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Abstract:

A new computer geometric modeling approach for 2 × 1 and 3 × 1 twill woven fabric structures is proposed. The
precise geometrical description is presented by taking the skewness property into account. In the 2 × 1 and 3 × 1 twill
weaves, the twill fabrics are formed of asymmetric floatings in which the length of floating sections was not equal on
both surfaces and therefore the equilibrium condition was different from symmetric floatings. The proposed algorithm
has three main parts: the first part describes the two-dimensional model of yarn cross-section for twill woven fabric
structure, the second part consists of a modeling method for a three-dimensional model in warp/weft yarn, and the
third part contains the CAD model. Examples of this approach are demonstrated and compared with a single line of
yarn path model and the filament assemble model that excludes the skewness property. The model simulated in this
study can improve the visual simulation of the real twill woven fabric and also this geometric model necessary as an
input to many computational models for the prediction of the properties of the fabrics.
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1. Introduction

The first study on thread skewness of twill weave fabrics was
carried out by Iyer et al. [1]. Under normal conditions, skewness
is commonly found in twill weave structures when the average
directions of the warp and weft yarns are not perpendicular to
each other. Due to the force applied by other yarns when the
yarn skews during long floating regions, it skews in the opposite
direction during the intersecting motion and turns back to its
former position. There is a space between the two yarns over
which a thread floats and the free space makes it possible for
the floating yarn at the interlacing point to push away the
crossing yarn. The degree of movement of the free space is
related to the character of yarn, the weaving tensions, and the
fabric structure. The 2 × 1 and 3 × 1 twill weaves are twill fabrics
formed of asymmetric floatings. Therefore, the yarn path of
these twills could not be modeled like 2/2 twill weaves. But in
twill weaves (2 × 1 and 3 × 1 twill), the length of floating sections
is not equal on both surfaces and therefore the equilibrium
condition is different from symmetric floatings [2].

Turan and Okur [2] used the B-spline method to obtain visual
simulations of 2 × 1 and 3 × 1 twill weave woven fabrics based
on single-line yarn path. The inherent skewness of twill fabric in
the floating region was taken into consideration for modeling.
Depending on structural parameters and the inherent skew-
ness property of experimental results, reliable twill weave
models are achieved which would be helpful in computer appli-
cations. Turan and Baser [3] also carried out visual simulations
of 2 × 2 twill weave woven fabrics using the B-spline method to

convert the yarn path to a smooth curve. In constructing the
model, the yarn paths were divided into small linear segments
and the direction angles of yarn central axes were determined.
In one study, Alamdar-Yazdi [4] produced nine woven fabrics in
different weaves and investigated these fabrics’ new shapes
after relaxation; deformations of fabrics were different due to
the weave structure. This experimental study showed that
among nine different weaves 3 × 3 twill weave had the highest
skewness. In twill fabrics, there is a space between the two
yarns over which a thread floats. This free space makes it
possible for the floating yarn at the interlacing point to push
away the crossing yarn. The degree of movement is related
to the character of the yarn, the weaving conditions (especially
the weaving tensions), and the fabric structure. Also, in another
study, Alamdar-Yazdi [5] examined new shapes of the twill
and herringbone fabrics after 48 h of relaxation. He observed
that the shape of all fabrics became like a parallelogram but
with different sizes. This shows that fabric deformation during
relaxation depends upon the fabric structure and the skewness
of fabric depends upon the location of free spaces, float length,
and number of free spaces. Konopasek and Shanahan [6]
described a mechanical model of the 2/2-twill weave based
on a representation of constitutive yarns by means of three-
dimensional (3D) elastica. The model is formulated in terms
of the UMIST Bending Curve Program package and illustrated
by a few computed examples. Also, a theoretical analysis for
predicting the tensile modulus of 2/2 twill woven fabrics in their
initial state of uniaxial load-extension behavior presented by
Avanaki et al. [7]. The proposed theory was compared and
validated by applying into some experimental data.
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CAD modeling of 2 × 1 and 3 × 1 twill weaves with precise
geometrical description of twill woven structures provides valu-
able information to both manufacturers and designers. The
geometric model is a true visual simulation of real woven fabric
and necessary as an input to many computational models for
the prediction of the properties and in-use behavior of the fab-
rics such as prediction of the air permeability or heat transfer or
the mechanical properties. For example, Sriprateep and Bohez
[8] successfully used a CAD/CAE model with a filament model
to predict the stress–strain curves of yarn structures and also
Sriprateep [9] used a CAD/CAE model to predict the stress–
strain curves of a wide range of multifilament twisted man-
made filament yarns. In their previous works, they regarded
geometrical modeling of yarn structure as based on a single
line yarn path [2,3,10–14] and developed models to display the
visual characteristics of real yarns, ply yarns, woven fabrics,
and knitted fabrics. These presentations were limited to virtual
representation and prediction of the properties. Therefore,
Sriprateep and Bohez [15–17] have developed a CAD model
of fiber and yarn as an assembly of many filaments by twisting
of single yarn, two ply yarn, and woven fabric structures.

The main objective of this study is to develop a model of yarn
structure for 2 × 1 and 3 × 1 twill woven structures as an assembly
of many fibers by twisting, using computer-aided design (CAD).
Their inherent skewness has been included to the model and can
be used in precise geometrical description. The 3D geometrical
model considered that the yarn paths were divided into small
linear segments and assumed circular geometry for yarn cross-
section. The direction angles of yarn central axes were deter-
mined using the B-spline method to convert the yarn path to a
smooth curve. Examples of the method are illustrated.

2. New proposed geometric model

The proposed new algorithm has three main parts. The first part
describes the two-dimensional (2D) model of yarn cross-section

for twill woven fabric structure based on their inherent skew-
ness. The second part consists of a modeling method for the
3D model in warp/weft yarn and the third part contains the
CAD model. The major steps for constructing the model are
shown in Figure 1. The geometric parameters input to the
model are the same as in the study of Patumchat and Sripra-
teep [16] (d1,i, d2,i, p1,i, p2,i, h1, h2, θ1, θ2, α1, α2, df, Nf, Nz) but
additional parameters consist of warp/weft yarn spacing of the
sinking (p1pi + c) or floating (p2pi + c), warp/weft floating length
(lf1, lf2), warp/weft intersection length (ls1, ls2), warp/weft skew-
ness angle of the floating length (δ1, δ2), warp/weft return
angle of the intersection region (β1, β2), and the return of
yarn movement (Mf1, Mf2). In this work, it is assumed that
warp and weft are globally orthogonal.

2.1. 2D model of yarn path skewness and yarn
cross-section

2.1.1. Geometrical model of the yarn path skewness
segments

The forces affecting the yarns and the formation of skewness
for 2 × 1 twill woven fabrics are shown in Figure 2(a–d), which
also shows the 2D geometrical model of linear yarn path skew-
ness segments that illustrates the projection of floating and
intersecting yarn segments. Figure 3 illustrates the coordinate
system of filaments in yarn cross-section for 2 × 1 and 3 × 1 twill
weave fabric structures and the linear yarn path skewness of
the unit weave length (pr), respectively. In the case of the 2 × 1
and 3 × 1 twill weaves, the unit weave length was defined in
equations (1) and (2) as related to the projection length of
floating (lf) and the intersection region (ls). The warp yarn float
makes an angle with the y axis, which is the skewness angle
shown by δ; the intersection line makes an angle β with the y
axis and the warp and weft settings of the fabric (S1, S2),
respectively. In the equations, subscripts 1 and 2 refer to para-
meters in the warp and weft directions, respectively, as shown
below.

Input Data: 
 - Fabric pattern and setting 
 - d1,i, d2,i , p1,i, p2,i, h1, h2, θ1, θ2, α1, α2, df, Nf, Nz

 - (p1pi + c), (p2pi + c), l , l , l , l  ,
1� , 

2� , β1 , β2 , Mf1, Mf2

Proposed Algorithm
The 2D Model of yarn path skewness and yarn cross-section. 

i) The geometrical model of the yarn path skewness segments 
ii) Coordinate system of filament in yarn cross-section. 
iii) Coordinate system of yarn in twill woven fabric. 
iv) Coordinate system of filament in twill woven fabric. 
v) Yarn path of twill woven fabric based on center line of yarn. 

The 3D model in warp/weft yarn. 
vi) 3D twill weaves represented 
vii) Filament assembly model based on center line of yarn path 

CAD model. 
viii) Curve generation and then create a filament by sweeping. 
ix) Filament assemble model to present yarn in twill woven fabric structure. 

Figure 1. Major steps of the computer modeling approach for constructing 3D 2 × 1 and 3 × 1 twill woven fabrics.
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For 2 × 1 twill weaves

S
l δ l βpr =

3
= cos + cos ,1

2
f1 1 s1 1 (1)

and for 3 × 1 twill weaves

S
l δ l βpr =

4
= cos + cos .1

2
f1 1 s1 1 (2)

In the 2 × 1 and 3 × 1 twill weaves, we used the values of free
space (c) between the two yarns over the floating region. The
free space makes it possible for the floating yarn to push away
the crossing yarn at the interlacing point [4]. In the floating
region, the floating length of warp yarn can be estimated as
follows:

l
p c

δ
=

+

cos
.f2

1p1

2
(3)

The intersecting length of warp yarn in the intersecting region
can be estimated as follows:

l
p

β
=

cos
.s2

1,1

2
(4)

The skewness angle (δ, β), the floating length (lf), and the inter-
secting length (ls) were determined in equations (1)–(4). There-
fore, the projection of the linear lines of the return yarn movement

region (Mfi) of warp or weft yarn in the floating and intersection
region on the XY plane is obtained by:

M M d= = /2.if1 f2 (5)

The coordinate system of filaments in twill woven fabrics and
the projection of linear yarn path of the floating and intersecting
region for 2 × 1 and 3 × 1 twill weaves are shown in Figure 3(a–d),
respectively. The origin point of the 2D model (X = 0, Z = 0)
of yarn in 2 × 1 twill woven fabric in the XZ axis is shown in
Figure 3(a). Some of the twill woven fabric parameters are
also shown in the figure. In this study, a geometrical model
considering their inherent skewness has been proposed, which
can be used in precise geometrical description of twill woven
structures. The characteristic property of twill weaves is that
the warp/weft floatings and intersectings are not perpendicular,
but form an angle. Figure 3(b) shows the projection of linear yarn
path of the floating and intersecting region on the XY plane for
2 × 1 twill weave. Figure 3(c) illustrates the origin point of the
2D model (Y = 0, Z = 0) of yarn in 3 × 1 twill woven fabric in the
YZ axis and also the projection of linear yarn path of the floating
and intersecting region on the XY plane for 3 × 1 twill weave is
illustrated in Figure 3(d).

2.1.2. Coordinate system of filament in yarn cross-section

The concept of virtual location is used to simulate the fiber
distributions in yarn cross-section of 2 × 1 and 3 × 1 twill woven

Figure 2. The forces affecting yarns and the formation of skewness for 2 × 1 twill woven fabrics: (a) top view with forces affecting yarns, (b and c) the
projection linear yarn path, and (d) top view without forces affecting yarns.

AUTEX Research Journal, Vol. 23, No. 4, October 2023, DOI 10.2478/aut-2022-0032

http://www.autexrj.com/ 524

http://www.autexrj.com/


fabrics. The Cartesian coordinates from polar coordinates of
the center of yarn to coordinate system x′z′ are as follows:

f R γ= cos ,Nj
x

j
′

c (6)

f R γ= sin .Nj
z

j
′

c (7)

The coordinate system of yarn cross-section in y′z′ is as follows:

f R γ= cos ,Nj
x

j
′

c (8)

f R γ= sin .Nj
z

j
′

c (9)

2.1.3. Coordinate system of yarn in twill woven fabric

In the 2 × 1 and 3 × 1 twill weave fabric structures, the position
of the center fabric structure is characterized by Cartesian coor-
dinates (X, Z) and (Y, Z) of the center of twill woven fabric
structure (X = 0, Z = 0) and (Y = 0, Z = 0) that are shown in

Figure 3(a) and (c), respectively. In 2D twill weave, the number
of warp/weft yarns were defined as id1 (1, 2,…, N1) or id2
(1, 2,…, N2). The coordinates for warp yarn of the center of
yarn at id1 in the Y axis for 2 × 1 and 3 × 1 for one unit cell twill
weave fabric are defined as follows:

For 2 × 1 twill weave fabric, the equation is as follows:

d p p c p= 2 + + 3 + 4 .i
Y

d P d d1,1 1 1 1 1 1,2 1( ) ( ) ( ) (10)

For 3 × 1 twill weave fabric, the equation is as follows:

d p p c p c p= 2 + + 3 + + 4 + 5 .i
Y

d P d P d d1,1 1 1 1 1 1 2 1 1,2 1( ) ( ) ( ) ( ) (11)

The coordinates of weft yarn in the X axis and the coordinate
of center of yarn at id2 are defined in the same way as in
equations (10) and (11). The position of the center fabrics
structure is characterized by Cartesian coordinates (X, Z)
of the center of the one unit cell twill woven fabric structure
(X = 0, Z = 0).

Figure 3. Coordinate system of filaments in twill woven fabrics and the projection of linear yarn path of floating and intersecting regions: (a and b)
2 × 1 and (c and d) 3 × 1 twill weave.
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For 2 × 1 twill weave fabric, the equation is as follows:

d p p c p= 2 + + 3 + 4 .i
X

d P d d2,1 2 2 1 2 2,2 2( ) ( ) ( ) (12)

For 3 × 1 twill weave fabric, the equation is as follows:

d p p c p c p= 2 + + 3 + + 4 + 5 .i
X

d P d P d d2,1 2 2 1 2 2 2 2 2,2 2( ) ( ) ( ) ( ) (13)

The 2 × 1 twill weave was formed of asymmetric floatings indi-
cated in Figure 3(a and b), which shows the center line of the
yarn path at the point A, B, C,…, G, A along the yarn length on
the XZ plane. The main dimensionless parameters are p2,1
(gp2,1, sp2,1, kp2,1), p2,2 = (kp2,2, sp2,2, gp2,2) and p2p1 + c is the
spacing of center line of yarn at the point on the XZ plane. For
the 3 × 1 twill weave, the unit length of yarn path based on
center line of yarn point A, B,…, H, A on the YZ plane is shown
in Figure 3(c and d). The main dimensionless parameters are
p1,1 (gp1,1, sp1,1, kp1,1), p1,2 = (kp1,2, sp1,2, gp1,2), p1p1 + c and
p1p2 + c is the spacing of the center line of the yarn at the point
on the YZ plane. For 2 × 1 and 3 × 1 twill weaves, the center line
of the yarn path made an angle by skewing in the floating region
(δi), and then it made an angle in the intersecting region (βi) of
the linear part of yarn segment. θi is the crimp angle of the yarn.

The crimp value in the Z axis is accepted as the fabric thickness
direction that is derived from the linear segmented model of
yarn path of 2 × 1 and 3 × 1 twill structure. The coordinate
system of (X, Z) or (Y, Z) of the twill woven fabric structure
can be separated into two parts: the first part was defined as
positive (+) hi/2 and the second part was defined as negative
(−) hi/2. In the Z axis, the coordinate of hi/2 is defined as:

d h

h

h= ± /2

2
, where the coordinate of yarn

in the upper quadrant regions,

−
2

, where the coordinate of yarn

in the lower quadrant regions.

i
Z

i

2

2

⎧

⎨

⎪
⎪

⎩

⎪
⎪

(14)

2.1.4. Coordinate system of filament in twill woven fabric

Equations (6)–(9) are defined as the coordinate system (x′, z′) or
(y′, z′) of filament in yarn cross section and also equations
(10)–(14) are calculated for the coordinate system (X, Z) or
(Y, Z) of yarn in twill woven fabric structures. The coordinates
of the Nth filament of jth layers on the X axis f dNj

X
i( ), on the Y axis

f dNj
Y

i( ), and on the Z axis f dNj
Z

i( ) can be defined. The positions of
the filaments in yarn cross section of id2 in the X axis are as
follows:

f d d R γ d f= + cos or = + .Nj
X

i i
X

j i
X

Nj
x

c
′ (15)

In yarn cross section of id1 in the Y axis, the positions of the
filaments are defined as:

f d d R γ d f= + cos or = + .Nj
Y

i i
Y

j i
Y

Nj
y

c
′ (16)

Also, the positions of filaments in twill wave fabric of id1 or id2 in
the Z axis are as follows:

f d h R γ d f= ± /2 + sin or = + .Nj
Z

i i j i
Z

Nj
z

c
′ (17)

2.2. 3D model in warp/weft yarn

2.2.1. 3D twill weaves represented

The fabric pattern and setting were designed. The automatic
generation of 2D and 3D weaves represented by 2D binary
matrices to a general vector matrix was developed by Jiang
and Chen [14] and was extended by Patumchat and Sriprateep
[16]. The structure of the initial vector matrix H0 of the deflection
of the yarns can be obtained. In this work, we used the element
vectors for 2 × 1 and 3 × 1 twill weaves that are shown in Figure 3
that connected points (A, B,C,…, A) of the center line of the yarn
path along the yarn length. The structure of one unit cell for 2 × 1
twill weave, the number of connected points of the piecewise for
the arc abscissa models in warp and weft directions is 8 points,
and also one unit cell for 3 × 1 twill weave in warp and weft
directions is 9 points, respectively. The fabric pattern and set-
ting of twill weave were designed, so the structure of the initial
vector matrix H0 in the floating region in warp or weft of 2 × 1
twill weave (A1 or 2, D1 or 2, E1 or 2, A1 or 2) and 3 × 1 twill weave
(A1 or 2, D1 or 2, E1 or 2, F1 or 2, A1 or 2) of the yarns can be obtained
as follows:

H

T T T T

T T T T

T T T T

T T T T

=

→ → → →

→ → → →

→ → → →

→ → → →

,

A A D D E E A A

E E A A D D E E

D D E E A A D D

A A D D E E A A

0 2×1

, , , ,

, , , ,

, , , ,

, , , ,

1 2 1 2 1 2 1 2

1 2 1 2 1 2 1 2

1 2 1 2 1 2 1 2

1 2 1 2 1 2 1 2

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

( ) (18)

Figure 4. Projection on planes XZ and YZ for (a) 2 × 1 and (b) 3 × 1 twill weaves.
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H

T T T T T

T T T T T

T T T T T

T T T T T

T T T T T

=

→ → → → →

→ → → → →

→ → → → →

→ → → → →

→ → → → →

.

A A D D E E F F A A

F F A A D D E E F F

E E F F A A D D E E

D D E E F F A A D D

A A D D E E F F A A

0 3×1

, , , , ,

, , , , ,

, , , , ,

, , , , ,

, , , , ,

1 2 1 2 1 2 1 2 1 2

1 2 1 2 1 2 1 2 1 2

1 2 1 2 1 2 1 2 1 2

1 2 1 2 1 2 1 2 1 2

1 2 1 2 1 2 1 2 1 2

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥

( ) (19)

T
→

A A,1 2 is the vector of the distance between the yarn centerline
and center plane of the twill fabrics at the original point (X = 0,
Y = 0, Z = 0) relative to the connected points of the linear
segment of yarn path in warp (A1) and weft (A2) directions,
respectively (Figure 4).

2.2.2. Filament assembly based on center line of yarn path

The center line of yarn in twill woven fabric structure was
explained in the previous section. The circular geometry for
yarn cross-section is perpendicular to the centerline yarn path
along the yarn length. The data points of coordinates xi, yi, zi of
the crimp weave in each cross section can be obtain in the
vector matric H0(2 x 1) and H0(3 x 1). The projected radius of
the crimp weave at the first layer (Rjc = 0) and the filaments in
outer layers are arranged with open packing form using the
virtual location concept. Each cross-section is rotated along
the length of yarn path by a pre-determined amount in respect
of the previous one allowing for the yarn twist. In the 2 × 1 twill
weave, the projection of outer layers (x′, z′) of filament in the
yarn cross section is defined in equations (6) and (7) and the
coordinate system (X, Y) of yarn in twill woven fabrics is calcu-
lated by equations (10), (12), and (14). Therefore, the positions
of filaments in woven fabrics in the X and Y axes are defined by
equations (15) and (16). The positions of filaments in the Z axis
are defined by equation (17). For the coordinate system (y′, z′)
of filament in yarn cross-section and coordinate system (Y, Z) of
yarn in twill woven fabrics is calculated in the same way, but
using different axes. In the 3 × 1 twill weave, the projection of
outer layers (x′, z′) or (y′, z′) of filament in yarn cross section, the
coordinate system (X, Y) of yarn in twill woven fabrics and the
positions of filaments in woven fabrics are calculated in the same
way. In 2 × 1 and 3 × 1 twill weaves, the center line of the yarn
path makes an angle by skewing in the floating region (δi), and
then it makes an angle in the intersecting region (βi) of the linear
part. The coordinates of filaments in each cross section on the
normal plane of centerline of yarn, therefore, in the warp direc-
tion along the yarn length (xi) will be at (yi, zi) and the filament in
the weft direction along the yarn length (yi) will be at (xi, zi). The
projection of the filaments with their inherent skewness in outer
layers of warp/weft directions can be calculated by:

x x R γ θ
y y R γ ψ θ δ β
z z R γ ψ θ

For warp:
′ = − sin sin
′ = + cos + cos /cos cos
′ = + sin + cos ,

i j i

i j i i i

i j i

c

c

c

⎧

⎨
⎩

( )
[ ( ) ] ( ) ( )

( )
(20)

x x R γ ψ θ δ β
y y R γ θ
z z R γ ψ θ

For weft:
′ = + cos + cos /cos cos
′ = − sin sin
′ = + sin + cos .

i j i i i

i j i

i j i

c

c

c

⎧

⎨
⎩

[ ( ) ] ( ) ( )
( )
( )

(21)

In equations (20) and (21), if the angle is formed by skewing in the
intersection region (βi), then the angle in the floating region (δi) is
zero degrees. Also if an angle is formed by skewing in the floating

region (δi), then the angle in the intersecting region (βi) is zero
degrees.

2.3. CAD model of twill woven fabric structure

The projection of the centerline yarn path and the filaments in
outer layers of warp or weft directions (x′, y′, z′) can be calcu-
lated by equations (20) and (21). In 2 × 1 and 3 × 1 twill wave
fabrics and considering the inherent skewness, the filament
curve in each interval between two successive cross-sections
can be approximated by a cubic NURBS curve in which the
main components are the 2D or 3D control points or control
vertices. The weights of these points and a knot vector limit
the effect of the control vertices onto a given segment of the

curve. Given data points T t
→

a b, ( ) for the centerline of yarn path
and di{ } of coordinate x′, y′, z′ of the filaments in each cross-

section and associating parameters r t→
{ ( )}, i = 0, 1,…., m. The

approximation curve r t→
( ) in the least squares sense is defined

as follows [18]:

∑ di r tMinimize − →
.

i

m

=0

2∥ ( )∥ (22)

The user specifies the points and the curve to pass this point as
closely as possible in each interval between two successive
cross-sections. The sweeping of a closed curve along a center-
line path is created and a solid model of yarn structures can be
represented.

3. Results and discussion

Due to their inherent skewness, we included the skewness
property of 2 × 1 and 3 × 1 twill weaves and structure para-
meters into consideration while modeling the 3D geometry with
the filament assembly model used for modeling the twill fabric
structures. Turan and Okur [2] also used the B-spline method
for modeling 2 × 1 and 3 × 1 twill fabric structures. They used
experimental fabrics with structural properties of cotton fabrics
of 2 × 1 and 3 × 1 twill weaves in order to obtain the 3D
geometry of fabrics. Some structural properties of fabrics
such as setting, yarn count, fabric thickness, and skewness
angle in the direction of weft and warp yarns for twill weaves
were used as input values to the model. The statistical results
showed that the structural parameters of the real twill fabrics
could be predicted by using the outputs of this geometrical
model. They illustrated the three-dimensional simulations of
2 × 1 and 3 × 1 twill fabrics using a single line of yarn path
with ellipse yarn cross-section and actual fabric. The model of
twill weaves is defined by taking the skewness property into
account. The comparison between the model and actual
image found that the simulations had greater open area due
to the model assuming the yarn cross-section to be solid and
constant of yarn path. Also, in real fabrics, the shape of yarn
changes according to yarn geometry. Figure 5(a–c) shows the
comparison of 2 × 1 twill weave between single line of yarn
path model [14], single line of yarn path model incudes the
skewness property [2], and filament assemble model [16],
respectively.
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In this study, the SolidWorks 2018 software package was used
to model the filament assembly that includes the skewness
property. A CAD modeling approach is provided in Figure 1.

Figures 6 and 7 report 3D computer simulations of 2 × 1 and
3 × 1 twill weaves fabric with isometric view, top view, and
cross-section at center line of yarn path for warp/weft yarn.

Figure 5. Comparison of 2 × 1 twill weave between (a) single line of yarn path model [14], (b) single line of yarn path model includes the skewness
property [2], and (c) filament assemble model [16].

Figure 6. CAD of 2 × 1 twill weave fabric: (a) isometric view and (b) top view and cross-section at center line of yarn path for warp/weft yarn.

Figure 7. CAD of 3 × 1 twill weave fabric: (a) isometric view and (b) top view and cross-section at center line of yarn path for warp/weft yarn.
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The experimental data in this study were used from the experi-
mental results of Turan and Okur [2], especially the skewness
property of twill weaves used in the models. Therefore, this
model compared with the single line of yarn path model
includes the skewness property [2]. The input parameter of
each twill woven fabric structure for the circular yarn diameter
in the warp/weft was 0.108 mm and filament diameter was
0.012 mm. The haft crimp wave height was 0.108 mm. The
number of layers in the yarn cross section was 5 and the
number of filaments was 56. The twist angle (degree) in
warp/weft yarn structure was 25.80 and 18.60, respectively.
Additional parameters included the skewness property con-
sisting of the warp/weft skewness angle of the floating length
and intersection region, the spacing of the sinking or floating
warp/weft yarns, the warp/weft yarn spacing, and the return of
yarn movement, which are shown in Table 1.

Figure 6(a and b) illustrates a CAD model of a 2 × 1 twill wave
fabric with warp/weft skewness angle (δ1 = 14.48, δ2 = 14.04),
warp/weft return angle (β1 = 6.17, β2 = 11.31), and the return of
yarn movement (Mf1, Mf2 = 0.054mm). The warp/weft yarn spa-
cing at the crossover point (p1,i = 0.189mm, p2,i = 0.249mm)
and the spacing of the sinking or floating warp and weft yarns
(p1pi + c = 0.108 mm, p2pi + c = 0.209 mm) are also shown.
Therefore, the warp and weft densities were 61.72 ends/cm and
45.1 picks/cm, respectively. The CAD model for the 3 × 1 twill
wave fabric is shown in Figure 7(a and b) with warp/weft
skewness angle (δ1 = 6.55, δ2 = 8.13), warp/weft return angle
(β1 = 5.63, β2 = 11.31), and the return of yarn movement
(Mf1, Mf2 = 0.054mm). The warp/weft yarn spacing at the cross-
over point (p1,i = 0.189mm, p2,i = 0.273mm) and the spacing of
the sinking or floating warp and weft yarns (p1pi + c = 0.135mm,
p2pi + c = 0.235mm) are also shown such that the warp and weft
densities were 62.38 ends/cm and 36.4 picks/cm.

The simulation of 2 × 1 and 3 × 1 twill woven fabrics using
the filament assembly model by taking the skewness property
into account can demonstrate a wider variety and improve the
visual simulation of the real twill woven fabric. The modeled
described in this study is based on a homogeneous structure
that displays certain differences from the real fabrics, whereas
structural parameters in real fabrics change throughout the
fabrics [3]. Nevertheless, the data obtained experimentally
are very close in terms of control parameters to the skewness
property of twill weaves used in the models. It is possible to
constitute 3D fabrics simulations used in the study. The 3D
CAD geometry modeling of twill woven structures is important
because the model is necessary as an input to many compu-
tational methods such as modeling of the air permeability or
heat transfer for textile fabrics, modeling the mechanical prop-
erties of fabrics or their composite parts.

4. Conclusion

CAD modeling with precise geometrical description of woven
structures is important because a geometric model is a true
visual simulation of real woven fabric and also necessary as
an input to many computational models such as those modeling
the air permeability or heat transfer or mechanical properties of T
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fabrics. Therefore, the simulated twill woven fabric structures
must be improved. This article describes a new computer mod-
eling approach for 2 × 1 and 3 × 1 twill woven fabric structures
in which the twill fabrics are formed of asymmetric floatings
in which the length of floating sections is not equal on both
surfaces. The geometry of twill weaves is defined by taking
the skewness property into account. The new algorithms use
a filament assembly model in which a single yarn is composed
of many filaments by twisting along the crimp shape that
according to the real yarn is composed of fibers twisted together.
A comparison is made of the new model of 2 × 1 and 3 × 1 twill
woven with a single line of yarn path model that includes and
excludes the skewness property and also the filament assemble
model that excludes the skewness property. The simulation in
this study can demonstrate a wider variety of measures to
improve the visual simulation of real twill woven fabric.

Nomenclature

d1,i, d2,i warp/weft yarn diameters
df filament diameter
di

X coordinate system of yarn in X axis of id2
of warp yarn

di
Y coordinate system of yarn in Y axis of id1

of weft yarn
di

Z coordinate system of yarn in Z axis for
warp/weft yarn

f d f d f d, ,Nj
X

i Nj
Y

i Nj
Z

i coordinates of Nth filament of jth layers
for idi on X, Y, and Z axis of twill woven
fabric structure, respectively

f f f, ,Nj
x

Nj
y

Nj
z′ ′ ′ coordinate system of Nth filament in

center of yarn at jth layers on x′, y′, and
z′ axis, respectively

gpi,i spacing of the arc of the center line yarn
at lower segment on XZ or YZ plane

h1, h2 warp/weft crimp wave heights
hi/2 warp/weft half crimp
id1 number of warp yarn in Y axis
id2 number of weft yarn in X axis
iX, iY position of the center line of yarn path at

the point along the X or Y axis
(i = A, B, C, A)

kpi,i spacing of the arc of the center line yarn
at upper segment on XZ or YZ plane

lf1, lf2 warp/weft, floating length
ls1, ls2 warp/weft intersection length of the

intersection region
Mf1, Mf2 the return of warp/weft yarn movement
N1, N2 N1 or N2 are number warp/weft in weave

repeat, respectively
Nf number of filament in yarn cross section
Nz number of layer in yarn cross section
p1,i, p2,i warp/weft yarn spacing at the crossover

point, respectively
p1pi + c, p2pi + c warp/weft yarn spacing of the sinking or

floating, respectively

Rjc radius of center of yarn at jth layers
spi,i spacing of the linear part of a center line

yarn segment on XZ or YZ plane
θ1, θ2 warp/weft crimp angles
α1, α2 warp/weft yarn twist angle (degree)
β1, β2 warp/weft return angle of the intersec-

tion region (degree)
γ angle of center of each virtual location to

the center of yarn
δ1, δ2 warp/weft skewness angle of the

floating length (degree)
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