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were proposed to characterize the surface energy of real 
implants: a qualitative method related to the phenomenon 
of capillarity and a quantitative method with different liq-
uids of known surface tension. It was found that the topog-
raphy of the thread flanks is considerably different from the 
topography of the discs and it is believed that the geom-
etry of the implant influences the surface treatment. The 
proposed quantitative methodology to analyze the surface 
energy allowed to detect differences between two commer-
cial implants tested.
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Osseointegration · Laser interferometry · Surface energy · 
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1 Introduction

The implant design (e.g., shape, diameter, thread profile, 
topography) can dictate its success in situations prone to 
failure, such as cases of low bone density or cases of con-
comitant systemic diseases [1]. The surfaces of implants 
are modified to perform faster and stronger bone forma-
tion and confer better stability in the healing process [2], 
at primary, secondary and tertiary levels [3]. Three surface 
characteristics of implants are regarded as relevant in the 
process of bone formation: chemical composition, surface 
energy and surface topography. These characteristics influ-
ence biological response, but the weight of each influence 
on the final response is still unknown [4].

Surface energy can be related to wettability. Data on sur-
face energy are needed to identify the correlation between 
wettability and biological reactions and to stimulate dis-
cussion about the biological and clinical impact of implant 
hydrophilicity [5]. Wettability, which depends both on 
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chemical composition and surface roughness, can be exper-
imentally assessed using contact angle measurements [6].

The sessile drop method is a widely used method for 
measuring the contact angle for its simplicity. It basically 
consists in generating a drop of a specific volume using a 
precision syringe on a flat surface [7]. However, most exist-
ing dental implants are of the screw type and it is difficult 
to use the sessile drop method for the analysis of wettabil-
ity on this kind of geometry. For this reason, many man-
ufacturers use flat titanium discs produced with the same 
surface treatment than the implants. However, it is ques-
tionable whether the results obtained by this methodology 
may represent the surface energy of the screw-type implant 
itself, since the method ignores the implant macrogeometry 
[8].

The surface topography consists of shape, waviness and 
roughness. The roughness and waviness are related to the 
measured wavelength and they are well defined by the cur-
rent standards but for profile measurements [9]. However, 
these characteristics may assume new meanings in 3-D 
surface measurement as the scanned surface may possess 
features in all directions in the sampling plane [10]. The 
separation between shape, waviness and roughness is made 
through filters. The quantitative evaluation of topography 
can be carried out using different equipments with mechan-
ical contact (profilometry and atomic force microscopy) or 
optical instruments (optical interferometry) [11]. However, 
different devices may influence the measurement results.

Screw-type dental implants present threads with deep 
valleys, which make the evaluation of the topography of 
these components by conventional mechanical contact pro-
filometers very difficult. The limited vertical movement of 
the tip and the tip radius of the probe result in significant 
measurement errors [12]. Optical systems have the advan-
tage of non-contacting measuring, which make them attrac-
tive to the research of biomaterials (non-destructive tech-
nique). In general, these devices are also faster and have 
better resolution than mechanical systems. However, some 
commercial interferometers have the limitation of not being 
able to measure surfaces with low reflectivity (below 4% 
of the incident light) and high tilt angle, due to the scatter-
ing of the reflected light [13]. The use of interferometers 
to measure screw-type implants with large threaded inte-
rior angles could generate measuring errors and the surface 
roughness may be overestimated [14].

After the assessment of the surface, different param-
eters can be calculated to quantify its topography. However, 
still today many studies provide limited information on the 
topography, usually featuring only the 2D arithmetic aver-
age roughness parameter, Ra, or the analog 3D parameter, 
Sa, and should be interpreted with caution. Most studies 
found in the literature about dental implants surface topog-
raphy also analyze titanium discs, instead of the implants 

themselves, to facilitate the methodological procedures 
[15].

Naves et al. [16] verified that parameters associated with 
the height of the irregularities (Sa), the slope of the asperi-
ties (Sdq), the presence of a surface texture (Str), and the 
developed surface area of the irregularities (Sdr) were sig-
nificantly affected by the macrogeometry of the implants. 
Flat disks subjected to the same surface treatment used in 
the dental implants reproduced only the surface topography 
of the flat regions of the implants.

Considering the lack of a well-defined methodology for 
surface characterization for dental implants, the objective 
of this study is to propose a methodology to characterize 
the surface topography of dental implants with threaded 
interior angles larger than 70° using laser interferometry 
in a way that the measuring errors with this technique are 
reduced. In addition, two new methodologies are suggested 
to quantify the surface energy measuring it directly onto 
dental implants, since the discs do not represent the implant 
topography:

• A qualitative method that correlates the surface energy 
to the capillarity phenomenon;

• A quantitative method to calculate the surface energy by 
immersing and emerging the implant in three different 
liquids with known surface tension.

2  Theoretical background

2.1  Surface topography

Albrektsson and co-workers pioneered the concept of a 
possible role of surface finish on the biological response 
of implants [17]. Since then, there have been huge efforts 
to gain a deeper insight into the role of the surface topog-
raphy on bone formation. The surface topography consists 
of form, waviness and roughness. The roughness of a sur-
face relates to the topographic features that repeat with the 
smaller wavelengths and it is obtained after removing the 
form and waviness via different filters. The standard filter 
used in the roughness analysis of 3D dental implants is the 
Gaussian filter [11].

Resolutions and maximum slope of some optical equip-
ment available in the market for surface topography meas-
urements are presented in Table 1.

Surface roughness can vary in different locations on the 
same implant. Therefore, in screw-type implants it is neces-
sary to measure surface topography in three regions of the 
thread: flank, top and valley [11, 16].

The real surface geometry of a dental implant is so com-
plex that only a few surface roughness parameters can-
not provide its full description. With a larger number of 
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parameters, a more accurate description can be obtained, 
but an excessive number of parameters can make the inter-
pretation difficult and provide redundant information [10]. 
For dental implants, it has been suggested the evaluation 
of height parameters—the arithmetic average height (Sa), 
the peakedness of the height distribution curve, or kurto-
sis (Sku) and the asymmetry of the height distribution curve, 
or skewness (Ssk); one space parameter—the texture aspect 
ratio of the surface (Str) and one hybrid parameter—the 
root mean square slope of the irregularities (Sdq) [11].

2.2  Surface energy

The process of dropping a liquid into a solid surface is 
referred to as wetting and it is related to the ability of the 
liquid to wet the surface by the action of cohesion and 
adhesion forces. The phenomenon is characterized by the 
contact angle (CA) and depends both on the chemistry and 
on the roughness of the surface [6].

All interfaces present higher energy than the bulk. Any 
system seeks the most stable state, generally by lower-
ing the Gibbs free energy. The contact angle of a flat and 
smooth ideal surface, which is chemically homogeneous 
and inert, depends on the solid–liquid (γsl), solid–air (γs) 
and liquid–air (γl) interfacial energy interactions, which 
provide the equilibrium condition. Thomas Young [19] 
described the contact angle θ measured in an ideal surface 
via the force balance in the equilibrium condition accord-
ing to the following equation:

Real surfaces possess roughness and chemical hetero-
geneities that alter the equilibrium condition and the meas-
ured contact angle is then called apparent contact angle, as 
obtained in a metastable equilibrium state. When this liquid 
is water, it is common to classify the surface as hydrophilic 
when the CA formed between the drop and the surface is 
less than 90° and hydrophobic when the CA is greater than 
90°. In a hydrophilic surface, wetting is favoured and the 
fluid will spread over a large area on the surface [6]. The 
wettability is, therefore, directly linked to the energy of the 
surface. The increase of the wettability of a dental implant 

(1)cos θ =

γs − γsl

γl

.

may allow a greater interaction of the implant surface with 
the biological environment.

Several different techniques have been developed to 
measure wettability of a surface (e.g., sessile drop, tilting 
plate method, tensiometric Wilhelmy method) [20, 21]. In 
general, these techniques relate to measurements of the 
contact angle, since it can be easily observed and photo-
graphed [22] and the wettability is analyzed using plate or 
cylindrical models that are produced with the same surface 
treatment of the implant. Whereas the use of such models 
is quite usual, there is uncertainty regarding whether the 
experimental tests can represent the real implant in totality 
[20]. The existing methods can be classified as static and 
dynamic.

Static methods analyze the shape of the droplet placed 
on a surface at the equilibrium state, after spreading has 
finished. On the other hand, the dynamic methods measure-
ments are carried out changing the liquid–vapor interface 
(increasing or reducing the droplet volume or immersing 
and emerging the sample from a recipient with liquid). The 
highest measured contact angle in a dynamic approach is 
called advancing contact angle (θa) and the lowest angle is 
the receding contact angle (θr).

Three common approaches are used to extrapolate the 
surface free energy of a solid (γs, mJ.m−2) using the Young 
contact angle and they will be described.

(a) Zisman method:
This method calculates the so-called critical surface ten-

sion, which gives an approximation of the solid surface free 
energy (γs) by measuring the contact angle between sev-
eral different probe liquids and the surface of interest. The 
results are then plotted by having the known surface ten-
sion of the liquids used in the test (γl) in x axis and the cos 
(θ) (θ is the Young CA) in y axis (Fig. 1). A linear regres-
sion is applied to the points. Considering b as the slope of 
the regression line, the surface energy can be extrapolated 
with the formula given below:

(b) Equation of state:
Neumann et al. [23] proposed an equation for the free 

energy of the solid–liquid interface using an empirical con-
stant β equal to 0.0001057 [(m2 mJ−1)2], as shown in Eq. (3):

Combining Eq. (3) with Young’s Eq. (1), it is possible to 
obtain the free surface energy (γs) via the measurement of a 
single liquid with known surface tension (γl), as shown by 
Eq. (4):

(2)cos θ = 1 − b(γl − γs).

(3)γsl = γs + γl − 2
√

γsγle
−β(γl−γs)

2

.

(4)(1 + cos θ)γl = 2
√

γsγle
−β(γl−γs)

2

.

Table 1  Characteristics of optical measuring systems [11, 18]

Solarius solarscan laser 
interferometer

Heidelberg TopScan 3D 
confocal microscope

Vertical resolution 2.7 nm 6 nm

Lateral resolution 0.9 µm 0.6 µm

Maximal slope 42.5° 30°
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(c) Geometric mean approach:
It was proposed by Wu [24] that the surface free energy 

γ itself can be considered as a sum of the dispersion com-
ponent (γd) and the polar component (γp). Based on this 
concept, Owens, Wendt [25] proposed that the interfacial 
energy between a liquid and a solid (γsl) can be estimated 
by:

Combining Eq. (5) with Young’s Eq. (1), the mean geo-
metric equation is:

Because there are two unknown values in Eq. (6), γ d
s

 
e γ p

s , two probe liquids with known dispersive and polar 
components are needed to solve it.

The surface free energy calculations of rough and het-
erogeneous surfaces are generally based on the Young 
Eq. (1). However, the required Young contact angle of a 
liquid on the respective non-ideal solid cannot be directly 
measured and has to be achieved considering the most sta-
ble CA, which is related to the lower value of the Gibbs 
free energy in an equilibrium state [6]. To use the previous 
methods to calculate the surface free energy of a solid, it 
is recommended the calculation of the most stable contact 
angle (θms) obtained by averaging the advancing and reced-
ing contact angles, as shown in Eq. (7) [26, 27]:

3  Roughness evaluation via laser interferometry

3.1  Methodology

This study examined commercially pure titanium implants 
(grade 4) called Unitite Nano (SIN, São Paulo, Brazil). 
The surface modification method applied to Unitite Nano 

(5)γsl = γs + γl − 2(

√

γ d
s γ d

l +

√

γ
p
s γ

p
l ).

(6)(1 + cosθ)γl = 2(

√

γ d
s γ d

l +

√

γ
p
s γ

p
l ).

(7)θms =
θa + θr

2
.

implants primarily consists of immersion in nitric acid fol-
lowed by immersion in sulfuric acid (DAA-double acid 
etching). In sequence, the implants receive a deposition of 
nanocrystals of hydroxyapatite (Nano surface treatment). 
Flat discs of 6 mm diameter and 2 mm in height having 
the same surface treatment applied to implants were also 
evaluated to verify if flat surfaces may represent the actual 
topography of the implants.

The surface characterization of the implants and discs 
used laser interferometry. The laser interferometer is the 
Microfocus Expert IV model from UBM manufacturer 
(Fig. 2), with lateral resolution of 0.1 µm and vertical res-
olution of 60 nm. Measurement densities of 1000 × 1000 
points were used in the x and y directions, respectively. The 
measuring rate was 250 points/s, using a continuous meas-
urement mode. The data were treated and analyzed using 
the software Digital Surf Mountains Map Universal 3.0.11.

The Unitite Nano titanium implants have a thread inte-
rior angle of 75°. In this case, it is difficult to accomplish 
the measurement of the surface topography using a laser 
interferometer, especially for the flank of the thread, due 
to the scattering of the reflected light [13]. Some different 
trials were carried out with the implants placed in differ-
ent positions relative to the laser sensor of the measuring 
equipment, which were:

Fig. 1  Example of the Zisman 
method for measurements with 
three probe liquids

Fig. 2  UBM laser interferometer Microfocus Expert IV model
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• Positioning the implant perpendicular to the measuring 
x axis (Fig. 3a);

• Positioning the implant parallel to the measuring x axis 
(Fig. 3b);

• Positioning the implant perpendicular to the measuring 
x axis with an inclination angle (θ > 30°) to measure the 
flanks of the thread (Fig. 3c).

Three different samples from Unitite Nano implants and 
three discs samples with the Nano treatment were meas-
ured. For each implant, three thread tops, three thread 
valleys, and three thread flanks were analyzed separately 
(Fig. 4) using areas of 120 × 120 µm. In addition, the non-
threaded area (flat area) of each implant was measured in 
three randomly located regions (Fig. 5).

For the flat discs, three randomly located regions with 
dimensions of 0.8 × 0.4 mm were measured via laser inter-
ferometry. After, an area of 120 × 120 µm was randomly 
chosen in the laser interferometry images and analyzed to 
obtain the values of the roughness parameters. A Gaussian 
filter of 50 × 50 µm was applied, as suggested by Wen-
nerberg and Albrektsson [11], to separate waviness from 

roughness, and the numerical description of the surface 
roughness used the following roughness parameters: Sa, 
Sq, Str and Sdq [11, 16]. The topography surface parameters 
were also obtained without the use of a Gaussian filter 
as suggested by Stout et al. [10] for making comparisons 
between the two calculation methods with the implant posi-
tioned perpendicular to the measuring axis and with slope.

3.2  Results and discussion

Figure 6 shows different implant thread regions measured 
with different measurement setups. It is possible to verify 
that the measurement of the flanks positioning the implant 
with an inclination angle relative to the measurement table 
reveals better the flank topography details. Furthermore, 
the valley of the implant thread becomes very similar to the 
top thread when the implant is measured perpendicular to 
the measuring axis, which seems to be reasonable because 
these small analyzed areas are parallel to the implant sur-
face. The valleys of the threads obtained when the implant 
is parallel to the measuring axis present many surface het-
erogeneities. Possibly, these heterogeneities are due to 

Fig. 3  Measurement setups: (a) 
implant parallel to the measur-
ing axis, (b) implant perpendic-
ular to the measuring axis and 
(c) implant perpendicular to the 
measuring axis and with slope

Fig. 4  Analyzed areas from the 
thread of the dental implants
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measuring errors related to light scattering, since this is 
the deepest region of the threads. Therefore, the valleys are 
regions particularly difficult to measure accurately with the 
parallel setup using laser interferometry.

The interferometric images of the implant macroge-
ometries obtained positioning the implant parallel and 
perpendicular to the measurement axis, respectively, are 

shown in Fig. 7. It is possible to verify that the perpendicu-
lar setup reduces errors generated by reflection and scatter-
ing of light, so that the 3D image represents more closely 
the macrogeometry of the actual implant.

The roughness parameter values obtained for each setup 
are shown in Figs. 8, 9 and 10. When the implant is posi-
tioned parallel to the measuring axis (Fig. 8), the topo-
graphic parameters obtained for the valleys and flanks of 
the threads are very different from those obtained for the 
thread tops, the flat areas and the flat discs.

The values of the topographic parameters for the perpen-
dicular setup are shown in Fig. 9.

With the implant positioned perpendicular to the meas-
uring axis, only the flanks present higher roughness values 
than the other regions. The values of the parameters Sa, Sq, 
Str and Sdq from the top and the valley are very similar in 
Fig. 9. Also, the values of Sa and Sq in those regions are not 
statistically different from the values found for the Nano 
discs.

The roughness parameter values obtained with the 
implant positioned perpendicular to the measuring axis and 
with slope are shown in Fig. 10.

In Fig. 10, it is observed that positioning the implant 
perpendicular to the measuring axis at a slope is the con-
figuration where the roughness parameter values acquired 
for the flank are much closer to the values observed in the 

Fig. 5  Non-threaded (flat) area of the Unitite implant [28]

Fig. 6  Different regions of the implant thread measured with different measurement setups
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other regions of the implant (top, valley and flat area) and 
also closer to the nano disc values when compared with the 
values observed positioning the implant either parallel to 
the measuring axis or perpendicular to the measuring axis, 
but with no slope. Positioning the implant in an inclined 
manner provides an increase in the angle between the light 
beam and the flank surface, reducing the scattering of the 
light beam, as demonstrated in Fig. 11.

It is possible to verify schematically in Fig. 11 that, 
if the implant is positioned at an angle (θ) of at least 30° 
to the base, the angle of incidence of light in the case of 
the implant studied is not critical anymore for this optical 
measurement technique (β ≈ 45°) [11]. This suggests that 
using the optical measuring equipment and this positioning 
setup, it is possible to avoid the problem of overestimating 
the roughness values of the flank due to the high internal 
thread angle and the scattering of the light in this region.

By analyzing all the roughness parameter values of the 
thread flank in Fig. 10, it is possible to conclude that this 
region is different from the other regions of the implant and 
the flank is also different from the Nano disc, which was 
produced with the same surface treatment. Although no 
topography measurement was made for as-turned implants, 
the values observed for the machined disc are very differ-
ent from those obtained in the Nano disc and also in the 

Fig. 7  Implant surface with the implant parallel and perpendicular to 
the measuring axis

Fig. 8  Roughness parameter values from different regions of the 
implant Unitite Nano and from the discs. Implant positioned parallel 
to the measuring axis

Fig. 9  Roughness parameters values from different regions of the 
implant Unitite Nano and from the discs. Implant positioned perpen-
dicular to the measuring axis

Fig. 10  Roughness parameter values from different regions of the 
implant Unitite Nano and from the discs. Implant positioned perpen-
dicular to the measuring axis and with an inclination angle in relation 
to the interferometer table

Fig. 11  Suggestion of implant placement to increase the inclination 
angle between the interferometer laser beam and the thread flank sur-
face
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implant measured regions (Fig. 10). This is an evidence 
that the Nano treatment was able to modify the topogra-
phy of the originally machined surface. The values for the 
slope of the irregularities (Sdq) for the top and the valley 
of the implant thread in Fig. 10 are higher than the values 
observed for the flank, which can be an evidence that the 
macrogeometry influences the surface treatment, as previ-
ously found by Naves et al. [16]. Its verified that the value 
of the Str parameter in the flank is smaller than 0.3, indi-
cating that there is a preferred direction of irregularities on 
the surface of this region (anisotropy), which is much more 
prominent than in the other regions of the thread [10]. This 
fact is also observed in Fig. 6.

All the results presented before were computed applying 
a Gaussian filter of 50 × 50 µm as suggested by Wenner-
berg and Albrektsson [11], who consider that the size of the 
surface topography features that remain after such filtering 
is in the same micrometer range of the human body cells. 
Therefore, it should represent well the important inter-
action between the implant and the body cells. However, 
Stout et al. [10] suggest that filtering should not be used 
when calculating 3D surface roughness parameters, due to 
the distortions caused by the filtering calculation, unless a 
strong reason exists to justify filtering. Therefore, in this 
methodological work, we compared results obtained with 
and without filtering. Figure 12 shows the results obtained 
for the roughness parameters of the Unitite Nano implant 
without using the Gaussian filter.

Comparing Figs. 10 and 12, the numerical parameter 
values obtained without the Gaussian filter, which in fact 
represent waviness plus roughness, showed the same ten-
dency observed with the filtering procedure. It was also 
observed that the thread flanks and the thread valleys 
showed a stronger anisotropy, represented by the parameter 
Str. It is believed that the reason for the similarity between 
both procedures is that the selection of the measuring area 
(120 × 120 µm) for the topography analysis already works 
as a type of filter and apparently determines the bandwidth 
of the sampled surface [10].

Without a clear understanding of the influence of the 
implant functional surface wavelength (waviness or rough-
ness) in the osseointegration and considering that the 
implant directionality is better evidenced without filtering, 
it is suggested to calculate the surface roughness parame-
ters of threaded dental implants without the Gaussian filter. 
However, to make comparisons between different implants 
it is also suggested to adopt for a 3-D measurement system 
the same sampling conditions: the same sampling interval 
(∆x, ∆y) and the same number of analyzed points defined 
by the size of the sampling matrix (M, N). It is also sug-
gested to choose the same measuring area to calculate the 
topography parameters after the measurement stage.

4  Surface energy evaluation-new methodologies 
proposal

4.1  Capillary method

4.1.1  Methodology

It was experimentally found that when a new implant is 
dipped in distilled water, a capillary effect occurs due to the 
geometry of the narrow fillets of the thread, so the water 
rises through the implant body following the spiral thread. 
The narrow fillets can act as capillary tubes, but the capil-
lary effect also depends on surface energy, which could be 
changed by the surface treatment. This test could enable a 
fast comparison between different implants, via a qualita-
tive analysis of the wettability, which could influence capil-
larity. However, if the implants have different geometry, it 
is not possible to know which is the predominant effect in 
the phenomenon, i.e., if it is the geometry or the surface 
energy (influenced by the surface modification applied) 
[29].

In a glass tube, the height that a liquid reaches inside can 
be calculated by the Jurin formula—the capillary rise equa-
tion [29]:

In Eq. (8), γ is the surface tension of the liquid, θ is the 
contact angle, ρ is the liquid density, g is the acceleration 
due to gravity and r is the tube radius. In the case of dental 
implants, an equation to estimate the capillary effect is very 
difficult to be defined, since the geometry of the implant 
is very complex. Therefore, a methodology is proposed 
to compare the average speed of the liquid rising through 

(8)h =

2γ cos θ

ρgr

Fig. 12  Topography parameters values computed without the Gauss-
ian filter from different regions of the implant Unitite Nano and from 
the discs. Implant positioned perpendicular to the measuring axis and 
with an inclination angle in relation to the interferometer table
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the implant thread by capillarity. In this stage, besides the 
Unitite Nano implants described in Sect. 3.1, implants sub-
jected simply to double acid etching were also measured 
to detect if the technique proposed can differentiate them. 
Those are commercially available implants called Unitite, 
where double acid etching is carried out by immersion in 
nitric acid followed by immersion in sulfuric acid. Both 
implants have the same geometry.

An apparatus was assembled to film different implants 
that were immersed into a liquid with known surface 
tension to compare the capillary rise average velocity 
(Fig. 13). The liquid used in the tests was ethylene glycol. 
The implant was positioned vertically in the machine, and 
all implants were immersed up to the machine mechanical 
stop, thus ensuring the implant immersion always at the 
same depth. The whole experiment was filmed. The time 
∆t and the height h were obtained using film frames and 
the capillary rise average speed Vm was given by

The ImageJ® software was used to calculate the height 
of the liquid on the thread of the implant in the film frames. 
In Fig. 14, the procedure for measuring the height of the 
liquid in the test is exemplified using a commercial dye.

Once the implants were inserted into the same liquid 
under the same conditions of pressure and temperature, it 
is possible to correlate the liquid average speed of the cap-
illary rise with the surface energy of the implant. There-
fore, higher average speed can indicate whether an implant 
is more hydrophilic than another. Initially, six trials were 
carried out (six different implants) for each implant model 
and the implants used were submitted before each test to a 
standard cleaning procedure:

• 10 min in the ultrasound in a sodium carbonate solution 
(36%);

• 5 min in the ultrasound in distilled water;
• Drying with compressed air;
• 5 min waiting for the implant temperature homogeniza-

tion with the ambient temperature (23 °C).

4.1.2  Results and discussion

The results of the tests to observe the effect of capillarity 
are shown in Fig. 15.

A one-way ANOVA (P > 0.05) confirmed that there is 
no difference of the average speed observed in the liquid 
capillary rise between the two implants Unitite and Uni-
tite Nano. The liquid capillary rise depends on the geom-
etry (fillet radius of the implant thread) and on the surface 
energy. Since the test could not detect differences between 
the two implants that had the same geometry but different 

(9)Vm =

h

�t
.

Fig. 13  Apparatus assembled to test the liquid capillary rise average 
speed in dental implants

Fig. 14  Pictures obtained in a test using a dye to exemplify the methodology for measuring the height (h) that the liquid rose through capillarity 
with the ImageJ® software
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surface treatments, this might be for two reasons: (1) the 
different surface treatments do not alter the surface wetta-
bility; or (2) the technique is not sensitive enough to detect 
differences in wettability between the two implants. Con-
sidering the great simplicity of the technique, it should be 
worth exploring it further.

4.2  Dynamic method of calculation of the surface free 

energy using the implant itself and different test 

liquids

4.2.1  Methodology

This method proposes to observe the advancing and reced-
ing CA, respectively, formed during the process of immer-
sion and emersion between the implant axis and the liquid 
of known surface tension (γl). Also it is suggested to per-
form the test with three different liquids, thus obtaining a 
system of equations that could be solved to find the value 
of the free energy of the implant.

In the tests performed, the implants were dipped in the 
test liquid at constant speed down to a depth adjusted via 
a mechanical stop. This is the same equipment used for the 
capillary tests, described in Figs. 13 and 14. After reaching 
the maximum depth, the implant was then removed from 
the liquid, with the same initial speed. The entire process 
was filmed with a Kodak camera of 8 MP. Tests were made 
with Unitite and Unitite Nano implants and three implants 
of each model were used. The test liquids used were: pure 
water, glycerol and ethylene glycol. The values of the sur-
face tension of these liquids and their polar and dispersive 
components are shown in Table 2.

Before every test, the implants were cleaned with the 
same standard cleaning procedure that was carried out in 
the capillarity study. The advancing (θa) and receding (θr) 
contact angles were obtained via frames taken from the 
movie made and using the software ImageJ® (as shown in 
Fig. 16). The most stable contact angle (θms) was calculated 
as the average between these two angles.

After the measurement of the most stable contact angles, 
the surface energies of the implants were calculated using 
the three methods: Zisman method, equation of state, and 
geometric mean approach. For the Zisman method and 
for the equation of state, the value of the surface energy is 
obtained just inserting in the formula the surface tension of 
the liquid used. Three different liquids were used, and for 
each liquid a surface energy value was calculated. Then, the 
surface energy of the implant was computed as the average 
of these three values.

4.2.2  Results and discussion

Figure 17 shows the values of the advancing (θa) and reced-
ing (θr) contact angles obtained for the different liquids for 
the Unitite and Unitite Nano implants.

It is possible to verify that the receding is smaller than 
the advancing contact angle. Ethylene glycol was the liq-
uid used in the capillary approach and as the liquid rose the 
contact angle in all measurements was 0°. The equipment 
resolution was not able to identify any variation in the CA 
formed between ethylene glycol and the implant surface. 
The value of the most stable contact angle (θms) was calcu-
lated as the average of the advancing and receding angles 
(Eq. (7)) and the values obtained were used to replace the 
Young CA (θ) in the surface energy approaches (Eqs. (2), 
(4) and (6)). The results of the surface free energy of the 
implants obtained using the different methods are shown in 
Fig. 18.

The results obtained varied slightly depending on the 
method used. The Zisman and the equation of state meth-
ods showed very similar surface energy values for the two 
implants. However, it was observed through the geometric 
mean approach that the Unitite Nano has slightly higher 
surface energy value than the implant Unitite with only 
DAA treatment (47.01 and 42.16 mJ.m−2, respectively). 
Higher values of surface free energy in the Unitite Nano 
might suggest that this implant has a favorable wettability 
than the Unitite. However, the energy difference is small 
and was only observed using this method. Cell growth stud-
ies using both screw-type implants and flat disks with the 

Fig. 15  Average speed of capillary rise in the implants Unitite and 
Unitite Nano

Table 2  Data of surface tension and its components of the probe liq-
uids used in this work [30]

Term Liquid

Water H2O Glycerol C3H8O3 Ethylene glycol 
C2H6O2

γl 72.80 64.00 47.99

γ
d

l
21.90 34.00 29.00

γ
p
l

51.00 30.00 18.99
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same surface treatments used in this study are under current 
investigation and intend to verify if the slightly higher sur-
face free energy of Unitite Nano implant can influence cell 
proliferation when compared to the Unitite implant model.

The geometric mean method seems to be more complete 
and accurate than the other methods and it allows obtain-
ing the values of the polar and dispersive surface tension 
components from the solid material. The Zisman method 
is a simple method that provides an approximation of the 
energy value by critical surface tension, but the method is 
very dependent on the accuracy values of the probe liquids 
surface tension used in the experiments [31]. The equation 
of state is also less robust for extrapolating the value of the 
surface tension with just one test liquid [23].

The methodology used proved to be effective and allows 
to quantify the free energy of the surface of the implant 
itself. The results of the surface free energy correspond to 
an average of all immersed perimeters of the implant body 
(similar to the known Wilhelmy method) which ensures 

the analysis of the quality and homogeneity of the surface 
treatment performed [8], and the equipment assembled for 
this purpose had an extremely low and affordable cost.

Fig. 16  Dynamic method: (a) 
immersion of the implant in a 
liquid of known surface tension; 
(b) advancing angle; (c) reced-
ing angle

Fig. 17  Advancing and reced-
ing contact angles measured 
with the different probing 
liquids

Fig. 18  Calculation of surface free energy for Unitite and Unitite 
Nano implants using different approaches
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5  Concluding remarks

The methodologies used in this study proved to be ade-
quate to characterize the topography and the surface energy 
of dental implants.

In the evaluation of dental implants topography by laser 
interferometry, it was found that the positioning the implant 
axis perpendicular to the equipment measurement axis 
reduces measurement errors arising from the scattering of 
the reflected light. Also, it was verified that positioning the 
implant inclined relative to the base of the equipment can 
substantially reduce overestimation of the surface rough-
ness when the flanks of the implant have thread internal 
angle greater than 70°. Since the interactions of the dif-
ferent size ranges of topographic features (waviness and 
roughness) in an implant and the osseointegration process 
are still unknown, it is suggested to measure the surface 
roughness parameters without the use of a Gaussian filter.

The new method proposed to provide qualitative data on 
surface wettability making the correlation with the phenom-
enon of capillarity in the implant thread was adequate and 
easy to be carried out to give a comparison between implants 
that have been subjected to different surface treatments.

The methodology of immersing and emerging the 
implants allowed to identify slightly higher surface energy 
values for the Unitite Nano implant in comparison with the 
Unitite implant using the geometric mean approach, sug-
gesting that this implant has a better wettability. However, 
this small difference was not observed using the capil-
lary method. An in vitro study is in course to verify if the 
slightly higher surface free energy of Unitite Nano can 
influence cell adhesion and proliferation.

The methodology proposed for calculating the surface 
energy of the implants has the advantage of allowing analy-
sis of the whole immersed perimeter of the implant body, 
absorbing eventual heterogeneities resulting from the sur-
face treatment.
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