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Measuring the Diameter of Nanofibers Extracted
from Polyblend Fibers Using FCM Clustering Method

Neda Dehghan, Pedram Payvandy, and Mohammad Ali Tavanaie

Abstract—Extracting two component nanofibers from
blend polymers is one of the interesting methods of industrial
production of nanofibers. Knowing the morphology of
nanofibers structure is essential for improving their
efficiency. Fiber diameter is one of the major structural
properties, which is typically determined by manual
measuring methods. However, manual fiber diameter
calculation is a tedious and time consuming task as well as
being sensitive to human errors. Therefore, an accurate and
automated technique to measure the diameter of fibers is
desired. In recent years, image processing methods have been
commonly used to measure the diameter of nanofibers. In
this study, image segmentation based on Fuzzy Clustering
Method (FCM) and Distance Transform Method (DTM) was
used to measure the diameter of nanofibers extracted from
blend fiber. The diameter of nanofibers was calculated using
proposed method and results were compared with other
image processing algorithms and the manual method. The
presented results showed that the FCM approach can be
helpful for measuring the nanofiber diameter within a fibrous
network.
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. INTRODUCTION

Nanofibers are defined as fibers with diameters less
than 100 nanometers or fibers that are less than 1
micron in diameter with specific properties. These special
properties include: flexibility, extremely small pore size,
and large surface area per unit mass. These characteristics
lend nanofibers to many innovative applications including
artificial organ components, tissue engineering, implant
materials, drug delivery systems, wound dressings, and
medical textile materials which require high accuracy and
efficiency in production.

In the recent years, nanofibers have been produced in
laboratory scale by a number of processing techniques,
including drawing, template synthesis, phase separation,
self-assembly, electrospinning, and extraction from
polymer blend fibers. There are many limits and non-
uniformity of the process in the nanofiber producing
methods. Nanofiber production from blend fibers is a new
approach that takes advantage of the properties such as
higher production speed, lower production cost and
flexibility in the production process [1-5].
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Fiber diameter is one of the major morphological
properties of nanofibers, which is typically determined by
manual measurement of the diameter of randomly selected

fibers on scanning electron microscopy (SEM) images.
However, by increasing the number of the images, manual
fiber diameter determination becomes a time consuming
task and the probability of human errors increases. So,
automatic methods have been proposed in order to replace
the manual techniques [6-14].

Shin et al. [7] applied an image processing method to
determine the diameter of electrospun nanofibers. They
used Distance Transform Method (DTM) but with a
manual thresholding. Ziabari et al. [8] used local threshold
method to threshold SEM images, and suggested a new
DTM to measure the diameter of electrospun nanofibers.
The measurement was conducted more accurately by
specifying the intersection of fibers and removing them
from the image. Maleki et al. [10] suggested a direct
tracking method for measuring the diameter of nanofibers,
which is also mentioned in other studies [15,16]. It has
been clarified by those studies that DTM generally has
more precise results than direct tracking method. But in the
case of low density electrospun nanofiber images, direct
tracking methods can show more accurate results [16].
Hotaling et al. [14] introduced a new method based on
super pixel algorithm to calculate nanofiber diameters. In
their study, the algorithm was validated by using digital
binary synthetic images and steel wire SEM images with
known diameters.

Due to capturing conditions there were some drawbacks
in many of the SEM images such as low local contrast,
changes of light intensity, noise, etc. [17,18].Since these
mentioned problems seriously affect the thresholding
process, some segmentation methods based on clustering
have been considered in order to reduce cited deficiencies.
K-means [19,20] and Fuzzy Clustering Method (FCM) are
two considered methods for image segmentation [21].

Nock et al. [22] suggested a segmentation algorithm
based on a model of image generation which captures the
idea that grouping is an inference problem. This approach
can be efficiently approximated in linear time/space,
leading to a fast segmentation algorithm tailored to
processing images described using most common
numerical pixel attribute spaces.

In this study, an image processing method based on
FCM is proposed for thresholding blend fiber SEM
images. The results of the proposed method were
compared with the values measured manually and the
results of other image processing algorithms such as global
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[7,13], local [8,9], and K-means [19,23]. In addition, the
proposed DTM was compared with a newly introduced
method named super pixels algorithm [14].

Il. PROBLEM STATEMENT

Physical and mechanical properties of nanofiber webs
and nonwoven textile are not only dependent on the
properties of their materials, but also on their structural
characteristics. Fiber diameter is one of the major
structural properties of nanofiber webs. In recent years,
image processing methods have been developed to
measure some properties such as: fiber orientation [24,25],
fiber uniformity [26], fiber diameter [5,7-10,23], and
nanofiber web pore size [27-29]. The flowchart of
measuring nanofiber properties using image processing is
illustrated in Fig. 1.

Image acouisition

[ Image preprocessing ]

]

Image segmention,” Image
thresholding

)

Convert to binary image

[ applying suitable method to
extract nanofiber properties

Fig. 1. Flowchart of determining nanofiber properties using image
processing.

Image acquisition is the first step of image processing
which strongly affects the result. The second step is image
preprocessing. Since the image processing is extremely
sensitive to noise, cleaning up the noise and enhancing the
contrast of the image is necessary before the segmentation.
For this purpose smoothing filters (average filter or median
filter) or denoising filters (wavelet filter) are used.

Thresholding techniques can be generally categorized
into global and local thresholding. Global thresholding
selects a single threshold value from the histogram of the
image, while in local thresholding method, the threshold is
chosen for each sub image [30].

The nanofibers in an SEM web image are placed in
layers; the upper layers are lighter and fibers in the lower
layers are darker. As a result, the SEM images of
nanofibers have two different light intensities. In the
routine methods of measuring, there is a possibility of
removing some of the upper or lower layers of nanofibers
from SEM images. But in the thresholding (segmentation
method), the images are segmented to more than two parts,
one of which belongs to the background image. Other parts
make the object (nanofiber) in the image by merging
together. This reduces the chance of removing fibers and
also decreases the creation of errors in the measuring
process. As can be seen in Fig. 2 an SEM image contains
nanofibers with lighter and darker intensity.
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Fig. 2. An example of different light intensities in a nanofiber SEM image
[23].

I1l. MATERIALS

To evaluate the performance of the proposed method of
measuring the diameter, nanofibers with different
diameters were produced. Blend fibers are two-component
fibers which have two distinct polymeric materials in the
form of fibrils and a matrix. Blending immiscible polymers
often results in two-phase structures, in which the matrix
component form the matrix phase and the sub-component
form the dispersed phase. The dispersed phase can have
different forms and one of them is the fibril form.
Extracting nanofibrils from films and blend fibers is one of
the methods of producing nanofibers [1-5].

In this study, industrially produced blend fibre of
PP/PBT with low orientation (LOY) was used. The
PP/PBT fibre was melt spun under industrial conditions at
Aliaf Co. (Tehran) at a low spinning speed. This machine
was equipped with an extruder, model 4E6 (Barmag Co.,
Germany), with a screw length to diameter ratio of 24; and
included a gear pump with a capacity of 0.8 ml per round
(German Zenite Co.), a spinneret with circular holes
(German Elmer Co.), and a winding machine (IWKA,
Germany). The melt spinning specifications of PP/PBT
blend fibers under industrial conditions include: extruder
screw speed of 20 rpm; final temperature of extrusion,
spinning head and spinneret of 260°C; melt pressure of 90
bar at output of the extruder; gear pump speed of 8 rpm;
cooling air temperature of 19°C; cooling air speed of 0.3
m min™; winding speed of 800 m min; and spinneret hole
number of 17.

The drawing process was carried out up to the maximum
drawability of the fiber samples (draw ratio of 4). Twelve
draw ratios were applied to the fibers from 1.25 to 4 at
intervals of 0.25. The drawing process was conducted
using a tensile testing machine manufactured by SDL
International Ltd/Shirley Development Ltd (SDL micro
350, Manchester, UK), the performance of which is based
on a constant rate of elongation and a load cell of 10 kgf.

By dissolving the polypropylene matrix phase of the
blend fiber using xylene solvent, polybutylene
terephthalate (PBT) dispersed phase was obtained as a
layer of nanofibers. Boiling xylene was used to dissolve
polypropylene in order to extract the nanofiber layers from
blend fibers.For each sample 10-15 ml of xylene was used.
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Based on the experiments conducted at different times, and
observing the SEM images, the best time for dissolving the
matrix phase component was 30 minutes. The layers
obtained from the extraction were placed at room
temperature for 24 hours until they were completely dried
and the solvent was removed.

The diameter of the dispersed phase particles were
reduced when an increase in draw ratio occurred, as shown
in Fig. 3. In the image of the undrawn nanofiber layer, the
shape of the dispersed phase particles is almost ellipsoidal.
By an increase in draw ratio, the ellipsoidal shape of the
particles is converted into completely drawn shapes.

SEMHV: 2009k Luinnl  undrawn nanofiber layer
SEM MAG: 10.00 kx & pm .

nanofiber laver with
draw ratio=2

SEM HV: 20,00 KV
SEM MAG: 10.00 ke & pm

nanofiber layer with

SEM HV: 20.00 kv ]
SEM MAG: 10.00 kx 5pm B
: draw ratio=3
nanofiber layer with
draw ratic=4

deere

Fig. 3. Deformation of dispersed phase with increase in draw ratio.

In order to study the morphology of the nanofiber layer
extracted from blend fibres, scanning electron microscopy
(Tescan Co, Czech) was used. Nanofiber images of blend
fibres were captured with magnifications of 5000, 10000,
15000 and 30000. At each drawing ratio four SEM images
were taken in different magnifications and totally 52 SEM
images were achieved. Since all taken pictures were not
qualified enough, 40 images were chosen among them.

IV. METHODS

A. Thresholding Methods

Thresholding is the process of converting a gray scale
image to a binary image using an optimum threshold value.
This is a process of partitioning an image into object pixels
and background pixels. A pixel is considered an object
pixel if the pixel value is greater than a certain threshold
value. The methods used for thresholding are global
thresholding and local thresholding, or thresholding based
on clustering segmention algorithms such as: K-means and
FCM.

When the pixel intensity distribution of the objects and
the background are separate one can use the global
thresholding on entire image [30]. Local thresholding is
used to compensate the background non-uniform
illumination by dividing the original image into sub
images, and the global thresholding is applied to each of
the sub images [31].

Clustering is a branch of data analysis which assigns the
data to a number of predetermined clusters using common
data features with no need to the default data. Cluster is a
set of objects which are similar, and dissimilar to other
objects. Different factors can be considered for similarity,

one of which is a distance factor that can be used for
clustering. Then, the closer objects are regarded as one
cluster. K-means algorithm is one of the most simple and
common clustering algorithms [32].

B. Fuzzy C-Means (FCM)

One of the most important and applicable clustering
algorithms is FCM. Pixels in this algorithm are divided
into c clusters. This method was developed by Bezdek et
al. [33]. The objective function for this algorithm is
defined as following:

N C
J=>>udsd; :|xj —vi| 1)

j=li=1
where X=(X1, X, ..., Xy), is the image characteristic while
N denotes the number of the image pixels, U;; denotes the
indicative of pixel membership x; in the first cluster or the
second, v; is the center of the first or the second cluster,
and dj indicates the similarity value (distance) of the
sample from the cluster center which can use any function
indicative of sample similarity and cluster center. In the
above formulae, m denotes an actual number greater than
1. In this paper m=2 was considered. Objective function J
will be minimum, when pixels are closer to their cluster
centers and have a high membership value. Pixels farther
than the centers have a low membership value.

Algorithm steps:
1. Aninitial amount for ¢ and m, and the accuracy of
¢ and initial clusters are assumed.

2. The membership degree matrix, U(0), is
calculated and the counter t = 1.
3. The cluster center matrix is updated by

membership degree matrix of the following

equation:
Vi=Ddudx DUl i =12, )
j=1 j=1

4. The U membership degree matrix is updated and t
=t+1
5. The following equation is applied:

, 1
c di‘ m-1

Uy = Z — (3)
k=1 dkj

6. If|[UCD —U®| <e, the
otherwise returns to step 2.

Finding the best clusters is a cluster validation problem
[34]. Therefore, many studies have been carried out by
researchers in order to obtain the best clusters [35-37].
Clustering validation index mainly uses two criteria of
compression and dispersion to evaluate clustering [38-41].
These indices calculate the compression in each cluster and
separation between cluster centers. Some of the famous
cluster validation indices are Dunn index [38], Davies
Bouldin Index [39], index validation of the root mean

algorithm  ends,
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square deviation [40], SD validation index [41], etc. In this
study, Davies-Bouldin index is used to evaluate the
clusters. The main goal of image segmentation is to divide
an image into parts that have strong correlations with
objects or areas of the image.

The aim is to separate the image of nanofibers from their
background using segmentation methods.

To determine the optimum number of clusters in the
clustering methods firstly the different number of clusters
(up to 6) is chosen. Then the binary image result of each of
them is compared to the original images using Mean
Structural Similarity Index Method (MSSIM) index. The
results showed that the maximum MSSIM index value
happen when the number of clusters is 3. So, in order to
classify images of nanofibers for image segmentation in
both K-means and FCM methods, a numerical value of 3
was assigned to the number of the clusters (C).Therefore
the nanofiber images could be divided according to
different light intensity layers.

Fig. 4. a) An original image of nanofibers, b) FCM segmented image, c)
FCM segmented layerl, d) FCM segmented layer 2, €) FCM segmented
layer 3, f) thresholding image obtained from adding c and d.

By dividing the image into 3 clusters, the cluster with
more central intensity was considered as the first layer.
This cluster included more visible parts of the nanofibers
due to their position. The one with lowest light intensity
was considered as the background and was named the third
layer. The remained cluster was considered as the second
layer in which the cluster center was in the middle of the
first and the third cluster centers. Fig. 4 shows a sample of
nanofiber image segmentation.

It can be observed from Fig. 4(f) that nanofiber images
are formed from two different light intensities in
combination. The two-part created nanofiber image,
obtained from segmentation, performed better than that
obtained from usual threshold method. The amount of loss
of image useful information should be checked regardless
of the type of the thresholding method. For this purpose an
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image quality evaluation technique is used which is
mentioned in the next part of the paper.

C. Structural Similarity Index Method (SSIM)

The Structural Similarity Index is a method for
calculating the similarity between two images. The SSIM
index can be viewed as an indicator for assessing the
quality of an image compared to other images [42].

This criterion of SSIM is measured on different frames
of images. Measurement between two frames x and y in
NxN size is as follows:

(Zyx Hy +Cl)(20'xy +CZ)

2 2 2 2
(2 442 +01)(oF 0% +c5)

(4)

SSIM (x,y) =

In Eq. (4), K« and py denote the means, and o, and o are
the the variances of x and y respectively, and oy, is the
covariance between x and y. The constants C,, C, are
calculated as follows:

C,=(KL) ()
C,=(K,L) (6)

where K;=0.01, K,=0.03 and L is the total possible
intensity levels (255 for 8-bit grayscale images). The
quality evaluation of the whole image equals to:

MSSIM (X Y )=iissuv| (x,.y,) (7

j=1

In Eq. (7), X indicates the basic image (original) and Y is
the output image of each algorithm which is supposed to
be compared. x;, y; are the contents of the j™ local frame,
and M is the number of local frames in image [42]. In this
study the frame is displaced pixel-by-pixel on the image.
So M is equal to the number of the pixels in the image.

According to the image processing flowchart which is
shown in Fig. 1, after an image converts to the binary form
by thresholding techniques, a suitable measuring method
will be considered depending on the parameters that are
desired to determine. In this study, the aim is to calculate
the nanofiber diameter, therefore, the measurement
methods used in this research are introduced in the
following part.

D. Diameter Measurement Methods

1) Distance transform method (DTM)

The distance transform is an operation which is applied
to a binary image consisting of 1 s and 0 s corresponding
to objects and background, respectively. For each pixel in
the binary image, the corresponding pixel in the distance
transformed image has a value equal to the minimum
distance between that pixel and the closest object pixel,
that is, the distance from that pixel to the nearest non-zero
valued pixel [43,44].

Three common distance methods are used in order to
measure the distance between the pixels :city block,
chesshoard and Euclidean. Fig. 5 shows these methods.
The city block distance gives the length of a path between
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the pixels according to a 4-connected neighborhood
(moving only in horizontal and vertical directions), Fig.
5(b).The city block distance between (X1, y1) and (Xz, y,) is
given by:

Distance cj plock = (|x1 - X2| + |Y1 - y2|) ®)

In contrast, the chessboard distance metric measures the
path between the pixels based on an 8-connected
neighborhood (diagonal move is also allowed), Fig. 5(c).
This metric is given by:

Distance gpesshoarg = Max (|X1 X 2| ' |y1 - y2|) ®)

Fig. 5. a) A small binary image and its distance obtained by; b) city block,
¢) chessboard, d) Euclidean.

(b)

Fig. 6. a) A sample nanofiber binary image, b) the image obtained by
Euclidean distance.

In the city block metric, distances in the diagonal
direction are longer, resulting in diamond-shaped
structures. If a chessboard metric is used, square-shaped
structures are obtained [44]. Even though they could be
used in certain applications, the Euclidean metric is more
practical and relevant, since it is the only one that
preserves the isotropy of the continuous space, Fig. 5(d)
[45]. The Euclidean distance, which is the straight line
distance between two pixels, is defined as:

Distance o,,clidean = \/(Xl - X 2)2 + (yl - y2)2 (10)

Fig. 6 shows an example of using Euclidean distance on
a nanofiber binary image.

2) Super pixel diameter determination

The super pixel algorithm divides the area of all the
fibers in an image by the total length of all the fibers'
centerlines. This transforms the unit measurement size
from a single pixel to a new value called the “super pixel”
diameter which is equal to the mean fiber diameter. To
obtain this calculation, white pixels from binary images
were summed for total fiber area in each image. The length

of the centerlines was calculated and the total area of fibers
was divided by the length. This calculation gave the
approximation of the super pixel diameter. The super pixel
name was chosen because the fiber area (in pixels) was
divided by the centerline lengths (in pixels), producing a
unit-less value that is equivalent to a transformed (larger)
pixel unit, equivalent to the mean fiber diameter [14].

Image A Image B Iinage D

Image C

Fig. 7. Nanofiber images: A) undrawn nanofiber , B) nanofiber with draw
ratio of 2, C) nanofiber with draw ratio of 3, D) nanofiber with draw ratio
of 4. (al-ad): original images, (bl-b4): Global thresholding, (cl-c4):
Local thresholding, (d1-d4): K-means thresholding, (el-e4): FCM
thresholding.

3) Manual measurement

A manual method is a commonly-used method for
measuring the diameter of fibres. First, a scale was set;
then, pixels located between two edges of the vertical axis
were counted. The number of pixels was converted to
nanometer (nm) and the results were reported. Depending
on the condition of an image, 30 to 100 measurements
could be made within it.

V. RESULTS AND DISCUSSION

In this study, for the first step, all nanofiber images were
denoised using a wavelet transform filter. Next all
introduced thresholding methods were applied on images.
The results of the thresholding methods for four samples of
nanofiber SEM images are illustrated in Fig. 7. For better
visual comparison the difference in performance of
thresholding techniques are marked with red circles in
Fig 7.
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TABLE I
QUALITY ASSESSMENT OF DIFFERENT METHODS IN COMPARISON WITH BASIC METHOD

quality assessment of algorithms quality to image alaorithm MSSIM  quality assessment of algorithms quality to image alaorithm MSSIM
A g index B g index
Global 0.9895
Global 0.9881
Local 0.9986
Local 0.9969
K-means  0.9995 K-means  0.9980
FCM 0.9999 FCM 0.9988
algorithm MSSIM  quality assessment of algorithms quality to image algorithm MSSIM
index D index
Global 0.9789 Global 0.9898
Local 0.9883 Local 0.9963
K-means  0.9995 K-means 0.9983
FCM 0.9991 FCM 0.9999
Considering that manually finding of the best Al e o

thresholding method for all captured images is not
possible, the MSSIM index is applied in this case. The
results of MSSIM for the sample images are shown in
Table I.

It should be noted that the MSSIM index value is
extremely influenced by the number of similar pixels in
threshold and original images. And since the threshold
image of the original image is very similar to the original
image, the MSSIM index is near to 1. In Table Il the
results of MSSIM for all images are listed.

TABLE Il
MEAN QUALITY ASSESSMENT OF DIFFERENT ALGORITHMS FOR ALL THE
IMAGES
Methods global local K-means FCM
Mean 0.9978 0.9972 0.9990 0.9993
Std 32x107% 51x10° 88x107* 62x107*

As it is clear in Tables | and Il, the FCM for these
images gives the better results than other methods,
therefore, it is chosen as the target thresholding method. As
it is illustrated in Table 11, all methods are approximately
the same. There is a little difference in the MSSIM index
method which is related to the fibers boundary in the
images, so it has an effect on the results of diameter
determination methods, as it can be seen in Table IlI.

As can be seen in Table Ill, the mean and standard
deviation of diameter of fibers in FCM are in good
agreement with that in manual method. The maximum
difference between FCM and manual method is 7.61%,
while the maximum value for the global method, local
method and K-means method is 19.84%, 10.15% and
7.76%, respectively.

4‘.,.-_ ‘l“
"' - ¢
41

.'

’A‘l

2\ V‘.c ‘.44

Fig. 8. (A-D): Original SEM images of steel wires, (E-H): segmented
SEM micrographs using thresholding techniques available as plugins
within Image J/FIJI [14].

\\“

In order to validate the proposed DTM, an open access
dataset of object images with known object diameter,
introduced by Hotaling et al. [46], was used. The selected
dataset images containedthree gauges (48, 50, and 53 ga.)
of steel wire. The SEM micrographs of steel wires and
their related segmented images are shown in Fig. 8.

The diameter of wires was calculated using the DTM
method and the results are shown in Table IV. For a better
comparison the results of determining wire diameter using
super pixel method were added to Table IV.

Table 1V specifies that, there was no significant
difference in the method results. For further investigation
and in order to determine the more efficient method, 5
simulated images with specified diameter were used [46].
The images contained straight and curved line images with
a single width or multiple widths (Fig. 9).

The results of line diameter determination by DTM and
super pixel method are compared in Table V.
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It can be seen in Table V that the diameters measured by TABLEV
MEAN AND STD OF LINE WIDTHS IN DIGITAL SYNTHETIC IMAGES

DTM are greater than 'th_ose measured_ manually. This may OBTAINED FROM SUPER PIXEL AND DTM
be due to some remaining branches_ln the skelgton even Digital _ Super Pixel (Hotaling et al., f—
after pruning. The thicker the line, the higher the synthetic 2015b).
possibility of branching during thinning. Although these Images
branches are small, their orientation is typically normal to Diameter — Mean g,  Emor  Mean g, Eror
. . T L (pixels)  (pixels) (%) (pixels) (%)
the fiber axis resulting in widening of the distribution
obtained by the DTM. 5 5.19 013 38 5.3 0.8 6
10 9.76 010 24 102 117 2
TABLE llI 20 1793 256 1035 2138 36 69
COMPARISON OF NANOFIBER DIAMETER EXTRACTION BY DESCRIBED 50 45.08 0.64 9.84 51.86 5.08 3.72
METHODS 100 9494 1393 506 11046 880 10.26
M & Std (hm) Image A Im;ge Image C Image D . . .
Also in DTM the diameter measurement errors increase
Manual Mean 36134 317.95 236.90 174.74 at resolutions less than 10 pixels and more than 50 pixels.
Std 55.290 55.074 39.486 45.393 Maybe because at resolutions less than 10 pixels the
Error* 0 0 0 0 number of the remaining branches increases while in
Otsu threshold ~ Mean 39225 32957 28392 162.94 resolutions more than 50 pixels the size of the remaining
Std 76312 55620 47.479 35551 branches rise. According to the diameter errors in Table |
Error* 855 365 19.84 675 the accuracy of DTM is greater than super pixel method in

resolutions between 10 to 50 pixels. In the SEM images of
produced nanofibers, the resolution of fiber images is in
the range of which DTM presents more accurate results.

So this method was selected to determine the fiber
Mean 389.40 327.00 246.73 170.00 diameter in the images. The diameter frequency
distribution of sample images determined by distance and
manual methods are shown in Fig. 10.

Also DTM and manual methods were used to analyze 40
nanofiber SEM images in all draw ratios (Fig. 11).

Local threshold Mean 39453 32290 249.21 192.49
Std 72498 58.487 49.521 27.044
Error* 9.18 1.55 5.19 10.15

K-means
method

Std 68.137 55.931 49.625 33.308
Error* 7.76 3.15 4.14 2.71
FCM method Mean 384.23 322.67 244.62 188.04

Sd 73828 55321 45490 30152 Fig. 11 shows the mean diameter distribution of fibers in
Eror* 633 148 325 761 different drawing ratios. It is obvious that this proposed
*Error = method is reliable in measuring the mean fiber diameter

correctly, and manual measurements of nanofiber

mean diameter in manual method —mean diameter in threshold method . L. A
diameters are not statistically different from DTM.

mean diameter in manual method

S S ST Y PrC 7 VT — v AW S
AR L LSRN A= o X NN
ZRELLALERI MO AL, YA\ _Npes
i MR I\ U S s
e A TS
S RN DI

\
!? (s l“‘ ,'.“-’.‘a

L7 AT TN -
A AR AR V TR .
AL AN AR\ RPN N % i
10 pixels 10 pixels 20 pixels 50 pixels 2 Diameter Multimodel

Fig. 9. Simulation images of lines with known width, 10, 10, 20, 50 pixels (single width), 35 and 50 pixels (multi width).

TABLE IV
STEEL WIRE SEM IMAGE ANALYSES USING SUPER PIXEL AND DTM

SEM &  Super Pixel method DT™M
micrographs € (Hotaling eral, 2015)  Global method Local method K-means method FCM method Manual method
steel wire 8
o
© = = = = = *
&  Omean Std  Eror dmen Std Error dmen Std Error dmean Std  Error dmewn Std Error dmeawn Std  Error
(%) (%) (%) (%) (%) (%)
Original image o « - o o . - _
of 48 ga. S © & & 3 S = &8 &8 & 8 & 8 § = &8 = 3 &
< 3 o ~ ~ ~ ot o] © o V] © © ] < © = - o
™ N N [30] ™
Original image ~ ~ ™ <
of50ga. 8 3 9§ 5 § § & § £ 8 8 3 B8 & § § % 5 n~
g < < [T} IN] [T} Y < < < ™~ ™ [T} Q o ) 9 — °
N (V] N N

*

real diameter —mean diameter in all method .
Omean: Mean diameter

Error = (

N—

real diameter
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Fig. 10. Diameter distribution of nanofibers produced from blend fibers, obtained from manual method and FCM- DTM; a) undrawn, b) with draw ratio
of 2, ¢) with draw ratio of 3, d) with draw ratio of 4.

suitable method for thresholding the images of nanofibers

05 - that were analyzed in this report.
0.45 - ® Manual Method The validity of the diameter detection methods were
T o4 =DTM tested using simulated images, and SEM images of steel
2 wires. The result of distance transform and super pixel
= 035 .
g methods were close to true values on the simulated and
S 0.3 steel wire images. But in the resolutions that images were
6 025 taken, the DTM performed more accurately. As it could be
g 02 observed, the obtained frequency distribution results of
T 015 FCM, DTM and manual methods were very close at all
‘é 0.1 draw ratios. This indicates the accuracy of this technique
0.05 - and its priority over other time consuming manual
0 methods.
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