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Abstract: Stretchability of knitwear is one of the most important factors of wearing comfort. Elasticity of
knitted structures in course wise direction is usually higher than along wales and often characterized by
crosswise shrinkage. Existing methods of knitting program development do not consider the real rate of
wale wise shrinkage of rib knitted structure under the course wise extension. During the study
experimental research has been carried out to fulfill empirical data on the relationship between samples’
length and width under uniaxial course wise elongation. A range of samples of rib 1×1, 2×2, 3×3, 4×4 and
5×5 knits, made of cotton, bamboo, polyacrylonitrile (PAN), wool/acrylic blend and wool yarn, were
stretched with a tensile machine WDW-05M. In the process of stretching the width of each specimen was
defined in the moments of extension by 50, 100, 150, 200, 250 and 300 per cent. It has been found that
linear approximation can be applied to describe the dependence of specimen’s width on its relative course
wise elongation. It was found that the stitch height/width ratio changes unevenly. In the beginning of the
process of course wise stretching of a rib knitted structure, it does exist, such an interval, where an
increase of the knit’s linear size along the courses occurs without a significant shrinkage in the wale wise
direction. It is suggested to name the upper limit of this interval as “unidimensional extension limit” and
define it as an extension of a standard (100×50mm) specimen, at which its width decreases by 10%. It was
found as well that the value of this index significantly depends on the ribbing variation and much less on
the type of raw materials.
Keywords: knitting, rib knits, stretching, courswise extension, crosswise shrinking.

shrinkage should be taken into consideration for
patterning and knitting programming.
In scientific publications the issue of stretchy
knitted products made of different types of yarn is
being discussed quite widely. Vasconcelos et al.
assume the importance of determining the optimal
parameters of elasticity for sport clothes produced
with a content of elastomeric yarns [2]. The
pressure of clothes on the body is one of the
important criteria of personal comfort. Spahiu et al.
[3] investigate the implementation of new
computer design technologies, which provide a
parametric regeneration of a virtual mannequin for
the assessment of the fitting quality of apparel,
which provides an opportunity to assess the
comfort of clothing for a given consumer. Guo &
Kuzmichev [4] developed a method of assessing
the pressure of a women’s dress on the body in
the important anthropometric points of the female
torso that allows to estimate the wearing comfort
of the product in the mode of virtual try-on
systems. Many scientific papers are aiming to
study the elasticity of knitted fabrics and garments,
manufactured with the use of elastomeric yarns [57], for sports and medical textile garment
manufacture. Changing structure parameters of
the knit in a deformed state causes a change in its
properties. Gupta et al. [8] studied the influence of
the deformation state of the pressure garments on

1 INTRODUCTION
Knitted fabrics are widely used for production of
underwear, sports apparel, other kinds of clothes,
which conform closely to the body shape due to
their elasticity. The fit and elasticity belong to the
characteristics most influencing the feeling of
wearing comfort. Knitted products are subjected to
different kinds of deformation during operation.
Tight-fitting knitted clothes have a smaller
circumference than the corresponding body part’s
girth. Sometimes an extra extension is also
required to provide comfortable taking on and off
for such knitted products as socks, sweaters,
gloves, balaclavas, mittens, and others. In
addition, it is necessary to take into account
possible changes in the dimensions in the process
of different body movements, as dimensions of
some body parts increase during movements.
Many researchers emphasize the importance of
considering the elasticity in the knitted garment
design. Clothes are in contact with the skin in the
process of the using. Therefore, the feeling of
comfort and discomfort directly depends on the
mechanical influence of clothes on the skin [1].
The present study aims to analyze the tensile
process of rib knits and to determine the limit of
course wise elongation from which the wale wise
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the indices of hygienic comfort such as thermal
comfort, air, and water vapor permeability. The
effect of the tension level on the thermal properties
of compression socks is analyzed by Siddique et
al. [9]. The change of air permeability in the
stretched textiles is investigated in articles [10, 11].
The knit stitch type significantly affects the ability
of a knitted product to extend and return to the
original size. Manufacturing of complete garments
opens wide possibilities for product customization
[12]. However, to expand the range and improve
the design quality of seamless products, it is
necessary to take into consideration the knitwear
elasticity.
The fundamentals of the theory of knitted
structure’s stretching has been laid out in works
[13, 14]. Different aspects of knitted textiles’
deformation are being discussed in recent
research works. Tensile properties of basic weft
knitted stitches, such as plain and rib 1×1 stitch,
made of cotton yarn and blended cotton yarn with
the content of Lycra, are analyzed in paper [15].
Pavlović & Vrljičak [16] considered the mechanical
properties of Tensel and modal knitted fabrics.
Mechanical properties of knitted fabrics for
technical application are studied by Araújo et al. in
the works [17, 18]. The means of threedimensional modeling of knitted structures open
new possibilities in analyzing deformation
characteristics [19, 20, 21, 22]. At the same time,
means of automation are using theoretical
calculation methods as mathematical software,
which are often based on the empirical data.
Methods of calculation of knitwear structure
parameters that consider operational deformations
account reduction of the course spacing at the
increase of the wale spacing and vice versa [23]. It
is known that the yarn in the knitted structure is
being redistributed under tensile load [14].
However, at the beginning of tensile process rib
knits have a certain interval, where the increase of
the specimen’s linear size along courses occurs
without changing the course spacing value [24]. In
rib knitted structures the process of course wise
elongation includes such sub processes as
reducing the curvature of plain stitch areas,
reducing the amount of mutual shifting of adjacent
wales belonging to different layers of the fabric,
pulling yarn from loops’ legs into the head and feet
segments, extension the yarn itself [25]. The first
two of the above mentioned sub processes take
place without yarn redistribution, i.e. without
reduction of the loop height as it is shown
schematically in Figure. 1.
The value of course wise elongation, at which the
process of the yarn redistribution starts, depends
on both the number of knit and purl stitches in the
repeated unit of the ribbing variation and the yarn’s
raw material. At present, there is no information
about publishing results of research of the rib knits
stretching intervals along the course lines,
occurring without reduction of linear dimensions in
the crosswise direction.
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Figure 1 Unfolding process of rib 2x2 under
coursewise tensile forces action

At present, there is no information about
publishing results of research of the rib knits
stretching intervals along the course lines,
occurring without reduction of linear dimensions in
the crosswise direction. In order to establish the
limit value of stretching along one axis without
significant shrinkage along the other, a study of
geometric characteristics of rib knitted fabrics in
the process of course wise stretching was carried
out.
2 MATERIALS AND METHODS
Stretchability and elasticity of knitted structures
belong to the number of indicators most
influencing wearing comfort. Their significance is
determined by the purpose and functionality of the
knitwear product. The most common method of
the study of textile fabrics load/extension
properties is so called “strip method”. This method
is based on stretching a ribbon of textile cloth of a
rectangular shape, fixed between two clamps of
tensile testing machine.
In this study, a concept of deformation of a section
of knit has been used. Under a deformation state
we understand a state of a specimen of certain
dimensions and the structure’s parameters gets
under the application of a given load,
characterized by both magnitude and direction.
The unidimensional extension limit is a
deformation condition characterized by such a
relative elongation value, until which a specimen of
a knitted fabric of standardized size (50×100mm)
can be stretched before the crosswise shrinking
begins.
2.1 Preparing samples
The most widely used types of yarn, such as
cotton,
bamboo,
polyacrylonitrile
(PAN),
wool/acrylic (blended) and wool yarn with equal
value of operational diameter have been chosen
for the experimental study. Theoretical calculation,
performed according to [14], gives such a set of
yarn types: cotton yarn with linear density of 42
tex, bamboo yarn – 31×2 tex, wool yarn 31 tex ×2,
wool/acrylic
blend
yarn
31×2
tex
and
polyacrylonitrile 31×2 tex. The test samples of rib
1×1, 2×2, 3×3, 4×4 and 5×5 structures have been
produced on a V-bed flat knitting machine PVRK,
10 gauge. After knitting, the samples were kept 24
hours under normal atmospheric conditions
(temperature 22±3°C and relative air humidity
62±5 %) to get a dry relaxed state. During
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relaxation process configuration of the thread and
stitches changes, but after 24 hours a knitted
fabric laying of on a plane surface doesn’t change
its size without an external load application.
Rectangular specimens with linear dimensions
200±1mm × 50±1mm were cut out for uniaxial
stretching in the course wise direction. The
characteristics of the samples are given in Table 1.
To know the value of operational deformations
relative to the initial circumference of a knitted
tubular part, which is measured in a free,
undeformed state is also important for the
improvement of technological development of
complete garment knitwear; as well as for the
assessment of wearing comfort. Therefore, the
test
length
for
determining
deformation
characteristics was set at 100 mm, measured in
the free state without a prior loading.

For example, the load-extension diagram
represented in Figure 2(b) shows a slow increment
of the load value up to the extension of
approximately 240%. In the course of the study it
has been proposed to assess the values of the
width of the specimen in five states of stretching,
which will be designated as states T1-T6,
corresponding to the relative elongation of the
sample on 50, 100, 150, 200, 250 and 300mm
respectively.
3 RESULTS AND DISCUSSIONS
In order to determine the crosswise shrinking of
the knitted samples during stretching, video
recording of each test was processed with the
VSDC Free Video Editor. Raster images
corresponding to the chosen stretching states
were stored. Since the movement of the upper
clamping of the tensile tester machine is moving at
a constant speed equal to 100 mm/min, evidently,
50, 100, 150, 200, 250 and 300mm elongation of
all samples corresponds to 30th, 60th, 90th, 120th,
150th and 180th second of video recording
respectively. The received raster images have
been imported in the Autodesk AutoCAD
environment, scaled and processed to measure
the width of the specimens in their narrowest
parts.
In Fig. 3 raster images of different ribbing variation
from the polyacrylonitrile yarn in the stretching
states T1-T6 are shown.
As it can be seen in the photograph, the specimen
of 1×1rib knit begins to narrow yet after the
extension by 50%, the narrowing of the specimen
of 3×3 rib knit occurs at a later stage of tension,
between 150 and 200%. The 4×4 rib knit keeps its
initial width value by approximately 200% of
longwise extension. And the beginning of the width
reduction of the specimen of 5×5 rib knit is being
observed when the relative elongation value
reaches 250%.
Due to the peculiarities of the structure of rib knits,
in the beginning of the stretching process, a socalled unfolding is going on. Under the action of
tensile force in the structure of rib knits the shifting
of purl stitches behind the knit stitches reduces.
Therefore, at the initial stage of stretching in the
range from 0 to 50% narrowing in the transverse
direction is observed only in the structure of rib 1x1
and 2x2 knits. As can be seen from Fig.3, the
larger is ribbing pattern, the smaller shrinkage of
the test specimen in the transverse direction
(along the line of the loop column) occurs in a
given deformation state.

2.2 Setting the experiment
To study the deformation properties of knitwear, a
tensile testing machine WDW-05M (Fig. 2(a)) has
been used. This machine is equipped with one
fixed clamp and one clamp, that can move with a
constant velocity. A strip-test with automatic
recording of load-extension diagrams (Fig. 2(b))
has been carried out. The research was realized in
an accredited testing laboratory of analytical
research TLAR "Textile-test".
During the tensile testing, a wide-angle camera
was set with a tripod in front of the specimen.
Each test simultaneously started together with the
video recording. To ensure a possibility of the
correct scaling, a calibration ruler was placed next
to the sample as shown in Fig. 2(a). The use of
this equipment allowed to study the nature of
crosswise narrowing dynamics.
For accurate calculation the required number of
knitting needles and rows of knitting in a certain
garment part, it is important to understand how
much the product can be stretched in the process
of operation without significant crosswise
shrinking. In other words, what reduction in the
height of the loops will occur under a certain width
extension. Wearing comfort relates to the pressure
of a textile shell to the body part. In turn, it
depends on the difference between the body girth
and the knitted shell’s circumference in a free
state, as well as on the tensile strength of the
fabric. Preliminary experiment with chosen
structures has shown that in the first stage of
coursewise stretching (up to 50%) the elongation
occures with little or no loading. The stretching
interval has been established for the reason of
detectable loading difference (more than 0.05 N).
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Table 1 Characteristics of the experimental samples of knitted fabrics
Ribbing
structure
type

Rib 1х1

Code
of the
sample
1.1
1.2

100±2
110±2

41±1

102±2

39±1

104±2

38±1
44±1
50±1

110±2
124±2
126±2

45±1

130±2

46±1

124±2

50±1
54±1
59±1

133±2
180±2
180±2

50±1

168±2

49±1

168±2

50±1
56±1
57±1

201±2
192±3
192±3

52±1

180±3

50±1

200±3

50±1
55±1
59±1

212±3
195±3
195±3

49±1

200±3

5.4

48±1

210±3

5.5

Wool, 31 tex ×2

51±1

210±3

1.3

2.3
2.4
2.5
3.1
3.2
3.3
3.4
3.5
4.1
4.2

Rib 4х4

4.3
4.4
4.5
5.1
5.2
5.3

Rib 5х5

Number of wales in the
gauge length

39±1
42±1

1.5
2.1
2.2

Rib 3х3

Number of courses in the
specimen

Cotton, 42 tex
Bamboo, 31×2 tex
Polyacrylonitrile
(PAN), 31×2 tex
Wool/acrylic blend,
31×2 tex
Wool, 31 tex ×2
Cotton, 42 tex
Bamboo, 31×2 tex
Polyacrylonitrile
(PAN), 31×2 tex
Wool/acrylic blend,
31×2 tex
Wool, 31 tex ×2
Cotton, 42 tex
Bamboo, 31×2 tex
Polyacrylonitrile
(PAN), 31×2 tex
Wool/acrylic blend,
31×2 tex
Wool, 31 tex ×2
Cotton, 42 tex
Bamboo, 31×2 tex
Polyacrylonitrile
(PAN), 31×2 tex
Wool/acrylic blend,
31×2 tex
Wool, 31 tex ×2
Cotton, 42 tex
Bamboo, 31×2 tex
Polyacrylonitrile
(PAN), 31×2 tex
Wool/acrylic blend,
31×2 tex

1.4

Rib 2х2

Raw material,
Linear density

(a)

(b)

Figure 2 Tensile testing of the specimen of rib 5×5 knit from polyacrylonitrile yarn (a) and load – extension diagram,
automatically generated during the test (b)
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Rib 1×1

Rib 2×2

Rib 3×3

Rib 4×4

Rib 5×5

T1

T2

T3

T4

T5

T6

Figure 3 The transformation of surface geometry 1×1, 2×2, 3×3, 4×4, 5×5 rib knits (top-down) from polyacrylonitrile yarn
at the relative elongation of 50, 100, 150, 200, 250, and 300% (left-right)

3.1 Unidimensional extension limit

As it is known, during the knitting process the
width of a segment containing a certain number of
wales depends on the number of knitting needles
in action and out of action, and on the distance
between needles. The width of the sample that it
had during the knitting process; mm is also shown
in Table 2. Based on the results obtained, it is
assumed that the rib knit crosswise shrinking over
10%, should be considered during the calculation
of the number of rows for manufacturing knitted
garment details. The unidimensional extension
limit value has been determined for each sample,
using the approximation equation having the y
value (wale wise size) constant - 10 % of the
original length, as shown in Table 2. The value of
the unidimensional extension limit as well as the
load, necessary to attain this elongation, depends
most of all on the ribbing variation. At the same
time, samples with the same indicators of
unidimensional extension limit, like samples 3.3
and 3.4 are characterized by different tensile
forces. It shows that such properties as bending
rigidity, roughness, yarn stretchability also
influence the stretching process.

During the study, the character of the size
changing has been analyzed. Five specimens of
each sample were taken for checking the
dispersion homogeneity during the preliminary
experiment. In cases of inhomogeneous
dispersion, the number of specimens increased.
According to the obtained average data for each
sample of knitwear, the diagrams of dependence
of the absolute specimen width on its relative
elongation and the linear approximation graphs
are built as shown in Fig. 4. Linear equations for all
samples are shown in Table 2. In all samples,
regardless the ribbing variation and the raw
material composition, the linear nature of the
influence of tension along the courses on its
narrowing in the transverse direction in the range
of 0 ÷ 200% is observed. For rib knits of bamboo
and wool yarn after stretching by 200% the
dependence becomes polynomial. But because
during the wearing use of knitwear products tensile
deformation does not reach more than 200%, we
admit linear dependence for practical use. Table 2
shows the information about the probability of
approximation of the obtained curvilinear
dependences.
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(a)

(b)

(c)

(d)

(e)
Figure 4 Changing the width of the specimen in the process of its longwise stretching for rib 1x1 (a); 2x2 (b); 3x3
(c); 4x4 (d); 5x5 (e) knitted samples

(a)
(b)
Figure 5 Geometric characteristics of the samples: the value of the unidimensional extension limit (a) and the width of
the sample (gauge) in the knitting process (b)
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Table 2 Characteristics of the stretching process
Code of the
sample
1.1
1.2
1.3
1.4
1.5
2.1
2.2
2.3
2.4
2.5
3.1
3.2
3.3
3.4
3.5
4.1
4.2
4.3
4.4
4.5
5.1
5.2
5.3
5.4
5.5

Approximation equation
(y- specimen width; x- specimen
elongation), probability

y = -0.1211x + 51.533, R2=0.9858
y = -0.1217x + 52.8, R2=0.9798
y = -0.1251x + 51.067, R2=0.9776
y = -0.1263x + 52.6, R2=0.9834
y = -0.1206x + 50.6, R2=0.9732
y = -0.1234x + 56.267, R2=0.9958
y = -0.128x + 57.733, R2=0.9801
y = -0.112x + 54.267, R2=0.9918
y = -0.1183x + 58.867, R2=0.9612
y = -0.1017x + 54.8, R2=0.984
y = -0.0623x + 55.4, R2=0.925
y = -0.0794x + 57.733, R2=0.7735
y = -0.0577x + 54.933, R2=0.895
y = -0.0554x + 54.533, R2=0.9411
y = -0.0349x + 51.933, R2=0.9694
y = -0.0394x + 53.733, R2=0.8414
y = -0.0491x + 55.267, R2=0.6802
y = -0.0377x + 53.267, R2=0.8724
y = -0.04x + 53.333, R2=0.9292
y = -0.0417x + 53.467, R2=0.9418
y = -0.0429x + 54.333, R2=0.7969
y = -0.0354x + 53.867, R2=0.659
y = -0.0309x + 53.067, R2=0.8115
y = -0.0406x + 53.933, R2=0.7928
y = -0.0343x + 53.333, R2=0.8385

Width of the
sample on the
needle bed, mm

Unidimensional
extension limit, %

127±1
140±1
130±1
132±1
140±1
236±1
241±1
249±1
236±1
254±1
381±1
381±1
356±1
356±1
427±1
427±1
427±1
401±1
445±1
472±1
450±1
450±1
457±1
480±1
480±1

In Fig. 5 a bar chart of the value of the
unidimensional extension limit for the rib knitted
samples is shown. The diagram shows that the
type of raw material influences the value of the
indicator much less than the ribbing variation. The
use of the obtained unidimensional extension limit
values in technological calculations contributes to
the improvement of the design quality.

54
64
48
60
46
91
99
83
117
96
167
160
172
172
199
222
209
219
208
203
218
250
261
220
243

Load of
unidimensional
extension limit, N
0.3
0.45
0.55
0.7
0.5
0.5
0.4
0.6
1.15
0.65
0.25
0.3
0.8
1.15
0.75
0.5
0.5
0.85
0.6
0.55
0.35
0.7
1.2
0.9
0.83
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