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Abstract

The image processing of pictures from fibres and fibrous materials facilitates the investigation of diverse ge-
ometrical properties, such as yarn hairiness, fibre bifurcations or fibre lengths and diameters. Such irregular
sample sets are naturally suitable to the statistical examination of images, using a random-walk algorithm.
This results in the calculation of the so-called Hurst exponent, which is the asymptotic scaling exponent of
the mean squared displacement of the walker’s position. Previous investigations have proven the appropri-
ateness of this method for examinations of different fibres, yarns and textile fabrics. In a recent study, we
used AFM (atomic force microscopy) images, split into different greyscales, to analyse and quantify differ-
ences between various nanofibre mats created from polyacrylonitrile. In addition to the strong influence of
the nanofibre diameters, a certain impact of the AFM settings was also seen and must be taken into account
in future research.

Keywords: electrospinning, polyacrylonitrile (PAN), nanofibrous mat, atomic force microscopy (AFM), Hurst
exponent, random walk

Izvlecek

Obdelava slik viaken in viaknastih materialov omogoca raziskovanje razlicnih geometrijskih lastnosti, kot so
kosmatost preje, bifurkacija vlaken ali dolzine in premera viaken. Taksni vzoréni seti z nepravilnostmi so narav-
no primerni za statisti¢ni pregled slik z algoritmom slucajnega hoda. Pri tem izracunamo ti. Hurstov eksponent,
ki je asimptoti¢ni skalirni eksponent srednjega kvadratnega premika poloZaja sprehajalca. Dosedanje raziska-
ve so dokazale ustreznost metode za oceno razlicnih viaken, prej in ploskovnih tekstilii. V nedavni Studiji smo
uporabili slike AFM (mikroskopije na atomsko silo), razdeljene glede na razli¢ne sive odtenke, za analizo in ko-
licinsko dolocitev razlik med razlicnimi nanovlaknatimi koprenami iz poliakrilonitrila. Poleg mocnega vpliva
premera nanovlaken je bil viden tudi dolocen vpliv nastavitev AFM, ki jih je potrebno upostevati v prihodnjih
raziskavah.

Kliucne besede: elektropredenje, poliakrilonitril (PAN), nanovlaknata koprena, mikroskop na atomsko silo (AFM),
Hurstov eksponent, slucajni hod
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1 Introduction

Electrospinning can be used to prepare nanofibres
or nanofibrous mats from diverse polymers or poly-
mer blends [1-5], even in combination with metal-
lic [6-8], semiconducting [9-11] or other nanopar-
ticles. Subsequent thermal treatment can be used to
stabilise the nanofibrous mats chemically [12—-14],
followed by carbonisation [15-17], or to use a calci-
nation step instead to evaporate the polymer and
sinter the residual inorganic material [9, 14, 18].

To describe such electrospun nanofibres or nanofi-
brous mats quantitatively, usually the fibre diameter
distribution is given [19, 20], as well as the fibre orien-
tation [21, 22]. There are, however, many more inter-
esting parameters, e.g. the pore size or general porosi-
ty, which is sometimes measured by sophisticated
instruments [23, 24], but hard to define from a micro-
scopic image, even if the resolution is high enough.
Such questions are also important, particularly for the
application of such nanofibrous mats as filters [25, 26].
Using only high-resolution images as the basis for a
quantitative description of a nanofibre mat may be
possible by different mathematical methods. Some
of them are the fractal dimension, which is often
used as an indicator of the roughness of surface
coatings or finishings [27] or for the detection of ir-
regularities in the form of fabric defects [28-31], in-
cluding the topothesy fractal dimension, which is
less affected by scale variations and thus assumed to
be a good instrument to measure surface roughness
[32-34]. Other methods are calculations of the lac-
unarity, which describes spatial features of multi-
fractal or non-fractal surfaces [35-37], or some-
times the succolarity, which measures the degree of
percolation of an image [38, 39]. Another parame-
ter that can be used is the so-called Hurst exponent.
This value is calculated by performing random
walks on the parts of an image where the sample is
visible. This is how spatially adjacent areas of a sam-
ple in a certain image are defined. Hurst exponent
evaluations of textile fabrics were performed by our
group [40—42] and several other researchers [43].
In our previous investigations, we concentrated on mi-
croscopic images of knitted fabrics to evaluate fabric
hairiness. This article presents a study of atomic force
microscopy (AFM) images taken on different electro-
spun nanofibre mats, focusing mainly on the influence
of the AFM control parameters on the resulting image
and the corresponding Hurst exponents.
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2 Materials and methods

Sample preparation

A needleless Nanospider Lab electrospinning ma-
chine (Elmarco Ltd., Liberec, Czech Republic) was
used for sample preparation. The following spin-
ning parameters were chosen: voltage of 80 kV (or
65 kV), nozzle diameter of 0.9 mm (or 1.5 mm),
carriage speed of 200 mm/s, bottom electrode/sub-
strate distance of 240 mm, ground electrode/sub-
strate distance of 50 mm, chamber temperature of
22 °C, and relative humidity in the chamber of 32%.
Electrospinning was performed using a polypropyl-
ene (PP) nonwoven as a substrate. The spinning so-
lution contained 16% (or 20%) PAN (X-PAN,
Dralon GmbH, Lingen, Germany), dissolved in
dimethyl sulfoxide (DMSO, min. 99.9%, S3 Chemi-
cals, Bad Oeynhausen, Germany).

Measurements

Investigations of the sample morphology were
performed with an atomic force microscope (AFM,
FlexAFM by Nanosurf, Liestal, Switzerland), using
SHR 300 and TAP190Al-G AFM probes as cantilev-
ers, which work in dynamic mode and have tip di-
ameters of 1 nm and 20 nm, respectively. The AFM
settings (proportional (P), integral (I), differential
(D) control and setpoint) were either optimised to
get a sharp image or, in the second part of the study,
varied around the optimum. While P, I and D de-
scribe the values of a common PID controller, the
setpoint defines the oscillation amplitude of the
cantilever in the dynamic mode.

Random walk and Hurst exponent

In the simplest case, a colour image or, in the case of
an AFM image, a greyscale image has to be trans-
ferred into a black-and-white image. Often the black
parts define the sample area, while the white parts
define the pores or the open areas between sample
parts, e.g. between the yarns of a knitted fabric
[40—42]. The black area can be more or less con-
nected, depending on the sample under examina-
tion, starting from a completely black square as one
extremum to tiny black spots as another extremum.
Next, a so-called random walk is performed on the
black parts of the sample only. A random walk can
be described as follows: an arbitrary pixel inside the
black part of the sample is chosen. Then, a step in
an arbitrary direction - one pixel left, right, up or
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down - is performed, followed by another arbitrary
step, etc. Finally, after a defined number of steps -
e.g. 100, 1,000 or 10,000 - the distance between the
original pixel and the final pixel (the displacement
vector) is calculated.

If this process is repeated several times, the average
displacement vector vanishes, since the final pixel
will sometimes be located on the upper left of the
original pixel, sometimes on the lower right, etc.
What does not vanish, however, is the squared dis-
placement vector. For a completely black square, i.e.
a large area without any restrictions of the random
walk path, the squared average displacement vector
can be assumed to be proportional to the number of
experiments n:

<Ar?>=Cn (D

with the displacement r and a constant C, which is
only necessary for mathematical reasons and has no
physical relevance.

This formula must be modified as follows for a not
completely black area, but rather a complex image
with partly black areas, on which the random walk
can be performed, and white areas that limit the
possible walk directions, especially in fine black
structures whose border must not be crossed:

<Ar2> = Cn?h (2)

where h represents the aforementioned Hurst expo-
nent (see for example [46] for some mathematical
justifications).

Comparing both formulas, we see that for a com-
pletely black area h can be expected to be approxi-
mately 0.5 to make both formulas identical. For a
fractured black area, the possible ways of the ran-
dom walk are limited by the white areas in between,
making the possible distance between the starting
and ending points smaller and thus reducing h. In-
deed, the values of h are reduced for smaller struc-
tures, especially for the aforementioned small black
dots in a white matrix that do not allow for moving
from one black dot to another, thus strongly limit-
ing possible movements.

Such a random walk would result in a single value
of the Hurst exponent. Since this is a statistical
method, it makes sense to use more than one test.
Typically, approximately 100—1,000 starting points
on a given image are chosen on which random
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walks with 100, 10,000 or 1,000,000 steps are per-
formed. In this way, a large number of Hurst expo-
nents is calculated, resulting in a Hurst exponent
distribution being characteristic for an image, as
will be shown in the next section.

It should be mentioned that in this description we
started by transforming an original image into a sin-
gle black-and-white representation. This may, how-
ever, not always be sufficient. Here we will also dis-
cuss the possibility of splitting one original image
into several grey-channel sub-images, for example,
labelled with numbers between 0 (black) and 31
(white) representing 256 grey channels. Important-
ly, this is analogous to the analysis of multi-colour
(multi-spectral) or hyper-spectral images, where
various wavelengths are split into spectral channels.
It is worth mentioning that other image processing
methods were not used as pretreatments of the
AFM images. To exclude the possible influence of
typical AFM image processing routines, using dedi-
cated optimisation software, the original AFM im-
ages with line fit applied were used as the basis of
this study. The influence of image processing with
specific AFM software, especially for sharpening
purposes, will be investigated in a future study.

3 Results and discussion

Figure 1 depicts an exemplary Hurst exponent dis-
tribution measured for a PAN nanofibre mat elec-
trospun with a voltage of 65 kV. The area of investi-
gation, as depicted in the orange inset, has a
dimension of 25 um x 25 um. The second image
shows the corresponding black-and-white image.
The relatively large Hurst exponent of & ~ 0.43 can
be attributed to relatively large fibre areas, here de-
fined as the white areas, while the black areas are
correlated with borders between neighbouring fi-
bres so that their evaluation would not be related to
a physically meaningful property.

This number alone is not very meaningful, so we
next tested how strongly Hurst exponents vary for
completely different treatments. Figure 2 illustrates
a surface showing broken polishing lines on a me-
tallic coating (Figure 2a), as well as a lithography re-
sist (Figure 2b) on atomically smooth substrates.
The Hurst exponent distribution on the dark fea-
tures in Figure 2a results in a smaller Hurst expo-
nent due to the much narrower and additionally
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fractured lines, but only with a small difference to
the nanofibre image (Figure 1).
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Figure 1: Hurst exponent distribution measured for
a PAN nanofibre mat electrospun with a voltage of
65 kV, using a nozzle diameter of 0.9 mm and a poly-
mer solution with 16% PAN. The insets show the orig-
inal AFM amplitude image with line fit applied (or-
ange), as well as the corresponding black-and-white
image on whose white areas the Hurst exponent eval-
uation was performed. The red line is the Lorentz line
fit to the distribution.

The Hurst exponent distribution calculated for the
lithography resist (Figure 2b), on the other hand,
shows large connected areas and thus suggests a
larger Hurst exponent, which is clearly the case.

The standard deviations (cf. insets in Figures 1 and
2) are very small, as derived from Lorentz line fits to
the obtained histograms, which are not symmetrical

20
80
70
60
§ 50
8 40
a0
20

10

= it el s sl b ITRRNNITE ilil
0.0 0.1 02 0.3 0.4 0.5
a) Hurst exponent

Analysis of AFM images of Nanofibre Mats for Automated
Processing

107

(non-Gaussian), since cases h > 0.5 are not expected
in image processing analysis of this type. Thus, the
presented results differ and allow for a quantitative
differentiation between the different images. Never-
theless, the differences, especially between the na-
nofibre mat depicted in Figure 1 and the scratched
substrate in Figure 2a, are not very clear due to the
non-Gaussian character of the distributed data.

Figure 3 shows the results of a Hurst evaluation of
another PAN nanofibre mat, this time produced
with 20% PAN dissolved in DMSO, electrospun
with a nozzle diameter of 1.5 mm using a voltage of
65 kV to obtain significantly thicker fibres, as visible
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Figure 3: Hurst exponent distribution measured for a
PAN nanofibre mat electrospun at 65 kV with 20%
PAN through a nozzle of diameter 1.5 mm. The insets
show the original AFM amplitude image with line fit
applied (orange), as well as the corresponding black-
and-white image on whose white areas the Hurst ex-
ponent evaluation was performed.
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Figure 2: Hurst exponent distributions for (a) a substrate coated with Co and CoO thin films [44] and (b) posi-
tive lithography resist on a wafer [45]
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Figure 4: Exemplary greyscale images in which black areas mark defined greyscale levels derived from the AFM

image in Figure 3

in the inset image. Indeed, the Hurst exponent dis-
tribution of the white areas shows a clear difference
to the one presented in Figure 1, which could be ex-
pected from the larger fibre areas. Nevertheless, the
difference is less well visible than expected. In addi-
tion, the average Hurst exponent and standard devi-
ation are nearly identical with those found in Figure
2b. This raises the question as to whether the Hurst
exponent investigation can be expanded to obtain
more information from a given image.

This is why in the next part of the study, the original
AFM images were split into 32 sub-images, each
containing eight grey levels, so that the whole grey-
scale from 0-255 was reduced to 32 sub-images.
Figure 4 depicts a few of them, derived from the
original AFM image given in Figure 3.

To depict the Hurst exponent distribution for a set
of 32 sub-images, it would be necessary to show 32
histograms or alternatively one false-colour image.
The false-colour images for the not empty greyscale
channels of both nanofibre mat AFM images (Fig-
ure 1 and Figure 3, respectively) are shown in Figure
5. Here, white areas show zero counts; small num-
bers of counts are represented by pink/lilac/blue col-
ours, while orange/red describes large counts.
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Contrary to the previously shown single-scale Hurst
exponent distributions, the differences between
both multi-greyscale evaluations are clearly visible
here. In both figures, there are areas with low Hurst
exponents that seem to be separable and may repre-
sent some sort of small targets or artefacts on the
original picture. Apparently, this method is also
promising for providing a quantitative measure for
AFM images of nanofibrous mats, as was shown
earlier for knitted fabrics.

Here, however, we must address one problem that
does not occur in common optical microscopic
methods. As described in the section Materials and
Methods, taking AFM images always necessitates
the optimisation of typically four parameters, i.e. P,
L, D and the setpoint. This optimisation is based on
the experience and the personal preferences of the
experimenter, i.e. it is to a large degree subjective.
Images were thus taken with P-values of 350, 450,
550, 650 and 750, I-values of 600, 900, 1,000, 1,100,
and setpoints of 45% and 60%, while the D-value
was kept constant here due to its small impact on
the resulting images. Generally, changing the pa-
rameters resulted in shifting certain areas to other
greyscale levels (not shown here), if evaluations
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Figure 5: False-colour images of greyscale dependent Hurst exponent distributions obtained through the evalu-

ation of inset AFM images
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Figure 6: False-colour images of greyscale dependent Hurst exponent distributions obtained through the evalu-
ation of inset AFM images taken with different parameters, as explained in the text. Electrospinning was per-
formed at 80 kV; using a nozzle diameter of 0.9 mm and a polymer solution containing 16% PAN.

were performed on the amplitude (as used before),
phase or z-axis. A comparison of two arbitrarily
chosen images is presented in Figure 6.

As visible in this comparison, modifying the control
parameters may extend or compress the greyscale
range in which information about a sample surface
can be found. While this must generally be taken
into account, it is nevertheless in both cases possi-
ble to distinguish the new image clearly from both
images shown in Figure 5 by comparing the greys-
cale dependent Hurst exponent distributions.

Next, a large set of samples and corresponding
Hurst exponent evaluations is necessary to simplify
this greyscale dependent evaluation, again without
losing necessary information, with the ultimate aim
of arriving at a quantitative description of an AFM
image using a small set of numbers.

4 Conclusion and outlook

Atomic force microscopy images of electrospun na-
nofibre mats were evaluated for the first time by per-
forming random walks on the fibre areas, as defined
in black-and-white images, as well as on full sets of
greyscale levels derived from the original images.
While the first approach already showed differences
between different nanofibre mats, it was insensitive
to comparing fibrous and round structures. Much
clearer differences between various AFM images
were found in the greyscale dependent analysis.

Contrary to common optical microscopic images,
AFM images always need settings applied by the

user and are thus prone to subjective decisions of
the experimenter. In the first tests applied here,
Hurst exponent distributions calculated for differ-
ent settings were found to be highly similar, while
this point has to be taken into account during estab-
lishing an evaluation routine. In addition, future re-
search is necessary on the impact of the common
subsequent image processing step, which is also
highly subjective and may cause additional devia-
tions of the results, depending on the experimenter.
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