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Abstract Currently available directional fractal signature
(DFS) methods are not suited for self-structured surface
textures since they base on the assumption of Brownian
fractal or they do not use the entire image data in calcu-
lation. To address these difficulties, two new DFS methods
were developed in this study, i.e., an augmented blanket
with rotating grid (ABRG) method and a blanket with
shearing image (BSI) method. The performance of these
methods in measuring surface roughness and directionality,
the capacity for quantifying multi-patterned textures, and
the ability to detect differences between textures of self-
structured surfaces were evaluated. The methods were
compared against a blanket with rotating grid (BRG)
method. Computer-generated images of self-structured
surface textures with different roughness, directions and
patterns, and atomic force microscope images of real
self-structured surfaces were used. The computer texture
images were generated using a specially developed motif-
based texture generator. Results obtained showed that the
ABRG method is more accurate and reliable than the BRG
and BSI methods.
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surfaces - Numerical analysis - Texture

List of symbols
ap, a Scaling factors
A Surface area

M. Wolski (X)) - P. Podsiadlo - G. W. Stachowiak
Tribology Laboratory, School of Mechanical and Chemical
Engineering, The University of Western Australia, 35 Stirling
Highway, Crawley, WA 6009, Australia

e-mail: marcin@mech.uwa.edu.au

Nxa Ny’ Nr’ Ng, Nh
Nda N()

N.
ri, 2, 13
Sy Sy

S

Sa

\%

X,y
Xes Ye

/ / " i
-xi’yj’x’ys-x 7y ’xr»yr

X1, Y1

Size of structuring element
(pixel)

Fractal dimension

Indices of a motif coordinates
Images

Matrix used for dilation and
erosion

Spatial domains

Gray-scale level domain
Indices of structuring element
size and direction

Surface height of a motif (gray-
scale level value)

Image and matrix dimensions
Number of structuring element
sizes and directions

Number of gray-scale level
values

Ellipsoid radii (r;, r,—pixel;
r;—gray-scale level value)
Distances between centers of
motifs (pixel)

Slope of line fitted at individual
scale

3D average roughness (um)
Volume enclosed between
dilated and eroded images
Image coordinates

Coordinates of a pixel used for
cropping I,

Coordinates of a motif in I,
Local coordinates within a
motif

Gray-scale level value
Orientation of ellipsoid (°)

@ Springer



324

Tribol Lett (2012) 47:323-340

=

Rotation angle (°)
0, Direction of FDs calculations

©

1 Introduction

Self-structured surface textures gained an increasing
interest over last decades as means for improving wear
resistance and reducing friction in microsize devices (mi-
cromotors or microgripers) [1, 2], controlling adhesion at
interfaces [3, 4], reducing corrosion [5], and designing new
biosensors or coatings [6, 7]. The surface textures are
generated according to self-assembling rules of molecules
of organic or chemical compounds that bond to a base
surface by a complicated and not yet fully understood
process [8]. The results of this assembling process are
surface textures that have topographical features (motifs)
of various sizes, shapes, and orientations, recurring at dif-
ferent locations and scales in one or more layers (Fig. 1).

Owing to the complex nature of self-structured surfaces,
visual examination is the method of choice in their eval-
uation. This was done by optical [2], scanning electron
(SEM) [9], scanning tunneling (STM) [10], Fourier trans-
form infrared spectroscopy (FTIS) [4] or atomic force
(AFM) microscopes [2, 10-12]. Several attempts were
made for numerical characterization of self-structured
surface texture images, including Fourier transform [13,
14], root-mean-square (RMS) roughness [1, 9], and average
height of surface profiles methods [15]. Fractal analysis
was also attempted, e.g., by box-counting [16] or slit-island
methods [17]. However, these methods have limited use as
they do not quantify surface textures at different scales and
directions. This could be overcome by directional fractal
signature (DFS) methods.

DFS methods are able to calculate fractal dimensions
(FDs) at individual scales [i.e., fractal signature (FS)] in

different directions. Currently, three methods have this
unique ability, i.e., FS Hurst orientation transform
(FSHOT) method, variance orientation transform (VOT)
method, and blanket with rotating grid (BRG) method [18].
The FSHOT and VOT methods are based on statistical
properties of gray-scale level differences and they calculate
maximum values or variances (standard deviations) of
those differences at different scales and directions. The
third method is based on dilations and erosions of image
data with horizontal line structuring elements (SEs) and it
calculates surface areas at different scales for different
directions. The FSHOT and VOT methods require image
data to be Brownian fractal. The accuracy of these three
methods was evaluated using computer generated fractal
surfaces and images of trabecular bone texture [18]. The
VOT method showed the best performance. Also, further
studies showed that the VOT method is an accurate tool for
the detection and prediction of knee osteoarthritis [19, 20];
it can detect minute differences between ground and
sandblasted surfaces, and between surfaces of adhesive
wear particles generated under different operating condi-
tions [21]. However, the VOT method is not suitable for
the characterization of self-structured surfaces since they
are not Brownian fractals (discussed in next section). The
BRG method appears as a good choice. However, the
rotating grid in the method is smaller than the image size,
and, subsequently, some image data are not used in cal-
culations of FSs.

To address this problem, in this paper, two new methods
are developed, i.e., an augmented blanket with rotating grid
(ABRG) method and a blanket with shearing image (BSI)
method. Both methods are based on dilations and erosions
of image data performed with horizontal line SEs. Unlike
the BRG method, the ABRG method has the size of the
rotating grid that is automatically adjusted for each direc-
tion to insure that entire image data is used. In the BSI
method, the rotating grid is not employed. Instead, the
dilations and erosions are performed on skewed images

Fig. 1 AFM images of self-structured surfaces photoinduced with a circularly and b linearly polarized laser beams (adapted from [13]), and
¢ STM image of twofold symmetrical surface (adapted from [11]). The surfaces are not Brownian fractals
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obtained by shearing the original image along its border
over calculated distances. The performance of the methods
in measuring surface roughness and directionality, and
their capacity for quantifying multi-patterned textures were
evaluated. For this purpose, computer images of self-
structured surface textures with different roughness,
directions, and patterns were used. A motif-based texture
generator (MTG) was developed to generate the images.
Also, the methods were evaluated for detection of differ-
ences between self-structured surfaces produced with cir-
cularly and linearly polarized laser beams.

2 Brownian Fractal Surfaces

Surface image is Brownian fractal if it has the two fol-
lowing properties [22]:

1. the distribution of gray-scale level differences calcu-
lated at different pixel distances (i.e., scales) in each
direction is approximately normal, and

2. a line can be accurately fitted to a log-log plot of
variances (or standard deviations) of gray-scale level
differences against pixel distances.

Examples of non-Brownian and Brownian fractal sur-
face images are shown in Figs. la, c, and 2. They are AFM
and STM images of self-structured surfaces (Fig. 1a, c) and
a SEM image of an adhesive wear particle surface (Fig. 2).
The self-structured surfaces were obtained through irradi-
ation of an azo polymer film with a circularly polarized
laser beam [13] (Fig. 1a) and through varying lengths of
alkyl-substituted phthalocyanines chains on graphite [11]
(Fig. 1c). The wear particle was generated using a tribo-
tester with stainless steel pin and mild steel disk under a
load of 49.24 N and with sliding time of 180 s [21].

For the surface images, gray-scale level differences
were calculated at different pixel distances and directions.

Fig. 2 SEM image of an adhesive wear particle surface. The surface
is Brownian fractal

The pixel distances were ranking from 4 to 16 pixel in
steps of 1 pixel and directions from 0° to 180° in steps of
10°. For other directions, the differences were same
because data are symmetric about the center of the image.
A quantile—quantile (QQ) plot was constructed for each
scale and direction. These plots compare values of gray-
scale level differences with their expected normal values.
When the values of the differences are normally distrib-
uted, the data points on the plot would follow a straight
line. Also, for each direction, log—log plots of variances of
the differences against distances were constructed. Exam-
ples of QQ plots obtained for the surface images in the
horizontal and vertical directions at 10 and 13 pixel dis-
tances respectively are shown in Fig. 3. The corresponding
log—log plots are also shown in Fig. 3. For the wear par-
ticle, data points on QQ and log—log plots follow a straight
line with a good accuracy (Fig. 2a—d). This implies that the
particle surface is Brownian fractal. In contrast, data points
on QQ plots obtained for the self-structured surfaces
exhibit “S-shape” (Fig. 3e, f, i, j) or “L-shape” (Fig. 3g, h,
k, 1) curve. These findings indicate that the two surfaces are
non-Brownian fractal.

3 Methods and Materials
3.1 Directional Signature Methods

The BRG method is introduced first; followed by
descriptions of the BRG and BSI methods.

3.1.1 Surface Representation

Surface texture data are represented as N, x N, pixels
digital image, where N, and N, are the number of pixels in
the horizontal and vertical directions, respectively. Let
Lo={1,2,..,NJ},L,={1,2,..,N,},and L, = {1, 2,
..., N.;} be spatial domains X, Y, and gray-scale level
domain Z, respectively. Then, the image can be defined as a
function z = I(x,y) which assigns a gray-scale level value
z e L, to a pixel located at (x,y) € L, x L,, where x and
y are integer numbers representing coordinates of pixels in
X and Y domains, and N, is the total number of gray-scale
level values.

3.1.2 BRG Method

The BRG method is a generalization of the FS analysis
(FSA) method into all possible directions [18]. In the FSA
method, FDs are calculated in horizontal (0;) and vertical
(0,) directions [23]. For the calculation of FDs, an image is
dilated and eroded in horizontal and vertical directions
using a line SE of different sizes d,, im = 1, 2, ..., N
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Fig. 3 Examples of QQ and

log-log plots constructed for a—
d wear particle surface shown in
Fig. 2, e-h circularly polarized
self-structured surface (Fig. la)
and i-1 twofold symmetrical

self-structured surface (Fig. Ic)
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Table 1 For each direction 0,, a skewed image is obtained by
shearing the original image along its border over calculated distance

0, Image Border Border distance
border direction

0° <0, <45° Right Down Niytan(0,)

45° < 0, < 90° Top Left N,tan(90° — 0,)

90° < 0, < 135° Top Right abs(N,tan(90° — 0,))

135° < 6, < 180°  Left Down N,tan(180° — 0,)

180° < 0, < 225°  Left Up abs(N,tan(180° — 0,))

225° <0, <270° Bottom  Right N, tan(0,, — 270°)

270° < 0, < 315° Bottom  Left abs(N,tan(0,, — 270°))

315° < 6, <360°  Right Up N,tan(360° — 0,,)

For 45° <0, < 135° and 225° <0, < 315° skewed images are
rotated clockwise by 90°

where N, is the total number of sizes); then, surface vol-
umes enclosed between dilated and eroded images are
calculated and used to obtain surface areas. The areas are
plotted against SE sizes in log—log coordinates. The plot
data points are divided into overlapping sets and a line is
fitted to each set. FDs are calculated as 2 — S, where S'is a
slope of the line fitted at individual scales (the middle point
of each set).

Generalization of the FSA method into other direc-
tions was made using a square rotating grid. As the grid

210
log(pixel distance)

2.35

2.60 18 210 235

log(pixel distance)

2,60
(1) vertical direction

rotates around its center over the image by predefined
angle 0,, where n = 3, 4, ..., Ny and Ny is the number
of directions, image pixels covered by it are copied into
a matrix. Dilated and eroded versions of the matrix are
then used to calculate FDs in the same way as in the
FSA method. Specifically, the BRG method is performed
as follows:

I. Letn=3.

II. A square grid of N, x N, pixels, where
N, = floor(min{N,,N, }/v2), is generated and
superimposed on the image. The image and grid are
concentric and their borders are parallel.

III. The grid is rotated by an angle 8, around its center
and image pixels covered by the grid are copied into a
matrix K,, of size N, x N,. This is performed by the
procedure proposed by Geraets [24].

IV. Letm =2.

1. Dilated and eroded versions of K,, are obtained by a
horizontal line SE of size d,,_, pixels.

2. Step 1 is repeated for SE of size d,, pixels.

3. Surface area A(d,,, 0,) is calculated as {V(d,,, 0,) —
v(d,,—1, 0,)}/2, where V(d,,, 0,) is the volume
enclosed between the dilated and eroded K,,.

4. Steps 1 to 3 are repeated for m = 3, 4, ..., N,.

5. A log-log plot of A(d,,, 6,,) against d,, is constructed.
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(a)

surface plane
mh I3 /
(b)
motif 1 motif 2

surface plane

concatenated structure l

Fig. 4 Schematic illustrations of a a half-ellipsoid motif and b a
concatenation of two overlapping motifs

6. Log-log data points are divided into the overlapping
sets of p data points, a line is fitted to each set
and FDs are calculated.

V. Steps II to IV are repeated for n = 4, 5, ..., Ny.

3.1.3 ABRG Method

A limitation of the BRG method is that the grid is smaller
than the image [18]. Consequently, as the grid rotates, some
parts of the image are not covered (e.g., corners of the
image). In the ABRG method, this problem was overcome by
adjusting the grid and matrix K,, (i.e., N; x N, pixels) for
each direction in such a way that the entire image is covered.
For 0° < 0, < 90° and 180° < 0,, < 270°, the N, and N,
sizes are adjusted as follows:

N, = abs(floor (N cos(0,) + Ny sin(0,))),
N, = abs(floor (N, sin(0,) + Ny cos(0,))).

For other values of 0, the negative 0, (i.e., —0,) is used. In
the vertical and horizontal directions, the grid and image
sizes are equal, i.e., N, = N, and N;, = N,.

3.1.4 BSI Method

In the BSI method, FDs are calculated in the same way as
in the BRG and ABRG methods. However, the rotating
grid is not used. Instead, dilations and erosions are per-
formed on skewed versions of the original image. Skewed
images are obtained by shearing the original image along
its border over calculated distance by means of cubic
interpolation (Table 1). Previous studies showed that
morphological operations using horizontal SEs on a
skewed image as compared to those using interpolated SEs
on the original image is a good compromise between
accuracy and computational efficiency [25, 26].

3.2 Methods Evaluation
3.2.1 Motif-Based Texture Generator

A MTG was developed and used to produce texture images
of artificial self-structured surfaces. In the generator, a half-

Fig. 5 Computer-generated isotropic self-structured surface texture images with decreasing roughness. R, measured for those surfaces were

a 0.025 pum, b 0.018 um, and ¢ 0.011 pm (cut-off value of 0.8 pum)
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Fig. 6 Rose plots of slopes at nine scales obtained by means of BRG (asterisk), ABRG (open circle), and BSI (open square) methods for the

roughest isotropic self-structured surface (Fig. 5a)

ellipsoid motif (i.e., a recurring surface element) is dis-
tributed on an empty image (i.e., all gray-scale level values
set to zero) according to the user pre-defined rules. A
surface height my, of the motif is given by

mpy (-xla )/1)

1 (x1 cos o — y; sin oc)2 (x1 sin o 4 y; cos ‘:>c)2
= }"3 — J—

2 2
r )

where 7|, r», and r3 are the ellipsoid radii, x; and y; are local
coordinates with their origin located at the center of the

ellipsoid (x;, x;), and « is the orientation measured with
respect to the image horizontal axis (Fig. 4a). A self-
structured surface texture is built in the following steps:

1. An empty image I, of size N, x N, is generated where
N, = ﬂoor(max{Nx,Ny} * \/E)

2. Let the initial coordinates of centers of motifs be
x;i={i*s,—N,p: i=0, 1, ..., NJsJ}i and
yi={j*sy =Ny j=0,1, .., NJs}. s, and s, are
given distances between centers. The x; and y; coordi-
nates are calculated with respect to the center of /,.
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Fig. 7 Rose plots of slopes at nine scales obtained by means of BRG (asterisk), ABRG (open circle), and BSI (open square) methods for the
medium rough isotropic self-structured surface (Fig. 5b)

3. Letj=0

3.1

Leti=0

3.2 Coordinates x; and y; are translated in the

horizontal and vertical directions by a random
number of pixels, i.e., ¥ = x; + a; rand(—s,, ;)
and y' = y; + a, rand(—s,, s,). “rand” returns a
uniformly distributed pseudo-random number
between —s, and s,, and a; and a, are scaling
factors.

@ Springer
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x' and y' are rotated around the center of I, by a
given angle f3, i.e., x”" = x'cos(f) — y'sin(f$) and
V' = sin(B) + ycos(p).

x" and y” are converted to their corresponding
coordinates on [, i.e., x, =round(x” + N,/
2+ 1) and y, = round(y” + N,/2 + 1) where
“round” is a function that rounds a value to the
nearest integer.

The half-ellipsoid motif is located at x, and y,
coordinates on 1,.
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Fig. 8 Rose plots of slopes at nine scales obtained by means of BRG (asterisk), ABRG (open circle), and BSI (open square) methods for the

least rough isotropic self-structured surface (Fig. 5c)

3.6 If there is an overlap between the currently and
previously generated motifs, the motifs are
concatenated. This is done by taking the maxi-
mum values of heights in the image area covered
by overlapping motifs (Fig. 4b).

377 i=i+1and go to step 3.2 unless i > N,/s,.

4. j=j+1and go to step 3 unless j > N,/s,.

5. The image I, is cropped to the size N, x N, from the
pixel with the upper left coordinates (x., y.) to the pixel
with the bottom right coordinates (x. + N, -1,

Ye + Ny —1). x. and y. are defined as round((N, —
N,)/2) and round((N, — N,)/2), respectively.

3.2.2 Methods Evaluation Setup

The performance of newly developed and BRG methods in
measuring surface roughness, directionality, quantifying
multi-patterned textures, and detecting differences between
textures of self-structured surfaces was evaluated. This
evaluation was conducted using images of computer
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Fig. 9 Computer-generated
anisotropic self-structured
surface texture images with
a 20° and b 20° and 110°
dominating directions

generated and real photoinduced self-structured surfaces.
All images were not Brownian fractal and had a size of
256 x 256 pixels (for AFM, 342 x 342 pixels) and 256
gray-scale levels. Sizes of SEs used were ranking from 3 to
16 pixels, log-log data points were divided into subsets
containing five points and directions were between 0° and
180° in steps of 10°. Nine scales were ranged from 6 to 14
pixels in steps of 1 pixel. Absolute values of slopes S of
lines fitted to log-log plot data points (i.e., S = 2 — FD)
were plotted in polar coordinates as a function of direction.
The rose plots were used for visual examination of changes
occurring in surface roughness with direction.

4 Results
4.1 Measurement of Surface Roughness

Three isotropic self-structured surface texture images with
decreasing roughness (i.e., R, = 0.025, 0.018, 0.011 um; a
cut-off value of 0.8 um) were generated (Fig. 5). R, was
calculated for four profiles along the vertical and horizontal
directions, assuming the sample size of 10 x 10 pm and
the range of surface heights of 0.2 um. Similar sizes and
ranges can be found for real self-structured surfaces [13].
In MTG, r; = r, = s, = s, were set to 3, 6, and 9 pixels,
a; = a, = 1, r3 was set individually for each motif as a
random integer number between 0 and 256, and f was
equal to 0°.

Mean =+ standard deviation (SD) values of FDs calcu-
lated for each image were: for the BRG method,
3.285 4+ 0.084, 3.004 £ 0.212, and 2.749 + 0.250; for the
ABRG method, 3.271 &£ 0.079, 3.003 &£ 0.206, and
2.718 &+ 0.227; and for the BSI method, 3.295 + 0.095,
3.041 £ 0.219, and 2.774 £ 0.250. These results show that
FDs obtained decrease monotonically with R,. The ABRG
method had the smallest values of SD, indicating that this

@ Springer

method exhibits less variations between individual FDs
than other methods.

Rose plots obtained for each surfaces are shown in
Figs. 6, 7, and 8. For the BRG and ABRG methods, they
approximate a circle at all scales showing that the surface
roughness (i.e., FDs) does not change significantly with
direction (Figs. 6, 7, 8). In contrast, the plots obtained for
the BSI method deviate from the circular shape. Specifi-
cally, at scales between 6 and 8 pixels (Fig. 7), the medium
rough surface has the highest FDs in around 45° and 135°
directions. Similar results were obtained for the roughest
surface at scales from 6 to 13 pixels (Fig. 8).

These findings indicate that ABRG is the best per-
forming in measuring surface roughness.

4.2 Measurement of Surface Directionality

The accuracy of the DFS methods in measuring surface
directions was evaluated using two anisotropic self-struc-
tured surface texture images (Fig. 9). The surface (Fig. 9a)
was generated using f =20° r =r,=s=5,=3,
a; = a, = 0. For each motif, r; was set individually as a
random integer number between 0 and 256. Every fifth row
of initial center coordinates of motifs was deleted (i.e., j/
5 = 0). The dominating direction of the surface is 20°. The
second surface (Fig. 9b) had 20° and 110° dominating
directions and it was generated by means of the same
parameters as the first one, except that r; was selected
randomly for groups of four motifs.

Figure 10 shows rose plots of slopes obtained by means
of BRG and ABRG methods for the anisotropic self-
structured surface with one dominating direction. They
approximate a circle at scales from 6 to 12 pixels and they
show rapid changes in texture roughness at 13 and 14 pixel
scales. The highest roughness was in 110° direction. The
BSI method produced similar results except that the rose
plots were circular at scales from 6 to 9 pixels. For the
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Fig. 10 Rose plots of slopes at nine scales obtained by means of BRG (asterisk), ABRG (open circle), and BSI (open square) methods for
anisotropic self-structured surface with dominating direction of 20° (Fig. 9a)

anisotropic surface with two dominating directions, the
BRG and ABRG methods show visible changes in rough-
ness at scales from 6 to 12 pixels (Fig. 11) with the highest
and lowest values of slopes in 20° and 110° directions,
respectively. At a scale of 14 pixels, slope values do not
change considerably with direction except those calculated
between 90° and 140°. For the BSI method, slopes took the
highest and lowest values in 90° and 110° directions at
scales from 6 to 10 pixels. For the remaining scales, the
slopes were highest around 120° direction. In other direc-
tions, slope values are virtually constant.

The above results show that the BRG and ABRG
methods are most accurate in measuring surface directions.

4.3 Capacity for Quantifying Multi-patterned Textures

The methods were used to quantify multi-patterned tex-
tures using two images of self-structured surface textures
with two patterns (Fig. 12). The first surface (Fig. 12a) is
isotropic; it has sparsely distributed small motifs along the
top border, and densely distributed large motifs elsewhere.
Parameters r; = r, = s, =5, were set to 6 pixels and
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Fig. 11 Rose plots of slopes at nine scales obtained by means of BRG (asterisk), ABRG (open circle), and BSI (open square) methods for
anisotropic self-structured surface with dominating directions of 20° and 110° (Fig. 9b)

a; = ayto 1 pixel. r3 was set individually for each motif as
a random integer number between 0 and 256, and f§ was 0°.
Motifs with j less than 45 + rand(0,10) had r, = r, =
3 pixels. The second surface (Fig. 12b) has densely dis-
tributed large motifs except the left-bottom part where the
motifs are distributed along sine-shaped curves. This sur-
face is partially isotropic, i.e., only the left-bottom part
exhibits some directionality. The surface was generated
with the parameter setting used before, except that

@ Springer

p =130° and for j less than 45 + rand(0,10), a; =
a, =0, s, = 12 pixels, and y' = y; + 8sin(4nx'/N,).

Rose plots obtained for the isotropic multi-patterned
surface using the ABRG have circular shape at all scales
(Fig. 13). Rose plots constructed for the BRG method have
small spikes in the vertical direction at scales from 6 to
10 pixels and intrusions in directions between 60° and 90°
at other scales. For the BSI method, they have circular
shape at scales from 11 to 14 pixels, approximately a
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Fig. 12 Computer-generated
a isotropic and b partially
isotropic multi-patterned self-
structured surface texture
images

square at scales 6-10 pixels and the highest FDs along 45°
and 135°. For the partially isotropic surface, the BRG and
ABRG methods gave rose plots of a circular shape at scales
from 6 to 9 pixels, an elliptical shape at scales from 10 to
12 pixels, and a rectangular shape in the last two scales
(Fig. 14). The results obtained for the BSI method are
similar except that at scales from 6 to 9 pixels rose plots
have a square shape, indicating that roughness is highest in
45° and 135°.

From these results, it appears that the ABRG method
performs better in quantifying multi-patterned self-struc-
tured surfaces textures than other methods.

4.4 Detection of Differences Between Self-Structured
Surface Textures

The ability of the methods to detect differences between
self-structured surface textures was evaluated using two
AFM images of photoinduced self-structured surfaces
(Fig. 1a, b). Specifically, the surfaces were obtained by
irradiation of an azo polymer film (Tr-AZ-CN) with cir-
cularly (Fig. 1a) and linearly (Fig. 1b) polarized laser
beams [13]. For each surface, the thickness of the Tr-AZ-
CN films was 250 nm, the intensity of the laser beam was
200 mW/cmz, and the irritation time was 15 min.

Rose plots of slopes constructed for the BRG and ABRG
methods show that the roughness of circularly polarized
surface does not change considerably with directions at
scales from 6 to 14 pixels (Fig. 15). For the linearly
polarized surface (Fig. 1b), the plots show rapid changes in
roughness with directions at all scales; the highest rough-
ness is between 120° and 150°, and the lowest roughness is
around 90° direction (Fig. 16). For the BSI method, rose
plots show that both surfaces exhibit similar cross-shaped
changes in roughness. The cross has 45° and 135° direc-
tions at all scales for the first surface and at scales from 6 to
11 pixels for the second surfaces. At other scales, the BSI

method produces highest roughness in directions between
120° and 180°; the lowest roughness between 45° and 90°.

These results indicate the BRG and ABRG method
detected more differences between the two self-structured
surfaces that the BSI method does.

5 Discussion

In this work, two new DFS methods, called ABRG and
BSI, were developed for the characterization of self-
structured surface textures and compared to the BRG
method. Unlike other methods, the new methods do not
require image data to be Brownian fractal and use the
entire image data in calculations. In the ABRG method,
this was achieved through the rotating grid that is auto-
matically adjusted for each direction; in the BSI method,
through shearing the original image along its border over
calculated distance. For the evaluation of the methods, a
special generator, called MTG, was developed to produce
artificial texture images of self-structured surfaces. Real
self-structured surfaces generated with differently polar-
ized laser beams were also used in the analysis.

The performance of the methods in measuring surface
roughness was evaluated using isotropic self-structured
surfaces with decreasing roughness. Results obtained
showed that the BRG and BSI methods gave the worst
performance. This can be attributed to the fact that the
rotating grid in BRG is smaller than the image, and sub-
sequently, as the grid rotates image data at the corners are
not used. Isotropic self-structured surfaces were visually
compared to their skewed versions at 45° and 135°. It was
observed that the shape of motifs changed from spherical to
elliptical with the major axis oriented in 45° direction. This
indicates that image shearing changes surface texture.
Because of the changes introduced to texture, BSI method
is excluded from further discussion.
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Fig. 13 Rose plots of slopes at nine scales obtained by means of BRG (asterisk), ABRG (open circle), and BSI (open square) methods for

isotropic multi-patterned self-structured surface (Fig. 12a)

The accuracy of the ABRG and BRG methods in mea-
suring surface directionality was investigated. For this
purpose, anisotropic self-structured surfaces with known
directions were generated. The BRG and ABRG methods
produced similar results, i.e., the surface with one domi-
nating direction is approximately isotropic at scales from 6
to 12 pixels and anisotropic at 13 and 14 pixels. This
agrees with visual assessment. The surface exhibits stripes
with 13-15 pixel width that are oriented in 20° direction;
within the stripes, motifs do not have directions.

@ Springer

Consequently, FDs calculated at scales smaller than the
line widths (i.e., from 6 to 12 pixels) do not change with
direction, and at larger scales (i.e., the widths of stripes)
have the largest values in 110° direction. For the surface
with two dominating directions, the methods showed
changes in roughness at all scales.

Capability of the methods for quantifying multi-pat-
terned textures was investigated using generated isotropic
and partially isotropic multi-patterned self-structured sur-
faces. It was found that the ABRG method performs better
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Fig. 14 Rose plots of slopes at nine scales obtained by means of BRG (asterisk), ABRG (open circle), and BSI (open square) methods for

partially isotropic multi-patterned self-structured surface (Fig. 12b)

than the BRG method. The ABRG method correctly
quantified that at all scales the roughness of the isotropic
multi-pattern surface does not change with direction. The
BRG method showed that the surface has the highest
roughness in vertical direction. The reason is that the image
data is not fully covered by the rotating grid. Consequently,
FDs do not quantify the entire multi-patterned textures.
Ability of the methods to detect differences between real
self-structured surface textures was evaluated. AFM ima-
ges of surfaces obtained using circularly and linearly
polarized laser beams were used. BRG and ABRG methods

gave similar results, i.e., the circularly and linearly polar-
ized surfaces are isotropic and anisotropic, respectively.
This agrees with visual examination. The first surface
consists of spherically shaped motifs that have similar sizes
and are almost uniformly distributed on a surface. The
second surface has ellipsoidal or linearly shaped motifs of
different lengths and orientations.

The results obtained in this study demonstrate that the
ABRG method has a potential to become useful in char-
acterization of self-structured surface textures. Further
evaluation will be undertaken. Especially, our future work
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Fig. 15 Rose plots of slopes at nine scales obtained by means of BRG (asterisk), ABRG (open circle), and BSI (open square) methods for

circularly polarized self-structured surface (Fig. la)

will focus on studying the effects of AFM imaging con-
ditions on the accuracy of the ABRG method. AFM will be
used since it is the most common imaging technique
employed for the visualization of self-structured surfaces.
Quality of AFM images depends on a number of factors,
e.g., imaging modes and force and probe geometry [18, 27,
28]. Also, the ABRG method will be used to study rela-
tionship between self-structured surfaces and friction.
Currently, there is ongoing research aimed at understand-
ing this relationship [1, 15]. Bhushan et al. [1] performed a
correlation analysis between roughness and friction force,

@ Springer

and results obtained were not conclusive. This could be
because the surface roughness was evaluated by means of
the RMS parameter, which works well only with isotropic
surfaces at a single scale.

6 Conclusions

From the work conducted in this paper, the following
conclusions can be drawn:
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and they do not require surface textures to be Brownian
fractal.
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Fig. 16 Rose plots of slopes at nine scales obtained by means of BRG (asterisk), ABRG (open circle), and BSI (open square) methods for
linearly polarized self-structured surface (Fig. 1b)

the generation of computer images, a MTG was
developed.

The accuracy of the methods in measuring surface
roughness and directionality and their capacity for
quantifying multi-patterned textures were investigated.
The ABRG method was the best performing.

In detection of differences between textures of real self-
structured surfaces produced by circularly and linearly
polarized laser beams, the BRG and ABRG methods
were most sensitive.
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