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Abstract
This article presents a geometrical model of three – and five – layer 3D distance knitted
fabric which characterises the structural features of the fabric in a spatial Cartesian xyz 
system. New notions (technical terms) of ‘spatial a – jours’ and ‘spatial reliefs’ are intro-
duced. Spatial a – jours are channelled layer structures inside knitted fabrics, whereas 
spatial reliefs are characterised by a different structure of the internal, as well as external 
layers, which are the result of a different thickness of the fabric layer’s segements. A hybrid 
model was developed of the graphical description of a 3D distance knitted fabric. This 
model includes a description of the thread continuum in the fabric stitch using of the 2D 
system. Whereas considered a solid, it presents the spatial architecture of the knitted fabric. 
The model composition was verified by an analysis of the real structures of twenty stitch
variants.
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 Introduction
3D distance warp – knitted fabrics have 
been known for many years and found a 
broad range of applications in the foot-
wear and medical product industries for 
the production of mattresses as different 
kinds of protectors, as well as in different 
textile products, among others [1-4]. 

The knitted fabrics discussed in this ar-
ticle are manufactured with the use of 
warp knitting machines equipped with 
two needle combs (P and T in Figure 1), 
which are positioned parallel to each oth-
er [5]. The distance x between both needle 
combs can be equal to 1.5-6.6 mm and 
determines the thickness gi of the knitted 
fabric, manufactured in such a way that 
gi ≈ x. Six guide bars, two per layer, are 
used on two – needle comb warp knitting 
machines.

In the literature connected with such knit-
ted fabrics, different structures of 3D dis-
tance knitted fabrics are described [6], but 
no generalised model can be found which 
would describe their structure. In order to 
describe the stitches, methods similar to 
the description of plain and moss stitches 
of “flat” knitted fabrics are used, which
do not give any information of the spatial 
structure of the knitted fabric. The au-
thors based their research on schematic 
drawings of the stitch description, in 
which dots and crosses are used, relat-
ing to the front and back needle combs. 
It is difficult to draw conclusions from
the stitch description about the spatial 
structure of 3D distance knitted fabrics. 
A method was proposed consisting in the 
elaboration of a graphical sheet used for 
the designing of the structure and stitches 

of 3D distance warp – knitted fabrics. 
Such a sheet is completed by cross – sec-
tions of the product along the wales and 
courses [7]. The literature figures demon-
strate the spatial structure of stitch frag-
ments of knitted fabrics manufactured in 
the shape of so – called “sleeves” used 
for illustrating final products. Such a de-
scription concerns only structures pre-
sented in academic text books but are not 
used in the classical designing of knitted 
fabrics [5].

Figure 1. Technology of 3D distance warp-
knitted fabrics; P, T – needle combs, x – 
distance between needle combs, gi – knitted 
fabric thickness, w1, w2, …, w6 – yarn 
windings.
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3D distance knitted fabrics are complex 
structures considering the different con-
struction of the external layers as well as 
the internal layer, which up to the present 
has not been taken into consideration us-
ing the methods describing the structure 
of this group of knitted fabrics. The state-
ments mentioned above, which consider 
3D distance warp – knitted fabric as a 
2D product, inspired the authors of this 
article to elaborate a model description 
of the knitted fabric structure in a spatial 
system, and formulate assumptions for 
a hybrid graphical description model of 
the stitches used. The aim of the model 
presented is the possibility of determinat-
ing the structural parameters of distance 
warp – knitted fabrics as a spatial solid. 
These parameters and the relations be-
tween them will be used in designing 
product properties, including physical 
and mechanical properties. 

 Geometrical model of a 3D 
distance warp – knitted fabric

The most often used structures of 3D 
distance warp – knitted fabrics are build 
from three layers: two external layers 
el1 and el2 and an internal layer il (Fig-
ure 2). The distance between the exter-
nal layers is determined by the thickness 
gi of the knitted fabric, which is signifi-
cantly greater than the thickness of plain 
(flat) knitted fabrics manufactured on
single – comb classical warp knitting 
machines, which means that gi 〉〉 gl–p. 
The external layers are formed by inde-
pendent plain stitches and loops of moss 
stitches. Links (connectors) are posi-
tioned between these loops and form the 
internal layer. In the case of more com-
plex structures, weft stitches are used in 
the internal layers. The structure of the 
external layers el1 and el2 can be similar 
or different.

Among different distance knitted fab-
rics, five – layer knitted fabrics can also
be distinguished (Figure 3) [8]. In this 
case we have two internal layers which 
can be characterised by different thick-
nesses, variable thread density in the lay-
ers, as well as by the spatial structure of 
the stitch. Differences exist between the 
structure of the external layer el1 and el2 
and the middle layer ml. The external lay-
ers are build from plain stitches and loops 
of moss stitches, similar to three – layer 
knitted fabrics; but the middle layer ml is 
formed by thread connections of the in-
ternal layers il1 and il2 ( in this layer stitch 
loops do not exist). 

In this article the model form of three 
– layer and five – layer knitted fabrics is
presented in a spatial Cartesian xyz sys-
tem.

The external layers of the product, which 
are based on the structure of plain wale 
stitches, can be composed of the follow-
ing knitted structure: multi guide bar a 
– jour knitted fabrics, smooth knitted fab-
rics, weft knitted fabrics, plated knitted 
fabrics, two needle comb knitted fabrics, 
as well as multi – colour and structural 
jacquard knitted fabrics.

In order to manufacture the external lay-
ers of distance knitted fabrics, synthetic 
yarns are most often used, but yarns from 
natural fibres can also be applied. In the
case of technical products, the internal 
layer is built from polyamide or polyester 
monofilaments whose linear density, in
the majority of cases, is within the range 
of 22 dtex to 87 dtex [9].

3D distance knitted fabrics have an equal 
structure of the loop geometry for both 
external layers, which means that the 
height B of a course of loops is equal to 
the width A of the wale of loops. How-
ever, it is possible to create a structure 
of knitted fabric differentiated by the 
geometry of fabric courses, for example 
an ‘undulating’ external plane el1 as op-
posed to a ‘flat” external plane el2.

 Spatial a – jours
A new notion (technical term) of a – jour 
spatial knitted fabrics is introduced in 
this article (instead of a – jour, the term 
‘open work’ is also used). This term re-
fers to classical flat wale a – jour knitted
fabrics (warp – knitted fabrics of open 
– work design) in which a – jours in the 
shape of openings are formed by not 
connecting the loops of two neighbour-

Figure 2. Three-layer 3D distance knitted fabric; a) geometrical model, b) real view; el1, 
el2 – external layers, il – internal layer, Rr – course report in direction of r-axis, Rk -wale.
report in direction of k-axis.

b)a)

Figure 3. Geometrical model of a five
– layer 3D distance knitted fabric;  
Rr – course report in direction of r – axis, 
Rk – wale report in direction of k – axis, 
el1, el2 – external layers, il1, il2 – internal 
layer, ml – middle layer, gi – knitted fabric 
thickness, g1, g2 – internal component layer 
thickness.

ing wales over the distance of several 
courses. Analogical spatial a – jour knit-
ted fabrics are structures in which inter-
nal spaces not occupied by yarn are the 
effect of a lack of connections between 
external layers; such forms are called 
channels (ducts). As the definition of a a
– jour spatial knitted fabric is a new one, 
it is not presented in Polish and Europe-
an standards, which describe the system 
of knit wear stitches.

The following kinds of channels can be 
formed by an appropriate selection of 
stitches and the threading of guide bars: 
a) longitudinal, 
b) transversal, 
c) perpendicular to the knitted fabric sur-

face.

Longitudinal (vertical) channels of a 
– jour knitted fabric are formed as a re-
sult of selecting appropriate component 
stitches of the knitted fabric, which are 
characterised of a lack of connections 
for a width determined by the number of 
wales. The channel height is determined 
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Figure 4. Model of a longitudinal channel: a) with different widths, b) with a complex internal surface. H – channel height, h1, h2,…hi, 
– heights of channel segments, S1,...Si – channel widths, α, β – angles of channel plains.

b)a)

Figure 5. An example of a longitudinal channel modelled by 
curvatures; a) geometrical model, b) an example of the stitch of 
a knitted fabric’s internal layer, c) the way of manufacturing a 
channel on a warp knitting machine; the notations as in Figure 4.

Figure 6. Transversal channels; a) geometrical model, b) cross section of the distance knitted fabric; p1, p2,...p6 – channel planes, notations 
different from the notations in Figure 5.

a) b)

b)a)

c)
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by the product H = n · B, were n is the 
number of courses and B the height of the 
loop courses. The width S of the chan-
nel depends on the report of the partial 
threading of the guide bars, and can be 
changed if required (Figure 4.a). Assum-
ing that the width A of a wale of loops is 
nearly equal to the spacing of needling, 
and x is the number of unfed guide bars, 
we can determine the approximate width 
of the channel S = x · A. The depth g of 
the channel is determined by the knitted 
fabric thickness gi ,which depends of the 
distance x between the needle combs. In 
the case of the model presented, the total 
height H of the channel can include sev-
eral segments of different structure and 
height hi, and thus 
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where n is the total number of segments of the stitch report. The vertical channels form planes of the 
knitted fabric’s external  layers; however, these planes have the same thickness as the distance layer. In 
the simplest channels, they are parallel to the line of wales. In the case of more complex channels, the 
planes of the internal structure of the knitted fabric are not parallel, and their position is determined by the 
angles α and β. If the angles are equal  to 0o, then we obtain simple, straight vertical channels. Such 
parameters as the height and width of the loop A and B, the thickness gi of the knitted fabric, and the 
angles α and β determine the volume of a longitudinal channel within the boundaries of the stitch report.

a)
channels

b)
channels

Figure 4. Model of a longitudinal channel: a) with different widths, b) with a complex internal surface. H - channel height,  
h1, h2, …hi, - heights of channel segments, S1,…..Si - channel widths, α, β - angles of channel plains. 

A longitudinal channel can also have a complex internal surface (Figure 4.b), in which  the total 
height of the channel report is composed by a row of heights hi of component segments with different 
slope angles αi. Due to such a channel structure, its real length is significantly longer in comparison to 
that of a simple, straight vertical channel. 

The shape of a channel can be also modelled with the use of a curvature with a radius r. With 
dependence on the channel design, the stitch report can be characterised by different radii of the curvature 
(Figure 5.a).

a)
channels

b)

where n is the total number of segments 
of the stitch report. The vertical chan-
nels form planes of the knitted fabric’s 
external layers; however, these planes 
have the same thickness as the distance 
layer. In the simplest channels, they are 
parallel to the line of wales. In the case 
of more complex channels, the planes 
of the internal structure of the knitted 
fabric are not parallel, and their posi-
tion is determined by the angles α and β.  
If the angles are equal to 0°, then we ob-

tain simple, straight vertical channels. 
Such parameters as the height and width 
of the loop A and B, the thickness gi of 
the knitted fabric, and the angles α and β 
determine the volume of a longitudinal 
channel within the boundaries of the 
stitch report. 

A longitudinal channel can also have a 
complex internal surface (Figure 4.b), 
in which the total height of the channel 
report is composed by a row of heights hi  
of component segments with different 
slope angles αi. Due to such a channel 
structure, its real length is significantly
longer in comparison to that of a simple, 
straight vertical channel.

The shape of a channel can be also mod-
elled with the use of a curvature with a 
radius r. With dependence on the channel 
design, the stitch report can be charac-
terised by different radii of the curvature 
(Figure 5.a).

The cross – section of longitudinal chan-
nels can take the shape of a rectangle, 
hexagon or rhombus, which depend on 
the position of connectors in the internal 
layer. 

Figure 5.c presents the way of form-
ing a vertical channel on a RMDU6 two 
– comb warp knitting machine. In this 
case the width of the channels obtained 
and the filed segments are the same, and
equal to S = 4 · A.

A transversal channel (Figure 6.a) is 
formed as the result of a local lack of 
threads in the component stitches which 
form the internal layer. The connectors of 
the internal layer are also placed in one or 
both external layers. 

In the case of transversal channels, con-
trary to vertical channels, practically no 
possibility exists of creating systems of 
planes with different angels and surfaces 

Figure 7. Geometrical model of a connection 
of longitudinal and transversal channels; 
gi – fabric thickness, h – channel height,  
S – channel width.

Figure 8. Knitted fabric with channels of 
cylindrical shape perpendicular to its external 
surface; gi – fabric thickness, Φ – channel 
diameter.

Figure 9. A spatial geometrical model of a 
relief distance knitted fabric; Rs1, Rs2...Rsi – 
segment widths, Rs – sum of the component 
widths, g1, g2, g3 – segment thicknesses, Rr 
– course report.

modelled with the use of different curva-
tures. The only possibility which exists is 
changing the channel height hi in the sys-
tem of horizontal parallel plains or non 
– parallel planes in relation to the hori-
zontal channel. 

In spatial a – jour knitted fabrics, the 
channel of both kinds (longitudinal and 
transversal) can be mutually connected, 
forming complex structures of spatial 
empty solids, unfilled by yarn, of the in-
ternal layers (Figure 7).

The next aspect of the structure of spatial 
a – jour knitted fabric discussed are chan-
nels perpendicular to the external surface 
of the product. 

Due to modifying the component stitch-
es, we can influence the shape of the
channels obtained. They can have the 
shape of a spatial solid – cylinder or of a 
prism with different areas of the transver-
sal cross – sections. Such channels can 
be positioned in the interior of a 3D knit-
ted fabric when the external layers are 
smooth, which gives closed channels in 
the structure, or can create openings go-
ing through the total thickness of the fab-
ric when in the external layers a – jours 
are formed; in this way we obtain open 
channels. As regards open channels, a 
continuity should be provided when cre-
ating subsequent loops in the external 
layers. 

Figure 8 presents an example of a knitted 
fabric structure with cylindrical channels 
of a diameter Φ, which are perpendicular 
to the external layer.

 Spatial reliefs
The next new notion concerning the 
structure of 3D distance warp – knitted 
fabrics are spatial reliefs. Such reliefs 
can be defined as external structures
surrounded by a non – regular system 
of planes of different width, which as a 
result of their structures form segments 
with various thicknesses. In certain cas-
es, the segments have a thickness of one 
of the external layers. Figure 9 presents a 
geometrical spatial model of a relief dis-
tance knitted fabric. The structure of such 
a knitted fabric is connected with a new 
concept of warp knitting machine de-
sign, which would have the possibility of 
changing the distance between needles, 
not only across the total length of the ma-
chine, but also in the range determined 
by the lead segments with needles. 
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The spatial model in Figure 9 presents 
a relief distance knitted fabric composed 
of k segments with different widths Rsi, 
which as a result give the total width Rs 
in the spatial report of the fabric. The seg-
ment width can be obtained by selecting 
the repeatability of the number of lead 
segments with needles across the width 
of the machine. With dependence on the 
mutual positioning of the lead segments 
on the left and the right side of the prod-
uct, we can model the thickness gi of the 
particular segments Rsi.

A special case amongst the group of 
products discussed is a relief knitted 
fabric with a partial lack of one of the 
external layers and the internal layer 
(Figure 10).

In the example presented, for the width 
Rs2 of the report, a lack of the threads 
which compose one of the external layers 
and the internal layer can be observed. In 
this case the knitted fabric is built only 
from threads which compose the oppo-
site external layer of thickness g2.

 Characteristic features of 
the structure of the distance 
internal layer 

In the internal layers of knitted fabrics, 
connectors (links) are most often used, 
which connect the opposite loops of the 
external structures of the fabric. By ap-
propriate selection of the stitch, we can 
form the arrangement of these connec-
tors, which is decisive for the structure 
and properties of the knitted fabric. Fig-
ure 11 presents an example of a possible 
configuration variant of the internal layer
connectors.

The connectors can be formed in the 
plane r-k of the knitted fabric cross sec-
tion, along the courses, by changing the 
angle α; this can also be done in the plane 
r-z, which lies along the wales, by chang-
ing the angle β. In a special, particular 
case the spatial configuration of a con-
nector can also be changed by influenc-
ing the knitted fabric thickness gi, which 
is modelled by the change in the distance 
x between the external layers of the knit-

ted fabric. For a knitted fabric with the 
same dimensions of the loops (A and B), 
the angles at which the monofilaments
are arranged decrease with an increase in 
thickness gi.

The value of the angle α depends on the 
lap of the guide bars ‘after’ the needles 
which insert the monofilament thread.
The movement of these guide bars can 
take place within the space n, which can 
be equal to 0, 1, 2, and more needling 
pitches, which is related to the following 
stitches of a pillar, tricot , cloth, and vel-
vet. The value of the angle β depends on 
whether the both guide bars, which insert 
the connectors of the internal layer, make 
the lap ‘before’ the needles or not. 

We can differentiate the three following 
cases:
1. 1st case – both needle combs (front 

and back) manufacture each course of 
the knitted fabric loops; angle β = 0° 
when the movement is realised from 
the front to the back of the knitted

 fabric, or 

7
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Figure 10. Relief distance knitted fabric with a partial lack of one of the external layers and the internal layer; a) schematic 
drawing, b) cross section of the knitted fabric; the notations as in Figure 7. 
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external layers and the internal layer can be observed. In this case the knitted fabric is built only from 
threads which compose the opposite external layer of thickness g2.

5. Characteristic features of the structure of the distance internal layer.
In the internal layers of  knitted fabrics,  connectors (links) are most often used, which connect the 
opposite loops of the external structures of the fabric. By  appropriate selection of the stitch, we can form 
the arrangement of these connectors, which is decisive for the structure and  properties of the knitted 
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cloth, and velvet. The value of the angle β depends   on whether the both guide bars, which insert the 
connectors of the internal layer, make the lap ‘before’ the needles or not.
We can differentiate the three following cases: 

1. 1st case -   both needle combs (front and back)
manufacture  each course of the knitted fabric loops; 
angle β=00 when the movement is realised from the 
front to the back  of the knitted fabric, or 
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Barctg=β , when the movement is realised from 

the back to the front layer.
2. 2nd case – when the connector of the internal layer is 

arranged along one of the external layers of the knitted 
fabric, where the angle β=900.

3. 3rd case -  a variant in which we have the greatest 
possibilities of changing the value of the angle 

ig
mBarctg=β  and is within the range of O0<β<900.

Figure 11. Configuration of the loop connectors  
which connect the knitted fabric’s external 
layers; gi – fabric thickness, A, B -  loop 
dimensions, α, β – angles of the monofilament 
slopes, τi - connectors. 

, when the

  movement is realised from the back to 
the front layer. 

2. 2nd case – when the connector of the 
internal layer is arranged along one of 
the external layers of the knitted fab-
ric, where the angle β = 90°.

3. 3rd case – a variant in which we have the 
greatest possibilities of changing the

  value of the angle 
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  is within the range of 0° < β < 90°.

The knitted fabrics discussed in this 
article are 3D products, and therefore 
the arrangement of connectors should 
be considered in a three – dimensional 
space. This means that the arrangement 
of each monofilament in the internal lay-
er depends on the angles α and β and the 
thickness gi of the knitted fabric manu-
factured. 

A real connector is arranged in the shape 
of an arc of length lτ, where τ is the an-
gle of the arc (Figure 12.a). The shape is 
caused by forces which occur in the knit-
ted fabric loops, as well as in the monofila-
ment segment which connects the external 
layers. At the design stage, it is difficult
to determine the degree of deformation of 
the connectors, and therefore in order to 
describe the internal structure, it is easier 
to use a chord (a straight line which con-
nects the loops of the external layers) of 
length l’τ, instead of an arc. Figures 12.b 

Figure 11. Configura-
tion of the loop connec-
tors which connect the 
knitted fabric’s external 
layers; gi – fabric thick-
ness, A, B – loop di-
mensions, α, β – angles 
of the monofilament
slopes, τi – connectors.

Figure 10. Relief distance knitted fabric with a partial lack of one of the external layers and 
the internal layer; a) schematic drawing, b) cross section of the knitted fabric; the notations 
as in Figure 7.

b)a)
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and 12.c present cross – sections of knit-
ted fabrics characterised by a spatial con-
figuration of the connectors in two mutu-
ally perpendicular planes. 

When we know the width of the wale of 
loops A and the height of courses of loops 
B, we can appropriately select the stitch 
modelling of the special arrangement of 
monofilaments in the internal layer of the
knitted fabric.

 Model of the visualisation  
of a 3D spatial distance warp 
– knitted fabric.

Existing descriptions of stitches of 3D 
distance knitted fabrics are all the same 
as the schematic description of flat plain
knitted fabrics. In the system of alter-

native rows of dots and crosses (Figu-
re 13.a), which mark the needles of the 
front and back needle combs in an anal-
ogy to the description of plain stitches for 
2D knitted fabrics, the loops formed on 
the needles across the height and width 
of the stitch report are subsequently de-
scribed. This description informs about 
the order of loop formation and the kind 
of loops (closed or open loops), as well as 
the continuity of the connector arrange-
ment between the loops. This description 
also allows to determine the order of the 
designing chain links. However, the hith-
erto used description of the stitches is in 
no way related to the spatial architecture 
of the knitted structure. From the above 
– mentioned description, it is difficult to
work out the loop system in the external 
layers, and it is, certainly, not possible to 

determine the graphical spatial visualisa-
tion of the connector configuration in the
internal layer. 

The facts described above were the inspi-
ration for the authors of this publication 
to develop a spatial model for the visu-
alisation of 3D distance warp – knitted 
fabric (Figure 13.b).The model of the 
knitted fabric is considered in the space 
of the r-k-z system. Knitted fabrics in 
the form of a three dimensional solid is 
near to the real shape of the spatial ar-
chitecture of distance knitted fabric. Ad-
ditionally, for a more precise description 
of the structure, cross–sections along 
courses and wales were implemented and 
confirmed by real photographs taken in
this planes. The cross – sections divide 
the external as well as the internal ele-

Figure 12. Arrangement of connectors of the internal layer; a) schematic 3D drawing, b) cross – section of a knitted fabric along its 
courses, c) cross – section of a knitted fabric along its wales; lτ – arc length of a connector, l’τ – chord length of a connector.

a) b) c)

Figure 13. An example of a description of the stitch of a 3D distance warp – knitted fabric with a horizontal channel; a) the hitherto 
description, b) spatial model of the visualisation together with real cross – sections of the knitted fabric; notations as in Figure 12.

a) b)
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ments of the knitted fabric structure into 
two perpendicular planes: k-z along the 
courses and r-z along the wales. This 
description, which is in connection with 
the schematic drawing of the stitch of 
the knitted fabric, which is placed on the 
needles, consists of broader information 
(than the classical description) for the de-
signer, mainly about the real structure of 
the product and enables to predict some 
product properties, for example the bend-
ing rigidity, air permeability and thermal 
protective features. 

From the example presented in Fig-
ure 13, we can conclude that the graphi-
cal simulation of the description of the 
knitted fabric model , with some simpli-
fied assumptions, presents the real struc-
ture of the product. The connection of the 
method presented, which is based on the 
‘flat’ description of the stitch, with the
spatial description of the stitch creates a 
hybrid model.

The description presented in Figure 13 
was made manually on the basis of a 
schematic drawing of the stitch on the 
needles with the use of an AutoCAD pro-
gram [10-12]. It would be advantageous 
to elaborate an algorithm and develop a 
computer program which would auto-
matically create spatial graphical models 
of 3D distance knitted fabrics on the basis 
of information from a schematic drawing 
of the stitch and parameters of the knitted 
fabric structure.

 Summary
 The three – dimensional spatial geo-

metrical model of a 3D distance warp 
– knitted fabric describes the structur-
al parameters and selected features of 
three – and five – layer structures dif-
ferentiated by the structure of external 
as well as internal layers.

 New notions (technical terms) of 
‘spatial a – jours’ and ‘spatial relives’, 

which describe 3D distance knitted 
fabrics, were introduced. The structure 
of both groups of knitted fabrics were 
defined. The spatial a – jours were
determined as structures which are 
characterised by a spatial system of 
the solids of the internal layer, which 
are formed as a result of unconnected 
external stitches of the knitted fabric. 
The group of spatial a – jours includes 
knitted fabrics with longitudinal and 
transversal channels (ducts), as well 
as channels which are perpendicular 
to the knitted fabric surface. A spatial 
relieve is determined as a knitted fab-
ric which is characterised by uneven 
external surfaces, between which a 
layer with differentiated thickness is 
placed. A special, particular case of 
such a knitted fabric was described, 
characterised by only one external lay-
er manufactured using a plain stitch.

 The spatial configuration of the threads
of a knitted fabric’s internal layer is an 
essential structural factor of this layer. 
On the basis of the analysis of the dis-
tance warp – knitted fabrics, it was 
stated that the values of the angles α 
and β of the diagonals connecting the 
opposite loops of the fabric depend on 
the kind of stitch and the thickness gi 
of the product.

 A spatial model of the visualisation of 
3D knitted fabric was elaborated. This 
is a hybrid model which includes the 
description of stitches in a 2D plane 
hitherto used, as well as a graphical 
spatial model of the knitted fabric in 
the three – dimensional Cartesian xyz 
system. The model was verified by ex-
amples of cross – sections of twenty 
variants of knitted fabrics manufac-
tured. A spatial algorithm was devel-
oped for the description and identifi-
cation of three –dimensional knitted 
fabric structures. 

The structural model of 3D distance warp 
– knitted fabric presented in this article is 

the basis for a broader analysis of the fea-
tures of such products from the point of 
view of their mechanical and physiologi-
cal properties, among others.
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Therefore, a factor of unbalancing U
was added to formula (5):

P’ = a P1 + (1 - a) P2 + U       (6)

Two models were evaluated for determi-
nation offactor U:

U = b ABS (P1 – P2)           (7)
and

U = [ABS (P1 – P2)]b          (8)

here b – experimental coefficient.

It was indicated by the least square meth-
od, that the best results are obtained by 
formula (8) with b = 3.02. Finally, the 
new model for calculation of the weave 
factor P’ is described by the following 
equation:

P’ = a P1 + (1 - a) P2 + 
+ [ABS (P1 – P2)]b = 

= 0.712 P1 + 0.288 P2 + (9)

+ [ABS (P1 – P2)]3.02

The results are presented in Table 3.

According to (9), Pexp = f(P‘) - amax =
= 5.7%, r = 0.984, Dinadeq = 0.00148, and 
δ = 2.71%. Model (9) shows excellent 
correlation between experimental and 
theoretical values of the weave factor. 
The value can be calculated more simply 
using equation (10) in order to obtain a 
quick result:

P’ = 0.7 P1 + 0.3 P2 + 
+ [ABS (P1 – P2)]3 (10)

For all the tested weaves – balanced and 
unbalanced – from formula (9), we ob-

tain Pexp=f(P‘) - amax = 6.5%, r = 0.984, 
Dinadeq = 0.00181, and δ = 3.03%. 

In Table 4 statistical data of all the ex-
periments carried out in this investiga-
tion are presented. The results show that 
formula (9) is the most precise for evalu-
ation of all one-layer weaves. All of the 
other models presented might be used but 
with a limitations of the area of employ-
ment, as was mentioned earlier. Applying 
these models to all weaves gives unsatis-
factory results. The formula proposed (9) 
provides excellent correlation with ex-
perimental results for all weaves tested.

It is worth noting that the new model 
(9) for calculating the weave factor P’ is 
built by using only two experimental co-
efficients a and b.

The calculation of weave factors P1 and 
P2 is very complicated and time consum-
ing when done by hand. Free access to a 
file detailing their calculation can be found 
on the following website http://www.
textiles.ktu.lt/Pagr/En/Cont/pagrE.htm.

 Conclusions
A new idea for calculating the weave 
factor of one-layer weaves balanced and 
unbalanced by F is presented and proved. 
Factor P’ represents the integrated mean 
of weave factors calculated in warp P1
and weft P2 directions with their differ-
ent weights, respectively, as well as the 
mean of unbalancing factor U. Factor 

Table 4. Statistical data of the results.

Note amax, % r Dinadeq δ, %

Weaves balanced by F – Pexp = f(P1)    6,5 0,997 0,00287   3,95

Weaves unbalanced by F – Pexp = f(P1)
all tested -30,1 0,789 0,03114 12,43
not marked by *   -7,9 0,973 0,00306   3,84

Weaves unbalanced by F – Pexp = f(P‘)
formula (5)

all tested -17.5 0,878 0,01764   9,35
not marked by **   -6.8 0.976 0.00266   3.82

Weaves unbalanced by F – Pexp = f(P‘)
formula (9)    5,7 0,984 0,00148   2,71

All tested weaves – Pexp = f(P‘) formula (9)    6.5 0,984 0,00181   3.03
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U has an absolute mean value irrespec-
tive of which factor – (P1) or (P2) – has 
a higher value. The importance of U is 
sufficient when one of the factors P1 and 
P2 exceeds the other one by 40 - 50% or 
more. The newly presented factor P’ is 
calculated from the weave matrix by us-
ing only two experimental coefficients: 
a = 0.712 and b = 3.02, which are con-
stant for all one-layer weaves irrespec-
tive of the type of weave and degree of 
unbalancing. Factor P’ does not depend 
on the raw material of yarns nor on the 
type of loom. Excellent correlation be-
tween factor P’ between Brierley’s factor 
Fm was indicated, and due to the univer-
sality of all one-layer weaves (balanced 
and unbalanced), it can be used without 
any variable experimental coefficients 
for calculation of any of the two dimen-
sional matrices of one-layer weave.
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