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Determination of the Bending Characteristic Parameters of the 
Bending Evaluation System of Fabric and Yarn

Weidong Yu1,2 and Zhaoqun Du 
College of Textiles, Dong Hua University, 
Shanghai 200051, People’s Republic of China

The bending behavior of fabric and yarn plays an important
role in the handling properties and the end-use perform-
ance of textiles. So, many authors have been studying the
handle of fabric or even yarn by measurements of mechani-
cal properties, especially for the bending property [1–5].
Some useful apparatus and instruments have been devel-
oped for the measurements, in which the most commonly
and commercially used equipments are Kawabata’s evalua-
tion system for fabrics (KES-F) system [6] and the fabric
assurance by simple testing (FAST) system [7].

The two systems, however, both include four parts and
are just used for characterization of the handle of fabric,
but not for bending measurements on yarn. It is obvious
that the KES-FB2 bending meter is not suitable for yarn
because it is based principally on the pure horizontal bend-
ing, whereas the FAST-2 bending meter is based on canti-

lever bending which easily results in deviations from the
effect of the free end of the yarn [8, 9].

Therefore, a patented and applicable apparatus [10, 11]
has been designed and developed1 by2 the authors to meas-
ure the bending, weight, friction and tensile properties for
both fabric and yarn in-situ by a pull-out test. The bending
principal of the apparatus based on a quasi-tri-point bending
can make up for the deficiency of the KES-FB2 and FAST-2,
and can also be used in other measurements. Based mainly
on the apparatus, we constructed a bending model to estab-
lish the equations of the bending rigidity and to obtain the
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characteristic stages and parameters in a pull-out test of a
fabric or a yarn.

Analytical Model

The fundamental structure of BES-FY is illustrated in Fig-
ure 1 which is a quasi three point bending device combin-
ing a fixed pin with two U-shaped pins. A yarn or a fabric is
clamped and hung on the two jaws and is bent between the
fixed pin and the two U-shaped pins. If the yarn/fabric has
no extension; then the cross-section of the yarn/fabric does
not change in the whole bending; the bending between the
fixed pin and the U-shaped pins follows Timoshenko’s
elastic theory [12]; and there exists only a small deforma-
tion in the bending of the yarn/fabric in the initial period.

The U-shaped pins with the sample are of circular cross-
section. For modeling conveniently, however, it was assumed
that one is circular in cross-section for shifting-point bending
(fabric slides over the pin), and the other is semicircular for
fixed-point bending (no sliding). The two bending models
based on the BES-FY are illustrated in Figure 2 and were
analysed in the following manner. 

The contacting part of the fixed pin is at the center
point of the sample length between the U-shaped pins. The

maximum deflection, x, of the sample is increased by the
pulling up of the U-shaped pins. The assumed arc length,
l(x), of the center line of the sample between the U-shaped

Figure 2 The fundamental principals of two bending models for the BES-FY system. (a) Bending model for the shifting
point. (b) Bending model for the fixed point.

Figure 1 The fundamental structure of BES-FY.
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pins and the reaction force, F(x), on the fixed pin are both
changed with the pulling shift, i.e., the length and the reac-
tion force are functions of maximum deflection. Therefore,
by designating the center line vertical to the sample in the
horizontal linear status as the X-axis and the horizontal lin-
ear sample as the Y-axis to be the Cartesian coordinates of
the structure, the bending formula is as follows:

, (1)

. (2)

Bending Modeling for Shifting Point
The shifting-point bending model (SBM) is considered in
which the contacting point between the sample and the U-
shaped pins is gradually changing along the circular con-
tour, so, according to Figure 2a, R and θ can be expressed
as

,

,

thus

 , (3)

, (4)

where r = (d + T)/2; d is the diameter of the U-shaped
pins and T is the sample thickness.

By substituting equations (3) and (4) into equation (2),
we get

. (5)

From equation (5) and equation (1), the bending rigid-
ity, B, can be found 

. (6)

On differentiating equation (6) with respect to the max-
imum deflection, x, we find

. (7)

Bending Modeling for Fixed Point
The fixed-point bending model for the semicircular cross-
section (FBM) is considered in which the contacting point
between the sample and the U-shaped pins is invariable and
stays at the highest point of the semicircular cross-section.
So the bending is simplified into the bending of the simply
supported beam, and from Figure 2b, R and θ can be found
as

,

.

So that

  , (8)

. (9)

Substituting equation (8) and equation (9) into equa-
tion (2), we get

. (10)

From equation (10) and equation (1), We found 

. (11)

By differentiating equation (11) with respect to x, it can
be obtained 

 . (12)

In fact, according to the model FBM, there exist the
tension and elongation in the bending sample, and the
extension, εFRW, of the sample is equal to (l(x) – l0)/l0, i.e., 

. (13)

Therefore, the reaction force of the fixed pin in equa-
tion (1) should be modified into ( ), where E
is tensile modulus, but equation (1) is still viable because
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the low-tension action can be negligible under the small
deformation. 

The bending rigidity, however, is actually variable and is
a nonlinear function of the curvature and the maximum
deflection. Consequently, the differentiation of bending
rigidity with respect to the maximum deflection in equa-
tion (6) and (11) is not constant, which will cause complica-
tions in calculating the bending rigidity of a fabric or a
yarn. Therefore, bending rigidity is assumed to be a con-
stant, and the validity of the assumption is checked for the
large curvature condition from the following experiments.

It can be found from the comparison of the above two
bending models that the equations for the force action
angle, θ, is the same, whereas the equations for the radius
of curvature, R, are different in r and T, because 2r > T, the
bending rigidity, B, obtained from equation (6) is lower
than that from equation (11) in theory.

By measuring F(x) and x, the bending rigidity of a fabric
or a yarn can be obtained through equation (6) or (7) (for
the SBM) and equation (11) or (12) (for the FBM), respec-
tively. The bending rigidity for fabric per unit width is
equal to the bending rigidity divided by the width of the
measured fabric, which is conveniently used to have a com-
parison between the measured results and that of KES-
FB2 and FAST-2.

Experimental

Materials and Methods
All the wool/polyester yarns, and fabrics woven from these
yarns with the warp × weft gauge length of 15 cm were
selected from a Shanghai wool textile mill, and all the sam-
ples were conditioned in (20 ± 2)°C, (65 ± 3) %RH for
about 24 hours before the testing.

Then, the parameters of the BES-FY instruments were
set as follows, the diameters of the fixed pin and the U-
shaped pins were 0.6 mm; the distances of the U-shaped
pins and the two jaws were 8 mm and 5 cm, respectively;
the vertical distance from the hanging point of the jaw to

the fixed pin was 6 cm; the speed of upward movement of
the U-shaped pins was 6 mm/min; and the sampling fre-
quency of the A/D Convector was 100 Hz.

Finally, the experiments of the yarns and fabrics tested
by KES-FB2, FAST-2 and BES-FY, respectively, were car-
ried out under the standard condition defined above. The
bending rigidity of yarn, BY, was calculated from the corre-
sponding bending rigidity of the fabric, BF by the following
equation, and vice versa [13].

. (14)

All the known parameters and the specification of these
samples are listed in Table 1. 

In Table 1, BR is the blend ratio of Wool/PET yarn; T is
the thickness of fabric; NA is the linear density of warp
Wool/PET yarn measured by weight method; GA is the
weight per square meter of the fabric; D is the pick count
of fabric per 10 cm; BF2 and BF3 are the bending rigidity of
fabrics measured by KES-FB2 and FAST-2, respectively;
BY2 and BY3 are calculated from BF2 and BF3 through equa-
tion (14), respectively; where C is the warp yarn crimp cal-
culated by the equation: 

, (15)

where C1 and C0 are the length of yarn and the length of
fabric, respectively, in the unit repetition of weave.

Typical Reaction Force – Maximum 
Deflection Curve
The typical bending procedure of a yarn or a fabric by
using the BES-FY is shown in Figure 3a, and the smoothed
(with a filter) 11-point Savitzky–Golay curve, correspond-
ing to each step of the sample deformation in Figure 3a, is
illustrated in Figure 3b. 

According to the mechanism of the deformation in this
measuring system, the testing procedure can be divided into
five steps. 

BY BF 1 C+( ) 10 D⁄⋅ ⋅=

C C1 C0–( ) C0⁄=

Table 1 The specification of wool/PET fabrics.

No. BR
T

(mm)
NA

(tex

GA

(g/m2)
D

(/10cm)
BF2

(cN · cm)

BY2

(cN · cm2)

BF3

(cN · cm)

BY3

(cN · cm2)
C

(%)

1
2
3
4
5
6
7
8

45/55
60/40
50/50
70/30
65/35
80/20
90/10
100

0.328
0.434
0.426
0.472
0.438
0.302
0.388
0.514

28.1
27.7
34.5
28.2
24.1
26.9
27.2
32.9

226
261
272
287
242
189
259
294

320
441
320
444
592
289
483
371

0.164
0.227
0.2045
0.234
0.267
0.152
0.240
0.188

0.00562
0.00559
0.00692
0.00568
0.00480
0.00562
0.00525
0.00534

0.202
0.257
0.242
0.267
0.329
0.167
0.285
0.240

0.00691
0.00631
0.00816
0.00647
0.00591
0.00618
0.00625
0.00683

9.5
8.5
8
7.5
6.5
7.0
6.0
5.5
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The first step is non-touching movement of the U-
shaped pins, that is the “I” region that can be used as the
calibration for force zero point. 

The second step is the movement of the U-shaped pins
touching the sample, but not touching the fixed pin, thus
the dominant action of the step, “II”, is the sample weight-
ing step. The linear density of yarn (N) and the weight per
square meter of fabric (G) can be found from this data.

Step “III” is the bending region because the sample
begins bending due to the actions of both the U-shaped
pins and the fixed pin so that the line with the maximum
bending slope (K) can easily be drawn. The bending range
of III is defined as the range from three points touching
the sample to the maximum bending force (Fmax). Geomet-
rically, the step begins at point, O′, which is the point of
intersection of the line with tangent K and axis x. The

bending work (W) can be integrated from the curve in step
III. 

When the bending force reaches a maximum, the sam-
ple slides over the U-shaped pins overcoming friction, the
characteristic parameter is the sliding friction force (f), and
the step is called as “IV”. Step IV is a friction (fabric or
yarn/pin) step, and stops at the sample stretching. 

If the sample begins stretching, it is called stretching
step “V”, so that the tensile modulus (E) can be derived
from the tangent with the maximum slope. 

The force, F(x), in a whole deformation is recorded with
the shift, X, of the bi-U-shaped pins as shown in Figure 3(b).
For the analysis of bending rigidity, only the region of step
III is considered that the initial point changes to the bend-
ing beginning point (O′), thus the force–shift curve repre-
sents F(x)–x. Similarly, for the tensile step, the initial point

Figure 3 The principal schematic diagrams for each step of the one pulling-out measurement. (a) A tri-point bending proc-
ess. (b) The typical reaction force–maximum deflection curve.

Table 2 Measured results of the wool/PET yarns and fabrics by BES-FY.

No.
NB

(tex)

GB

(g/m2)

BY1 (SBM)

(cN · cm2)

BY1 (FBM)

(cN · cm2)

BF1 (SBM)
(cN · cm)

BF1 (FBM)
(cN · cm)

fY

(cN)
FF

(cN)
EY

(cN/tex)
EF

(cN/cm)

1
2
3
4
5
6
7
8

27.9
27.5
34.8
28.2
23.7
26.7
27.0
32.7

229
264
272
280
246
192
261
291

0.00660
0.00596
0.00791
0.00609
0.00519
0.00565
0.00571
0.00634

0.00683
0.00613
0.00802
0.00623
0.00548
0.00582
0.00593
0.00657

0.2020
0.2528
0.2420
0.2618
0.2980
0.1563
0.2677
0.2300

0.2081
0.2560
0.2470
0.2731
0.2980
0.1611
0.2711
0.2483

1.932
2.983
3.224
3.356
2.327
2.847
3.130
2.714

15.917
16.189
15.634
16.703
15.010
21.657
30.755
22.201

0.1038
0.1138
0.1224
0.2108
0.0974
0.0894
0.2093
0.1629

24.665
27.684
24.413
29.013
25.663
23.684
35.923
28.321
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is O′′, and the relationship is F(∆L)–L. The characteristic
of each step is clear for the one pulling-out test by the
quasi-tri-point apparatus. Therefore, it is evident that each
characteristic parameter, i.e., weight, bending, friction and
tensile properties of the yarns or fabrics, can be evaluated
by means of the force–shift curve. In this paper, the sub-
scripts, Y and F, for all the symbols are used as the results
of yarn and fabric, respectively, and the subscripts next, 1, 2
and 3, represent the measurement of BES-FY, KES-FB2,
FAST-2 respectively, e.g. as shown in Tables 1 and 2.

In Table 2, NB, BY1, fY and EY are the linear density,
bending rigidity, average frictional force and tensile modu-
lus of yarn measured by BES-FY, respectively; and GB,
BF1, fF and EF are the weight per square meter, bending
rigidity, average frictional force and tensile module of the
fabrics measured by BES-FY, respectively.

Results and Discussion

The Effects of Sample Parameters on the 
Bending Rigidity

Figures 4–7 show the typical relationships between bend-
ing rigidity and maximum deflection, The bending rigidity–
ratio of maximum deflection to the distance of the bi-U-
shaped pins, bending rigidity–extension of the sample, and
bending rigidity–curvature curve, which was calculated on
the basis of the force–shift curve given in Figure 3b and the
theoretical formulas of the two bending models (i.e., equa-
tions (6) or (7), and equations (11) or (12), respectively).

It can be seen from Figures 4–7 that the bending rigidity
decreases nonlinearly with the increase of the maximum
deflection, x, the ratio of the maximum deflection x to the
distance l0 of the U-shaped pins, the extension ε [i.e., (l(x) –
l0)/l0 × 100%)] of the sample length between U-shaped pins
and the curvature and all the curves have the same shape.
The variations of bending rigidity calculated by equations
(6) and (7) and equations (11) and (12) are both not larger
than 0.022 and can be regarded as approximately equal and

Figure 4 Bending rigidity – maximum deflection curve.

Figure 5 Bending rigidity – ratio of maximum deflection
to the distance of the bi-U-shaped pins curve.

Figure 6 Bending rigidity – the extension of the sample
length of the bi-U-shaped pins curve.
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will be further discussed, whereas the deviation of the
bending rigidity from the two bending models is higher
(0.08). Therefore, the bending rigidity of a fabric or a yarn
can be calculated by equations (6) and (11) (see Table 2)
because of the complicated nature of equations (7) and
(12).

In the early part of these curves, the bending rigidity, B, is
high but rapidly decreases linearly in the initial region, which
implies a high initial resistance to bending, probably because
of the need to work to overcome the frictional resistances at
fiber/fiber contact points in the yarn and at yarn/yarn contact
areas in the fabric. These frictional forces, set up a couple
that opposes bending, often referred to as the frictional or
coercive couple [14]. By fitting the part of the curve of the
bending rigidity and curvature in that region, the correlation
coefficient obtained reached 0.878. The linear relationship
between the bending rigidity, B, and curvature, 1/R, implies a
quadratic relationship between the bending moment and
curvature, which is the same as Abbott et al.’s bending model
[15].

In the following region, the bending rigidity is gradually
falling, which may be explained as the yarn cross-section
area is slowly reducing because of the weak inter-com-
pressing deformation of warp and weft yarns, which causes
a decrease of the cross-section inertial moment of fabric.
By fitting the section of the curve of the bending rigidity
and curvature in the region to a quadratic, the correlation
coefficient reached 0.985. The linear relationship between
the bending rigidity and curvature indicates a polynomial
function of order three for the bending moment and curva-
ture, which is similar to Clapp et al.’s model [16] that tries
to use a cubic-spline-interpolation method to express the
measured moment–curvature relationships. The precision

is high in quantifying the bending rigidity, but the definite
numbers of the regions in the measured moment–curva-
ture curve is not given and difficult to be divided.

Finally, the bending rigidity B tends towards a constant
value in the final region as shown in Figures 4–7. After the
frictional restraint has been overcome and the inter-com-
pressing deformation of warp and weft yarns has become
very small, the fibers in the yarn and yarns in the fabric
only slip over each other with great difficultly or not at all.
By analyzing the constant bending rigidity, the standard
deviation and the coefficient of variation were 0.00645 and
0.025. The invariable nature of the bending rigidity with
curvature implies a linear function of the bending moment
and curvature, which can be proved by a number of models
[17–19]; the relationships of moment–curvature are usually
divided into two regions, and the last region is linear in
these models.

Recently, Kang et al. [20] fitted the whole moment–cur-
vature curve measured by KES-FB2 to an exponential
function, through the exponential model, so that the bend-
ing rigidity was easily calculated at any curvature value.
However, a highly accurate value for the bending rigidity
could not be obtained and the exponential function was
inadequate to meet different stages’ of the study of
moment–curvature relationship (see Figures 4–7).

Based on the above discussion and the bending rigidity–
curvature plot, we suggest that the moment–curvature rela-
tionships may be divided into three sections, the first section
is quadratic, the second section is a polynomial of order three
and the last section is linear. The corresponding curvature
ranges for the three sections are 0–0.2 cm–1, 0.2–1.5 cm–1 and
1.5–2.5 cm–1. Although the curvature ranges for the three
sections are fitted just by Wool/PET yarns and fabrics, these
results are very typical and will be further verified by meas-
urements on several fabrics woven from different kinds of
fibers.

The Effect of Instrument Parameters on the 
Bending Rigidity
The effects of parameters of the BES-FY apparatus, such
as the distance between the U-shaped pins, the sample
length mounted on the two jaws, the diameter and the
speed of upward motion of the U-shaped pins on the bend-
ing rigidity calculated at the curvature 1.5 cm–1 are illus-
trated in Figures 8–11, respectively.

The results in Figure 8 indicate that the bending rigidity
presents a slowly descending trend as the distance between
the U-shaped pins increased from 4 to 20 mm, but the bend-
ing rigidity can be regarded as invariable when the distance
of the U-shaped pins was 5 to 14 mm. The standard devia-
tion and the coefficient of variation were 0.000134 and
0.00564 for 5–14 mm, respectively. In general, the geometri-
cal irregularity of the sample length in the bending step
increases with the increasing distance between the U-shaped

Figure 7 Bending rigidity – curvature curve.
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pins. However, when the distance of the U-shaped pins is
gradually expanded, the length and weight of the sample
hung between the jaw and the neighboring pin of the U-
shaped pins is decreasing and therefore the effect of the fric-
tional force between the U-shaped pins and the sample in
terms of bending rigidity will also decrease.

Similarly, when the sample length is increased from 15
to 40 cm the frictional force between the U-shaped pins
and the fabric or yarn will also increase. Because of this
the bending rigidity shows a gradual increase, as shown in
Figure 9, and the bending rigidity is also a constant when

the sample length is in the region of 15–24 cm, because
the standard deviation and the coefficient of variation
were 0.000173 and 0.000727, respectively in this range,
which is acceptable. In addition, Figure 10 shows that the
bending rigidity increases with the diameter of the bi-U-
shaped pins, probably because the increase of the con-
tacting angle [19] between the sample and the U-shaped
pins enhances the force acting at the end point of the
sample bending step, requiring a higher force to over-
come bending.

Figure 8 Bending rigidity – U-shaped pins distance
curve.

Figure 9 Bending rigidity – sample length curve.

Figure 10 Bending rigidity – diameter of U-shaped pins
curve.

Figure 11 Bending rigidity – U-shaped pins speed curve.
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Based on the study of the effect of the speed of upward
movement of the U-shaped pins on the bending rigidity, we
mainly want to discusses the effect of the bending rate [22]
on the bending rigidity, when the speed of upward move-
ment of the U-shaped pins ranges from 2 to 20 mm/min,
compared to the static bending of the sample, because the
different speeds, i.e., the bending rate is different. This is
caused by an increase in fiber/fiber friction in yarn and
yarn/yarn friction in the fabric as a function of speed, which
requires a higher reaction force to overcome the coercive
couple. Therefore, the bending rigidity calculated from the
two bending models is variable. Generally, the higher the
speed of upward movement of the U-shaped pins, the
higher the bending rigidity, as shown in Figure 11. How-
ever, when the speed or the bending rate is very high, the
bending test is like an impacting action on the sample; the
effect of the bending rate on the bending rigidity needs to
be further studied for such extreme conditions. 

The Comparisons of Bending Rigidity Tested 
by BES-FY, KES-FB2 and FAST-2
In order to check the validation of the BES-FY system and
determine the best bending model, the graphs and the cor-
relations between the bending rigidity of the fabrics calcu-
lated from the corresponding bending rigidity of yarns
measured by BES-FY through equation (14), the bending
rigidity of the eight Wool/PET fabrics by BES-FY, KES-
FB2 and FAST-2 are shown in Figure 12 and listed in
Table 3.

From Figure 12, it can be concluded that there is good
correlation between the three measurements in characteriz-
ing the bending rigidities of fabric, thereby verify that the
two bending models are feasible in characterizing the bend-
ing rigidity of fabric and yarn, and the bending rigidity cal-
culated from FBM is larger than that from SBM. The main
reason is that the assumptions and the calculation for the
two bending models are different and so the bending rigid-
ity is different.

From Table 3, the correlation coefficients between the
bending rigidity of fabric calculated by theoretical equa-
tion for the two bending models, i.e., BF1 (SBM) and BF1
(FBM), with BF2 and BF3 are almost equal (see equations
(6), (7), (11) and (12)), so both of the models are good in
terms of the characterization of the bending rigidity of yarn.
The correlation coefficients between BF1 (SBM) and BF2 or
BF3 are more significant than that between BF1 (FBM) and
BF2, or BF3. Therefore, the correlations between SBM and
KES-FB2 or FAST-2 show that, in terms of characterizing
the bending properties of fabric, the SBM is better. Moreo-
ver, the correlation coefficient between BF1 (SBM) and BF1
(SBM) by equation (14) is larger than that between BF1
(FBM) and BF1 (FBM) by equation (14). That means the
stability of the SBM is better and so the SBM is selected
and developed for the theoretical bending model of the
bending evaluation system of fabric and yarn.

Figure 12 The bending rigidity of fabric by BES-FY, KES-
FB2 and FAST-2.

Table 3 The correlation coefficients of the bending rigidity by BES-FY, KES-FB2 and FAST-2.

 
BF1 (SBM) by 
equation (14)

BF1 (FBM) by 
equation (14)

BF1 (SBM) BF1 (FBM) BF2 BF3

BF1 (SBM) by equa-
tion (14)
BF1 (FBM) by equa-
tion (14)
BF1 (SBM)
BF1 (FBM)
BF2
BF3

1

0.998

0.999
0.990
0.967
0.987

1

0.996
0.985
0.968
0.995

1
0.991
0.965
0.983

1
0.939
0.968

1
0.973 1
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Conclusions

Using Timoshenko’s elastic theorem, the shifting-point
bending model (SBM) and the fixed-point bending model
(FBM) were developed, and the deviations of the bending
rigidity calculated from both the general and the differen-
tial equations were not higher than 0.022, and the two
equations can both be used to obtain the bending rigidity;
however, the deviation between the SBM and FBM is only
0.08. The experiments conducted by BES-FY show that the
bending rigidity of fabric and yarn is best calculated at a cur-
vature range within 1.5–2.5 cm–1. The relationships between
bending moment and curvature or between bending rigidity
and curvature should be divided into three sections: i.e.,
quadratic (linear), polynomial of order three (quadratic)
and linear (constant) functions. According to the principle
of the apparatus developed by the authors, the bending,
weight, friction and tensile properties of fabric and yarn
can be easily and accurately measured in-situ. Meanwhile,
the results of the correlation analysis show that the correla-
tion coefficients of the bending rigidity between the two
bending models, i.e., SBM and FBM, and the other meas-
urements, i.e., KES-FB2 and FAST-2, were all better than
0.939, especially for SBM. Therefore, the two bending
models can be used to characterize the bending behavior
of fabric and yarn and SBM is better than FBM.
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