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Chan-Vese segmentation model for
faster and accurate evaluation of yarn
packing density
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Abstract

Yarn packing density is an important parameter in correlating the internal structure of the yarn to its final properties and

performance. The current methods of determining the yarn packing density have three main drawbacks: they are labor

dependent, they are time consuming, and they approximate many parameters of the fibers and the yarn. The current

work utilizes the Chan-Vese (CV) segmentation model to detect the actual contours of the yarn and the fibers inside its

cross-section. This algorithm allows the automation of the process which reduces the time required for the analysis and

makes it independent from the human element. The method also avoids the approximations involved in the traditional

methods by calculating the actual areas of the fibers and the yarn which makes it more precise in determining the yarn

packing density. A user-friendly graphical user interface (GUI) was developed to utilize the CV algorithm and calculate

different yarn parameters such as the yarn’s radial packing density, the yarn’s effective diameter, and the yarn’s effective

packing density. The area ratio factor (ARF) was used as a quick indicator of the accuracy of fiber segmentation. The CV

algorithm was described in detail and tested with ring-spun yarns from different materials and the results were found to

be in agreement with the reported values of such yarns. The introduced method can be extended to the evaluation of

fibrous materials other than yarns.
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Yarn packing density is a description of the internal
yarn structure and the relative arrangement and distri-
bution of fibers inside the yarn.1–3 It is one of the major
parameters that reflect the effect of yarn processing and
technology on the yarn structure and its final proper-
ties.4–8 Yarn packing density (�) can be defined as the
ratio between the fibers volume and the total volume of
fibrous assembly, where � � <0,1>. The fiber’s volume
fraction can be used alternatively in the literature to
refer to the term packing density. Instead of its use in
volumetric terms, it can also be interpreted as the ratio
between the area of the fibers in a yarn cross-section
(the substance area Sc) and the total cross-sectional
area of yarn (S) that includes the substance area and
the air-gaps between fibers. The cross-section can be
divided into many annular rings and the packing den-
sity of the individual sectors can be evaluated.
The relationship expressing yarn packing density as a

function of the radius (r) is called the radial packing
density �(r).

According to the Internal Standards IS 22-103-01/
01,9 the yarn packing density can be determined using
two experimental methods which were found to be
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highly comparable: the direct method and the secant
method. The direct method depends on tracing the bor-
ders of the fibers in the cross-sectional image using a
special image processing software (e.g. LUCIA system)
to create the real contours of the fibers. The center of
gravity for each fiber is manually approximated in this
method and the coordinates of these centers (xi,yi) are
used to calculate the yarn center (x0,y0). The median of
the centers’ coordinates is used in determining the yarn
center (rather than their arithmetic mean) because the
median is not sensitive to the random positioning of the
fibers. Rings of fixed thickness and centered at the cal-
culated yarn center are constructed in the yarn image as
shown in Figure 1 and the area of the fibers (Scj) inside
each ring (j) is calculated and divided by the area of the
jth ring to calculate the radial packing density (�r),
that is

�ðrÞ ¼
Scj

Sj
ð1Þ

The effective yarn diameter (def) was found from the
databases of measurements for different ring-spun and
rotor-spun yarns that it corresponds to the yarn dia-
meter at a radial packing density in the range between
0.15 and 0.17.10,11 The effective yarn diameter can be
estimated by interpolating the measured values of
radial packing density �(r) at the given packing density.
The effective yarn packing density �ef can then be

calculated as the ratio between the total fiber area (Sf)
and the area of a circle with a diameter equals the
calculated effective diameter (Sef) as follows:

�ef ¼
Sf

Sef
ð2Þ

The secant method, on the other hand, follows the
same calculation procedures of the direct method but it
does not use the actual shape of the fiber’s cross-section.
The secant method substitutes the fibers with circles that
are centered at the center of gravity of the individual
fibers and having areas calculated from the fibers’ fine-
ness, density, position, and yarn twist. Secant method is
suitable for cotton yarns or other highly twisted yarns,
where it is difficult to recognize the individual contours of
fiber. This procedure is not recommended, however, for
yarns with a relatively high number of fibers in the cross-
section (e.g. more than 200 fibers), unless all fiber con-
tours can be focused during their imaging.

The above-described methods of evaluation suffer
from some corrections and approximations (such as
the fibers’ centers coordinates) that lead to less accurate
values. Therefore, this work suggests a segmentation
method that detects the actual geometries and cross sec-
tional areas of the fibers and the yarn. The method
detects the fibers and the yarn perimeters using auto-
matic image processing and analysis techniques then
allows the user to edit the detected edges formore precise
adjustment. The suggested algorithm utilizes the
detected images to calculate the yarn radial packing den-
sity, the effective yarn packing density, the effective yarn
diameter, and the total number of fibers inside the yarn.

Methods

Since the packing density is the ratio between the
area of the fibers inside the yarn and the yarn’s cross-
sectional area, it is necessary to segment the image for
calculating these two areas. Segmentation of images
based on the variational methods12 can be obtained by
minimizing the appropriate cost functionals.13

Therefore, for an image (I) with I : �! R, where �
is the image domain, the segmentation can be per-
formed by evolving the regional contours of the
image in the direction of negative energy gradient
using appropriate partial differential equations
(PDEs). One of the first algorithms that utilizes varia-
tional methods was the snakes algorithm,14 which intro-
duces an explicit parametric curve C : ½0, 1� ! � to
represent the region’s contour. The parametric curve
C evolves by locally minimizing the cost functional:

EðCÞ ¼ �

Z
jrIðCÞj2dsþ �1

Z
jCsj

2dsþ �2

Z
jCssj

2ds:

ð3ÞFigure 1. Calculation of the radial packing density.
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where Cs and Css represent the first and second deriva-
tives of the curve C with respect to the parameter s,
respectively. The first term in equation (3) represents
the external energy which accounts for the image infor-
mation and called the data term while the last two terms
can be interpreted as the internal energy and represents
the regularization terms that account for the length of
the contour and its stiffness.

In this study, the Chan-Vese (CV) model15,16 for
active contours was used to detect the boundaries of
the yarn in a given cross-sectional image. The CV
model is based on techniques of curve evolution,
Mumford–Shah functional for segmentation, and uti-
lizes level sets13,17 to facilitate the solution.18 In the
level set formulation, the problem becomes a ‘‘mean-
curvature flow’’ which results in evolving the active
contour until a stop condition is met on the desired
boundary. Because most classical snakes and active
contour models rely on the edge function (might be
calculated from the image gradient jrIj) to stop
the curve evolution, these models can detect only
objects with edges defined by a gradient. In the CV
model, however, the stopping term is based on
Mumford–Shah segmentation techniques and the
model can, therefore, detect contours with or without
gradient (for instance, objects with very smooth bound-
aries or even with discontinuous boundaries). Also, the
initial curve for the CV model can be anywhere in the
image while interior contours are detected
automatically.16

CV segmentation model

The objective of the CV model is to partition the input
image with a domain � � R

n into two regions (�1

and �2), as shown in Figure 2, while maintaining
two criteria: first, low-intensity variance inside each
region; second, a smooth boundary (�) between
the regions. These regions can be defined as �1 � �
and �2 ¼ � n�1 while the boundary is defined as
� ¼ @�1.

To achieve this image partitioning, a cost (or objec-
tive) function is created and minimized. There are dif-
ferent models for the cost functions where the
Mumford-Shah (MS) energy-based model was proven
to be efficient. Based on the MS model, Chan and Vese
suggested the following energy functional:

�ðc1, c2,�Þ ¼ �1

Z
�1

jI0ðx, yÞ � c1j
2dxdyþ �2

Z
�2

jI0ðx, yÞ

� c2j
2dxdyþ �:lengthð�Þ

þ �:Areaðinsideð�ÞÞ: ð4Þ

The energy (�) consists of two main terms: the data
terms (the first two terms in equation (4)), and the
smoothness or curvature terms (the last two terms in
equation (4)). The ‘‘data’’ terms represent the energy
inside and outside the curve � that evolutes during
the calculation. This data part of the energy is the inte-
gration of the squared absolute difference between the
intensity of the image at a pixel position x and y
(I0ðx, yÞ) and the average intensity inside the region
�1 (c1 ¼ ½averageðI0Þ��1

) or the average intensity outside
the region �1 (c2 ¼ ½averageðI0Þ��n�1

). The smoothness
terms represent penalty functions that force the curve
towards the object inside the bounded region. Here
�1, �2,�, � are arbitrary positive constants that are
usually assigned the values �1 ¼ �2 ¼ � ¼ 1 and � ¼ 0
while � � 0 is usually used according to the required
smoothness level of the boundary curve. The constant �
was assigned to zero because the length and the area of
� are comparable according to the isoperimetric
inequality:

Areaðinsideð�ÞÞ � c � ðlengthð�ÞÞ
N
ðN�1Þ ð5Þ

where c is a constant that depends on the dimension-
ality N. The length of the curve can be expressed in the
form:

lengthð�Þ ¼ j�j ¼

Z
�

ds ð6Þ

The energy functional � is called curve evolution func-
tional because the regional contour � evolves in an
active way during this functional minimization.
Minimizing the functional � maintains the main criteria
of the model; that is, the first criterion can be achieved
by keeping the data terms at their minimum and the
second criterion can be achieved by minimizing the
smoothness terms. To solve this minimization problem
for curve evolution, the level set method has been used

Figure 2. CV segmentation model.
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extensively, because it allows for cusps, corners, and
automatic topological changes.16

Level set formulation

The level set method17 replaces the unknown curve
� � � by the zero level-set of Lipschitz function
� : �! R demonstrated in Figure 3 such that

�ðx, yÞ ¼
4 0 ðx, yÞ 2 �1

5 0 ðx, yÞ 2 �2

¼ 0 ðx, yÞ 2 �

8<
: ð7Þ

Before substituting for the curve � in the energy
functional, it can be noticed from equation (4) that
the integration is performed over different regions.
Therefore, the Heaviside function H is introduced and
its derivative as the Dirac delta function �0 where

HðzÞ ¼
1, if z � 0
0, if z5 0

; �0ðzÞ ¼
d

dz
HðzÞ

�
ð8Þ

For the application of these functions during the
computation, it is necessary to regularize them by their
consideration over an infinitesimal interval �! 0 that
allows the continuity of the function over the domain.
Therefore, the modified version of the function H is
denotedH�, which is continuous and has a derivative ��.

Because the function � has certain values at each
region, taking it as an argument of the Heaviside func-
tion (Hð�ðx, yÞÞ) allows the integration over the whole
image domain � instead of the integration over specific
regions. Thus, each term of energy functional can be
reformulated in terms of the level set function �ðx, yÞ as
follows:

Z
�1

jI0ðx, yÞ � c1j
2dxdy ¼

Z
�

jI0ðx, yÞ � c1j
2H�ð�ðx, yÞÞdx dy

ð9Þ

Z
�2

jI0ðx, yÞ � c2j
2dxdy

¼

Z
�

jI0ðx, yÞ � c2j
2½1�H�ð�ðx, yÞÞ�dxdy

ð10Þ

lengthð�Þ ¼

Z
�

jrH�ð�ðx, yÞÞjdxdy

¼

Z
�

��ð�ðx, yÞÞjr�ðx, yÞjdxdy

ð11Þ

Therefore, by the application of the level set func-
tion, and unlike the expression of the energy func-
tional �ðc1, c2,�Þ expressed in equation (4), the three
integration terms of the energy functional turned to be
integration on the same domain � as can be seen in
the new equation for the energy which can be refor-
mulated as

�ðc1,c2,�Þ ¼ �

Z
�

jI0ðx, yÞ � c1j
2H�ð�ðx, yÞÞdxdy

þ �

Z
�

jI0ðx, yÞ � c2j
2½1�H�ð�ðx, yÞÞ�dxdy

þ �

Z
�

��ð�ðx, yÞÞjr�ðx, yÞjdx dy

ð12Þ

By minimizing the energy (�! 0) and keeping the
level set function � fixed, it is possible from equation
(12) to express the constants c1 and c2 as

c1 ¼

R
� I0ðx, yÞH�ð�ðx, yÞÞdxdyR

� H�ð�ðx, yÞÞdx dy
;

Z
�

H�ð�ðx, yÞÞdxdy > 0 ði:e: non� empty �1Þ

ð13Þ

Figure 3. Numerical algorithm for implementing the CV

model.
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c2 ¼

R
� I0ðx,yÞ½1�H�ð�ðx,yÞÞ�dxdyR

�
½1�H�ð�ðx,yÞÞ�dxdyZ

�

½1�H�ð�ðx,yÞÞdxdy> 0 ði:e: non� empty �1Þ

ð14Þ

To solve the minimization problem of � in equation
(12), the constants c1 and c2 are kept constant and the
associated Euler–Lagrange equation is deduced.
Parameterizing the descent direction by an artificial
time t � 0, the solution in terms of �ðt, x, yÞ can be
determined as

@�

@t
¼ ��ð�Þ �div

r�

jr�j

� �
� �ðI0 � c1Þ

2
þ �ðI0 � c2Þ

2

� �

ð15Þ

Numerical implementation of the model

The regularized Heaviside function (H�) can be
defined as

H�ð�Þ ¼
1

2
1þ

2

	
tan�1

�

�

� �� �
ð16Þ

��ð�Þ ¼ H0 ¼
1

	

�

�2 þ �2
ð17Þ

The solution for equation (15) can be accomplished
numerically using the finite difference implicit scheme
for discretization. Let the step in the space domain be
the interval h and in the time domain be the interval �t
which allows the determination of the grid points
ðxi, yj Þ ¼ ðih, jhÞ for 1 � ði and j Þ �M where M is
the maximum number of grid points. Therefore, the
function �ðt, x, yÞ can be approximated with
n�i,j ¼ �ðn�t, xi, yj Þ with n � 0 being the total time
and the initial condition 0� ¼ �0. Hence, equation
(15) can be discretized in the form:16

nþ1�i,j �
n�i,j

�t
¼ �hð

n�i,jÞ
�

h2
ðx��Þ

h

�
x�þ

nþ1�i,jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx�þn�i,jÞ

2

ðhÞ2
þ
ðn�i,jþ1�n�i,j�1Þ

2

ð2hÞ2

r
0
BB@

1
CCA

þ
�

h2
ðy��Þ

y�þ
nþ1�i,jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðy�þn�i,jÞ
2

ðhÞ2
þ
ðn�iþ1,j�n�i�1,jÞ

2

ð2hÞ2

r
0
BB@

1
CCA

� �ðI0i,j � c1ð
n�ÞÞ2 þ �ðI0i,j � c2ð

n�ÞÞ2�

ð18Þ

where

x���i,j ¼ �i,j � �i�1,j,
x�þ�i,j ¼ �iþ1,j � �i,j

y���i,j ¼ �i,j � �i,j�1,
y�þ�i,j ¼ �i,jþ1 � �i,j

Equation (18) transformed equation (15) from a
PDE into a system of linear algebraic equations that
can be solved using the iterative methods of linear alge-
bra. For any input figure that needs to be segmented,
the whole model can be applied and solved using the
algorithm outlined in Figure 3.

Experimental setup

Because some segmentation algorithms work better
with synthetic fibers of circular cross-sections, three
materials with different cross-sections, shown in
Table 1, are used in this study to test the performance
of the method. Ring-spun yarns were produced in dif-
ferent counts as listed in Table 1. The preparation of
the yarn cross-section requires special care to preserve
the twists and the shape of the yarn during its imaging.
It is important to process the samples in a
standard manner to maintain the repeatability of the
results, hence the standard method ‘‘IS 46-108-01/01:
Recommended procedure for preparation of samples,
soft and hard sections (slices)’’19 was developed at the
Technical University of Liberec for this purpose based
on other standard methods (e.g. ČSN EN 12751
(80 0070)).

The standard preparation method can be briefly
described as the yarn is soaked in a solution of a dis-
persion glue and a surfactant in a 1:1 concentration
ratio. The 1,4-bis(2-ethylhexyl) sulfosuccinate (also
known as Spolion 8) surfactant was used as a disper-
sion and wetting agent in a concentration of 5 g/l. The
applied glue was a universal Gama Fix Henkel which is

Table 1. Yarn and fiber specifications

Material

Yarn

count

(tex)

Fiber

density

(kg/m3)

Fiber

fineness

(dtex)

Fiber’s

cross-section

Lyocell 20 1500 1.5

Viscose 16 1500 1.3

Cotton 16 1520 1.7
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available in office supply stores. After immersing the
yarn in the mixed solution of the glue and the surfac-
tant, the yarn sample is dried in standard atmospheric
conditions for 24 hours. The yarn is then immersed
only in the glue and dried at the same conditions.
After drying, the yarn sample is embedded in a 2:3
mixture of bee’s wax and paraffin, respectively, to
form a mold block with dimensions of 3 cm � 1.5
cm. The sample mold is then left to solidify and
placed in a freezer at –8	C for 24 hours. After its hard-
ening and solidification, the sample is ready for slicing
into thin slices of 15 mm thickness using a microtome.
The cross-sectional slice is then placed on a transparent
slide and the wax is dissolved by adding few drops of
xylene. The image acquisition is performed using the
CCD camera installed on a Nikon microscope and
attached to a computer. The acquired images were
enhanced by transforming the grayscale values using
the ‘‘contrast-limited adaptive histogram equalization
(CLAHE)’’ algorithm.20 Three pictures of well-focused
samples were processed for each yarn to test the validity
of the segmentation method.

Results and discussion

Samples of yarn cross-section are prepared as described
in the experimental part and the yarn images are
acquired using the camera on the microscope.

The acquired yarn images are then introduced to the
‘‘Yarn Packing Density (YPD)’’ software, shown in
Figure 4, that was developed to utilize the algorithms
described above for calculation. The software reads the
image and the user can select the whole image or assign
a small region for analysis if the fibers are more con-
centrated at small part of the image.

Yarn contour

Once the CV model for segmentation is applied, the
program starts with the outside borders of the image
as initial conditions which allow the algorithm to stop
at the outer contour lines of the yarn. The curve evolu-
tion of the algorithm at different iteration cycles is
shown in Figure 5 which indicates that the algorithm
was able to segment the picture in two regions that
represent the image background and the yarn. The
algorithm successfully segmented the image after
about 300 iterations then no significant change in the
yarn contour was detected. The time required for each
iteration cycle and the total time required for segment-
ing the image depends on the image size and the hard-
ware processing capabilities. It is, therefore, one of the
drawbacks of this algorithm to take relatively long time
during segmenting large size images and while research-
ers are trying to develop efficient algorithms to process
massive amounts of images,21 this algorithm depends

Figure 4. Developed GUI for implementing the CV algorithm, YPD.
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on the image size and the available hardware resources
to process the image. To accelerate the processing time
of some large images, the program allows the user to
choose scaling down the image. By scaling down the
picture, the yarn image is resized and the segmentation
algorithm is applied on the smaller version then the
image is scaled-up again being ready for the next pack-
ing density calculations.

Fibers’ contours

After the determination of the yarn contour, the CV
algorithm is applied again to determine the contours
of the fibers inside the yarn cross-section. The initial
condition for the fibers detection algorithm is a
square approximated at the center of the image and
propagates towards the edges of the yarn. The fiber
detection takes more iteration cycles as the algorithm
separates the image into many segments according to
the number of fibers in the yarn cross-section. The
detected fibers are shown in Figure 6 in binary format

and highlighted with red color as superimposed to the
yarn cross-sectional image. It can be noticed from this
figure that the algorithm is successful in detecting the
internal cross-section of the fibers while the walls of the
fibers are considered as part of the space surrounding
the fibers in the yarn. This can be considered as a source
of error in determining the actual yarn packing density
and it usually leads to lower values because the total
fibers’ area (the substance area) is decreased. On the
other hand, the currently applied methods that approx-
imate the yarn cross-section to a circle have a similar
source of error by adding more area to the actual yarn
cross-section. This source of error in the traditional
method results in a similarity between the calculated
values of our method and the traditional methods. It
can also be noticed in Figure 6 that the utilized active
contour method allows the detection of fibers with dif-
ferent cross-sectional areas which is not considered by
the traditional methods (e.g. the secant method) that
approximate the fibers cross-sections to circles with a
constant diameter and area.

Figure 5. Curve evolution of the CV algorithm at different iteration cycles.
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Packing density calculation

Once the contours of the yarn and the fibers are
detected, it is possible to calculate the radial packing
density (�r). The process starts with calculating the
yarn’s center of gravity that is considered as the mass
center of the object that represents the yarn and its
coordinates (Xc, Yc) is calculated from the constituent
pixels of that object (Xi, Yi). The mass center coordi-
nates (Xc, Yc) are calculated according to the following
relation:

Xc ¼

Pn
i¼1 Ai 
 XiPn

i¼1 Ai
, Yc ¼

Pn
i¼1 Ai 
 YiPn

i¼1 Ai
ð19Þ

where n is the total number of pixels in the yarn object,
Ai is the area of the ith pixel that has coordinates (Xi,
Yi). Since all pixels having the same area, Ai is consid-
ered as one unit which makes the coordinate of the
yarn’s center as a mathematical mean of the coordi-
nates of the pixels belonging to the yarn object.

The maximum diameter of the yarn object was then
divided with equally displaced points which create con-
centric rings that are used in calculating the radial
packing density. Examples of those rings are shown in
Figure 7 where the areas of the fibers appear in the jth
ring are summed (Scj) and divided by the area of that
ring (Sj) to calculate the radial packing density (�r) as
explained earlier in equation (1). The radial packing
density can be plotted as a function of the radius as
shown in the right bottom graph of Figure 4 which
allows the determination of the yarn effective diameter
(def) by interpolating the radial packing density at 0.15.
The estimated effective diameter for the studied yarn
was determined to be about 0.20 mm. The effective
yarn packing density �ef was calculated as the ratio

between the total fiber area (Sf) and the area of
the circle of effective diameter (Sef) and was found to
be 0.453.

To check the accuracy of the measured area of the
fibers, the ARF was used which can be defined as

ARF ¼
Smeas:

Stheor:
ð20Þ

where Smeas. is the area measured from the yarn picture
and its segmentation, Stheor. is the theoretical area of the
substance (i.e. without voids or spaces between fibers)
inside the yarn diameter. The Stheor. can be calculated
from the yarn and fiber parameters introduced in
Table 1 as follows:

Stheor: ¼
Tyarn


fiber
:� ð21Þ

where Tyarn is the yarn count, 
fiber is the fiber density,
and k is a conversion factor that depends on the image
resolution and the units used. Since the theoretical area
(Stheor.) is calculated from the yarn count and the fiber
density, this area corresponds to the area of the mate-
rial inside the yarn regardless of the distribution of this
material (i.e. the area of the material regardless of the
air gaps between the fibers or even the distribution of
the fibers inside the yarn). The calculated ARF for the
Lyocell yarn is 0.964 which means that the measured
area is slightly lower than the theoretical area of the
fibers inside the yarn. This result is expected as the
segmentation algorithm does not consider the fiber’s
wall as part of the fiber, as mentioned earlier, which
affects the accuracy of the measured area.
Considering this source of error, the measured area is
still in a reasonable range.

Figure 6. Lyocell yarn image (left); detected fibers inside the yarn in binary format (middle); highlight of the detected fibers (right)

where the red circle shows the calculated effective yarn diameter, and the green points highlight the centers of the detected fibers.
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Other yarn case studies

A similar discussion can be extended to the other two
yarn types (viscose and cotton), and their results are
summarized in Table 2 while their images are demon-
strated in Figure 8. It can be seen in Figure 8(b) that
some viscose fibers were considered as one big fiber
during segmentation which is revealed to the shape of
the yarn and the processing algorithm. It was shown
earlier that the calculation algorithm segments the
image in two stages; the first to detect the yarn contour
and the second to detect the fibers inside the yarn.
During the first stage and according to the yarn
shape, more than one object can be detected in the
image where, for example, the big blob fibers shown
in Figure 8(b) are relatively far from the main object
where most of the fibers are concentrated. In the case of
multiple objects produced during the first stage of yarn

contour determination, the algorithm considers the
object of the biggest area as the yarn body that will
be processed during the second stage of fiber segmenta-
tion. Therefore, according to the yarn structure and the
distribution of the fibers in the yarn cross-section, the
fiber objects that may be relatively far from the main
yarn body will not be processed during fiber segmenta-
tion which results in the less segmented fibers shown in
Figure 8(b).

The ARF for the measured samples is listed in
Table 2 and can be used to quickly indicate if there is
suspected sources of error during the segmentation. The
lowest ARF value was found in cotton yarn samples
which can be explained by the cross-sectional shape of
the cotton fibers which is distinguished by the kidney
shape with the lumen of the fiber at the middle as
shown in Figure 8(d). By examining the binary image
for the segmented cotton fibers in Figure 8(e), it can be
seen that the segmentation algorithm subtracts the area
of the internal fiber lumen from the total area of the
fiber which results in less value of the measured area
(Smeas.) and lower ARF value.

Due to the sample size limitations, it is important to
notice that the resulting packing density values are not
statistically significant and should not be considered as
final values for these yarns. For the results to be sig-
nificant, many cross-sectional samples at different posi-
tions along the yarn should be captured and analyzed.
However, the quality of cross-sections during their

Figure 7. Examples of annular rings that are considered for calculating the yarn radial packing density.

Table 2. Average results of the measured samples

Yarn

Calculated

effective

diameter (mm)

Calculated

effective

packing

density

Area

ratio

factor

(ARF)

Lyocell 0.200 0.453 0.964

Viscose 0.160 0.414 0.893

Cotton 0.155 0.387 0.785
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slicing interferes with the imaging system and usually
results in out-of-focus images that need extra proces-
sing and limits the number of high-quality pictures that
can be analyzed. Therefore, the small sample size used
in the current analysis was applied to only verify the
validity of the segmentation method and to get indica-
tive numbers of the measured yarn parameters to have
some insights about the system’s constraints. It was
observed that the quality of the imaging system and
the careful sample preparation are very important fac-
tors in deciding the reliability of the calculated results.
The calculated packing densities of the given yarns
(although need more samples for verification) are com-
parable to the results calculated using traditional meth-
ods for yarns of similar counts.11,22,23 This agreement,
however, contradicts our expectations of getting pack-
ing density values higher than the values obtained from
traditional methods that add extra porosity to the yarn
structure by considering a circular cross-sectional shape
of the yarn. It can be explained, on the other hand, by
the decreased area of fibers detected by the automated
CV segmentation method that does not consider the
wall of the fiber (e.g. the Lyocell case) or the lumen
(e.g. the cotton case) as parts of the total area of the
fiber and, therefore, it is important to consider some

correcting factors that compensate for this source of
error after fiber segmentation. No correction factors
were applied on the given results but it is pointed out
here as a possibility for modifying the results.

Conclusion

The CV model was utilized to segment objects in the
yarn cross-section to help in detecting the actual con-
tours of both the yarn and its constituent fibers. The
detected yarn contour allows the use of the actual yarn
cross-sectional shape which differs from the approxi-
mated circular contours that are considered in the con-
ventional methods for calculating the yarn packing
density. The ARF results have shown a deviation
from the ideal ARF value (where ARF¼1) due to the
cross-section nature of each segmented fiber’s type. One
drawback of the introduced algorithm is its inability,
with the given conditions, to consider the total area of
the fiber (where the walls or the lumen of the fiber can
be excluded) which results in lower calculated values of
packing density. These low values, however, were found
to be comparable to the results of the traditional meth-
ods as these methods approximate the yarn cross-
section to a bigger circle. By considering the actual

Figure 8. Cross-sectional image of viscose yarn (a) and cotton yarn (d); Segmented fibers in binary format for viscose (b) and cotton

(e); Highlight of the detected fibers in the viscose yarn (c) and cotton yarn (f). The red circles in (c) and (f) have diameters of the

calculated effective yarn diameter and the green points highlight the centers of the detected fibers.
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yarn contour (rather than its circular approximation),
the measured packing density of the current samples is
expected to be higher than the produced values. In gen-
eral, the segmentation method presented in this work
was found to be faster and more reproducible than the
traditional methods of calculating the packing density.
Since this method is principally an image segmentation
model that can be used to separate the fibers from the
background, the method can be extended to segment
different fibrous structures to calculate their porosity
and packing density. Finally, the sample preparation
and the quality of imaging system were found to be
crucial factors in producing reliable results and the
authors are currently working on alternative methods
for image acquisition to be able to obtain enough
sample size that produce statistically significant results.
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