the worst fatigue behavior.
The bone index contact (BIC) values for 4 weeks were around 25% for Ti, 32% for ZrO2, and 45% for
Ti-R. After 12 weeks the Ti dental implants increased to 42%, for Ti, 43% for ZrO2, and an important
increase to 76% was observed for Ti-R implants. In vivo results showed that the key factor that
improves osseointegration is roughness. There was no significant difference between ZrO2 and Ti
implants without sandblasting.

Keywords: osseointegration; titanium; zircona; dental implants; bone index contact; histology

1. Introduction

Titanium and Ti6Al4V dental implants have been successful in replacing teeth due to
their osseointegration capability, good mechanical properties—especially in fatigue due
to cyclic chewing loads—their high corrosion resistance, and their aesthetic ability in the
mouth. Currently, the most commonly used dental implants are made of commercially
pure titanium. Titanium has four grades of titanium depending on the degree of impurities,
with grade 3 and 4 implants being the most commonly used due to their good mechanical
properties [1–6]. In some cases, some companies work with the titanium alloy Ti6Al4V
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whose mechanical properties are higher than titanium, but which has poorer corrosion
resistance and cytocompatibility properties [7–11]. Titanium produces a spontaneous film of
titanium oxide, which makes the material more resistant to corrosion and reduces titanium
ion release [6–8]. This titanium oxide layer can be made larger by applying passivation
agents to the titanium, such as citric acid, nitric acid, or Piranha reagent [9–16].

The development of bioceramics for dental implantology is currently very important.
Among the different bioceramics, the yttria-stabilized tetragonal zirconia (Y-TZP) is not
only gaining interest as prosthesis but also as a dental implant. The Y-TZP ceramics can be
found as monolithic—implant and abutment in only one piece—which require extra efforts
to optimize their structure, or can be composed of two separate articulated pieces, having
the implant and the abutment as two separate pieces [17–27].

This bioceramic presents a very important increase in toughness due to the solid-state
transformation induced by stress. When the external stresses provoke a growing crevice
in the material, the local stresses at the crack tip induce transformation from tetragonal
to monoclinic phase around the crack tip. This tetragonal-to-monoclinic transformation
causes a volume growth of around 4%. The volume growth around the crack tip induces
compressive stresses that tend to close the crack, increasing the fracture toughness of
the material [16–18]. Bioceramics present some advantages such as avoiding corrosion,
improving the wear resistance as well, and presenting good aesthetic properties. However,
the ceramics are brittle and when used as ceramic implants, they present lower toughness
than the c.p. Titanium [19–24]. A disadvantage of zirconia dental implants is that the
roughness suitable for osteoblastic activity cannot be obtained as the ceramic does not
allow impacts from abrasive materials due to its brittleness.

Both titanium and zirconia dental implants present a good corrosion behavior in phys-
iological media at 37 ◦C due to their bioinert character under normal working conditions.
There was some controversy about the degradation of zirconia due to leaching of the yttria
which causes volume increases in the material and could lead to breakage and premature
failure. However, this degradation can only occur in the femoral balls of hip prostheses due
to the continuous wear forces that can cause such degradation. In zirconia dental implants
the degeneration is only in the first few nanometers of the surface and does not affect the
reliability and structural integrity of the dental implant [20,24–27]. The biocompatibility
of both titanium and zirconia are excellent at all pH ranges, no variation in properties has
been observed due to pH changes in inflammation processes where the pH becomes more
acidic, nor at the more basic pHs to which they may be subjected [9,10,25]. New techniques
for the production of implants with calcium phosphate coatings have been developed to
obtain bioactive surfaces with very good results [26,27].

In the literature there are many published works on dental implant designs [28–40]
and on the influence of roughness on physico-chemical and fatigue properties as well as
on osseointegration of dental implants [40–47]. However, there are not many studies on
the influence of the nature of the implant material using the same design and topography.
This work aimed to determine the influence of the nature of the material and the role of
the roughness using the same design of the implants. In this contribution we were able to
demonstrate the osseointegration capability of commercially pure titanium and zirconia
with the same roughness and design of the dental implant, which has not been possible
until now. Furthermore, we were able to confirm the fundamental role of roughness in
the osseointegration and mechanical properties of titanium dental implants based on the
compressive residual stress generated in sand blasting treatment.

2. Materials and Methods
2.1. Dental Implants

Three types of implants with the same macroscopic and design characteristics were
studied (Figure 1). The titanium dental implants are of Essential internal connection (Klock-
ner Dental Implants, Escaldes Engordany, Andorra) one was sand blasted with alliumine
and the other was machined as obtained from the machine. The zirconia dental implants
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were obtained with the same geometry and identical design but by sintering zirconia
powder with yttria. The zirconia dental implants are not sandblasted as roughness would
not be achieved due to the hardness of zirconia. Sintering molds cannot be roughened to
facilitate the removal of dental implants.

Figure 1. Dental implants used in this study. (a) Titanium passivated (Ti). (b) Titanium rough and
passivated (Ti R). (c) Zircona-YZP (ZrO2).

• Commercially pure titanium cp-Ti (grade 4) (Klockner Dental Implants, Escaldes
Engordany, Andorra) smooth with passivated treatment (citric acid 20% for 15 s) (Ti).

• Commercially pure titanium cp-Ti (grade 4) sand blasted with alumina (350 µm to
500 µm) projected at 2.5 bars and 200 mm of distance (implant-gun). After the sand
blasted treatment, the samples were passivated (citric acid 20% for 15 s) (Ti-R)

• Zirconia-2.5 Y-TZP. (ZrO2)

Different topographies were characterized by scanning electron microcopy (SEM) (Jeol
6700, Tokyo, Japan) using an acceleration potential of 20 KeV. The chemical composition of
the metallic dental implants was determined by EDS microanalysis accoupled in the SEM
and for the zircona implant an X-Ray diffractometer (Siemens, Berlin, Germany) was used
in order to obtain the oxides percentages.

2.2. Roughness

For the determination of roughness, an Olympus LEXT OLS3100 (Tokyo, Japan)
confocal microscope was used for the different study groups. Three samples from each
group were used and 3 measurements per sample were taken at ×1000 magnification.
The parameters Ra and Rz were determined. Ra corresponds to the arithmetic mean of
the absolute values of the deviations of the profiles of a given length of the sample. Rz
corresponds to the sum of the maximum peak height and the maximum valley depth
within the sampling length.

2.3. Contact Angle and Surface Free Energy

Wettability and surface energy of samples were measured using a contact angle system
OCA15plus (Dataphysics Instrument Company, Filderstadt, Germany) and results were
analyzed with SCA20 software (Dataphysics Instrument Company, Filderstadt, Germany).
Contact angle (CA) and surface free energy (SFE) were determined by using the traditional
sessile drop measurement method in the static mode. The aforementioned process allows
the measurement of the angle θ formed between the water drop and the surface. The
greater the contact angle, the lower the wettability and vice versa. For angles less than 10◦

the surface is considered superhydrophilic, for angles between 10◦ and 90◦ hydrophilic,
and for angles greater than 90◦ hydrophobic. A droplet generation system equipped with a
500 µL Hamilton syringe with micrometric displacement control was used to control the
volume (3 µL) and to deposit the droplet.
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Two different reference liquids were used to calculate the surface energy, measuring the
contact angle values using ultra-distilled Milie-Q grade (Millipore Milie-Q Merck Millipore
Corp., Darmstadt, Germany) as a polar liquid and di-iodomethane (Sigma Aldrich, St.
Louis, MO, USA) as a non-polar liquid, respectively. The contact angle measurements of
di-iodomethane were obtained following the same procedure as for water.

The surface energy was calculated using (Equation (1)) the Owens and Wendt equation:

γL · (1 + cos θ) = 2 · ((γd
L · γd

S)
1/2

+ (γ
p
L · γ

p
S)

1/2
) (1)

where γd and γp represent the dispersive and polar components respectively of the liquid
used and is the angle between the solid and the liquid. The total surface energy of a surface
equals the sum of its dispersive and polar components.

2.4. Residual Stresses

Residual stresses were measured with a diffractometer incorporating a Bragg–Bentano
configuration (D500, Siemens, Germany). The measurements were done for the family of
planes (213), which diffracts at 2θ = 139.5◦. The elastic constants of Ti at the direction of
this family of planes are EC = (E/1 + υ)(213) = 90.3 (1,4) GPa. Eleven ψ angles, 0◦ and five
positive- and five negative-angles were evaluated. The position of the peaks was adjusted
with a pseudo-Voigt function using appropriate software (WinplotR, free access on-line),
and then converted to interplanar distances using Bragg’s equation. The dψ vs. sen2ψ
graphs and the calculation of the slope of the linear regression (A) were conducted with
appropriate software (Origin, Microcal, Northampton, MA, USA). The residual stress is:
σ = EC ∗ (1/d0) ∗ A; where d0 is the interplanar distance for ψ = 0◦.

2.5. Fatigue Behavior

The fatigue behavior and the fatigue limit of the prototype were set using Wöhler’s
curves (stress-number of cycles) that describe the relation between the amplitude of the
cyclical tensions and the number of cycles up to break. During the test, the implant-
abutment system was subjected to both cyclical compressive and lateral forces, without
any lateral constraint. Fifty implants for each type of implant were tested.

The tests were performed in simulated body fluid at 37 ◦C with the servo-hydraulic
testing machine MTS Bionix 858, which is specially designed to test biomaterials. This
machine was equipped with a load cell MTS of 25 KN and controlled by means of a PC
equipped with the software TESTAR II® (Tokyo, Japan).

The tests were performed following the guidelines previously published by the FDA
for the Class II Special Controls Guidance Documents: Roots-form Endosseous Dental
Implants and Endosseous Dental Implants Abutments and the ISO 14801:2007. The tested
implants supported an abutment that was in line with the axis of the implant. The testing
setup clamped the implant so that the implant’s long axis made a 30◦ angle with the loading
direction of the testing machine and, consequently a flexural load was applied (Figure 2).
The implants were fixed with a 30◦ inclination from the z-axis of the traction-compression
machine. A 30◦ angle to the z-axis of the tensile-compression machine is recommended
by the standards of the FDA as the most unfavorable position. Moreover, the implant was
placed 3mm below the anticipated crestal bone level, simulating 3 mm of bone resorption.
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Figure 2. Images of the surgical procedure for implant placement.

To start with, five resistance tests were conducted at the selected inclination, to de-
termine the yield strength of the material and the ultimate flexion strength. The different
percentages of yield strength that were obtained from these results, ranging from 60 to 90%,
were used later to perform fatigue tests to obtain the number of cycles until fracture.

The aim was to find the level of stress at which the sample supports five million cycles,
and which can be considered the fatigue limit. Seven of the tests that were carried out
to determine the level of stress analyzed the fatigue limit whilst three tests analyzed the
rest of the tested stresses. The implants were loaded with a sinusoidal function of fatigue
at a frequency of 15 Hz and the relationship between maximum and minimum applied
stress was 10%. The tests were performed at room temperature. The obtained data were
represented as the number of cycles to failure as a function of applied stress.

2.6. In Vivo Study

All animal procedures in this study were performed in compliance with the Guide
for Care and Use of Laboratory Animals (National Research Council, in: Guide for the
Care and Use of Laboratory Animals, National Academy Press, Washington, DC, USA,
1996, pp. 41–194) and the European Community Guidelines for the protection of animals
used for scientific purposes (Directive 2010/63/EU of the European Parliament and of the
Council of 22 September 2010 on the Protection of Animals Used for Scientific Purposes),
and under the permission of the National Committee on Human and Animal Research
(ref# UAB-CEAAH 2016).

A total of 90 implants (30 for each type of implant) were inserted in the tibiae of
the 9 minipigs. Clinical follow-up was carried out and the animals were subsequently
sacrificed after 4 and 12 weeks, depending on the group to which they belonged. To
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establish standard conditions for the histomorphometric analysis, the implants were placed
in the tibiae of the animals as this bone shows a constant geometric pattern over almost its
entire length. The values obtained from the histomorphometric analysis therefore depended
only on the implant and not on the bone characteristics at the implantation site.

2.7. Surgical Intervention

The animals remained on a solid fast for 18 h prior to surgery and on a liquid fast for
6 h prior to surgery. Due to this prolonged fasting, oral solutions containing electrolytes
and glucose were administered. The animals were intubated endotracheally.

Surgical premedication was performed intramuscularly in the neck of the animal
with atropine sulphate (1 mg sulfuricum; Aguettant, Lyon, France), carazolol (Suacron®,
Barcelona, Spain), and azaperone (Stressnil ®Norvet, Lugo, Spain) (2 mg/kg). 20 min later,
an intramuscular combination of ketamine (10 mg/kg, Pfizer, New York, NY, USA) and
midazolan (3 mL, Roche, Basel, Switzerland) was used for anesthetic induction. Anes-
thesia during surgery was balanced with oxygen (Air liquide Medicinal, Madrid, Spain),
nitrous oxide (Air liquide Medicinal, Madrid, Spain), and isofluorane (Inibsa, Barcelona,
Spain) (1.5%).

Surgeries were performed under sterile conditions in the veterinary operating theatre.
The lower extremities of the animals were shaved, washed, and decontaminated with
povidone–iodine (Figure 2). For implantation, a longitudinal medial skin and fascial
incision was first made in the lower limb of the animal extending from the proximal
epiphysis to the distal epiphysis with a scalpel handle (BXB-5 Bonfanti & Gris) and a
number 15 scalpel blade (Henry Schein). This incision is intended to avoid damage to
anatomical structures such as the saphenous vascular nerve bundle. With the help of a
Molt periostotome (Molt BRM-24 Bonfanti & Gris), the aim is to uncover the medial aspect
of the tibial diaphysis as well as part of the tibial metaphysis.

After debonding, the osteotomy was performed with the drilling sequence recom-
mended by the manufacturer (for GMI® Frontier implants, Lleida, Spain) and irrigation
with physiological saline solution. (Omnirigator sterile irrigation set Proclinic) The im-
plants were then inserted (4/5 implants for each tibia) with a motor (W&H implantmed)
and surgical contra-angle handpiece (WS-92 LG), recording the insertion torque of each
implant. All implants in both groups had the same dimensions: Diameter 4 mm and length
10 mm.

As postoperative medication, 1.5 g of intramuscular amoxicillin (Clamoxyl®, Pfizer,
Madrid, Spain) and 0.1 mg/kg intravenous butorphanol as analgesic (Torbugesic®, Labora-
torios Fort Dodge, Gerona, Spain) were administered as antibiotherapy. For sacrifice, the
animals were given an overdose of intracardiac sodium pentobarbital. (Eutha 77®, Pfizer,
New York, NY, USA). Subsequently, the tibiae were cut, separated from the body, shaved
and all soft tissue was removed, preserving only the bone.

2.8. Histomorphometric/Histological Analysis

This was carried out after sacrifice 4 or 12 weeks after implant insertion. In the
histometric analysis of the samples, 5 measurements were analyzed, the percentage of
bone contact implant bone contact or BIC and cortical implant bone contact or BICc, the
peri-implant and inter-implant bone density, and the percentage of new bone or BV/TV of
new bone. Two studies by Nkenke and Kuchler were used as the basis for the analysis of
the measurements [48–50]. The BIC was defined as the amount of perimeter surface of the
implant in direct contact with the bone tissue. This data was expressed as a percentage, so
the amount of surface in direct contact with the bone was divided by the total perimeter
of the implant (with the understanding of total perimeter from the neck of the implant to
half of its length, everything being included in the marked box). The BICc is like the BIC
but includes only the portions of the implant that cross the cortical bone section. The bone
density inside the threads was defined as the surface area of bone that had grown inside
the threads in relation to the total available interthread space (BAI/TA).
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Areas analyzed histomorphometrically were as follows: Both in test and control
implants; implant neck, neck-first spiral, middle third of the implant, middle third-self-
tapping area, self-tapping area, most apical part of the implant.

2.9. Specimen Preparation

Specimens were processed using methacrylate embedding techniques described by
Schlegel, Donath et al. [44].

− Fixation: Bone blocks were placed in 10% formalin for 2 weeks.
− Dehydration: With alcohols at different concentrations under constant agitation:

70% alcohol for 3 days
80% alcohol for 3 days
96% alcohol for 3 days
99.8% alcohol for 3 days

Plastic infiltration was performed by mixing glycolmethacrylate (Technovit 7200®,
VLC-Heraus Kulzer GMBH, Werheim, Germany) and 1% benzoyl peroxide (BPO®: Heraus
Kulzer GMBH, Werheim, Germany) with ethyl alcohol at different concentrations, ending
with two infiltrations of pure glycolmethacrylate, under constant agitation (Exakt 510),
according to the following procedure:

Technovit 7200® + BPO: alcohol (30:70) for three days.
Technovit 7200® + BPO: alcohol (50:50) for three days.
Technovit 7200® + BPO: alcohol (70:30) for three days.
Technovit 7200® + BPO (100) for three days.
Technovit 7200® + BPO (100) for three days under vacuum.

For the inclusion, the tissue samples were placed in polyethylene molds which were
subsequently filled with resin (Technovit 7200®) under vacuum (Exakt 530 and 520). The
polymerization process was carried out in 3 phases: 1. Low intensity light was used for a
period of 4 h. The molds were kept at a temperature of 40 ◦C. 2. For 12 h a high intensity
blue light was used for complete polymerization of the methacrylate. 3. Placed in the heat
of the oven for 24 h to finish the polymerization of the benzoyl peroxide.

Once polymerized, the block was removed from the mold. The next step was to make
a preliminary cut to approximate the area of interest closer to the surface of the block. This
was done with the help of a band saw (Exakt 300 CP) and irrigation to avoid overheating
the sample, which would damage the tissues surrounding the implant. Then, to preserve
the parallelism of the cuts to be made, the blocks were mounted on an acrylic sheet with the
help of a resin (Technovit 4000®-Heraus Kulzer GMBH, Werheim, Germany) using a gluing
press and a vacuum pump (Exakt 401), which holds the holder to the top of the press. The
resin was spread on the back of the block, so that the part to be examined contacts the part
underneath the gluing press. When polymerization was complete, the block was ready to
be polished. The surface was polished using 1200 grit paper.

Sections were then stained with toluidine blue (Toluidine Blue O, Fisher Scientific,
Hampton, NH, USA) for 20 min. The histopathologic and histometric analyses were per-
formed with a digital camera system (DP12, Olympus, Japan) attached to a light microscope
(BX51, Olympus, Japan) and an image analyzer software (MicroImage 4.0, Olympus, Japan).

2.10. Statistical Analysis

Data were recorded using a Microsoft Excel spreadsheet (Microsoft®, Redmond, Wash-
ington DC, WA, USA) and subsequently processed with the Stata 14 package (StataCorp®,
College Station, San Antonio, TX, USA). Means and standard deviations were calculated,
except for the granulometry test, where the mode and percentiles were used.

3. Results and Discussion

From Figure 3 the different topographies of the different dental implants can be
observed. In Table 1 the different chemical compositions of the dental implants are shown,
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the metallic implants were obtained by EDS microanalysis and for the zircona the X-Ray
diffractometer was used in order to obtain the percentages of the oxides using Rieveld
analysis, as is usual for ceramic materials.

Figure 3. Scanning electron microscopy images of the surfaces of the different dental implants. (a) Ti,
(b) Ti-R, and (c) ZrO2.

Table 1. Dental chemical composition. Percentages in weight.

Implants O C N H Al Fe Ti

Ti 0.35 ± 0.09 0.08 ± 0.02 0.05 ± 0.01 0.02 ± 0.01 0.12 ± 0.04 0.30 ± 0.09 Balance

Ti-R 0.92 ± 0.13 0.08 ± 0.02 0.03 ± 0.01 0.03 ± 0.01 2.56 ± 0.76 0.32 ± 0.08 Balance

Oxides Percentage

ZrO2(+HfO2) 95.5 ± 1.5

Y2O3 4.0 ± 0.6

Al2O3 0.5 ± 0.1

The roughness measurements can be observed in Table 2. Ra and Rz, reveal that the
results do not present statistical significance difference between Ti and ZrO2. This allowed
us to determine the influence of the nature of the dental implant between titanium and
zirconia. It can be seen that titanium treated by sand blasting with alumina has a roughness
with statistically significant differences with respect to non-rough dental implants, which
allowed us to determine the influence of roughness on the cyclic mechanical behavior and
osseointegration. The ZrO2 dental implants could not be sandblasted because the lack of
toughness of the ceramic caused cracks on the surface and the roughness obtained was
very low. This fact did not allow us to achieve rough zirconia dental implants [24–26].

Table 2. Roughness for each dental implant studied.

Implant Ra (µm) Rz (µm)

Ti 0.33 ± 0.18 3.10 ± 0.69
Ti-R 1.98 ± 0.39 * 9.98 ± 1.34 *
ZrO2 0.32 ± 0.19 3.00 ± 0.34

* indicates statistical differences significance.

The CA and SFE calculations are shown in (Table 3). The sandblasting treatment
decreased the wettability, and, therefore, increased the CA (increase of the hydrophobic
character). ZrO2 implants presented the lowest values of contact angle, but this result does
not present statistical significance difference with the Ti (p < 0.001). The Ti-R implants
present lower total surface energy (SFE) than the smooth ones, especially the dispersive
component, the results were similar between the Ti and ZrO2 without statistical significance
differences (p < 0.001). However, the roughness produces a higher polar component than
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with the smooth dental implants, with significant differences between Ti-R and Ti and ZrO2
(p < 0.001).

Table 3. Values (mean ± standard deviation) of contact angle of water (WA) and diiodomethane
(DIIO), and the estimated surface energy (Υ) with their polar (ΥP) and dispersive (ΥtD) components,
for each surface treatment.

Sample
CA (◦) SFE (mJ/m2)

WA DIIO Υ ΥD ΥP

Ti 75.66 ± 2.67 43.60 ± 1.72 38.16 ± 1.16 35.60 ± 0.82 2.56 ± 0.75
Ti-R 94.65 ± 2.87 * 47.67 ± 1.73 * 31.47 ± 0.90 * 21.53 ± 0.81 * 4.94 ± 0.47 *
ZrO2 70.08 ± 3,57 45.10 ± 1.89 40.69 ± 0.87 37.45 ± 0.98 3.24 ± 0.41

* indicates statistical differences significance.

The similar wettability and surface energy results between titanium and zirconia are
due to the fact that the titanium surface is coated with the naturally occurring TiO2 layer
and stabilized by the passivation treatment. Therefore, the liquid phase interaction occurs
with transition metal oxides with very similar characteristics [51–54].

It should be noted that the increase in hydrophobic capacity and the decrease in surface
energy, especially the dispersive component with respect to the polar component, favor
the selective adsorption of proteins, especially fibronectin, which acts in a very important
way as one of the precursor proteins of osteoblastic cell migration [52–57]. Therefore the
physicochemical properties of the rough surface will favor osseointegration [57,58].

Table 4 confirms the compressive character of the residual stresses. As expected,
the compressive stresses induced by sand blasting are statistically significant (p < 0.001,
t-Student) and highly different from those induced on Ti and ZrO2. The results of Ti and
ZrO2 present statistical significance differences (p < 0.001). The surface with the highest
residual stress is the Ti-R surface, as the projection of abrasive particles at a pressure of
2.5 bar causes a compressive stress state on the surface. The residual stresses of Ti are
due to the machining processes and those of ZrO2 to the sintering process, but the high
temperatures cause the release of stresses, obtaining surfaces with very low stress state
values [59,60].

Table 4. Surface residual stresses calculated at the four different types of Ti dental implant surfaces.

Implant Residual Stress (MPa)

Ti −250.2 ± 8.9 *
Ti-R −440.9 ± 19.3 **
ZrO2 −190.3 ± 5.2 ***

* indicates statistical significance differences. *, ** and *** indicate statistical significance differences between
the symbols.

Figure 4 shows the number of cycles to failure (Nf) at different loads applied for each
type of implant. It can be observed that the Ti-R implants present longer life fatigue than
the Ti and ZrO2. The fatigue behavior of the samples submitted to sand blasting treatment
is better due to the compressive effect of the residual stresses on the surface which makes
the crack nucleation difficult.

These results should be considered by clinicians as ZrO2 implants withstand little
cycling at high loads. It is for this reason that this type of implant should be discouraged for
patients with bruxism or high masticatory loads. Ti-R dental implants offer highly reliable
results throughout the life of the dental implants [26,27].
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Figure 4. S–N curves for the different dental implants studied.

Of the 90 dental implants placed, none had to be removed due to lack of fixation. All of
them were of different degrees of osseointegration and with normal levels of inflammation,
in no case was infection observed. Figure 5 shows the histology of the different types of
dental implants for implantation times of 4 and 12 weeks.

The histology values shown in Figure 5 for each type of dental implant and the two
implantation times show the formation of well-differentiated new bone tissue and good
bone density especially in the area surrounding the dental implant. No giant cells or
particle detachment from the dental implant are observed for either titanium or zirconia.

Figure 6 shows the bone index contact values; from which it can be determined that
the bone contact values for 4 weeks range from 25% for Ti dental implants to 42% for
Ti-R implants. ZrO2 presents 31% of BIC. The difference is statistically significant with a
p < 0.05 between the Ti and ZrO2 in relation to the Ti-R, the differences are not statistically
significant between Ti and ZrO2. The BIC results at 12 weeks after implantation show a
very similar bone index contact for the Ti (41%) and ZrO2 (42%) dental implants compared
to the results for the zirconia implants. However, the Ti-R increases in 12 weeks with values
higher than 70%.

As expected, the BICc values, shown in Figure 6, follow the same trend as the BIC.
It can be seen that in this case the BICc in the case of titanium bone level is higher than
zirconia dental implants, although there is no statistically significant difference at p < 0.05.
The results of the percentage of new bone tissue BV/TV, the bone growth between the
threads fillets and the amount of bone generated in relation to the total surface area show
the high capacity to form new bone tissue of the Ti-R implants. It should be noted that
the threads of the dental implants form a good amount of neoformed bone and therefore
in all three cases a good mechanical anchorage can be guaranteed. The same behavior is
observed in the new bone formed in relation to the total bone (BT/TV) for each dental
implant and for different times of implantation [58–61].
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Figure 5. Histologies of the dental implants (Ti, ZrO2 and Ti-R) inserted in the tibiae of minipigs for
4 and 12 weeks. (a) Ti dental implant for 4 weeks. (b) ZrO2 dental implant for 4 weeks. (c) Ti-R
dental implant for 4 weeks. (d) Ti dental implant for 12 weeks. (e) ZrO2 dental implant for 12 weeks.
(f) Ti-R dental implant for 12 weeks.

Figure 6. BIC, BICc, BT/TV, BAI/TA results for each dental implant and for different times
of implantation.

It can be seen from the osseointegration results that there is no significant difference
in the nature of the manufacturing material between titanium and zirconia when the
dental implants have the same design and the same roughness. In principle, they are
two inert biomaterials with excellent biocompatibility and similar physical and chemical
characteristics and the same level of osseointegration can be justified [57]. From these
results it is also revealed that the roughness obtained by sandblasting treatments with
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alumina causes changes in the physico-chemical properties on the surface and also in the
compressive stress state of its surface which makes the dental implant have a much higher
bone contact surface than dental implants without roughness. Therefore, roughness is a
key factor in the development of dental implants [25,49].

The osseointegration values of the rough dental implants studied in this work are
within the BIC ranges between 48 and 80% for implants with the same connection and
roughness [43–50,53,55–57,62,63]. In our case, they present values in the upper part of the
range. It can be observed that for roughness values from 0.9 to 2 µm, a tendency can be
seen that the increase in roughness causes a higher BIC index [46–50].

The values for zirconia implants show a more important variation with designs ranging
from 25 to 50% [24–29]. In this case, as there is no roughness parameter, the design plays a
fundamental role in osseointegration. As already mentioned, this study using the same
designs for the three types of dental implants allows us to determine the importance of the
implant material and, in the case of titanium, the roughness.

Electro-polished or shot-blasted dental implants with titanium oxide (low abrasive-
ness) show very similar osseointegration values and always much lower than rough
implants. Dental implants made of zirconia have similar osseointegration results to those
of polished titanium. However, dental implants made of monoblock zirconia in one piece,
i.e., a single implant-abutment body, have slightly better osseointegration values [64,65].
These differences have no statistically significant differences p < 0.005 and are always much
lower than the bone formation levels of rough dental implants [66].

Despite these results, zirconia dental implants have a higher degree of dental aesthetics
that is recommended in some cases. In any case, clinicians using zirconia dental implants
must also assess the aspects of bone formation and long-term mechanical reliability. In most
cases, however, titanium dental implants with a good prosthetic solution give an excellent
result with the security of mechanical and biological fixation as well as the reliability of
many years of mechanical cycles.

The limitations of this study are that we only studied one design, it would be inter-
esting to perform the same studies with different dental implant designs to verify that the
results are similar to the implants in this study. Likewise, it would be of value to carry
out the influence of the prosthesis to see if it modifies the experimental results in any way.
We believe that this study confirms the role of roughness as a very important factor for
osseointegration, leaving the nature of the dental implant material (titanium/zirconia) as a
minor influence.

4. Conclusions

The study carried out with three types of dental implants (Ti, Ti-R and ZrO2) with the
same design allowed us to demonstrate that for similar roughness of Ti and ZrO2 implants
the wettability and physical-chemical properties were very similar due to the nature of the
titanium and zirconia oxides. This fact produces very similar BIC values at 4 and 12 weeks,
reaching values of around 45% at 12 weeks. ZrO2 dental implants offer the lowest fatigue
resistance due to the brittle nature of the bioceramics. Ti-R dental implants show higher
fatigue strength values than Ti implants due to the compressive residual stress on their
surface which delays surface crack nucleation. Regarding the osseointegration capacity,
the values are much higher than Ti and ZrO2 implants due to the roughness that increases
the contact surface with the bone, but also because of the more suitable physico-chemical
properties of their surfaces. These conclusions avoided the possible influence of the design
of the dental implant and allowed us to see the effect of the variables of the nature of the
dental implant material and also the effect of the roughness.
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