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Abstract

The main focus of this paper is to look into the relationship between the structure and air
permeability of single jersey knitted fabric — especially verifying some basic assumptions.
First, if it is possible to neglect the permeability of yarns themselves when we evaluate that of
knits, and second, if yarn hairiness plays a significant role when we evaluate the relationship
between air permeability and the porosity of knits. Theoretical calculations and experiments
which were performed using an analysis of microscopic images of the structure of textile
materials are used for the determination of inter-yarn and intra-yarn porosity. The paper
aims to show that the characteristic dimension of inter-yarn pores is significantly higher
than that of intra-yarn pores, and also that the values of inter-yarn porosity measured using
image analysis methods with hairiness and after the removal of hairiness are statistically
significantly different. The correlation coefficients for the porosity values measured and

calculated are very high.
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B Introduction

Air permeability is one of the fundamen-
tal textile properties [1] and it is an im-
portant factor in the comfort of a fabric
[1, 2]. Air permeability is generally un-
derstood as the ability of air-permeable
fabric to transmit air under the given well
specified conditions [3, 5], and this pa-
rameter depends on the structural param-
eters of the fabric, with porosity playing
a crucial role among them [1]. Therefore
a number of authors have researched the
relationship between the structure and
permeability of a textile fabric — woven
or knitted [e.g. 1, 2, 4-8]. The property
usually given by the description of the
structure of the fabric is the porosity.
The results of a number of earlier papers
show that these two characteristics of
textile material — air permeability and po-
rosity — are strongly related to each other
[e.g. 1-5]. The size of the pores in textile
as well as their shape, arrangement and
distribution are decisive characteristics
of fabric in terms of air permeability.
The pore dimension and distribution are
functions of fabric geometry. All the
models that lead to the determination of
the porosity of fabric — woven or knitted
— include some simplifying assumptions;
yet they introduce some inaccuracies into
the result. Therefore it is very difficult to
find an optimal method that predicates
the permeability of textile fabric best.
There is also an assumption [9] that if the
inter-yarn pores in woven fabric are large
enough and the air has enough space for
free passage, it will mostly flow just in
that way. Based on this assumption, most

authors dealing with the air permeability
of fabrics consider yarns as an imperme-
able body — usually a cylinder [e.g. 2, 7,
12]. Moreover if the fabric is made of
yarn with staple fibres, protruding fibres
forming the hairiness enter the path of
flowing air. These fibres extend into the
inter-yarn pores of the fabric. Many the-
oretical models describing the porosity
of knitted fabric work with the diameter
of yarn as one of its input parameters.
Determining the yarn diameter itself is
difficult, especially if the yarns are made
from staple fibres and are characterised
by a greater or lesser degree of hairiness.
We can assume that in the evaluation of
the permeability of knitted fabric, yarn
hairiness is also important. In our paper,
when evaluating the relationship between
the permeability and porosity of knitted
fabric, we primarily examined two ques-
tions:

1. Can the air permeability of yarns

themselves be neglected?
2. Does yarn hairiness play a significant
role?

Answers to these questions were searched
for using theoretical calculations and ex-
periments performed with the use of the
analysis of microscopic images of the
structure of textile materials.

B Porosity of textile fabrics

Inter-yarn and intra-yarn porosity

Textile is a porous material. According
to a number of authors [e.g. 10, 11], the
porosity inside textile materials can be
divided into:
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W=1/w

Figure 1. Scheme of unit cell of a plain knitted fabric.

Inter-yarn porosity (also known as
macro porosity) — including pores
between the yarns from which the
fabric is made (see Figure I). When
air flows through the fabric, most air
flows in this way.

Intra-yarn porosity (also known as mi-
cro porosity) — including pores inside
the yarns, which are formed between
the fibres (see Figure 2). When evalu-
ating air permeability this kind of po-
rosity is usually neglected.

The porosity inside yarns, however, is
not constant throughout its cross-section.
The tightness of the fibre arrangement
in the yarn decreases towards its surface
and continuously changes in the hairiness
area. The yarn hairiness itself compli-
cates the determination of the yarn diam-
eter and inter-yarn porosity of fabric.

However, in their models, most authors
[e.g. 2, 7, 12] considered yarn as an im-
permeable cylinder with diameter d [m].
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Figure 2. Scheme of yarn cross-section (zone k = L is the last full

zone in the effective yarn diameter).

Such a diameter of yarn can be calculated as:

aT
d= \j 10=Smp*p M

where p,. [kg/m?] is the density of fibres,
T, tex the count of yarn, and p, — is the
packing density of yarn [13]. In this case,
a free yarn diameter is involved. How-
ever, the yarn cross-section is deformed
at the interlacing points in the textile
structure, therefore it is not circular, and
also the packing density becomes high-
er. Under these conditions yarn diameter
determination is very complicated and in
the majority of cases the real diameter ac-
cording to Equation (1) is used.

In addition to the yarn diameter, other
basic geometrical parameters of knitted
fabric usually considered are as follows
(see Figure 1):
loop length /, m,
wale spacing W, m or the number
of wales per metre w, 1/m, while
W= 1/w,

course spacing C, m or the number
of courses per metre ¢, 1/m, while
C=1l,

fabric thickness ¢, m.

The loop length is a very important pa-
rameter of a knitted structure. In our pa-
per the geometrical model by Dalidovic
[14] is used for calculation of the loop
length:

1=2W +md +2C ()
2

Theoretical calculation of porosity

Generally all spaces filled with air can
be considered as pores in fabric. Then
the porosity P, — can be expressed as
a portion of air in the fabric. There exist
three basic techniques for characteriza-
tion of idealized fabric porosity [15]:
density based porosity, area filling based
porosity and volumetric filling based
porosity. In our research, area filling
based porosity was used for calculation
of the the inter-yarn porosity of knitted

Figure 3. Image processing for image analysis: a) binary image —image after thresholding, b) binary image after thresholding, morphological
dilation and erosion, c) equivalent pore diameter (inter-yarn porosity).
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Samples of knitted fabrics

Figure 4. Data measured for knitted fabric porosity with and without

hairiness (set VI_29.5 tex).

fabrics. This two-dimensional interpre-
tation of porosity P, — is derived from
the pure geometry of yarn projection
(see Figure 1):

projected area of yarnin the unit cell _

PC = 1 - -
projected area of the unit cell
S dxl-4xd?
=1-{t=1- 3)
St cxw

where S, [m?] is the area of projection
of the yarn in one unit cell of the knit-
ted structure (see Figure 1), d*[ the area
of projection of the yarn which must be
decreased by overlapping area 4*d” and
S, [m?] is the total area of projection of
this unit cell, given by C*W. This method
of calculation of the porosity best fits the
experimental method of image analysis,
which is also used in our paper.

The three general formulations of the po-
rosity of textile materials (density based,
area based and volume based) mentioned
above for knitted fabrics are also useful
for calculation of the porosity within
yarn. In our research the intra-yarn po-
rosity was determined experimentally by
the image analysis of cross sections of
the yarns. Principally, in this case, it is
the interpretation of the area based po-
rosity (see Figure 2). The porosity of the
yarn P,, — can be calculated as:

Pp=1-p=1-2"
Sy

4)

where p, — is the packing density of the
yarn, XS, m? the cumulative area of all
sections of fibres in yarn, and S,, m* is
the total area of the yarn cross section.
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Porosity with hairiness P.*, —

Figure 5. Relationship between calculated porosity and porosity

measured with hairiness (set VI _29.5 tex).

The equivalent fibre diameter d, m can
be calculated as:

4TR
10~ Cxmpp

dp = (&)
where T, tex is the fineness of fibres and
Py kg/m?® is the density of fibres.

Neckar [16] concerns himself with in-
tra-yarn porosity and he derives a re-
lation for the equivalent diameter for
intra-yarn pores d,, m which is based
on several simplified assumptions, one
being that pores are the same in the yarn
(the so called average pore):

p=aastedy (6)
where ¢p, — is the shape factor of the
pores, ¢, — the shape factor of the fibres,
u the packing density of the yarn, and d.
is the equivalent diameter of the fibres
calculated according to Egquation (5).
The problem is that we do not know the
shape factor of the pores, therefore con-
vention ¢, =0 is implemented. Pores
with a shape factor equal to zero corre-
spond to asystem of cylinder tubes of
compact mass, with their volume and
surface being the same as those of the
pores in the real yarn structure. Then the
equivalent diameter of the conventional
pore d, according to Neckar [16] is:

1

1 —
d;;:—*—‘u*dF
1+q u

(7

Experimental determination

of porosity using image analysis

The principle of this method is based on
taking pictures with the use of a CCD

camera. Through connecting the camera
to a microscope, a microscopic image of
a textile material can be obtained. Using
specific software (for example, Nis Ele-
ments from Laboratory Imaging) enables
the image to be processed and analysed
based on mathematical morphology.

First, for the measurement of inter-yarn
porosity, the picture in grey-scale is con-
verted to abinary image (Figure 3.a),
which is the key operation because it
says where the threshold point is, mean-
ing where pores and yarns begin. In our
research the subjective threshold method
was used. The porosity is determined as
a ratio between the number of pixels be-
longing to pores and the total number of
pixels in the image.

The binary image was further processed
using morphological operations, the aim
of which was to eliminate the hairiness
of the yarn, which decreases the porosity
of the structure measured. In our paper
both types of porosities are determined,
namely with hairiness P.", — and with-
out hairiness P., — The pores are high-
lighted in red colour. The hairiness was
removed by the following morphological
operations:

1. Morphological dilation — dilation, put-
ting together the points of two sets us-
ing vectorial summation. The objects
in the picture are extended by one layer
till the exclusion of the background af-
ter dilation. The pores are more solid.

2. Morphological erosion — dilation, put-
ting together the points of two sets us-
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ing vectorial subtraction. The erosion
was processed with the same structur-
al elements as the dilation, meaning
that the small objects were removed,
but without changing the size of the
pores (Figure 3.b).

Afterwards the porosity can be measured
as the proportion of the open area of the
textile material as well as the geomet-
ric characteristics of the individual in-
ter-yarn pore (e.g. equivalent diameter
(Figure 3.c), area of the pore, perimeter,
and shape factor, etc.).

Measurement of the intra-yarn porosity
was carried out according to the internal
standard TUL No. 22-103-01/01, mainly
characterised by Neckar’s theory [17]. In
the image of the yarn cross-section (Fig-
ure 2), asystem of k = 1, 2, 3, and ...n
circle zone of constant width are created,
with the centre on the axis of the yarn.
Using the image analysis, the cumulat-
ed area of all cross-sections of fibres S,
[m?] in each zone and the zone area S,
[m?] are measured. The ratio of these val-
ues represents the radial packing density
W [—] in this zone [18]:

_ Srk
e =3 ®)
The above-mentioned internal standard
TUL No. 22-103-01/01 states that the ef-
fective yarn diameter d,, corresponds to
a decrease in the radial packing density
to the value p, = 0.15, and then the ef-
fective packing density p,, of the yarn is
the portion of the cumulated area of all
cross-sections of fibres S, in the circle
of the effective yarn diameter and area of
this circle S,

— Sref

Her = Scer ©))
The value of the effective packing den-
sity u,, is considered as a representative
for each yarn and can be used for the cal-
culation of yarn porosity P, according to
Equation (4) or equivalent yarn diameter
d according to Equation (1).

B Methods and experiment

Knitted fabrics of single jersey structure
were used for the experiment. These
were manufactured on a small-diameter
circular knitting machine — Rius-Protex
(Spain) from polyester and viscose ring-
spun yarns, which have always been of
two linear densities — 20 tex and 29.5
tex. Samples of the fabrics with differ-
ent densities were knitted from each yarn

FIBRES & TEXTILES in Eastern Europe 2017, Vol. 25, 3(123)

Table 1. Parameters of knitted fabrics.

s £ kS
5/ 8 E £ E s £
‘Eﬂ [ o S - §°~ -~
088 | 105 0430 85 39
50 079 | 088 | 0458 100 35
_ 069 | 075 0486 | 119 | 3.4
3 065 | 073 | 0515 | 133 @ 3.0
< 100 | 098 0543 120 41
S 076 | 088 0557 | 147 @ 35
295 068 085 0561 172 @ 33
063 | 083 0580 185 @ 3.2
061 082 0583 | 187 @ 3.
093 | 105 0435 84 40
080 092 0453 99 @ 35
20 | 074 | 089 | 0462 105 3.4
067 | 083 0470 | 117 | 3.4
058 | 072 | 0475 | 134 28
8 097 | 124 0469 108 45
8 092 | 117 | 0481 | 115 43
S 087 | 111 | 0487 | 126 @ 41
b5 080 096 0520 138 | 37
51 076 089 0535 149 | 35
068 | 086 0549 | 165 3.3
063 | 081 0567 181 32
056 | 081 0578 | 201 3.0

Table 2. Parameters of yarns.

. Pr dF; q, T, Her
Material kg/m® | pm 7 tex -
20 | 0.752

Polyester 1390  11.7 1
29.5 | 0.693
20 | 0.636

Viscose 1480 @ 11.0 0.6
29.5 | 0.689

(see Table 2). Fiber fineness was PL— 1.5
dtex and VI — 1.4 dtex.

Parameters of knitted fabric

The air permeability AP [mm/s] of the
samples was measured according to
the method specified by Standard CSN
EN ISO 9237 using a Textest FX 3300
air permeability tester (Switzerland).
The measurements were performed with
a constant pressure difference of 50 Pa
and 20 cm? test area. Furthermore the
number of courses per mm and wales per
mm was measured according to Standard
EN 14971, the thickness of the fabrics
according to Standard EN ISO 5084,
and the weight of the fabrics according
to Standard EN 12127. The loop length
[ was calculated according to Equation
(2), with the yarn diameter value d cal-
culated according to Equation (1) in this
case. Using image analysis, the surface
porosity of knitted fabric with hairiness
P." and without hairiness P, was mea-
sured. Then the equivalent pore diameter
Dg [um] was also measured (see Figure
3.¢). The parameters of the knitted fab-
rics are summarised in Table 1.

@
E +|; |2) E . "
2 ) Q o Y
Q <

433 | 0.323 | 0.361 | 3138 | 228 | 47
351 0.250 @ 0.284 | 2500 | 185 | 38
220 | 0.136 | 0.178 | 1784 & 116 @ 24
187 | 0.128 | 0.163 | 1354 | 98 20
354 | 0.194 | 0.244 | 1929 @ 136 @ 27
251 0.138 | 0.170 | 1084 | 97 19
168 | 0.084 | 0.112 H 726.0 | 65 13
136 | 0.048 | 0.080 @ 564.5 | 52 10
112 0.038 | 0.064 | 525.0 = 43 | 84
451 0.281 | 0.345 | 2318 | 116 | 17
358 | 0.226 | 0.283 | 1759 | 92 14
312 | 0192 | 0.250 | 1554 | 80 12
224 | 0.128 | 0.186 | 1100 57 | 86
169 | 0.095 | 0.143 H 873.0 | 43 | 6.5
494 | 0.268 | 0.325 @ 1980 | 159 | 22
435 | 0.228 | 0.288 & 1630 | 140 | 19
372 | 0.166 | 0.241 | 1392 120 16
290 | 0.129 | 0.188 | 983.0 @ 94 13
254 0.117 | 0.166 & 9414 | 82 1
183 | 0.069 | 0.116 K 6263 | 59 | 7.9
139 | 0.050 | 0.086 @ 5123 | 45 | 6.0
110 0.038 | 0.066 | 400.3 | 35 | 4.8
dep, d, Hes dp, d, Py,

pm pm - um um -
156.2 | 19 | 0.389 | 9.2 | 163.2 | 0.248
1940 | 26 | 0.306  13.3 | 190.3 | 0.307
156.6 | 3.9 | 0.210 @ 259 | 154.9 K 0.364
188.2 | 3.1 0.230 = 23.0 | 195.8  0.311

Parameters of yarn

A methodical process of creating the
cross sections of yarns was carried out
according to the internal standard TUL
No. 46-108-01/01, which includes two
different methods of how to prepare the
samples; we used the soft section meth-
od that is also described in [19]. In the
experiment 20 cuts from each yarn were
processed. The effective packing den-
sity value p, was determined experi-
mentally using the methods described
above. The yarn diameter d was calcu-
lated according to Equation (1) and the
diameter d,, was measured using image
analysis. The porosity of yarns P, was
calculated according to Equation (4), the
equivalent fibre diameter d,. according to
Equation (5), and the equivalent diam-
eter of the intra-yarn pore d," according
to Equation (7). The parameters of yarns
are introduced in Table 2.

M Results and discussion

The equivalent pore diameter D (see Ta-
ble 1) is a characteristic dimension of in-
ter-yarn pores. The equivalent intra-yarn
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Figure 6. Relationship between calculated porosity and porosity  Figure 7. Relationship between porosity and air permeability (data

measured without hairiness (data of VI 29.5 tex).

pore diameter d,,” (see Table 2) is a char-
acteristic dimension of intra-yarn pores.
Then, based on ratio r (see Table 1):

Ds

r= (10)

_d;

it is possible to determine that the charac-
teristic dimension of each inter-yarn pore
Dy is greater (min 35 and max 228 times)
than that of the intra-yarn pores d,,". How-
ever, as mentioned above, the packing
density of yarn is not constant throughout
its cross section, decreasing towards the
surface. In our experiment, values of the
radial packing density i, were measured.
Therefore the value of the packing densi-
ty p, corresponding to the last full zone,
which is included in the effective yarn di-
ameter, can be used in Equation (7), and
the equvialent diameter of the intra-yarn
pore near the surface of the yarn d,, " may
be determined as (see Table 2):

1

1 —
dp, = — sty dr
1+q ML

(11

In this case, based on ratio r, (see Ta-
ble 1):

D

n== (12)
dpy,

it is possible to determine that the char-

acteristic dimension of the inter-yarn

of VI 29.5 tex).

pores Dy is also greater than that of the
intra-yarn pores d,,", but ranging from
4.8 to 47 times. Thus Dy values for very
dense knitted fabrics are orders of magni-
tude comparable with the values of d,,".
However, most of the pores within the
yarn are deformed due to a twist and do
not pass through the yarn. Moreover in
the case of very dense knitted fabrics in
particular, yarn compression occurs near
the binding points. Assuming that air
flows through the path of least resistance,
and with respect to the size of individu-
al intra-yarn and inter-yarn pores, it will
flow through the inter-yarn pores.

Figure 4 shows the data measured for in-
ter-yarn porosity with hairiness P." and
after removing yarn hairiness P. For ex-
ample, data for knitted fabrics made from
viscose yarn 29.5 tex are shown here.

In the graph the boundaries of confidence
intervals are plotted, from which it is evi-
dent that differences in the values P and
P~ measured are statistically significant,
and in the case of knits with lower poros-
ity the difference is relatively more signif-
icant. A statistical test of the conformity
of two selections was also applied to all
data. In all cases, a statistically signifi-
cant difference between average values

Table 3. Correlation coeficients for porosity values obtained in different ways (all data).

Type of porosity Pc, - P — P - P, -
Pct, — 0.953 0.964 1 0.991
Pc, — 0.976 0.988 0.991 1
90

was confirmed, namely at the level of
significance 0.05. The variances of the
two measurements were identical in most
cases, except for the very dense samples
of fabrics. For the very dense samples of
fabrics (P." less than 0.070) statistically
significant differences between variance
values were confirmed, for which the sta-
tistical analysis software QC Expert was
used.

Table 3 shows correlation coefficients
for porosity values obtained in differ-
ent ways. It is evident that all correla-
tion coeficients have very high values,
indicating a high degree of linear de-
pendence.

However, the graph in Figure 5 shows the
relationship between the porosity calcu-
lated according to Equation (3): first P.—
in Equation (3) the diameter d calculated
according to Equation (1) was used, sec-
ond P, — in Equation (3) the diameter
d, (see Table 2) determined experimen-
tally was used, and the porosity measured
with maintained hairiness P.". While this
graph shows that the data dependency of
the second-degree polynomial fits better
than the linear relationship, the graph in
Figure 6 shows the relationship between
the porosity calculated and that measured
after the removal of hairiness using the
image analysis software P.. In this case,
the data rather correspond to a linear re-
lationship. The values of porosities P,
and P are very close because the values
of yarn diameter d and d,, are also very
close (see Table 2). However, they both

FIBRES & TEXTILES in Eastern Europe 2017, Vol. 25, 3(123)



correspond to the yarn diameter in a free
state. Figure 6 shows that the porosities
P. and P, calculated have a slightly
steeper trend against the values of the po-
rosity measured P,

Figure 7 shows the relationship between
the porosity (calculated P. and meas-
ured P.', P.) and air permeability. It
is evident that the values of P shift up
towards those of P.". The corresponding
regression lines are mutually displaced
and very gradually converge towards
lower values, which corresponds to the
not entirely linear dependence between
P, and P."(see Figure 5). Further, Fig-
ure 7 shows that the dependence be-
tween the porosity calculated P, and air
permeability is not linear, which may be
due to the simplifying assumptions that
enter into the theoretical calculations,
one being the constancy of the yarn
cross-section. In fact, the cross-section of
the yarn changes as a result of interlac-
ing. Furthermore it is very important that
the relathionship between wale spacing
W and course spacing C is not actually
linear. The length in aloop is changed
by the sinking depth, which means that
in the first phase we change the course
spacing; the wale spacing in the machine
is the same because the gauge of the ma-
chine is the same. Removing the knitted
fabric from the machine is followed by
relaxation which is dependent on several
conditions (elasticity of the yarn, friction
at interlacing points, density of the knit-
ted fabric etc.). Obviously the length of
the loop is the same, but W and C change
nonlinearly.

B Conclusions

Air permeability is avery important
property of textile materials and is close-
ly related to the porosity. A number of
authors have researched the relationship
between the porosity and air permeabil-
ity of textile materials. The models pro-
posed always include some simplifying
assumptions, and our contribution is fo-
cused on some of these. The porosity of
single jersey knitted fabrics and that of
the yarns used were evaluated theoreti-
cally and experimentally. For the exper-
iment a set of 22 single jersey knits was
used.

It was found that the characteristic
dimension of inter-yarn pores is ap-
proximately 35-228 times greater
than that of intra-yarn pores. Assum-
ing that air flows through the path of

FIBRES & TEXTILES in Eastern Europe 2017, Vol. 25, 3(123)

least resistance, air will primarily flow
through the inter-yarn pores in knitted
fabrics. Therefore, in the case of our
set of fabrics, the porosity of the yarns
themselves may be neglected in terms
of air flow through the knitting. Thus
the assumption that the yarn is taken
as an impermeable cylinder with di-
ameter d, which has often been used
by other authors [e.g. 2, 7, 12], can
also be used for our set of knitted fab-
rics.

Only in the case of highly dense fab-
rics is it possible to consider that part
of the air may pass through the sur-
face layers of the yarn, because for
such knitted fabrics the characteristic
dimension of intra-yarn pores is quite
comparable with that of inter-yarn
pores. However, also in these cases
the air permeability of the yarns them-
selves may be neglected. It can be as-
sumed that due to yarn twisting and
the compression of the yarn near the
binding points, air will flow primarily
through the inter-yarn pores. This is in
accordance with the original assump-
tion of passage of air through the in-
ter-yarn pores of fabric [9].

The surface porosity of jersey knitted
fabrics was measured using image
analysis methods — first, while main-
taining the hairiness P." and also after
its removal P.. The correlation coef-
ficient for this data is 0.991, but the
values of P are significantly higher
than those of P.*. The significance
of the difference in the two values
is relatively greater for fabrics with
higher density. The hairiness of yarns,
therefore, plays an important role in
assessing the porosity of knitted fab-
rics, which is also consistent with our
previous findings [3]. However, the
removal of hairiness is very important
if we want to measure the geometrical
characteristics of individual inter-yarn
pores — diameter, area, perimeter, etc.
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