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Abstract A new method, called augmented blanket with

rotating grid (ABRG), has been proposed in our recent

work on characterizing roughness and directionality of

self-structured surface textures. This is the first method that

calculates fractal dimensions (FDs) at individual scales and

directions for the entire surface image data and does not

require the data to be Brownian fractal. However, before

the ABRG method can be used in real applications, effects

of atomic force microscope (AFM) imaging conditions on

FDs need to be evaluated first. In this paper, computer-

generated AFM images with three different resolutions, 48

combinations of tip radii and cone angles, and 15 noise

levels were used in the tests. The images represent iso-

tropic self-structured surface textures with small, medium

and large motif sizes, and anisotropic surfaces exhibiting

two dominating directions. For isotropic surfaces, the

ABRG method is not significantly affected (i.e. FDs

changes \5 %) by image resolution, tip size (for surfaces

with large motifs) and noise (except the level above 8 %).

For anisotropic surfaces, the method exhibits large changes

in FDs (up to -34 %). The results obtained show that the

ABRG method can be effective in analysing the AFM

images of self-structured surface textures. However, some

precautions should be taken with anisotropic and isotropic

surfaces with small motifs.

Keywords Surface characterization � Self-structured

surfaces � Atomic force microscope � Texture

1 Introduction

Self-structured surface textures are generated by self-

assembling rules of molecules on a substrate surface. The

self-assembly process is driven by complicated intermo-

lecular and molecular-substrate forces and the resulting

textures exhibit recurring topographical features, called

motifs, of various shapes, sizes and orientations distributed

on the surface in one or more layers. Due to nanoscale

dimensions of the motifs and their strong bonding with

substrate surface, these textures have many applications in

engineering and medicine. For example, they can be used

to improve tribological characteristics of micromechanical

systems such as micromotors [1], regulate cell membrane

penetration of nanoparticles in medical drug delivery sys-

tems [2, 3], enhance Raman scattering for monitoring of

intracellular events [4], and increase efficiency of optical

data-storage devices [5].

For the image acquisition of self-structured surfaces

optical [6], scanning electron (SEM) [7], atomic force

(AFM), scanning tunnelling (STM) [8], Fourier transform

infrared spectroscopy (FTIS) [9] microscopes have been

used. AFM is the method of choice [6, 8, 10–12] since it

operates in ambient conditions, can image samples in

liquid, gas and vacuum environments [13], requires mini-

mal sample preparations, and provides real 3D surface

topography data [13, 14].

Roughness of the surfaces has been quantified using

basic parameters such as average roughness (Ra) [15, 16],

root-mean-square roughness (RMS) [7, 12, 16, 17], maxi-

mum peak roughness (Rmax) [16]. Fourier transform [18,

19], box-counting [20] or slit-island methods [21] are also

used. However, these methods and parameters calculated

provide only a limited information about surface texture.

The reason is that they do not quantify surface roughness at
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different scales and directions. To overcome the limitation,

directional fractal signature (DFS) methods have been

developed [22]. They quantify surface roughness and

directionality using fractal dimensions (FDs) calculated at

individual scales and directions. Analysing surface textures

using FS is of practical significance since self-structured

surfaces are not ideal fractals, i.e. their roughness and

directionality vary with scale [23]. Five DFS methods are

Fig. 1 A schematic illustration of the ABRG method. a An original

image, b a rotating grid superimposed on the image, c a rotated

image, d dilated and eroded images using structuring elements of

sizes dm and dm-1, e surface volumes, f a surface area, g a log–log

plot, h lines fitted to the subsets and i a rose plot of absolute values of

slopes
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available, i.e.: FS Hurst orientation transform (FSHOT),

variance orientation transform (VOT), blanket with rotat-

ing grid (BRG) [22], augmented BRG (ABRG) and blanket

with shearing image (BSI) [23]. Previous study showed

that the VOT and FSHOT methods are not suitable in the

characterization of self-structured surface textures, since

the methods require surfaces to be fractal Brownian [23]. In

the past study, the ABRG, BRG and BSI methods were

evaluated in the measurements of surface roughness and

directionality of self-structured surfaces, their capacity for

quantifying multi-patterned textures and ability to detect

differences between real self-structured surfaces generated

with differently polarized laser beams. Images of com-

puter-generated and real self-structured surfaces were used.

Results showed that the ABRG is the best performing

method. However, if the method is to be of use to real

applications, the effects of AFM imaging conditions such

as image resolution, tip size and noise on FDs calculated

would need to be studied and assessed first.

In the current study, this problem is addressed by

evaluating the effects of the AFM imaging conditions

using surface images generated by means of a motif-based

texture generator (MTG) [23]. The images represent

three self-structured isotropic surfaces with motif sizes of

*250, *350 and *500 nm, and two anisotropic surfaces

exhibiting two dominating directions (i.e. 50� and 140�).

The surfaces have a coverage area of 10 lm 9 10 lm with

a height range of 250 nm. The sizes of motifs, area and

range used in this study are similar to those found in real

self-structured surfaces [18, 19]. The MTG and image

processing techniques were used to construct databases of

images with three different resolutions, 48 combinations of

tip radii and cone angles, and 15 noise levels.

2 Methods and Materials

2.1 ABRG Method

In the method, FSs, i.e. FDs at individual scales, are cal-

culated in all possible directions in the following steps

(more details are given in [23]):

1. An original image is covered by a rotating grid

(Fig. 1a, b).

2. The grid rotates around its centre over the image by

predefined directions (between 0� to 180� in steps of

10�) and image pixels covered by it are copied into a

matrix, i.e. a new image (Fig. 1c). The size of rotating

grid is automatically adjusted for each direction to

ensure that all image pixels are covered.

3. Dilated and eroded versions of the matrix are obtained

using line structuring elements (SEs) of different sizes

(Fig. 1d). Sizes of SEs rank from 3 to 16 pixels.

4. For each direction, surface volumes enclosed between the

dilated and eroded images are calculated (Fig. 1e), and

then differences between the volumes at two consecutive

SE sizes are used to obtain surface areas (Fig. 1f).

5. The areas obtained are plotted against SE sizes in log–

log coordinates (Fig. 1g).

6. The plot data points are divided into overlapping sets

of five points and a line is fitted to each set (Fig. 1h).

The SE size associated with the middle point in each

set represents an individual scale.

7. The absolute values of slopes obtained are plotted

against direction in polar coordinates (Fig. 1i). The

slope S relates to FD as 2 - S. In total there are nine

rose plots, i.e. one plot for each scale.

Fig. 2 AFM images of a isotropic (adapted from [24]) and b aniso-

tropic (adapted from [19]) self-structured surface textures. The

isotropic surface was obtained through electron-beam evaporation

of a gold film. The anisotropic surface was obtained through laser

irradiation of a molecular azo glass film
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As an example, the ABRG method was applied to

AFM images of isotropic and anisotropic self-structured

surface textures shown in Fig. 2. The isotropic surface

(Fig. 2a) was obtained through the electron-beam evapo-

ration of a gold film [24], while the anisotropic surface

(Fig. 2b) was the result of laser irradiation of a molecular

azo glass film [19]. The resulting rose plots of slopes

(Fig. 3) obtained for the isotropic surface approximate a

circle at all scales. This indicates that roughness of the

surface does not change considerably with direction. On

the contrary, the rose plots obtained for the anisotropic

surface show rapid changes of slope values with direction

at all scales, i.e. changes in roughness with direction and

scale.

Fig. 3 Rose plots of slopes at nine scales obtained by means of the

ABRG method for the isotropic (asterisk) and anisotropic (circle)

self-structured surface texture images shown in Fig. 2a, b,

respectively. For the isotropic surface, nine scale numbers correspond

to 27.3–72.8 nm in steps of 4.55 nm, and for the anisotropic surface

they correspond to 203.4–542.4 nm in steps of 33.9 nm
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2.2 MTG

The generator produces texture images of artificial self-struc-

tured surfaces [23]. This is achieved by a placement of half-

ellipsoid motifs on an empty image in the following four steps:

1. An empty image (i.e. all grey-scale level values are

set to zero) is generated and initial coordinates

of centres of motifs are defined. The vertical and

horizontal distances between centres are denoted by

sx and sy, respectively. Each centre is translated in the

horizontal and vertical directions by a random

number of pixels, and then rotated around the centre

of the image by a given angle b. The translation in

the two directions is parameterized by a1 and a2

scaling factors. Examples of the centres obtained are

shown in Fig. 4a.

Fig. 4 A schematic illustration

of the MTG. a An empty image
(all pixels set to zero) with

centres of motifs (white dots),

b motifs placed at the centres,

c concatenated motifs and

d a cropped image

Fig. 5 a Cross section of a

geometrical model of a conical

tip characterized by radius r and

cone angle h, and b example of

a reflected (by tip apex) conical

3D tip model generated with

r = 30 nm and h = 45�
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Fig. 6 Examples of self-

structured surface texture

images of sizes a, d, g, j
512 9 512 pixels; b, e, h, k
256 9 256 pixels and c, f, j, l
128 9 128 pixels. Surfaces a, d,
g are isotropic with small,

medium and large motifs,

respectively, and surface j is

anisotropic with 50� and 140�
dominating directions
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2. Motifs with given radii (r1, r2 in the horizontal and

vertical directions, and r3 in the direction perpendic-

ular to surface plane) are generated and then located at

the centres (Fig. 4b).

3. Motifs that overlap each other are concatenated

(Fig. 4c).

4. Image of motifs obtained is cropped to a predefined

size (Fig. 4d).

2.3 AFM Image Simulation

AFM images are the results of the convolution of surface

topography and tip geometry [14]. In the current study, the

images were generated through a dilation of artificially

generated self-structured surfaces using conically shaped

tips of different sizes [25]. Conical tips were chosen since

they are axisymmetric. Thus, the image dilation affects

surface texture features equally in all directions.

A cross section of the conical tip is shown in Fig. 5a.

The tip is a result of the concatenation of a sphere with

radius r and a cone with half-cone angle h. Tip height th is

given by the following expression:

thðdÞ ¼
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2 � d2
p

þ r for � ABj j � d� ABj j
tan p=2� b
� �

d � ODj j for d [ ABj j
� tan p=2� b

� �

d � ODj j for d\� ABj j

8

<

:

where d is the distance from the tip apex O,

ABj j ¼ r cosðhÞ; BCj j ¼ r sinðhÞ; BDj j ¼ ABj j
tanðhÞ ;

OBj j ¼ r � BCj j and ODj j ¼ BDj j � OBj j
For the dilation of surface, the 3D tip geometry is rep-

resented as a 2D matrix of heights T as follows:

1. An empty matrix T of size N 9 N is generated, where

N ¼ ceil 2 � tan h � hþ ODj jð Þð Þ and h is the range of

surface heights. This ensures that tip heights generated

cover the entire range h.

2. Let j = 1.

2.1 Let i = 1.

2.2 x and y coordinates are calculated in such a way

that the tip apex is located in the middle of T, i.e.

x = i - N/2 - 0.5 and y = j - N/2 - 0.5.

2.3 Distance d of the point (x,y) from the tip apex is

calculated, i.e. d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2
p

.

2.4 If d�N=2 then the tip height at the distance d is

calculated and stored in the matrix T, i.e.

Tj;i ¼ thðdÞ.
2.5 i = i ? 1 and go to step 2.2 unless i [ N.

3. j = j ? 1 and go to step 2.1 unless j [ N.

4. The tip is reflected around its apex: Ti;j ¼ �Tj;i for all

i and j.

An example of a tip generated for r = 30 nm and

h = 45� is shown in Fig. 5b. h was set to 250 nm. A res-

olution of the matrix T was assumed to be 1 nm, which is a

typical value used in AFM [26].

3 Results

3.1 Effects of Image Resolution

AFM can produce images of different sizes (i.e. different

image resolutions) for the same area of self-structured

surfaces. Effects of image resolution on FDs calculated by

the ABRG method were, therefore, studied. Isotropic and

Fig. 6 continued
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anisotropic surface images with sizes of 512 9 512,

256 9 256 and 128 9 128 pixels were used. These size

images of surfaces are typical for AFM.

Images of three isotropic self-structured surfaces were

generated with increasing sizes of motifs, i.e. small

(*250 nm), medium (*350 nm) and large (*500 nm)

sizes. Each surface was represented as 512 9 512 pixel

image with 256 grey-scale levels. In the MTG, a1 and a2 were

equalled to 1, r3 was set individually for each motif as a

random integer number between 0 and 255, and b was set to

0�. To generate small, medium and large motifs r1 = r2 =

sx = sy were set to 6.4, 9 and 13, respectively. The aniso-

tropic surface with 50� and 140� dominating directions was

also generated. For the surface, the following set-up was

used: b = 50�, r1 = r2 = sx = sy = 6, a1 = a2 = 0. Also,

for each motif r3 was selected for groups of four motifs as a

random integer number between 0 and 255 and every fifth

row of the initial centre coordinates of motifs was deleted.

For all surfaces used in this study, the original image of

512 9 512 pixel was reduced to 256 9 256 and 128 9 128

pixels using the block averaging [27]. The generation pro-

cess of surfaces was repeated 50 times. In total, 600

(= 4 9 50 9 3) images were obtained, i.e. for each resolu-

tion 50 images per surface. Examples of isotropic and

anisotropic surface images generated with different resolu-

tions are shown in Fig. 6.

The ABRG method was first applied to the images of

isotropic surfaces with small motifs. For each image reso-

lution, mean FD values were calculated at individual scales

in all directions. Scales used by 512 9 512, 256 9 256 and

128 9 128 pixel images are different, i.e. 117.2–273.4 nm

in steps of 19.5 nm, 234.4–546.9 nm in steps of 39.1 nm,

and 468.8–1093.6 nm in steps of 78.1 nm, respectively.

Consequently, 256 9 256 pixel images share two scales

with the largest (i.e. 234.4 and 273.4 nm) and smallest (i.e.

468.8 and 546.9 nm) images. For the shared scales, per-

centage differences between mean FD values obtained for

512 9 512 and 256 9 256 pixel images, and between

128 9 128 and 256 9 256 pixel images were calculated.

This procedure was repeated for the remaining surfaces. The

Fig. 7 Effect of image

resolution on FDs calculated by

the ABRG method for the

isotropic self-structured surfaces

with small (asterisk), medium

(square) and large (triangle)

motifs. The markers represent

percentage differences between

mean values of FDs obtained for

a, b 512 9 512 and 256 9 256;

and c, d 128 9 128 and

256 9 256 pixel images. The

dotted circle denotes 0 %

difference and the grey colour
ring area represents changes

between -5 and 5 %
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differences calculated were displayed against directions in

polar coordinates as rose plots (Figs. 7, 8). A grey colour

ring represents values between -5 and 5 %.

For the isotropic surfaces the percentage differences in

mean FD values stay within the grey ring (Fig. 7). Spe-

cifically, for the surface with small motifs, the mean FDs

calculated for 512 9 512 (128 9 128) pixel images were

smaller up to -4.4 % (higher up to 2.2 %) than those

calculated for 256 9 256 pixel images. For the surfaces

with medium and large motifs, the differences were less

than 4.1 %. For the anisotropic surfaces, the differences

also stay within the ring, except directions about 140�
where they are about -30 % (Fig. 8).

3.2 Effects of Tip Size

To study the effects of tip size, AFM images of the iso-

tropic and anisotropic surfaces were generated for different

tip radii r (i.e. 2, 5, 10, 20, 40, 60, 80 and 100 nm) and cone

angles h (i.e. 5�, 15�, 30�, 35�, 40� and 45�). The radii and

angles represent a wide range of AFM tips; ranking from

the ultra sharp with high aspect ratio (i.e. r = 2 nm,

h = 5�) to the wide with low aspect ratio (i.e. r = 100 nm,

h = 45�). The generation of images was conducted in

following several steps:

1. The radius r and cone angle h are selected.

2. Using MTG, 11,264 9 11,264 pixel and 256 grey-

scale levels images of self-structured surfaces with

small, medium and large motifs are generated. The

pixel size of 1 nm is assumed. MTG parameters are

taken from the previous section, with two exceptions,

i.e. for the isotropic surfaces r1 = r2 = sx = sy are set

to 125, 175 and 250, respectively, and for the

anisotropic surface r1 = r2 = sx = sy = 120.

3. A 2D matrix of tip heights is constructed for the

selected r and h.

4. Each surface image is dilated using the 2D matrix. To

eliminate the edge effects, the dilation is performed

over a 10,240 9 10,240 pixel area located in the centre

of the original surface image.

5. From the area selected on the original image every 40th

pixel in the horizontal and vertical directions is copied

Fig. 8 Effect of image

resolution on FDs calculated

by the ABRG method for

anisotropic self-structured

surfaces with 50� and 140�
dominating directions. The

markers represent percentage

differences between mean

values of FDs obtained for a, b
512 9 512 and 256 9 256 and

c, d 128 9 128 and 256 9 256

pixel images. The dotted circle
denotes 0 % difference and the

grey colour ring area represents

changes between -5 and 5 %
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Fig. 9 Examples of a, c, e,

g ideal and b, d, f, h AFM

images (r = 100 nm and

h = 45�) of self-structured

surface textures. Surfaces a, c,

e are isotropic with small,

medium and large motifs,

respectively, and surface g is

anisotropic with 50� and 140�
dominating directions

474 Tribol Lett (2013) 49:465–480
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into an empty image of size 256 9 256 pixels (called an

ideal image).

6. Every 40th pixel is also copied from the dilated area

into an empty image (called an AFM image).

7. Steps 1 to 6 are repeated 50 times for all possible

combinations of the radii and angles (i.e. 48 combi-

nations). This result in 9,600 (= 4 9 48 9 50) AFM

and 200 (= 4 9 50) ideal images, i.e. 2400 AFM and

50 ideal images per surface.

As an example, the AFM and ideal images of isotropic

and anisotropic surfaces obtained for r = 100 nm and

h = 45� are shown in Fig. 9.

The ABRG method was applied to the images gener-

ated. For each possible combination of r and h, percentage

Fig. 10 Effect of tip size on FDs calculated by the ABRG method for

the isotropic self-structured surfaces with small motifs. The markers

represent percentage differences between mean FD values calculated

for AFM images obtained using tip with cone angle h = 5� and radius

r = 2 nm (asterisk), 5 nm (square), 20 nm (triangle), 40 nm (circle),

60 nm (rhombus), 100 nm (plus), and the ideal images. The grey
colour ring area represents changes between -5 and 0 %
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differences between mean FD values obtained for the AFM

and corresponding ideal image were calculated. As an

example, rose plots of the differences obtained for isotropic

surfaces with small motifs and anisotropic surfaces at dif-

ferent tip radii and cone angle of 5� are shown in Figs. 10

and 11, respectively. For the isotropic surfaces, the plots

show that FDs decrease with tip radius. For surfaces with

small (medium) motifs the differences were largest, i.e. up

to -8 % (-6 %), at small scales. For surfaces with large

motifs, differences were below -5 %. Anisotropic surfaces

had the differences greater than -5 % at all scales

(Fig. 11), with the largest value of approximately -34 %

at the largest scale in about 140� direction.

Rose plots of the differences (figures are not shown)

were also obtained for cone angles of 15�, 30�, 35�, 40� and

45� and they were similar to those of the 5� cone angle.

Fig. 11 Effect of tip size on FDs calculated by the ABRG method for

the anisotropic self-structured surfaces with 50� and 140� dominating

directions. The markers represent percentage differences between

mean FD values calculated for AFM images obtained using tip with

cone angle h = 5� and radius r = 2 nm (asterisk), 5 nm (square),

20 nm (triangle), 40 nm (circle), 60 nm (rhombus), 100 nm (plus),

and the ideal images. The grey colour ring area represents changes

between -5 and 0 %
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3.3 Effects of Noise

AFM images contain instrumental noise originated from

mechanical vibrations and electrical signal fluctuation.

This noise follows approximately a Gaussian distribution

with zero mean [28]. Therefore, the Gaussian noise was

added to the images of self-structured surfaces and its

effects on FDs calculated were investigated.

256 9 256 pixel images of the self-structured surfaces

were generated using the MTG as described in Sect. 3.1.

For the isotropic surfaces r1 = r2 = sx = sy were set to

3.2, 4.5 and 6.5, respectively, and for the anisotropic sur-

face r1 = r2 = sx = sy = 3. For each surface 15 images

were generated by adding Gaussian noise at different level,

i.e. Gaussian noise with a standard deviation increasing

from 1 to 15 % in steps of 1 % of the maximal grey-scale

level value. The noise generation process was repeated 50

times. As a result, 3,000 (= 4 9 15 9 50) noise images

were obtained, i.e. 200 per each noise level. Examples of

isotropic and anisotropic surfaces without and with noise at

level of 15 % are shown in Fig. 12.

For each noise level, percentage differences in mean FD

values between images with and without noise were cal-

culated. As an example, rose plots of the differences for

isotropic surfaces with large motifs are shown in Fig. 13.

For the isotropic surfaces, FDs calculated increase pro-

portionally to the noise level. The differences in mean FDs

were higher than 5 % for noise levels of 13 % (small

motif), 10 % (medium motif) and 9 % (large motif). Iso-

tropic surfaces with medium and large motifs exhibited the

largest differences (*13 %) at the first scale. For aniso-

tropic surfaces (figure not shown), the differences in mean

FDs are above 5 % for noise level of 4 %; with the largest

value of *26 % in directions around 140�.

4 Discussion

In this study, effects of AFM image resolution, tip size and

noise on the performance of the ABRG method were

evaluated. Images of isotropic self-structured surfaces with

increasing motif sizes and anisotropic surfaces exhibiting

two dominating directions were generated by the MTG. For

the isotropic surfaces, the ABRG method is not signifi-

cantly affected (i.e. FDs changes \5 %) by image resolu-

tion, tip size (for surfaces with large motifs) and noise

(levels below 9 %). For the anisotropic surfaces the method

had large changes in FDs, i.e. up to -34 %.

For different image resolutions the isotropic surfaces

had small changes in mean FDs (\5 %). This is partially

supported by the results obtained in a previous study,

where isotropic porphyrin thin film surfaces were imaged

using AFM at image resolutions ranking from 128 9 128

to 1,024 9 1,024 pixels [29]. It was found that changes in

the RMS roughness do not vary significantly with the

image resolution. For anisotropic surfaces, the image res-

olution has a significant effect on FDs. The differences in

FDs were up to -30 %, especially between 128 9 128 and

Fig. 12 Examples of self-structured surface texture images a, c, e,

g without and b, d, f, h with noise level of 15 %. Surfaces a, c, e are

isotropic with small, medium and large motifs, respectively, and

surface g is anisotropic with 50� and 140� dominating directions
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256 9 256 pixel images in directions about 140�. At these

two resolutions the rose plots of slopes were visually

examined. Examples of the surface images are shown in

Fig. 6k, l. For the small resolution, 140� dominating

direction is the least visible. This is because gaps between

stripes of motifs on the 128 9 128 pixel images are blurred

and not clearly defined. Subsequently, at low resolution

anisotropic surfaces appear to be more isotropic. Hence,

Fig. 13 Effect of Gaussian noise on FDs calculated by the ABRG

method for the isotropic self-structured surfaces with large motifs.

Markers represent percentage differences between mean FD values

calculated for images with and without noise at noise levels of 1 %

(asterisk), 7 % (square), 9 % (triangle), 11 % nm (circle), 13 %

(rhombus), and 15 % (plus). The grey colour ring area represents

changes between 0 and 5 %

478 Tribol Lett (2013) 49:465–480
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AFM images of anisotropic surfaces should not be acquired

with resolution lower than 256 9 256 pixels.

Tip size affects the values of FDs calculated. As com-

pared to the ideal images, mean FDs decrease for all sur-

faces. This agrees with other studies [30, 31]. The decrease

in FDs can be explained by the fact that the tip–surface

convolution smooths fine details of surfaces. The changes

of FD values were greater for tip radii than for cone angles.

This is because the tip apex, which size is determined by

the tip radius, is the main part of a tip that interacts with

surface. This has some support from a previous study in

which FDs calculated for fractal surface images were vir-

tually constant over a wide range of the AFM tip aspect

ratios [32]. FDs calculated for surfaces with small motifs

exhibited largest changes in mean FDs (up to -8 %) at the

first scale, followed by FDs calculated for surfaces with

medium (up to -6 %) and large motifs (up to -5 %). This

can be explained by the fact that the tip–surface convolu-

tion is a local operation and it mostly targets small scale

surface features. Previous study, in which isotropic fractal

surface images with known FD were dilated by tips of

different radii [30], showed similar results. Specifically, it

was found that the changes in FDs are largest for the rough

surfaces, i.e. surfaces with high FD. For the anisotropic

surfaces, the differences in FDs were largest (about

-34 %) in directions of about 140� at the last scale. Visual

comparison of AFM images obtained (e.g. Fig. 9g, h)

indicates that the gaps between the stripes of motifs are

reduced by the broadening of surface features. Subse-

quently, the surfaces appear more isotropic on AFM ima-

ges. Thus, knowing that surfaces are isotropic with small

motifs or anisotropic would be helpful in the selection of

tip sizes for the analyses with the ABRG method.

FDs increase by more than 5 % at noise levels greater

than 8 %. For the isotropic surfaces, the largest increases

were found for surfaces with large motifs at small scales

(*13 %). This is because the noise adds high frequency

components to the smooth areas of large motifs. For

anisotropic surfaces, noise causes a rapid increase in the

surface roughness (up to 26 %) for groups of the smooth

motifs aligned in 140�. Therefore, during the AFM image

acquisition all precautions should be taken to reduce the

noise level.

AFM image quality can be affected by other factors than

those studied in the paper. First, cantilevers with high

spring constant can damage a surface [33]. If the constant

is low poor phase contrast images can be produced [33].

Second factor is incorrect settings of the feedback loop

control which maintains the set force between tip and

sample. They can cause inaccurate tracking of the surface

and introduce high frequency noise [14]. Third factor is the

relation between the sizes of a surface feature and the tip

radius. If radii of curvature of surface futures are less than

double of tip radius, smoothening of fine surface features

can be significant [34]. Finally, there are tips with non-

symmetrical shapes (e.g. pyramidal or tetrahedral) and they

can produce images of surfaces with features whose degree

of dilation changes with direction.

Future work would focus on applications of the ABRG

method to images of real self-structured surfaces. One

application is the analysis of self-structured surface textures

generated by laser irradiation of polymer films. This would

aim at understanding of the formation process of the surface

textures. Relationships between the textures and the laser

irradiation conditions (e.g. laser beam wavelength and

polarization) are still not fully determined [18, 19]. Attempts

made so far are based on the visual assessment of 2D Fourier

transform of the surface images [18, 19]. However, this has a

limited use since surface details at individual scales and

different directions were not quantified. Using the ABRG

method this limitation can be overcome.

5 Conclusions

From the work conducted the following conclusions can be

drawn:

• Effects of AFM imaging conditions (i.e. image resolu-

tion, tip size and noise) on FDs calculated by the

ABRG method were evaluated.

• Computer-generated images of isotropic self-structured

surfaces with increasing motif sizes and anisotropic

surfaces with two dominating directions were generated

by the MTG.

• For isotropic surfaces, FDs do not change considerably

(\5 %) with image resolution, tip size (for large motifs)

and noise (except levels [8 %). For anisotropic

surfaces, changes in FDs could be up to -34 %.

• The results obtained demonstrate that the ABRG method

can be effective in the analysis of AFM images of self-

structured surfaces, although precautions are needed for

surfaces with small motifs and anisotropic surfaces.
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