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Abstract:

Recently, there is an increasing interest in design of circular weft jacquard because of the pursuit of fashion and
comfort. Aiming at the complexity of the computer-aided design method of the existing circular weft-knitted jacquard
fabrics, which is not conducive to the rapid design and intelligible for designers, a design method was proposed to
transform pattern notation into knitting diagram efficiently, which was based on knitting rules and its creation as a
set of jacquard modules. Knitting characteristics of jacquard fabrics were studied as a precondition. On this basis,
the design procedures of jacquard modules were analyzed and illustrated by taking tricolor bird’s eye backing
Jacquard as an example. Jacquard modules with various jacquard effects were designed and stored in a jacquard
module database. To mathematically describe pattern notation, knitting diagram, and jacquard module, two-
dimensional matrixes were established by the method of mathematical modeling, and a corresponding algorithm for
the transformation of the pattern to knitting information according to the knitting rules of jacquard modules, which
can be applied to ordinary jacquard fabrics was summarized. The project of tricolor circular weft-knitted jacquard
with bird’s eye in the reverse and four-color air-layer jacquard were taken for instance to verify the models and
algorithm. The results obtained show that the approach can efficiently and conveniently realize the designation and
machine-knitting of weft-knitted jacquard fabric, which provide a theoretical basis and notation of modeling for the
computer-aided design of circular weft-knitted jacquard fabrics.
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1. Introduction

The revolution of an abreast of the times knitting industry is
closely linked to advancements in computer science [1, 2]. As
an important modern technology, the computer has brought
new opportunities for the transformation and upgrading of the
knitting industry. Jacquard fabrics is a branch of circular weft-
knitted products [3], which can be produced by circular weft-
knitting machines because of the individual needle selection.
Because of its ever-changing pattern effects, jacquard fabrics
are widely favored, and the market demand is increasing. To
meet the efficient, convenient, and innovative requirements
of designers, it is a general trend to research computer-aided
design (CAD) [4-6] methods and models of circular weft-
knitted jacquard textiles and develop corresponding auxiliary
design platforms. Obviously, the advancement of CAD in
the development and production of jacquard fabrics lays a
foundation for the digital design and promotes jacquard design
to a new start [7, 8].

At present, flat-knitting CAD software has developed maturely
[9-11]. M1 PLUS system developed by Germany’s STOLL and
the SDS-ONE APEX system by Japan’s SHIMA SEIKI are
leading the development trend of flat-knitting CAD technology.

M1 PLUS has multiple views such as logo view, technological
view, and textile view. The ways of pattern expression are
rich. The function of SDS-ONE APEX is very complete, and
the system that can carry on the design of style, pattern, and
match color has more advantages in the function of pattern
design and simulation. However, both systems are used with
specific machines; besides, the design method is complex,
and designers need to go through a long period of training.
Unfortunately, there is a big gap between the development
of circular-knitting CAD and flat-knitting CAD system [12].
Circular-knitting CAD software still stays in the basic design
stage, and the design steps are complicated. For the existing
circular weft-knitted jacquard design software on the market,
to a great extent, the function of the software depends on the
corresponding knitting machine. There are three commonly
used circular-knitting software are shown in Figure 1. Mayer &
Cie’s Paint Knit is relatively mature, but knitting actions of the
cylinder and the dial needs to select different color blocks in
the pattern notation when designing. Designers who use this
software must be clearly aware of the characteristic of knitting
machine and jacquard principle; otherwise, wrong knitting
actions may damage the machine. The design principle of
Terrot's AutoPaint is similar to Paint Knit. AutoPaint choose
the knitting actions in different color blocks, which requires
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designers to have a good understanding of the knitting
process. The more complex the pattern, the higher the
requirement for technicians. The interface of WAC Designer
is simple to operate, but it is difficult to meet the processing
of complex pattern rapidly, and the expression is not intuitive.
WAC Designer just designs the front pattern, and the reverse
pattern is controlled by triangles on the machine. According
to previous studies, it is important to mention that there are
few of theses about the designation and mathematical models
of circular weft-knitted jacquard fabrics. Elena and Stefan [1,
13] proposed a method of a programming module to CAD for
different knitting pattern structures such as jacquard, intarsia,
lace, and others. However, they just introduced the design
process of knitting products about knitting structures images
but neglected and did not clarify the theory between pattern
notation and knitting diagram. Wang et al. [14] suggested a
two-dimensional (2D) matrix for describing a jacquard pattern
and knitting diagram, and the corresponding algorithm was
established. However, there was no uniform method to design
for different adverse effects of double-side jacquard fabrics.

The objective of this research is to create a new approach that is
more convenient, efficient, and easy to operate for designers to
transfer information of pattern notation to knitting actions. This
research is based on the study of the knitting characteristics of
circular weft-knitted jacquard fabrics. This research introduces
an original method called jacquard module as the core of
transformation and elaborates the design method of modules.
Finally, the mathematical model of pattern notation, knitting
diagram, and jacquard module are established and successfully
converted by combining a theoretical algorithm with computer
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programming. The jacquard module database was established
and has proven convenient for designers to quickly develop
new products and improve enterprise efficiency. This technique
is user-friendly and suitable for all designers.

2. Knitting characteristics

Circular weft-knitted jacquard stitch is a colored structure
formed by combining dyed yarns with loop shape [15, 16].
Knitting information, which controls knitting needles to form
different loop shapes, is generated through the process.
Double-sided jacquard fabrics contain double-side ordinary
jacquard fabrics and two-side jacquard fabrics (two sides have
different patterns). Double-sided ordinary jacquard fabrics
are formed by the control of dial’s triangles with cylinder’s
needle selection, and the pattern surface is generally knitted
by cylinder’s needles. However, two-faced jacquard fabrics are
knitted by means of the controlling needle rising both dial and
cylinder, and each side can be used as the effected surface.
When knitting circular weft jacquard, yarns of any color will
be needle-selected knitted in the same color area to form the
face pattern and be dial-needle-selected knitted in other color
areas to form the back pattern. The backside usually consists
of a loop and float according to the jacquard type. According to
different knitting actions and fabric effects, circular weft-knitted
jacquard fabrics can be divided into single jersey jacquard,
horizontal stripe backing jacquard, vertical stripe backing
jacquard, bird’s eye backing jacquard, air-layer jacquard, etc.
Whatever effect a fabric has, the knitting rule is consistent. A
knitting rule is divided into two parts, one is needle selector,
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Figure 1. Jacquard design interface of circular weft-knitted CAD software of (a) Mayer & Cie’s Paint Knit, (b) Terrot's AutoPaint, and (c) WAC

Designer

Table 1. Loop list

Loop code (Lc) Icon

Information of knitting action

0

Floating both in cylinder and dial

Looping in cylinder and floating in dial

Floating in cylinder and looping in dial

Bl | [l | [ | [T

Looping both in cylinder and dial
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which chooses cylinder needles according to pattern, and the
other is dial needles, which rise according to the jacquard type
and cam. It is necessary to combine these two parts to knit a
jacquard fabric with a knitting rule.

To facilitate the following depiction of colored images, the color
in the pattern notation is assigned to different color codes. With
regard to description of the knitting rule, loop codes (Lc) that
definite values as 0, 1, 2, 3 as shown in Table 1, with specific
knitting shape and information.

3. Mathematical modeling

3.1 Pattern notation model

To illustrate a knitting pattern, a raster graphics image [13] with
different colors is used and referred to as a pattern notation, as
it shown in Figure 2. Pattern notation is mainly used to express
the technological face of a fabric in circular weft-knitted jacquard
fabrics [17]. Generally, the smallest pattern cycle on the face of
a fabric is used as a stitch cycle. Pattern notation is a 2D plane
graphic that 2D data are converted into a 2D matrix to describe
the color information, and the matrix P (Pattern) is shown in
equation (1). Let w and h be the width and height of pattern
notation, respectively. lek represents the color information at
the k™" wale and j" course and is assigned by color code. The
specific values of color code are 0, 1, ..., 255:

Py, Py (1)
P=|: P,
Pyq Py

After the design of pattern notation, the width (w), height (h),
and 2D matrix P can be obtained. The color sequence is an
important reference when decomposing the pattern. Therefore,
the following one-dimensional matrix C (Color) is used to store
different color codes, which are used in matrix P with a certain
order. Taking the first pattern grid’'s information P, as the
starting point, and the last pattern grid’s information P,  as the
end point to traverse the matrix P. Finally, different color codes
are sequentially stored in the matrix C. Let n be the sum of

(b)

Figure 2. Pattern notation of (a) front of a pattern and (b) back of a
pattern with sesame point
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different colors in the pattern notation. C, represents the color
code of " color:

c=1[C .. G .. G] (2)

3.2 Knitting diagram model

In fact, the information of knitting actions is the real determinant
of machine knitting. Knitting diagram illustrated in Figure 3 is
used to describe the abstract shape of yarns formed by actions
of needles in each knitting row. To display the pattern and
knitting information simultaneously, a knitting diagram consists
of colorful grids and different stitch icons. In a double-circular
weft-knitted jacquard fabric, a group of knitting action consists
of actions from a pair of cylinder and dial needles. A jacquard
stitch is usually knitted from yarns of different colors or types.
Each dyed yarn is knitted at least once in each course to form
the front pattern, so it takes n knitting rows to form a single
pattern course, where n is the number of different colors in
pattern notation. H is defined as the rows of knitting diagram
and contains the following mathematical relationship relative to
pattern courses h:

H=nxh (3)

To conveniently convert the information of pattern notation
into a knitting diagram, it is necessary to split and copy the
pattern information of each course according to knitting rows

| ~]~]

&

HH -.- ]

(%]

Figure 3. Knitting diagram
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Figure 4. Process from pattern notation to technological notation

n. A 2D matrix T of technological pattern information is defined
for storage. The transformational relation between matrix T
and Pis Tjx = Ppypi i , and the process of transformation
from pattern notation to technological notation is illustrated in
Figure 4. To store the generating knitting information, a 2D
matrix K is created to describe it. Let w and H be the width and
height of knitting diagram, respectively. Tj’k represents the color
information at the /" row and k™ wale and is assigned by color
code. Kj'k represents the knitting information at the j" row and
k" wale and is assigned by the loop code:

T1,1 Tl,w (4)

Tua o Tuw

-Kl,l o Ky ()
K = E I{j,k E

K1 Kpw

4. Construction of a jacquard module

4.1 Analysis of a jacquard module

A jacquard module is a jacquard needle-selected model with
specific jacquard type [18, 19], which is designed according to
the structural characteristics of different jacquard types circular
jacquard fabrics [20, 21]. The commonly used jacquard colors
are 2to4 [14]. Thereis a two-colored bird’s eye backing jacquard
module illustrated in Figure 5. According to the knitting rule of
yarns, the number of colors in a jacquard module is required to
be the same as the number in pattern notation, but the colors do
not necessarily correspond. Colors in a jacquard module do not
specifically represent actual knitting colors and notation colors,
which is only used to distinguish different knitting rows in a
pattern course. To distinguish colored yarns knitting in different
color regions, the background color of jacquard module is
in a staggered arrangement of light and dark gray. The light
and dark gray in Figure 5 means that decomposing Region
A with knitting rule of wales 1-2 and decomposing Region B
with knitting rule of wales 3-4. In the horizontal direction, the
number of light gray or dark gray wales is the number of pattern
wales for each color; longitudinally, each pair of light gray or
dark gray forms a jacquard course, and in this case, n is 2.
When designing, firstly, the smallest courses and wales cycles
should be found according to the back effect. The number of
smallest rows cycle represents the pattern courses, and the
number of smallest columns cycle means the pattern wales of
each color in a jacquard module, and they are two important
factors need to be identified in the jacquard module. Then, it is
necessary to analyze the knitting actions of each color in the

http://www.autexrj.com/
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Figure 5.Two-colored bird’s eye backing jacquard module and color
array

same color area and the rule of loop shape in different color
area according to the jacquard type. Finally, these actions are
edited into a jacquard module with combining different colors
and icons.

4.2 Design of a jacquard module

To generate a tricolor bird’s eye backing effect shown in Figure
6 (a), there is a certain mathematical relationship between
knitting rows’ height (JMH) of a designed jacquard module and
the minimum cycle pattern’s courses (JMh) as equation (6),
and the width (JMW) of a jacquard module is calculated by
equation (7):

JMH =n X JMh (6)
JMW =n X JMw (7)

It can be seen that the number of jacquard colors is three
by analyzing Figure 6(a).Furthermore, viewing Figure 6(a)
from bottom to top, there are two rows of each color in the
minimum cycle that the value of JMh is 2; looking from right
to left, JMw is 2. The reason for looking from right to left is
that the direction is from left to right when looked at the front
of a fabric. When the fabric is turned over, that is equal to flip
the fabric along the Y-axis, the serial number of wales is also
reversed. After the discussion above, JMH is 6 and JMW is 6.
The color sequence of pattern is sort by colors A, B, C, which,
respectively, corresponds to color A1, B1, C1 of the jacquard
module. The reverse pattern rule is AB|CA|BC from right to
left and bottom to top. As shown in Figure 6(b), the jacquard
module can be made according to the needle-outed rule
of a tricolor bird’s eye backing jacquard fabric. Each pattern
course of this kind of fabric has two knitting rows in the front
side; however, in the back side, it has three knitting rows.
So, the fabric has a characteristic that the ratio of the front to
reverse pattern courses is 2:3. In the front pattern course of
the jacquard module, each color is knitted by needles in the
same color region to form front loops, and needles of dial are
arranged in ABC with one interval one needle-outed. As for the
reverse side, which is knitted by dial’s needles, Yarn A loops
at odd needle positions [21] in the first knitting row, and Yarn
B loops at even needle positions in the second row to form the
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(f) (9)

(h) (i)

Figure 7. Jacquard modules of (a) two-color single jersey, (b) two-color vertical stripe backing, (c) two-color horizontal stripe backing, (d) two-color
bird’s eye backing, (e) two-color air layer, (f) tricolor single jersey, (g) tricolor horizontal stripe backing, (h) tricolor bird’s eye backing, (i) tricolor air

layer

first course. Yarns C and A are staggered to form the second
course. Yarns B and C are staggered to form the third course.
There are several common ordinary jacquard modules shown
in Figure 7. To conveniently select and make use of various
jacquard modules, a jacquard module database is built to store
them:

4.3 Jacquard module modeling

It is important to mention that the jacquard module mainly
sets the knitting actions in each color areas according to the
color array. The 2D matrix JM of the jacquard module’s knitting
information is established as equation (8), Jijk represents the
knitting actions at the /" row and k" wale, and the actions are
assigned by loop code:

http://www.autexrj.com/

M, 4 IMy jyw (8)
IM 0 IM mp juw

The design of the jacquard module includes its same color area
and different color area, and each color area is distinguished
with stagger light and dark grays. In the process of converting
pattern notation into a knitting diagram, it is necessary to get
the knitting actions of the jacquard module according to the
color of the pattern notation. To distinguish the knitting rule of
each color in a certain color area, matrix JM is split according to
the color areas. A block matrix JM(i) of the jacquard module’s
knitting information in different color area is established as
equation (9), where i is the serial number of the color region:
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jM(i)l.jwa(i-lj-H
JM(D) = %

M (D) jMH JMwx(1-1)+1

IM (D1, jpwxi+1 9)
JM(@)jx i
IM () jpe mwi+1

5. Results and discussion

5.1 Pattern decomposition

After a pattern notation is completed by using drawing tools,
the corresponding pattern data can be obtained. It is necessary
to design an appropriate jacquard module and get matrix JU
and block matrix JM(i). According the conversion flowchart in
Figure 8, matrix P can be converted into matrix K according to
matrix JM. First of all, matrix T is traversed from the starting
point of TH. Secondly, the obtained color information of matrix
7},{ is compared with each color code in matrix C. If the color is
the same as C, the knitting information of matrix JM(i)]% I KoM
is obtained and assigned to K]k Finally, matrix K is obtained
and saved. If the pattern notation is changed, it is necessary
to re-decompose matrix P to obtain a new knitting information
matrix K.

Already know parameters of H, w, n,
P T JM JM@) C K

v
Get 2-D matrix T by splitting and
copying each course of pattern

v

Traverse the matrix T from 1,1 to H,w

F

If the value of T;xis the
same as the value of G;

K xis equal to JM(#)enmm ieansy

Y

Obtain 2-D matrix K

'

Draw the technological knitting diagram

!

End

Figure 8. Conversion flowchart of jacquard pattern decomposition
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To illustrate the implemental effect of the design method more
simply and lucidly, the design of tricolor bird’s eye backing
jacquard and four-color air-layer jacquard are shown in Figure
9. By means of the above decomposition process, the three-
color bird’s eye backing jacquard module (Figure 7(h)) can be
used to decompose the intended pattern notation in Figure 9(a)
to obtain the knitting diagram, and Figure 9(b) shows the partial
knitting diagram. The four-color pattern (Figure 9 (c)) adopts a
four-color air-layer jacquard module to get a knitting diagram
like Figure 9(d). Only small parts of two knitting diagrams are
shown in (b) and (d) to clearly present the knitting actions and
color information.

5.2 Analysis of efficiency

The circular weft-knitted technology is mature, and types of
equipment are abundant. However, the circular-knitting CAD
system is always in the basic pattern design stage, lacking a
unified and standard design model, and the design difficulty is
intricate for non-professionals. This study compares the design
efficiency of a jacquard module method, with three commonly
used jacquard design software in the market, and the result is
shown in Table 2. The evaluation index of design efficiency is
the time it takes for three professional designers to design the
same pattern using different software. It can be seen that four
methods of two-color pattern design are equally simple. For
three- and four-color jacquards, both Paint Knit and AutoPaint
need to choose the color block or knitting action according to
the jacquard effect, which has certain requirements on the
theoretical basis of designers. The more the number of colors,
the greater the challenge to designers. WAC Designer easily
designs the front pattern, but the back pattern is controlled
by triangles on the machine. Therefore, it is difficult to
design complex patterns and multi-color patterns. Through
comparison, it can be found that the method of the jacquard
module is relatively simple in the design of multi-color jacquard
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(e}

Figure 9. Jacquard decomposition of (a) tricolor pattern notation, (b)
tricolor partial knitting diagram, (c) four-color pattern notation, (d) four-
color partial knitting diagram
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Table 2. Design efficiency of four circular-knitting jacquard CAD softwares

Pattern Designers Paint Knit AutoPaint WAC Designer Jacquard
module
1# ~4m23s ~4mO07s ~3m15s ~3m50s
2# ~3m57s ~3m52s ~3m34s ~3m26s
Two-color
3* ~4m36s ~3m49s ~3m21s ~3m41s
AVG ~4m19s ~4m56s ~4m23s ~3m39s
1# ~5m43s ~5m14s ~4m47s ~4m12s
2# ~6m09s ~5m38s ~5m06s ~3m48s
Three-color
3 ~5m56s ~6m07s ~4m58s ~4m08s
AVG ~5m56s ~5m40s ~4m57s ~4m03s
1# ~12m05s ~10m11s ~7m23s ~5m34s
2 ~12m53s ~11m06s ~8m09s ~5m57s
Four-color
3 ~11m58s ~10m43s ~7m16s ~5m13s
AVG ~12m19s ~10m40s ~7m36s ~5m35s
1# >17 >15 >12 >6
2* >17 >15 >12 >7
Multi-color
3# >16 >15 >12 >6
AVG >17 >15 >12 >6

fabrics, and the designed jacquard module can be stored in the
database for subsequent calls.

6. Conclusion

In this work, a fast design method of a jacquard module has
been proposed to convert the information of pattern notation
to knitting actions for a circular weft-knitted jacquard design.
The knitting characteristics of weft-knitted jacquard fabrics are
further studied. The design principle of the jacquard module
was analyzed, and the design method of ordinary jacquard
module was introduced in detail with the design of the three-
color sesame-point jacquard module as an example. The
accuracy of the new design method was verified by the design
of tricolor and four-color weft jacquard fabrics. Compared with
the other three methods, this method was found to be more
rapid and effective. In addition, this method is suitable for non-
professionals, which can reduce the cost of enterprise training.
To a large extent, it is convenient for designers to design and
develop new products quickly so as to improve enterprise
efficiency and benefits. This research provided a reference
value for the CAD of circular-knitted jacquard fabrics. However,
as the formation and knitting of two-sided weft-knitted jacquard
fabrics are complex and man-sized, it is lack of realization
of complex patterns in this work that will be reinforced in the
future.
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