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ABSTRACT

The integrity of dental implant surfaces might be compromised during surgical insertion.
Wear and topographical modifications can occur during implant insertion, which can
potentially have clinical implications. Accordingly, the analysis and prediction of the
wear behaviour of dental implant surfaces is fundamental. Surface mean curvature is a
key topographical parameter in contact mechanics, related to wear and plastic
deformation; however, there is not a consensus on its characterization. In this paper, a
critical analysis of the feature parameter Spc from ISO 25178-2 is carried out, which
addresses its limited ability to characterize dental implant surfaces. A novel alternative
parameter (named ‘relative mean peak curvature’ ASqq) is presented and evaluated in
representative dental implant treatments. The obtained results suggest a positive
correlation between the surface peak curvature and its tribological signature in biomedical
implants. Although biomedical experiments are needed to validate this correlation, the

novel method is presented as a tool for future studies.
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1 Introduction

Titanium based dental implants has become the preferred choice for tooth replacements
[1]. Among different strategies to increase the osseointegration [2], the surface
modification of dental implants has become a common one in oral rehabilitation, since a
rougher surface has been related to better bone apposition [3,4]. However, the high peaks
of the roughened surfaces are potentially prone to breaking off and detaching during the
surgical insertion into the bone structure. Recent studies have shown that the implant
surfaces can be subjected to wear during insertion, leading to particle detachment [5-7].
The release of titanium particles to adjacent tissues has clinical implications; it has been
related to increased bone resorption activity [8], the possibility of peri-implantitis [9-11],
stronger pro-inflammatory response in macrophages [12], increased early bone loss [13]
and, ultimately, implant failure [14]. Accordingly, the analysis and prediction of the wear
behaviour of dental implant surfaces is fundamental in implant dentistry to improve the
implant design, implantation protocols and performance of the implant.

It is widely accepted that rough surfaces usually wear more quickly than smooth surfaces
[15]. However, the majority of models cannot account for differences in wear rates for
surfaces with differing topographies operating in otherwise identical conditions. Meng
and Ludema [16] have identified nearly 200 ‘wear equations’ that consider a wide variety
of material properties and operating conditions. However, only 4 out of the 28 equations
selected for further analysis considered topography-related parameters. In these
equations, the mean peak curvature and the mean slope have been identified as important
surface topography characteristics [17].

Greenwood and Williamson [18] defined a dimensionless parameter combining both
material and topographical properties to determine if a contact would be elastic or plastic
(the so-called ‘plasticity index’). In this model, the rough surface is covered with
homogeneously distributed summits (density: #) that are spherical in shape (constant
radius: f) and have a normal height distribution (standard deviation: o). The plasticity
index defined by Greenwood and Williamson is given by equation 1:
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where the E'/H ratio is the material property ratio, H is the hardness and E” corresponds
to the reduced elastic modulus, which is derived from the material properties of the two
contacting bodies, as described in equation 2:
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In this equation, v is the Poisson coefficient and E is the elastic modulus.
Therefore, the approach developed above indicates that the contact behaviour of a surface
can be described using both material and topographical parameters. Greenwood and
Williamson emphasised that wear is much more prone in contacting plastic asperities than
in elastic ones [19]. They were able to demonstrate that the highest percentiles of summits
would deform at any load plastically for Wew > 1, elastically when Wew < 0.6 and would
present different behaviours depending on the load in the range of 0.6 < Wew < 1.
Therefore, a low plasticity index is related to superior wear properties [20,21].
A different topographical parameter combination was later introduced by Greenwood and
Tripp [22] (see equation 3) to describe topographical characteristics within a formulation
to calculate the contact pressure of two nominally rough surfaces. This dimensionless
product of summit properties (n; density, B: curvature radius, and o: deviation of the
height distribution) has been successfully correlated with wear [23].

n-B-o 3
The revised models show that the peak curvature has a significant role in the wear
performance; accordingly, its proper characterization is important. However, the
definition of the peak curvature is still controversial. Greenwood himself concluded that
“The introduction by Greenwood and Williamson in 1966 of the definition of a “peak” as
a point higher than its neighbours on a profile sampled at a finite sampling interval was,
in retrospect, a mistake, although it is possible that it was a necessary mistake’ [24]. As
stated by Bashevskaya et al. [25], the identification of peak radii using a geometrical
approach requires complex algorithms. The lack of standard methods to characterise peak
curvature leads to significant differences in the published data. Tomanik et al. [26] have
analysed different reports on piston rings’ studies and concluded that the reported
curvature radius () varied considerably (66-5,000 um). It is to be presumed that the
surfaces analysed in the studies may be different, although those differences appear to be
too large if one considers that the surfaces have the same functionality. Regarding the
possible reasons for those discrepancies it should be remembered at this point that

different methods are available for the peak radius computation. Multiscale approaches



has been developed in order to characterize curvature properties at different scales
[27,28], which requires to define the region where the curvature for each vertex is
calculated. However, this research will focus in approaches to compute curvature of peaks

on scale-limited surfaces for contact mechanic related functionalities.

Nayak and McCool [29] demonstrated that topographical parameters describing surface
asperities may be computed or approximated using spectral moments (m0, m2, m4)
calculated from a cross section [30]. These quantities, and the surface curvature radius

would then be defined as follows:

1
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Although this approach is extensively used (see, for instance, [31,32] ) the value of the
curvature radius () for different cross-sections extracted from the same surface may vary
significantly [29]. This is why the second approach relies on average values of the spectral
moments (obtained from various cross-sections of the 3D surface) to calculate the
topographical parameters, therefore obtaining more reliable parameters (some examples
in [33,34]). On the other hand, a third method of obtaining the topographical parameters
is based on determining the asperities of the surface through the summit identification
scheme. This approach calculates parameters directly on the summits (identified as local
maxima); thus, it does not rely upon statistical methods [35]. Pawar et al. [36] have
analysed the differences obtained when using approaches based on spectral moments and
the summit identification scheme. They found that parameters vary considerably
depending on the method used and highlighted the summit identification approach as the
most reliable. It can be seen that although there is a consensus on the importance of the
surface peak curvature in contact mechanics, there is not a consensus on its

characterization.

This paper carries out a critical analysis of the feature parameter Syc and proposes a new
method to characterize the surface peak curvature as a descriptor for the analysis of the
tribological performance of dental implant rough surfaces. The paper is structured as
follows. In Section 2, the treatments of surfaces and the measurement conditions of the
selected benchmark dental implant surfaces are described. In Section 3, a critical analysis
of the suitability of the currently available feature parameter Sy is carried out. In Section

4, after determining that the feature parameter is not suitable to properly describe the



surface curvature, a novel method and parameter is proposed. Lastly, Section 5 discusses

the results in the context of applying the new parameter to real dental implant surfaces.

2  Surfaces under study and measurement conditions

Commercially pure titanium discs (Grade IV, diameter 6 mm, thickness 1 mm) with
turned surfaces were used as an initial base line material. Typical dental implant surface
treatments were selected for the study: acid etching, and sand blasting followed by acid
etching. A total of four surface types were generated, with five samples for each type: (i)
(AE1 and AE2) and (iv) sand blasting followed by acid etching treatment (SB+AE), see
Figure 1.

(c) (d)

Figure 1: SEM images of the four surface treatments under study: (a) as machined (MCN),
(b) acid-etched 1 (AELl), (c) acid-etched 2 (AE2), (d) sand-blasted and acid-etched
(SB+AE).

Quantitative characterization of the surfaces was performed by a confocal profilometer
(PIu-SENSOFAR) with objective 100xSLWD (Super Long Working Distance, NA=0.9,
spatial sampling 0.18 um). Four measurements with a surface area of 250x187 pum? were
acquired for each sample (a total of 20 measurements per each surface type). The

metrological software SensoMap Turbo 5.1 (Digital Surf) was used for data post-



processing. A Gaussian S filter of 0.36x0.36 um? was applied for noise elimination, and
a plane fitting was used as form operator. Further analysis (explained in the following
sections) was performed in the scale-limited primary SF surfaces.

3 Feature parameters evaluation and critical study

In this section, the suitability of the feature parameter Spc (arithmetic mean peak
curvature) as a way to characterize the mean surface peak curvature is analysed. Unlike
field parameters, in which all the points on the surface are considered in the calculation,
feature parameters consider only the pre-identified features on the surface. Therefore,
characteristics of specific features can be characterized on scale-limited surfaces,
following the five steps defined in 1ISO 25178-2 [37]: (i) selection of the type of texture
feature, (i) segmentation, (iii) determination of the significant features, (iv) selection of
feature attributes and (v) quantification of feature attribute statistics.

Feature parameters only consider significant features, eliminating insignificant motifs
using the Wolf pruning approach, which combines adjacent peaks or pits with the smallest
height difference until a pre-defended threshold is reached [37]. Figure 2 shows two of
the surfaces under analysis (SB+AE and AE2) both before and after the pruning process.
Before the pruning, the surfaces are over-segmented into a large number of non-
significant small features. By simple visual examination of the figures, it is clear that after
pruning only the significant peaks are retained.

SB+AE

Figure 2: Analysis of the Wolf pruning effect (under standard conditions: 5% of S, [37])
on two of the surface treatments under study, SB+AE and AE2.



A full description of the feature determination process can be found in the literature [38].
The following is an analysis of the feature parameter Syc as a potential candidate to
describe the mean peak radius of dental implant surfaces.

The arithmetic mean curvature of significant peaks (which is the reciprocal of the peak
radius, i.e., Spc =1/ B) is given in [1/um ]. The Spc value of the surfaces under analysis was
calculated using the metrological software SensoMap Turbo 5.1 (Digital Surf) under
standard conditions (pruning= 5% of S;, [37] ). Figure 3 (a) shows the obtained results.

The arithmetic mean curvature values present a ranking in increasing order as follows:
MCN, AE1, AE2, SB+AE2. SB+AE has the biggest Spc value, and therefore the biggest
curvature, while the MCN surface has the lowest Spc value, and therefore the most
rounded peaks. Both acid-etched treatments (AE1l, AE2) have intermediate values,
although AEL1 is significantly smaller.

Analysing the significant features in Figure 3(b), it can be clearly seen that the SB+AE
treatment generates less sharp peaks as compared to etched surfaces (AE1, AE2), and
should therefore present a smaller curvature value. Machined surface (MCN) has a

smooth non-isotropic surface.
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Figure 3: Quantitative and qualitative analysis of the peak curvature of the surfaces
studied. (a) Results of the feature parameter Spc. (b) Representative zoom images (free
scale) and profiles (imposed scale) of the four surface treatments under study.

It follows from this that the peak curvature parameter Spc does not accurately represent
the significant feature characteristics (since the SB+AE treatment had the greatest Spc
value). In accordance with the present results, the instability of the Spc parameter had been
previously reported by Wang et al. [39], and was attributed to the overestimation of the
noise peak points.

It should be emphasised at this point that, once the surface is segmented, the method by
which the curvature should be calculated is not specified unambiguously in the 1SO
25178-2 standard [37]. Its ancestor (the summit curvature, Ssc) is not strictly defined in
the standard, although it was established earlier in the research [40], which contributed to
ISO 25178-2 as follows:

_ 11\ anP(ey) +on2(x,y)
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where n_is the mean value surface (the reference datum) and n is the number of summits.
The main difference between the old (Ssc) and new (Spc) parameters is that for the latter
parameter (Spc), only significant peaks are taken into account, due to the pruning of the
change tree [38]. However, there are different ways to compute the arithmetic peak
curvature once the peaks have been segmented. The simplest way is to calculate the
arithmetic mean summit curvature based on three data points in each direction, while
other approaches take into account up to seven data points in each direction [41]. In this
respect, Digital Surf software does not provide information regarding the curvature
determination method.

It is to be presumed that the method used to estimate the curvature may considerably
affect the obtained value, since actual surfaces are not perfect spheres. It is likely that this
was the source of the discrepancies encountered and one of the limitations of the

parameter (see Figure 4).

N Ry Curvature calculating  Normalised Normalised
4 method based on radius curvature
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Figure 4: lllustrative representation of the effect of the curvature calculating method on
the peak radius and curvature estimation.

It is therefore concluded that the feature parameter Spc is not able to properly characterize
the surface mean curvature in the present case. The following section presents the novel
method developed for surface peak mean curvature characterization pertaining to the

present surfaces.

4  Novel method for curvature determination

Rationale

The rationale behind the approach outlined in this study is that the mean slope of the
surface, as a function of height, changes more rapidly in surfaces with sharp peaks as

compared to those with rounded peaks (see Figure 5).
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Figure 5: Illustrative representation of the evolution of the local slope as a function of
height for a rounded (left) and a sharp (right) peaks.

Based on the fact that the Sqq parameter [37] represents the root mean square slope of the
surface, a novel method based on Sqq has been developed to yield a representative
parameter of mean peak curvature.

First, the evolution of the Sqq parameter as a function of height is calculated through an
iterative process programmed in Matlab®. The primary surface is truncated at different
heights, and the Sqq vValue of the remaining surface is calculated for each truncation level.
As shown in Figure 6, the process starts from the highest point on the surface (hy =0) and
the truncation height (hy) is augmented progressively by a constant step size (stepy) until
it reaches the total surface height (hy = S;; the effect and selection of the truncation step
size [stepy] is discussed in later sections). In this way, an evolution curve of the Sqq as a

function of truncation height (hy) is obtained (this curve is S-shaped).
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Figure 6: Evolution of Sqq as a function of the truncation height (hy). (a) Schematic
illustration of the method: increasing truncation levels are applied and the Sqq value is
calculated at each remaining upper surface. (b) Representative graph of the Sqqevolution
curve as a function of the truncation height.

To demonstrate the relationship between the evolution of the surface mean slope (Sqq) as

a function of truncation height (hy) and the consequent mean peak curvature, a series of



surfaces with decreasing peak curvatures were generated using filtering. Figure 7 shows
the Sqq evolution curve of an acid-etched (AE1) primary (SF) and waviness (LF) surfaces
of two different cut-off values (which have lower mean curvatures than the primary
surface does). It can be clearly seen that there is a linear section of the slopes (the slope
of the linear section will be named ASqq). The slope value decreases as the curvature
decreases; therefore, the ASqq parameter can be used intuitively to indicate the mean peak
curvature of a surface in relative terms (the larger the slope, the greater the curvature).
The following sections describe the methodology used to calculate this slope (ASqq) in an

efficient and reproducible way.
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Figure 7: Demonstration of the relationship between the evolution of the Sqq as a function
of truncation height (h) and the surface mean curvature (characterized through the curve
slope, ASqq). Different mean curvatures were simulated through filtering, in decreasing
order: (a) AE1 primary (SF) surface; (b) AE1 waviness (LF) surface (Lfilter: Gaussian
filter Ac= 8x8 um), (c) AE1 waviness (LF) surface (L filter: Gaussian filter A = 25x25
um).

Proposed novel parameter: relative mean peak curvature, ASqq

As discussed in the previous sections, the growing rate of the Sqq evolution curve (ASqq;
Figure 7) is representative of the relative mean surface curvature. The following describes
the method proposed to calculate the novel ASqq parameter (the slope of the Sqq evolution
curve) in a reproducible way.

Firstly, the numerical approximation of the first derivative of the evolution curve is
calculated using the “diff” function in Matlab, applying the resolution of the curve (stept)
as step size (see Figure 8). Due to the S-shape of the curve, the derivative curve has a bell

shape, since the trend changes from upward to downward when the original turns from



convex to concave. Therefore, the abscissa of the maximum point at the derivative graph
(p) corresponds to the position of the intersection point of the original curve. Additionally,
by definition, the value of the first derivative at ‘p’ point corresponds to the slope of the
tangent line to the original graph at the inflexion point, which is the targeted slope.

Thus, the ASqq is easily obtained by calculating the first derivative of the S¢q evolution

graph and finding the maximum value.

ds
— 'S ~ds,,
dq dhll’
] "BS4q - 0,6
2 4 "”/ L 0,5
/ 0,4
1,5 ~ | - |
s . Tangentline at | 0,3
N | inflection point - 0,2
- 0,1
0,5 ~
o0
i ‘ | ‘ 0,1
0 5P 15 2

10
hy (Lm)

Figure 8: Illustration of the ASqq calculation. The first derivative of the Sqq evolution curve
is calculated (hy= truncation height). The maximum point of the Sqq derivative is the slope
of the tangential line of the evolution curve at the inflexion point = ASqq.

Selection of optimum truncation step size

It should be considered that the Sqq evolution curve will be sensitive to the truncation step
size (stepw), and therefore the slope value (ASqq) may vary. Figure 9 displays the slope
value (ASqq) and calculation times obtained for different truncation step sizes (stepr) that

correspond to the surface that presents the biggest S; value (SB+AE).
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Figure 9: Effect of the truncation step size (steptw) on the ASqq Value and calculation time.
Values of the sensitivity study (a), and graphical representation (b).

The calculation time decreased exponentially when the step size was increased, until it
reached a stable trend (for step. values greater than 0.2 um). This had been anticipated
because the step.. vValue determines the resolution of the curve and will therefore be
directly related to the calculation time. The slope (ASqq) Value remained fairly stable until
a stepr Size of 0.1 um, after which it decreased considerably. A compromise between
reliability and calculation time was sought by selecting a step.- of 0.1 um (corresponding
to 367 steps) as the optimum value. The step size of each surface was therefore calculated

as follows:

Sz
he =— (6)

5 Results and discussion

Using the previously explained method, the proposed ASqq parameter that describes the
relative surface peak curvature was calculated for representative dental implant surfaces
(introduced in section 2). Figure 10 depicts representative Sqq evolution curves (a) and the
mean results of ASqq values (b) calculated from 20 measurements for each surface type

under consideration.
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Figure 10: Results of the ASqq parameter for the four surface types under analysis: (a)
Representative curves of the Sqq evolution as a function of truncation height (hy) from
which the ASqq value is calculated. (b) Results of the ASqq value for the four surface types
under analysis.

The ASqq parameter presented stable values (coefficients of variation lower than 11%),
demonstrating that it is a robust parameter. In contrast to the Spc parameter (analysed in
Section 3) and as seen in the surfaces of Figure 4, the ASqq parameter represented the
relative surface curvature properties. The surfaces can be ranked according to curvature
from smallest to greatest as follows: MCN, SB+AE, AE2 and AE1.

As demonstrated by Greenwood and Williamson [18], wear is much more probable in
asperities where plastic contact dominates (presenting smaller mean surface peak radius,
S~1/ ASqq), than where elastic deformation is prominent. Therefore, a bigger surface mean
curvature will increase the probability of particles detaching during dental implant
insertion. Based on the obtained results, it can be inferred that the acid-etched surfaces
would be more prone to wear, followed by the sand-blasted and acid-etched surfaces and,
finally, the machined surface. This is in a good accordance previous works showing that
the sand-blasted and acid-etched surface released lower quantities of titanium as
compared to the acid-etched surfaces examined post insertion into the bone [42,43]. A
lower trend to release particles of the machined surfaces compared to other roughened
surfaces has also been reported [6,44].

Literature is scarce in studies on the wear response of dental implants after insertion.
Accordingly, more biomedical tests would be needed in the future to fully validate the
correlation between the surface peak curvature and its tribological signature in biomedical



implants. Due to the complexity of the multivariable interactions of the surface
modification process (including implant macro geometry, surgical procedure and surface
treatment), the follow-up work should be focused on studying the topographical
modification behaviour in simplified shape samples subjected to simulated insertion
forces. Based on the current results, it is anticipated that the surface mean curvature would
play an important role in the correlation between 3D topographical parameters and the
modification of dental implant surfaces generated during insertion. The present work
exposes the limitations of the currently available feature parameter Spc and proposes an
alternative novel parameter, ‘relative mean peak curvature’ ASqq to compute the curvature

characteristic relevant in contact mechanics on the scale-limited surfaces.

It is not the aim of the authors to contribute to the so-called ‘parameter rash’ described
by Whitehouse [45]; therefore, it should be noted that the presented parameter is a version
of the already-standardized Sqq parameter [37] and is, in essence, a development of the
toolbox ethos.

6 Conclusion

This paper critically analyses the standardized feature parameter Syc and proposes a new
parameter to characterize the relative surface peak curvature as a descriptor for the
analysis of the tribological performance of dental implant rough surfaces during surgical
insertion.

The new parameter (termed ‘relative mean peak curvature’, ASqq) is a version of the
already standardized Sqq parameter and is a development of the toolbox ethos.

Although biomedical experiments are needed to fully validate the correlation between the
surface peak curvature and its tribological signature in biomedical implants, the obtained

results suggests a positive correlation and is presented as a tool for future studies.
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