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Flexural rigidity of a fabric is among the important properties, especially for industrial applications of high performance fabrics.
The relationships between various fabric properties and fabric stiffness were analyzed. Several monofilament fabrics were tested in the
warp direction for this purpose. It was found that there were close relationships between fabric stiffness and warp diameter, filling di-
ameter, fabric modulus and fabric density. As yarn diameters and fabric modulus increase, the stiffness of fabric also increases. It was
evident that fabric design has also an effect on fabric stiffness for the tested fabrics. The measured fabric stiffness values were com-
pared with theoretical calculations that showed good agreement.
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1. INTRODUCTION

The Flexural rigidity of fabric’s bending
stiffness is important for both con-
sumer and industrial applications of
fabrics. While fabric stiffness may not
be wanted too high for a good drape in
apparel and garment fabrics, it may be
an important requirement especially for
industrial fabrics to be used widely in
heavy duty applications such as geo-
textiles and forming fabrics. For ex-
ample, a forming fabric that easily
bends under load and its own weight
between the drive rolls may cause
poor sheet formation during process.

Stiffness is one of the most widely
used parameters to judge bending
rigidity and fabric handling. Fabric
stiffness and handling is an important
decision factor for the end users. The
degree of fabric stiffness is related to
its properties such as fiber material,
yarn and fabric structure. In this work,
the effects of several fabric structural
parameters on fabric stiffness were
investigated.

Measurements of fabric handling and
its reflection on the sensation felt by
the user were originally done by Peirce
(1). In his paper, Peirce described the
stiffnress and hardness of a cotton
cloth. Later, Guthrie et al. (2) studied
the bending and torsional rigidity of
fibers with static and dynamic methods
because the stiffness of a fabric is
directly dependent on the stiffness of
fibers. Cooper (3) gave analytical and
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experimental results about the stiff-
ness of fibers, yarn, and woven fab-
rics. His paper was based on the
fundamental works done by Peirce and
Guthrie.

Fabric stiffness influences the fabric
deformation and sheds light on the
mechanism of fabric deformation. The
stiffness of fabrics is commonly meas-
ured along the warp and filling direc-
tions in a woven structure; however, it
can be measured along any other
direction as well. In the present work,
fabric stiffness is measured in the warp
direction which is the working direction
of the fabric on most of the cases.

2. ANALYTICAL

When a straight beam is bent either
under its own weight or by an external
load, the initial straight longitudinal
axis is deformed and this curve is
called the deflection curve of the
beam. When a beam (fiber bundle or
fabric) is subjected to bending, the
fibers on one side elongate, while the
fibers on the other side shorten.
These changes in length cause the
beam to deflect. All points on the
beam except those outside the sup-
ports fall below their original position
as shown in the Figure 1. The general
equation for the deflection curve of a
beam was analyzed by Gere et al. (4),
Nash (5), and Tuma (6). For linearly
elastic materials, the deflection curve
is also called elastic curve, which is

the curve taken by neutral axis. A
beam bent to a circular curve of con-
stant radius has a constant bending
moment.

b) Bended

Figure 1. Schematic representation of a
bending beam

In this work, deflection of fabrics under
their own weight is analyzed both
theoretically and experimentally. Con-
sidering Figure 2, the deflection, u, of
the beam at any point m4 at distance x
from the origin is the displacement of
that point in the y direction, measured
from the x axis to the point to the de-
flection curve. On the other hand, the
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Figure 2. Graphical representation of fabric bending

angle of rotation 6 of the fabric beam
at the point my is the angle between
the x-axis and the tangent to the de-
flection curve. The second point on the
fabric beam curve m; is located at a
small distance ds further along the
curve and at distance x+dx and the
angle of rotation, 6+dB. The slope of
the deflection curve is given by

@ =tand 1)
dx

Equation 1 is based on the geometric
considerations, and it can be applied
to a beam of any material. The center
of the beam is O, and the radius o f
curvature is p. The relationship
between the rotation angle, 6, and the
length of the beam is called curvature
and is given by

_49 2)

1

p ds
i.e., the curvature is the rate at which
the angle 6 is changing with respect to
the length of arc s. Beams made of
very stiff materials undergo only very
small rotations; therefore, their deflec-
tion curves are very flat with extremely
small curvatures. For very small rota-
tion angle, ds = dx may be accepted
since for small angles cos 6 = 1.
Therefore, Equation 2 may be rewrit-
ten as follows:

a0
dx

K

3).

Fabric Specimen

However, for most textile materials, the
value of the rotation is very high. For
that reason, Equation 3 is not valid for
those textile materials whose beams
are highly flexible. If the material of
beam is linearly elastic and follows
Hooke’s law, the curvature is given by

__M 4)

1

P EI
where M is the bending moment, E is
the modulus of the material, and | is
the moment of inertia. A bending
moment that bends a beam convex
upward (compression stress on bottom
fiber) is negative. For the purpose of
the present analysis, it is assumed that
fabrics, which are made of high tenac-
ity stiff polyester monofilament, are
homogeneous and obey Hooke’s law.
To find the angle of rotation, 6, or the
deflection, u, provided that the bending
moment M known. The following dif-
ferential equation of the deflection
curve can be used:

a0 d*v M
dx  gx EI

The term El is known as the bending
rigidity of the material. The slope, 6, at
the free end B of the cantilever beam
with constant El and loaded with its
own weight can be determined as
follows:

L L 2 3
g:_J'de:_ &dx:_ﬂ(&
OEI OZEI 6EI

’ T

where L is the length of the beam and
q is the intensity of the load. The de-
flection, v, is given by

L
U__I%d (9 9L (1)
OEI 2EI 8EI

3. EXPERIMENTAL

The flexural rigidity is related to the
tensile modulus for a simple body, as
in the case of a single fiber; however,
this relationship is not so straightfor-
ward in the case of a fabric. To meas-
ure the fabric stiffness, the cantilever
method is widely used in practice. The
bending rigidity of a fabric is given by

G=wc® (8)

where w is the fabric weight per unit
area and c is the half of the fabric
bending length. The fabric bending
length is measured by using cantilever
stiffnress measurement equipment
developed by Shirley Institute. As
shown in Figure 3, a piece of fabric
whose width is 25.4 mm is placed on
top of the cantilever. Then, it is moved
slowly until the edge of the fabric
reaches the inclined plane. The angle
of the inclined plane is 41.5°. The
stiffer the fabric, the greater is the
length necessary to ensure sufficient
bending. Furthermore, the density of
the material, the bending modulus, and
the thickness affect the stiffness of the
fabric. The bending rigidity for an iso-
tropic material is given by

G=El 9)

fabric specimen

41.5° ? .

-—

41.5°

B\

Figure 3. Schematic representation of
stiffness tester
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Table 1. Physical properties of the industrial fabrics

Warp Warp Warp Linear Weft Weft Weft Linear | Weight of Flexual Modulus of
Sample Density Diameter Density Density Diameter Density Fabric Rigidity Fabric
Number (1/cm) (mm) (Tex) (1/cm) (mm) (Tex) (gr/mz) (mg.cm) x1 0* (N/m)
1 40 0.112 13.68 35 0.140 21.38 132 0.575 4.42
2 39 0.112 13.68 37 0.112 13.68 104 0.825 5.57
3 40 0.140 21.38 36 0.180 35.33 216 1.150 5.63
4 39 0.140 21.38 31 0.205 45.83 228 1.150 6.04
5 38 0.154 25.86 25 0.164 29.33 174 1.050 6.18
6 38 0.154 25.86 27 0.150 24.58 165 1.100 6.36
7 39 0.154 25.86 25 0.164 29.33 175 2.650 6.17
8 37 0.171 31.89 27 0.180 35.33 215 1.400 6.29
9 36 0.171 31.89 27 0.230 57.69 271 1.650 6.74
10 35 0.171 31.89 21 0.205 45.83 209 2.550 7.20
11 37 0.171 31.89 19 0.170 31.52 178 2.950 9.58
12 35 0.205 45.83 18 0.309 104.13 345 4.050 10.42
13 34 0.205 45.83 19 0.309 104.13 353 4.250 9.72
14 35 0.205 45.83 18 0.250 68.16 282 4.800 10.26
15 32 0.245 65.46 17 0.300 98.15 374 4.950 9.24
16 33 0.245 65.46 17 0.320 116.67 410 5.250 9.41
17 31 0.261 74.29 16 0.333 120.93 420 5.100 9.79
18 31 0.261 74.29 15 0.309 104.13 385 6.000 9.17
y = - 3.0965 + 26.107x + 36.675x"2 RA2 = 0.899
8 - y = - 0.64126 + 6.9649x + 36.501x"2 RA2 = 0.811
7]
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Figure 4. Effects of warp diameter on the flexural rigidity Figure 5. Effects of weft diameter on the flexural rigidity

Eighteen different industrial fabric 225, and 250 mm overhang length of are plotted. These graphs are given

types were used in the stiffness meas-
urement whose properties are given in
Table 1. The fabrics were made of stiff
polyester monofilament yarns and
heatset to relive the internal stresses.
The modulus of the fabrics was sup-
plied by the manufacturer. To calculate
the flexural rigidity of the fabric in the
warp direction, the standard ASTM (7)
test method D-1388 was used. Bend-
ing rigidity was measured on both
sides of fabrics and the average was
taken to be the bending rigidity of the
fabric. The rotation angle, 6, and the
deflection, u, were measured for every
25, 50, 75, 100, 125, 150, 175, 200,

the fabric. The deflection, u, was also
calculated using Equation 7. The
agreement between the theory and
experiment was reasonably good to
ensure that ASTM test method D-1388
is valid for thick fabrics that were
tested.

To investigate the relationship be-
tween the properties of fabrics and
their flexural rigidity, warp diameter,
filling diameter, number of warp yarns
per unit length, number of filling yarns
per unit length, total number of yarns
per unit area, and modulus of fabric
versus the measured flexural rigidity

Figures 4 through 9. A curve is fitted to
each data set and the corresponding
mathematical equation was deter-
mined using the least square method
to identify the relationship (8). The
correlation for each function is also
computed.

4. RESULTS AND DISCUSSION

As shown in Figures and statistical
analysis, there is a good agreement
between analytical and experimental
results. These figures show the deflec-
tion versus overhang length of the
specimens.
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Figure 8. Effects of total yarn density on the flexural rigidity

Figure 4 shows the relationship be-
tween the diameter of warp yarn and
the flexural rigidity of the fabric from
measurements. Since the flexural
rigidity of a fabric depends on the yarn
properties, the diameter of the yarn
should have a significant effect on the
flexural rigidity of the fabric. A second-
degree relation was found between
these two quantities by using the linear
regression analysis method. The coef-
ficient of determination, R?, was found
0.899, which means that there is a
good functional relation between the
warp diameter and the flexural rigidity.
It should be noted that the flexural
rigidity of the specimen was measured
in the warp direction.

A similar effect was noted between the
filling diameter and fabric stiffness: as
the filling diameter is increased, the
fabric flexural rigidity is increased as
shown in Figure 5. This is because, as
the filling diameter is increased, more
crimp is given to the warp yarn in the
plane perpendicular to the fabric sur-
face. This increased the stiffness of
the fabric structure as a whole. The
coefficient of determination was again
high.

The number of warp and filling yarns
had an inverse relationship with the
forming fabric flexural rigidity as shown
in Figures 6 and 7. This is expected

T
8.0e+5 1.0e+6 1.2e+6

fabric modulus (N/m)

Figure 9. Effects of fabric modulus on the flexural rigidity

because, due to the nature of the
monofilament forming fabric design, as
the number of warp and filling yarns
are increased, their diameters have to
be decreased in order to maintain an
equivalent percent open area (and
therefore air permeability) which is the
most important property of forming
fabrics in paper making. In Figure 6,
the filling yarn diameter was kept con-
stant and the warp diameter was de-
creased as the number of warp yarns
per unit length was increased. If the
numbers of warps per unit length were
increased without decreasing the warp
diameter, then the fabric stiffness
would increase. Similarly, in Figure 7,
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the warp diameter was kept constant
and the filling yarn diameter was de-
creases as the number of filling yarns
per unit length was increased. The
relation between the number of filling
yarns and fabric flexural rigidity could
be represented by a straight line rea-
sonably well while an interpolation had
to be done to find a curve for the rela-
tion between number of warp yarns
and fabric flexural rigidity. Figure 8
shows the flexural rigidity versus total
number of warp and filling yarns per
unit area of fabric. Because of the
lower diameter yarns used, the flexural
rigidity decreases as the number of
yarns is increased.

A monofilament strand is stiffer (has
higher flexural rigidity) than a staple
yarns or continuous filament of the
same linear density. Therefore, a fab-
ric made of monofilament strand is
stiffer than a fabric made of staple or
continuous filament yarns of the same
count. If a monofilament yarn is di-
vided into portions, then the stiffness
of the assembly will be reduced. It is
the smallness of diameter of the indi-
vidual fiber that gives flexibility to tex-
tile materials. This is because relative
movement of fibers in the yarn affects
the shear characteristics that result in
reducing the total bending stiffness.
Freedom of movement of fibers in the
yarn or fabric reduces stiffness and
increases flexibility. Therefore, to
increase stiffness or reduce flexibility,
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