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A Novel Approach in Geometrical-Mechanical Analysis of
Plain Woven Fabrics; Initial Load-Extension Behavior

Mostafa Jamshidi Avanaki, Ali Asghar Asgharian Jeddi and Abbas Rastgoo

Abstract—A theoretical analysis for the initial state of load-
extension behavior in plain woven fabrics is presented. For
this purpose, a new approach for geometrical modeling of
woven fabrics consisting of its structure in inclined and float
regions is developed which results in theoretical estimation of
all the structural parameters of plain fabrics including its
weave angle. Then, by applying the strain energy method and
considering a virtual spring in the unit cell, a modified model
for predicting the initial tensile modulus of plain woven
fabrics is proposed. The results are shown better agreement
with experimental data than previous models.
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I. INTRODUCTION

he mechanical behavior of woven fabrics is of interest

in numerous applications, including apparel and
technical usages. Engineered designing of textile fabrics
for specific mechanical properties requires the ability to
predict its behavior in various loading conditions which
among them, tensile properties has been analyzed by
numerous researchers [1-7]. However, due to the
geometrical model and the approach in mechanical
analysis, most of the available works are resulted in
complicated elliptic integrals or needs numerical solutions
even in the domain of small deformation analysis.

There are numerous applications of woven fabrics
involved with small extensions which have received much
attention by some scientists [8-10]. The work developed by
Leaf and Kandil [10] that considering this state of
deformation is the basic approach in this work which is
tractable and amenable to predict the initial load extension
behavior of plain woven fabrics in a close form solution.

In this work, a new approach for the geometrical-
mechanical analysis of the plain woven fabrics is
developed which is also applicable to other woven
structures.

It is assumed that the yarns cross section are always
circular along the yarn path as was developed by Peirce
[11] and the yarns center line obeys the saw tooth
geometry which was developed by Kawabata [12]. On the
base of these assumptions, a new geometrical modelling is
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proposed which includes both inclined and float regions.
The mechanical approach in this work employs the strain
energy method through applying the Castigliano’s
theorem. A virtual spring is defined in the unit cell of the
structure and used in mechanical analysis which results in
better prediction of initial tensile modulus of plain woven
fabrics. The effect of friction is ignored in this work. It is
shown that the proposed theory does lead to results that are
in agreement with experimental data.

II. GEOMETRICAL MODELLING

Geometrical modelling of woven structures has been the
subject of many works [13-16]. Weaves geometry is
determined by defining a unit cell representing the whole
fabric characteristics. The proposed model and its
structural parameters for the weave repeat of plain woven
fabrics is shown in Figure 1. The indices i and j are used to
denote warp and weft yarns sequentially and the indices f
and c represent float and inclined regions respectively. The
weave repeat in Figure 1 is shown for the weft yarns length
which is included by the cross section of warp yarns. So,
this structure can be also developed for warp lengthwise by
substituting the index i instead of j. Moreover, Y; is used to
denote the spacing between warp yarns while Py is the
width of unit cell. In the unit cell, Pj and P are used to
denote the projection of weft yarns float and inclined
length, respectively. It should be noted here that in this
work, all the lengths are considered to be in mm and the
angels are in degree.
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Fig. 1. Geometrical parameters in the weave repeat of plain fabrics.

The yarns diameter (d) is calculated by Eq. (1) given by
Peirce [11].
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d= JTex
28.02,/Pp;

In this equation, Tex is the yarn linear density (g/km),
p; is the fiber density (g/em’®) and @ is the yarn packing

(mm) ®

factor. For blended yarns, average fiber density is given by
the Eq. (2).
n
1w @
pf i=1 pi
where; w, is the weight fraction of the i component, P,

is the fiber density of the i® component and n is the
number of components of the blend. The proposed unit cell
in our model is equivalent to the half of weave repeat
which is demonstrated in Figure 1. Furthermore, due to
symmetry, we consider half of the unit cell for developing
the equations as is shown in Figure 2. Therefore, all the
results will be doubled to cover the whole unit cell.

Fig. 2. Half of the Unit Cell Geometry.
In this geometry, Ly is used to denote the weft length in
float region and LCJ. is used to denote its length in inclined

region. Therefore, in the proposed geometrical model, the
value of the total length of weft yarns in the unit cell can
be obtained as follows:
L;=2Lg+L,) 3)
In the proposed geometry, it is assumed that the
projection length of weft yarns in float region (Pfj) is equal
to the half of the warp yarns diameter which is obtained

through Eq. (4). Therefore, by attention to Figure 1, the
length of yarn in float region can be estimated by Eq. (5).

d, .
Py :7 “4)
Py

Moreover, by knowing that the width of the proposed
unit cell is equal to the warp yarns spacing, as shown by

Eq. (6), the projection of weft yarns in inclined region ( ch )
can be obtained through Eq. (7).
Pj =Y, (6)
P. - Pfj

By=—— ™

36

The amount of the length of weft yarns in the unit cell
(Loj) and the spacing between warp yarns (Yi) could be

measured by experimental works. The amount of (Loj)

represents the value of weft yarns length in unit cell which
is differ from that in proposed straight line geometry due to
the curvy path of yarns in real fabrics. So, its amount in the
proposed geometry will be followed up here.

By knowing the length of yarn in float region (ij)

through Eq. (5), the preliminary estimated length of weft
yarn in crimp region LOCJ.) can be obtained as follows:

Log =Lo;—Lg 8)

It can be found through geometrical model that the
projection of inclined yarn can be obtained as follows:
LCj = LOCj ><cosGOj = ch C)

So, the preliminary estimated value of weave angle can
be calculated by Eq. (10).

B,
8; =Cos ™|
LOcj

Moreover, the preliminary estimated value for half of
the crimp amplitude (hy;) can be calculated as follows:
hg; =LoSinby (1D

After estimating the preliminary amounts of structural
parameters, their modified values can be obtained. For this
purpose, based on Peirce [11] assumption, the condition
that the warp and weft yarns touch each other at cross over
points is considered as constraint which have to be
satisfied as follows in which h refers to the half of the
crimp amplitude as is shown in Figure 2.

d; d

h +h =—1+-1

J 2 2
So, by considering Egs. (13) and (14), the improved

value of the weft yarns crimp amplitude (h j) can be

Ocj =

(10)

(12)

estimated as follows:

d, +d

Dy == (13)

Dy, =h, +hy, (14)

y=Da=Dy (15)
K Ratio

h,=hy+V (16)

The amount of V in Eq. (16) should be specified by
applying an appropriate amount of K Ratio in Eq. (15). K
Ratio represents the ratio of discrepancy between D, and
D,, which is allocated to crimp amplitude, (h j). By the

way, finally the modified value for weave angle is obtained
as shown by Eq. (17).

h.
6, =Sin""| —-
LOcj

By substituting this weave angle in Eq. (9), the

amn

improved value for the inclined yarn projection as (L'Cj is



JAMSHIDI AVANAKT et al.: A NOVEL APPROACH IN GEOMETRICAL-MECHANICAL ANALYSIS ... 37

calculated as follow:
(L,;)=LogxCoslo,) (1s)

Difference between the projection lengths of inclined
yarn in Egs. (9) and (18) is related to the amount of yarns
which is curved around each other at intersection points in
real fabric, i.e.;

Q; =curved length = Ecj -L;

This phenomenon is demonstrated in Figure 3.
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Fig. 3. Schematic demonstration of curved length.

The K Ratio index in Eq. (15) can be obtained by
attention to the fact that some portion of difference
between Dy and Dy in Egs. (13) and (14) will be used to

cover the curved shape in addition to satisfying the
aforementioned constraints through Eq. (12). The optimum
amount of K Ratio can be found through minimizing the
following functions owing to the point that sum of the
curved length (Q) and V have to be equal or in very close

agreement with the preliminary estimated discrepancy,
(D,-D,).
K;;=|Q/+V|-[Dy -D,| (20)
Equation (20) should be solved for both warp and weft
yarns. In addition, it should be noted that the warp and
weft yarns are assumed to be in equilibrium state of
balanced fabrics. Therefore, the following function needs
to be also minimized at the same time.
K:’[KJ—\KJ” @1
By applying Egs. (20) and (21) simultaneously in a
computer program (K programming), the optimum specific
amount of K Ratio can be calculated. Then, the length of
weft yarn in inclined region of the proposed unit cell is
modified and obtained as follows:
Lcj =LOcj —Qj (22)
Therefore, by assuming straight line path for yarns in the
unit cells, the length of weft yarns in the unit cell is
obtained through Eq. (23).
L;=2Ly+Ly) 3)

1. MECHANICAL MODELLING

Mechanical modelling of woven structures has been the
subject of many works including the work performed by
Dabiryan [17] through defining frictional energy and other

researches [18-20] through applying energy method and
continuum mechanics.

The loading condition in the half of the unit cell is
demonstrated in Figure 4. The force f; is the external

applied force. By applying the external tensile force, the
compressive forces v; will be generated between yarns

which are distributed over the region of yarn contact which
was assumed to be pointed forces in previous works.
To predict the initial state of load-deformation behavior, it
was assumed that in the field of loading condition, the
yarns are linearly elastic; so the strain energy method and
the Castigliano’s theorem become applicable. Moreover, it
was assumed that the fabric behave linearly elastic in its
initial state of deformation; so it was possible to use the
Hook’s law.
By knowing that any possible deformation caused by
applying forces which makes the yarns to be extended,
bent, compressed or sheared, requires its own strain
energy, the total required energy Uy for any deformation
in the structure is obtained by using the following equation
which is equal to sum of its components.
Up+Ug+Ug+Uc+Ug (24)
The components of strain energy in the unit cell
constituents are proposed to be calculated as follows. For
each component, the strain energy should be calculated in
both inclined and float regions. In this work, the strain
energy of yarns shearing which was ignored in previous
works [10, 17] is considered.

Fig. 4. Loading condition in the proposed geometry.

A. Strain Energy Analysis

The yarns are assumed to be linear elastic in the domain
of loading conditions. So, the strain energy analysis can be
applied on the elements of unit cell in inclined and float
regions. Details are presented in Appendix I.

1) The Strain Energy in inclined Region

The strain energy of extension, bending, compression
and shearing in inclined region is obtained as follows:

a) Strain Energy of Extension in inclined Region

ch = ijOSGj + I)J.Sin(:)j

Ug =( %}\’J.(fiCOSB §+0;8in8,)” L
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1) Strain Energy of Bending in inclined
Region

MCj = (fiSinej —UjCOSGj )s

L= (%Bjj.(fisme ;—,Cos8; )2{L3°% J
(@) Strain Energy of Compression in
inclined Region
Vej = njeg; = Z(fj sin 8; — v; cos 6]-)
Uegj = (Z/Hj) . (£ sin 6; — v; cos Gj)z. d;. Q;

3) Strain Energy of Shearing in inclined
Region

ch = (fj sin 9] - V]' Cos 6,)

. 2
Ugg = <1/2G]-) .(f; sin 6; — vj cos §;)". L

b) The Strain Energy in Float Region

The strain energy of extension, bending, compression
and shearing in float region is obtained as follows:

€9 Strain Energy of Extension in Float
Region

Trj = f
2
Uefj = (1/2%) f] .Lf]'

2) Strain Energy of Bending in Float
Region

Mf]‘ = Vj. S
3
Lt

=1 2 J
Upgj = ( /213,-)-"1- 24

3) Strain Energy of Compression in Float
Region
Vg = MjEq; = 2Vj
= (2 2
4) Strain Energy of Shearing in Float
Region

Tfj =V
Usfj = (I/ZGj) .VZ. Lf]'

B. Total Strain Energy

The total strain energy in the unit cell is calculated by
using Equation (24) where;

Ug = Uec + Uer = Z(Ueqi + Uecj + Uep + Uefj)
Ug = Upc + Ups = 2(Upci + Upgj + Upg + Upg)
Uc = U + Ugr = 2(Ucq + Uccj +Uesi + Ucfj)
Us = Uge + Ugr = 2(Uge; + Uscj + Ugg + Usfj)
This leads to Equations (25) through (28) which will be
used in calculation of fabric strain.

_ (fj cos 8; + v sin 6]-)2. Lg

E

X
j
(fi cos B; + vi sin 8;). L; (25)
A
£%. Lg N f;%. Lg
}\] 7\'[
_ (f] sin 9] - V]' cos 9]-)2. L?é]
B 3B,
(f; sin 8; — vj cos 6;)%. L3, 26)
3B,
24B; © 24B
4(f; sin 8; — v; cos 9]-)2- d;. Q;
UC =
mj
N 4(f; sin 8; — v; cos 8;)2. d;. Q; @7)
Ni
+4-Vj2.d]- .Lf]' N 4Viz.di.Lﬁ
nj Ni
= (f; sin ; — v; cos Bj)z.Lcj
s G’
(f; sin 8; — v; cos 8;)2. L; 28)
Gy
Y-lg  vils
G] Gi

C. Calculation of fabric strain:

By knowing the total strain energy and applying the
Castigliano’s theorem, we know that
oUr

ep = oh =T/ 9)
Therefore the Equation (30) can be obtained.
&h
ZLC](f] cos 9] 4+ vsin ej).COS 9] ZLﬁf]
- -
A A
N 2L3(f; sin 8; — v cos 6;). sin 6
3B; (30)
8(f; sin 8; — v; cos 6;).d;. Q;. sin 6;
N
Z(fj sin 6; — vj cos 9]-). sin ;. Lg;
* G
j

If the yarns are assumed to be inextensible and
incompressible which can be correct just in the initial state
of fabric deformation, so the A , n and G tend to infinity
and the Equation (30) reduces to:

f; (2L3;sin?6;) v (2L sin 6. cos 6;
€ (Strian) = = = (31
o == 538
In this equation, the generated force between the yarns
should be calculated.
Ur/ _ 80y-pp
an - 2

(32)






