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Shape and size characterization of potassium
titanate fibers by image analysis
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The shape and size characterization of two types of potassium titanate fibers respectively
prepared from anatase by the traditional calcination and from TiO,-nH,0 by the promoted
calcination were characterized by image analysis, showing distinguished advantages in
description and comparison of shape of one dimensional materials. The accurate and
quantitative relation of pixels of a digitized image to corresponding true size and the

specifications, as well as the magnification of the image analysis system, and the horizontal
resolving power and the scanning area of video-camera, of devices of the image analysis
system, were found, which avoids the measuring deviation occurred in getting the relation
between the pixels of a digitized image and corresponding true size from the digitized
calibration graticule image in previous researches. Proposed image analysis parameters for
characterizing shape and size of fibers were the length, the diameter, and the ratio of length
to diameter, expressed by L, Lp, and L_/Lp, respectively. Fibers are defined those particles
with L, /Lp > 3 for calculating the fiber content of a complex particle system. The
non-fibrous particles were characterized using equivalent projected area diameter and the

shape factor. The sampling method and the image analysis method proposed in the
present study are generalized methods that can be applied for other fiber systems.

© 2004 Kluwer Academic Publishers

1. Introduction

Fibers have wide applications in composites, reinforc-
ing materials and ceramics [1-5], where many colloid
phenomena such as variations in agglomeration and
flocculation have direct relation to shape and size of
particles [6—11]. Many models [7] and simulations [8]
about particles were established on the precise descrip-
tion of shape and size of particle phases. Potassium
titanate fibers (PTFs), as well as K,Ti,Os, K, TigOg,
and K,TigO13, are important functional materials that
have been prepared industrially in large scale with low
cost due to their economic importance and wide appli-
cations [12-17]. PTFs were mainly used as precursors
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for preparing new titania-based fibers and as reinforcing
agents for preparing high-performance composites and
ceramics [1-5, 15-19], where the separation of PTFs
from solution and performances of PTFs-based com-
posites and ceramics all directly relate to the dispersity,
which is influenced by the shape and size of PTFs, of
PTFs in both solutions and composites. PTFs prepared
from anatase by the traditional calcination are short
with low fiber content and relatively high cost [14-17],
while PTFs prepared from TiO,-nH;O by the promoted
calcination are long with high fiber content and low
cost [20, 21]. As a result, quantitative evaluation and
description of shape and size of PTFs are required for
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their optimal and effective applications and scientific
researches.

Image analysis is the best method of observing a sin-
gle particle for the shape description [22-26]. Recent
advances of computer technology have made automatic
image analysis fast, affordable, user-friendly, and in-
creasingly common [27]. The statistical analysis for
large amount of particles is the research trend and the
focus of the image analysis, by which the true shape de-
scription was done [9]. Computer-aided image analysis
has been widely used for the shape quantification be-
cause of both the increasing popularity of digital imag-
ing and the development of efficient image process-
ing algorithms that can be used to quantify complex
shape [28]. However, the quantitative shape descrip-
tion of nonsphere-like particles is still hard to be done
by the image analysis when compared with sphere-like
particles [26]. Following four key problems need to be
solved for the accurate image analysis of shape and
size of fibers. (1) How to prepare representative sam-
ple slides; (2) How to obtain representative measuring
results from sample slides; (3) How to get the accurate
basic relation between the pixels of digitized image and
corresponding ture size; (4) Image reading and statis-
tical analysis are very tired works but most important
[9], and automatic analysis parameters are required for
achieving proper and easy measurement and statistical
analysis of fibers.

Problems 1 and 2 can be solved based on existing
results [23, 24, 29, 31-34]. Various sampling meth-
ods have been proposed to obtain representative results
based on the analysis to a certain amount of particles. If
one hundred of measured visual areas, each containing
six particles, on slides were imaged, 600 particles were
measured to get the true size of sphere-like particles
[31]. Wedd believed that the minimum number of par-
ticles measured for getting the representative results is
>1500 [32]. Barreiros found that the results measured
from about 1500 particles or from a few hundreds of
particles are same [29]. Vigneau got the reasonable re-
sult by measuring about 500 particles [33]. Actually,
with the increase of the number of particle measured
the average diameter approaches a constant represent-
ing the true size [34].

Whether the results of image analysis for non-sphere
particles with special morphologies are accurate and
reasonable is determined to the accuracy of image anal-
ysis, as well as proposed Problem 3, and selected image
analysis parameters, as well as proposed Problem 4.
For Problem 3, the accuracy of image analysis is deter-
mined to whether we can get the accurate relation of the
pixels of digitized images to corresponding true size.
In previous research, this quantitative relation was got-
ten from digitized images of a calibration graticule [27,
35] by correlating the pixels between two tick marks of
standard unit in the calibration graticule image to the
true size of this standard unit [29]. This relation was
then used as the standard to make the size measurement
for images imaged under condition the same as that of
the calibration graticule image. However, the two tick
marks of the standard unit in calibration graticule im-
age are composed of various number of pixels due to
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various imaging conditions, which makes it is hard for
the operator to determine two terminal points, as well
as two tick marks, of the standard unit manually. As a
result, the pixel deviation occurs and is the main factor
greatly influencing on the accuracy of image analysis
in previous studies [25, 35]. Actually, in the present
study, we find that the accurate and quantitative rela-
tion between the pixels and corresponding true size is
only determined to specifications of devices of the im-
age analysis system, and the measuring deviation due
to the selection of two terminal points of the standard
unit in previous studies can be avoided. For problem 4,
no suitable image analysis parameters were proposed to
characterize fibers in previous studies. In fact, fibrous
particles have special shape, as well as large size in
length, small size in diameter, and large ratio of length
to diameter, which are characteristic shape properties
for fibers and should be presented by suitable image
analysis parameters.

In this work, the suitable sampling process for getting
representative sample images was established based on
standard methods [23, 24, 34]. The accurate and quan-
titative relation between the pixels and corresponding
true size was correlated to specifications of devices of
the image analysis system for avoiding the measuring
deviation in previous image analysis. Automatic image
analysis parameters were proposed for getting the true
shape and size characterization of fibers. The character-
ization and comparison of shape and size of two types
of PTFs were done by the established generalized mage
analysis.

2. Experiment

2.1. Materials

Standard SiO, powders with equivalent diameter dis-
tribution of 0.5-20 um and mid-value of gravimet-
ric diameter of 6.8 0.2 um were measured by sed-
imentation process. Two types of potassium titanate
fibers designed “PTFs1” and “PTFs2” were respec-
tively prepared from anatase by the traditional cal-
cination [17] and from TiO,-nH;O by the promoted
calcination [20, 21].

2.2. Instruments

Image analysis system consists of video camera
(Panasonic-410, Matsushita Electric Industrial Co.,
Ltd., Japan), optical microscope (Galen III, Jiangnan
Optical Instrument Co., Ltd., P. R. China), computer,
and some connecters. The horizontal resolution and the
scanning area of video-camera are 480 dpi (dot per
inch) and 4.9(horizontal) x 3.7 (verticality) mm?, re-
spectively. Particle images with magnifications of 168,
420, 1680, and 4200 times can be obtained by this
image analysis system. Ultrasonic disperse instrument
was produced by Kunshan Ultrasonic Instruments Co.,
Ltd., P. R. China.

2.3. Experimental method

Standard SiO, powders, PTFs1, and PTFs2, taken out
from defined positions in sample bottles with stan-
dard methods [23, 24], were respectively dispersed in
distilled water with 20-min ultrasonic wave in three



beakers. The gravimetric concentrations of Si0; pow-
der, PTFsl1, and PTFs2 all were 0.1% (wt%). The con-
centrations of sodium pyrophosphate for dispersing
Si0, powders and of triethanolamine for dispersing
PTFs were 0.2% (wt%). Five liquid drops were gath-
ered at five symmetric places as well as the center, the
surface, the bottom and two places approaching to the
beaker wall, in a beaker. Each liquid drop was dropped
at the center of a slide and covered with a cover glass.
The slides containing single-layer well-dispersed par-
ticles were prepared after drying in vacuum.

Particles on slides were magnified by the image anal-
ysis system. Imaging places on a slide were the center
place as the coordinate origin and four places extended
along vertical and horizontal coordinate axis spaced
fixed distance. As aresult, five images were gotten from
a slide.

3. Results and discussion

3.1. Deviation study

Usually, for image analysis the quantitative pixel rela-
tion to true size was gotten from digitized images of a
calibration graticule [35] by selecting the standard unit
between two tick marks in a calibration graticule image
manually [29]. This relation was used to make the size
measurement for images imaged under the same con-
dition. However, two tick marks of the standard unit in
the calibration graticule image are composed of various
number of pixels that are determined to the imaging
condition, which makes it is hard for the operator to
determine two terminal points of a calibration gratic-
ule in images manually. As a result, the pixel deviation
occurred. In the present study, it is found that the re-
lation between the pixels (n;) of a digitized image and
corresponding true distance (U, um) is determined to
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specifications, as well as the magnification of the image
analysis system (), and the horizontal resolving power
(dpi) and the horizontal length of scanning area (8, mm)
of video camera, of devices of the image analysis sys-
tem. The quantitative functional relation is given by:

ns (U (um) x N)/10000 x 2.54
d—pi G (inch)/B (mm))/10 x 2.54
U (um) x N x B (mm) x dpi

@ = 645160
U(um 645160
N (am) _ . 0
ng N x B (mm) x dpi

Fig. 1 shows images of a calibration graticule at mag-
nifications of 168, 420, 1680 and 4200 times. The true
size between two adjacent tick marks is 10 um. The
pixels of two tick marks (ab and cd see Fig. 1A-D)
and the pixels between two adjacent tick marks (bc
in Fig. 1A-D) at different magnifications are counted
manually and the results are listed in Table I. Table I
also gives the quantitative relation of the pixels (n)
calculated by Equation 1 to 10 pm distance at various
magnifications.

From Table I, it is found that there are measuring de-
viations for the pixels (R) counted manually when com-
paring with the pixels (ns) calculated by Equation 1.
Also, the value of ‘R;—"' decreases with the increase
of the magnification (7\] ). These indicate that a large
measuring deviation occurs at small magnifications if
adopting the relation, obtained by manual counting of
researchers, of the pixels to the true size in image anal-
ysis. It is also found that two tick marks of calibration
graticule consist of various numbers of pixels at differ-
ent magnifications, as shown in Table II. As a result,
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Figure 1 Images of calibration graticule at magnifications of (A) 168, (B) 420, (C) 1680, and (D) 4200 times. The distance between two adjacent

vertical white tick marks in images A-D represents 10 pm.
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TABLE I The pixels of 10 xm standard unit in digitized calibration
graticule images, calculated by Equation 1 and counted manually at
magnifications of 4200, 1680, 420, and 168 times?®

U PP 0° R4 ng | s
N (um) (pixel) (pixel) (pixel) (pixel) (%)l
4200 10.0 20 113 153 153.12 0
1680 10.0 6 49 61 61.25 0.4
420 10.0 2 11 15 14.58 2.8
168 10.0 2 3 7 6.13 14.2

2P, Q,and R were gotten manually, and g was calculated by Equation 1.
b P, the pixels of tick marks of calibration graticule (see ab and cd in
Fig. 1A-D).

€Q, the internal width between two adjacent tick marks (see be in
Fig. 1A-D).

dR, the width of two tick marks of 10 pm standard unit in digitized
calibration graticule images and corresponding internal distance (see ad
in Fig. 1A-D).

the deviations due to the selection of two tick marks of
calibration graticule always exist and are determined
to the operator’s experience [25, 27, 35, 36]. On the
contrary, the relation, obtained from Equation 1, be-
tween the pixels and corresponding true size gives the
accurate size measurement, avoiding the previous mea-
suring deviation due to the manual selection of two tick
marks of calibration graticule.

3.2. Fiber characterization and measuring
deviation study

3.2.1. Basic measuring parameters

Barreiros believed that the image analysis could not
only measure the sphere-like particle size, but also
evaluate the two-dimension shape factor, which were
used for shape comparisons among different anisomet-
ric particles [29]. Similarly, the shape description of
nonsphere-like particles was previously done by using
of the equivalent diameter and corresponding shape fac-
tor for revising the shape. However, there were no exist-
ing image analysis parameters for the perfect and quan-
titative shape evaluation of one-dimensional fibers. In
addition, different placed ways of fibers in images make
itis difficult to perform the accurate shape and size char-
acterization of fibers [36]. In the present study, suitable
image analysis parameters, as well as the length (L) and
the diameter (D), of fiber are proposed and shown in
Fig. 2A. After digital image processing, the border of a
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Figure 2 Quantitative image analysis parameters of a fiber. (A) Charac-
teristic parameters of length (L) and diameter (D) of a schematic fiber.
(B) Actual image (the inset B1) and digitized image (the inset B2) of
the schematic fiber placed with a certain slope. (C) Actual image (the
inset C1) and digitized image (the inset C2) of the schematic fiber placed
horizontally.

digitalized fiber image is concavo-convex (see Fig. 2B2,
C2). While, the border of original fiber is smooth (see
Fig.2B1, C1). As aresult, traditional measuring param-
eters, such as the equivalent projective area diameter,
the sphericity factor, and so on, will bring large measur-
ing deviation. Further, for fibers the horizontal placed
way (see Fig. 2C1, C2) generates smaller deviation than
that of placed way of incline (see Fig. 2B1, B2). Never-
theless, these deviations can be decreased by using of
the length (L) and the diameter (D) as image analysis
parameters for fibers.

In this work, (X, Y) is used to describe a pixel po-
sition in an image. X, Y are defined as the horizontal

TABLE II Measuring deviations of length, diameter and ratio of length to diameter of fibers by proposed image analysis parameters on different

size scales

L (pm) D (pm) Ly (pum) Laey (%) Lp (pm) [Ddev| (%) L/D K Key (%)
1.00 0.50 1.12 11.80 0.45 10.60 2.00 2.50 25.00
1.00 1.41 41.40 0.71 29.30 1.00 1.41 41.00
3.00 0.50 3.04 1.30 0.51 2.00 6.00 6.00 1.63
1.00 3.16 5.30 1.05 5.00 3.00 3.00 6.25
5.00 0.50 5.03 0.50 0.50 0.40 10.00 10.09 0.90
1.00 5.10 2.00 0.98 1.90 5.00 5.20 4.00
10.00 0.50 10.01 0.13 0.50 0.20 20.00 20.07 0.35
1.00 10.03 0.50 1.00 0.30 10.00 10.06 0.60
20.00 0.50 20.01 0.03 0.50 0.04 40.00 40.03 0.08
1.00 20.13 0.13 0.99 0.60 20.00 20.27 1.35

| Dgev |, absolute values.
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and the vertical coordinates of each selected pixel, re-
spectively. If a spatial calibration has been performed,
the calibrated X, Y coordinates are reported. If no spa-
tial calibration has been made, the default raw image
pixel coordinates are reported and X, Y coordinates are
reported in pixel relative to an origin in the lower left
corner of the image.

The pixel (n;) between two pixels in an image is
calculated by:

ni=V(Xy — X1)2 4 (Ya — Y))? )

where X, and Y; are the horizontal and the vertical
coordinates of one pixel, respectively, and X, and Y,
are the horizontal and the vertical coordinates of another
pixel, respectively.

The equivalent projected area diameter D, and the
sphericity factor SF are used to express the degree of
irregularity of each particle, given by:

D, — [4 x S, 3)
bid

4 x S,
SF = —— “4)
Pe

where, S, and p. are the projected area and the perime-
ter of a particle, respectively. The shape factor of
a perfect circle is 1, and a line has a shape factor
approaching 0.

The measured distance LE is given by:

LE =n; <£) (5)
ng

where n; is the pixel, measured by Equation 2, of a line;
U /ng is a constant that is determined to image analysis
system, known from Equation 1.

In this work, sphere-like SiO, particles are charac-
terized statistically by image analysis. The character-
istic parameters are the equivalent projective area di-
ameter D, and the sphericity factor SF, expressed by
Equations 3 and 4, respectively.

3.2.2. Description of fibers

The true shape and size description of the fibers was
done by the statistical image analysis of large amount
of fibers. The length distribution, the diameter distri-
bution, and the ratio of the length to the diameter are
perfect parameters for the shape characterization of an
individual fiber. Ly and Lp are proposed to represent
the length and the diameter of a fiber, respectively. In
a fiber image, Ly is defined the maximum length of
a straight line connecting two points on the border of
fiberimage. Forexample, L = L; = AB (see Fig. 2B2,
C2). Lp is defined the maximum length of a straight
line vertical to the straight line with the length of L,
and connecting two points on the border of fiber im-
age. For example, D = Lp = CD (see Fig. 2B2, C2).
The quantitative relation between the true distance and
corresponding pixels is calculated by Equation 5. The
measuring parameters of Ly and Ly for fibers are thus

expressed by following Equations 6 and 7.

U
Ly = n_\/(X2L_X1L)2+(Y2L_Y1L)2 (6)
S

U
LD=;¢am—Xmﬁ+wm—nw2<n
S

where (X1, Y1) and (Xp1, Yo1) respectively are co-
ordinates of two terminal pixels of the straight line of
Ly. (X1p, Yip) and (X»p, Yop) respectively are two
coordinates of two terminal pixels of the straight line
of LD.

There exist deviations between the measured values
(L1, AB in Fig. 2B2, C2, and Lp, CD in Fig. 2B2, C2)
and corresponding true values (L and D, in Fig. 2B1,
C1). If a fiber is treated as a rectangle (A x B, where A
and B represent the length and the width, respectively.),
measuring deviations of the length and the diameter of
fibers by proposed image analysis parameters of L, and
Lp are given as following.

Ly =vVA2+ B? (3)
Lp = E\/A2 + B2 ©)

A
Ly,
K="t 10
In (10)
L —A
Loy = —= % 100(%) an
Lp— B
Dyey = DB % 100(%) (12)
K-4
Kooy = —2 x 100(%) (13)
B

where, L1, Lp and K are measured values representing
the length, the diameter and the ratio of the length to
the diameter, respectively, and Lgey, Dgev, and Kgey are
corresponding measuring deviations that were listed in
Table II on various size ranges. It is found that for a
constant diameter (Lp), the measuring deviation of the
length decreases with increase of the measured length
(Ly), which is the same to the diameter (Lp) at a con-
stant length (L1 ). According to Table III, particles with
diameters of 0.5-1.0 um and Ly > 3 um, or K > 3.0,
are defined as fibers. For this part of particles, the mea-
suring deviation is lower than 5%, indicating an ac-
curate image analysis of fibers. The left particles are
defined as non-fibrous particles that are described by
using the same method as that for sphere-like particles.

TABLE III Overall image analysis results for Slides 1-5#

Particle Average diameter Total particle Average Standard

Slide number D, (um) number D, (um) deviation
1 44 7.17

2 40 7.16

3 43 7.50 233 7.30 0.2413

4 66 7.11

5 40 7.65
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The image analysis of the fiber system is divided into
two steps. One step is the measurement for the con-
tent of non-fibrous particles that can be characterized
as sphere-like particles [29, 37]. The next step is the
shape and size characterization of defined fibers with
proposed image analysis parameters.

3.3. Image analysis of SiO, and PTFs

3.3.1. Images of powders

Standard SiO, particles and two types of PTFs were im-
aged by the image analysis system, and corresponding
representative images are shown in Fig. 3. Most stan-
dard SiO, particles are sphere-like (see Fig. 3A). The
observation comparison between Fig. 3B and C shows
that the fiber content of PTFs2 are larger than that of
PTFsl, and fibers in PTFs2 are longer than those of
PTFsl. The length and the diameter of fibers in PTFs2
are uniform. The qualitative analysis for particle shape

C — N
Figure 3 Images of SiO (A), PTFs1 (B) and PTFs2 (C) at magnification
of 1680 times obtained by image analysis system. The scale bars for all

images are 10 um.
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can only be done by the visual comparison to particle
images.

3.3.2. Image analysis of standard
sphere-like SiO, powders

The sampling and imaging method proposed to get rep-
resentative slides was confirmed to be effective by the
test to standard SiO; particles. According to the method
proposed in Section 2.3, 25 viewing fields on 5 slides
were imaged. Table III lists the analysis results. The
shape factor distribution and the size distribution of
standard SiO, powders are shown in Fig. 3.

In Table III, the values of average diameters (D,) of
particles on slides 1-5 are close, which indicates that
the well-dispersed representative particle slides were
prepared by the proposed sampling method and the
accurate size distribution was measured by the image
analysis system. The statistical size was gotten as the
measured particles number is >200, agreeing the parti-
cle number determination method for getting true size
distribution reported by Vigneau [33]. Further, more
particles over several thousands can also be analyzed
by our image analysis system, automatically, easily, and
quickly.

Fig. 4A shows the shape factor distribution of stan-
dard SiO; particles. The fitting result is expressed by.

Y = 0.1485In X + 0.2942 (14)

1.00 - /S Measured

Fitted

o
©
o

Y: Shape Factor

| 1 | L | 1

0 20 40 60 80 100
X: The Cumulative Frequence

30
93 —— Expected
< Normal Distribution
> AN
(3]
2 5 %
3
o
g /
L
= b 7 / /
®
& / /
Z 2 trreed

0
01 3 5 7 9 11 13 15
B Equi-area diameter (microns)

Figure 4 Shape factor distribution (A) and equivalent projected area
diameter distribution (B) of standard SiO, particles, obtained by image
analysis.
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Figure 5 Length and diameter distributions of PTFs1 and PTFs2, obtained by image analysis.

The cumulative frequency of X is 15.37 when the
shape factor of Y is 0.7, which indicates that 84.63%
of standard SiO; particles are sphere-like or global.
The shape factor focuses on 0.7-1.0. Fig. 4B shows
the normal distribution of the equivalent projected area
diameter, focusing on 7 um. Corresponding normal
distribution parameters are p of 6.83 and o of 3.49,
respectively.

3.3.3. Image analysis of PTFs

Quantitative analysis results showing detailed discrim-
inations of shape and size of PTFs are obtained by im-
age analysis, using proposed image analysis parame-
ters, as well as the length (L), the diameter (Lp), and
the ratio of the length to the diameter (K). Because
the average diameter of PTFs is <1 pm, particles with
Ly, > 3.0 um are defined the fibers.

For PTFsl, L;, Lp, K and the fiber content are
9.58 um, 0.67 um, 14.30 and 47.4%, respectively; For
PTFs2, L, Lp, K and the fiber content are 11.49 um,
0.58 pum, 19.81 and 74.5%, respectively; The fiber con-
tent of PTFs2 is higher than that of PTFs1. The average
diameter of PTFs2 is smaller than that of PTFs1. The
average length and the average ratio (K) of length to di-
ameter of PTFs2 are larger than those of PTFs1. These
results indicate that high quality PTFs were prepared
by the promoted calcination [20, 21].

TABLE IV Parameters of functions of length and diameter distribu-
tions of PTFs1 and PTFs2

Sample
No. capacity Distribution Parameters
PTFs1 178 Length Log-normal  u:—-043  0:0.05
Diameter  Log-normal  p:2.09 0:0.35
PTFs2 296 Length Gamma a:11.49 B:0.26
Diameter Log-normal  p: —0.58 0:0.07

Distributions of the length and the diameter of PTFs1
and PTFs2 are shown in Fig. 5. Distribution types in
Fig. 5 are mainly log-normal

1 (nx—p?
Ln(i,0?%), prax) = maxe—zaz

and gamma distribution

o

prx) = 'B—(x — o) e P9,

(. p), =

The distribution parameters are calculated and shown
in Table IV. The parameter o reflects the discrete state
of the distribution. A larger o indicates more discrete
of the distribution. For the length distribution of PTFs1,
the value of o is the smallest, so its length distribution
is the narrowest. These are the same to the diameter
distribution.

From Fig. 5 and Table IV, quantitative statistical anal-
ysis results obtained by proposed image analysis pa-
rameters for fibers show us many detailed quantitative
comparisons, which cannot be described by direct im-
age observation from Fig. 3B, C, for shape and size
characterizations of two types of PTFs.

4. Conclusion

In the present study, the quantitative relation between
the pixels and corresponding true size is determined
to specifications of devices of image analysis system,
which was used to do quantitative image analysis. The
representative sample slides and image analysis results
were gotten by our proposed sampling and image anal-
ysis method. The suitable image analysis parameters
for the shape and size description of fibers are the
length, the diameter, the ratio of length to diameter,
and the content of the fiber. The fiber content was used
to distinguish the fibers from a complex particle system.
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Subsequently, the fibrous particles were described by
using our proposed image analysis parameters. Appli-
cation to two types of PTFs showed that the charac-
terization and comparison of shape and size of fiber
systems could be done by our proposed image analysis
method accurately and quickly. The obtained quantita-
tive image analysis results can be used in many models
and simulations of complex particle systems and appli-
cations of composites and ceramics, too.
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