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Abstract

We proposed a new method of measuring apparent Poisson’s ratio for yarn and developed a new tensile tester equipped with a
digital micrometer that can measure the yarn’s omni-directional diameter annularly while the yarn is elongated. Values of apparent
Poisson’s ratio were obtained from the longitudinal and transverse strains continuously. The mean diameter measured omni-
directionally was used to calculate the transverse strain for each longitudinal strain. We tested five spun yarns, one mono filament
yarn and two filament yarns and obtained values of apparent Poisson’s ratio against longitudinal strain for all samples. Apparent
Poisson’s ratio was not constant for spun and filament yarns while it was constant for monofilament yarn. When the longitudinal
strain was low, apparent Poisson’s ratios of ring spun yarns and filament yarns were large owing to the fiber packing density. As the
longitudinal strain increased, apparent Poisson’s ratio gradually decreased. Furthermore, we approximated the relationship between
apparent Poisson’s ratio and the longitudinal strain using a power function. The apparent Poisson values can be used in the simulation
of fabrics.

Introduction

The mechanical properties of yarns need to be known for the mechanical analysis and simulation of fabrics. Among the
mechanical properties, tension, transverse compression, bending, torsion, and Poisson’s ratio in tensile deformation are fundamental
characteristics of yarns [1-10]. However, with the exception of longitudinal tensile properties, these characteristics, including
Poisson’s ratio, have not been adequately investigated.

Poisson’s ratio is the ratio of transverse to longitudinal strain in tension within the elastic limit for a continuous body. When a
tensile force acts longitudinally on a bar having a circular cross-section, the length of the bar extends from Iy to | and the diameter
shrinks from W, to W, as shown in Figure 1.
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Figure 1 Changes in elongation and diameter in the longitudinal direction
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Here, the vertical strain in the longitudinal direction, ¢, is expressed by
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The horizontal strain perpendicular to the longitudinal strain, €', is expressed by
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The ratio of transverse to longitudinal strain, or Poisson’s ratio, v, is thus
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Poisson’s ratio for continuous materials is below 0.5. Because textile yarns are neither continuous nor perfectly elastic, in this study,
we apply the above definition to the yarns and called it as apparent Poisson’s ratio.

The relationships between physical properties and both the tensile property and geometry of the cross-section of a yarn have been
widely investigated [11-18, 27]. Barella [19] measured the yarn diameter under different tensile loads using a projection microscope.
Carvalho et al. [20] measured the yarn diameter employing coherent optical signal processing. Onions et al. [21] measured yarn
thickness using an optical device. Hearle and Merchant [28] measured yarn diameter of nylon spun yarns by a simple microscopic
measurement and described effect of tension on the diameter. They also pointed to the difficulty of measuring yarn diameters due
to the determining yarn boundary and presence of yarn kinks. However, none of the studies obtained the relation between tensile
strain and yarn diameter.

Until now, some researchers have obtained the Poisson’s ratio of yarns using diameters measured by a micro-gauge or an image
processing of yarn photographs. Sakakibara and Yokoyama [22] measured Poisson’s ratio of spun yarn using a tensile tester and a
micro-gauge. They considered that Poisson’s ratio has different values in two stages of yarn elongation and simulated fabric
deformation using these different ratios. Yazaki et al. [23] measured the yarn diameter using a tensile tester and a digital camera for
taking photographs. Poisson’s ratio of the spun yarn of a carbon nanotube has been investigated [24, 25]. Menghe et al. [26]
calculated Poisson’s ratio of a carbon-nanotube spun yarn by measuring the diameter against longitudinal strain, employing scanning
electron microscopy.

The above methods used a micro-gauge or an image of yarn projected in one direction. However, the cross section of a yarn is
not circular and a diameter measurement in one direction could thus result in measurement error. Moreover, tensile load or weight
were applied manually in those tests. It thus remains difficult to measure Poisson’s ratio for various yarns quickly and automatically.
Moreover, a determination of yarn boundary relies on an observer.

In this study, we developed a new tensile tester that measures the omni-directional diameter of a yarn continuously while the yarn
is elongated. Using the tester, we measured the longitudinal and transverse strains of yarn samples continuously and quickly, and
calculated apparent Poisson’s ratio. To obtain yarn diameter, we introduced a statistical method which does not rely on the observer.
In addition, we discuss the approximation of the relationship between apparent Poisson’s ratio and strain as a power function.

Experimental
Measurement of Poisson’s ratio for yarn

A new tensile tester equipped with a digital micrometer that omni-directionally measures the diameter of the center part of a yarn
in tension was developed as shown in Figure 2. It has upper and lower clamps that move simultaneously to provide elongation. A
digital micrometer (Keyence Corporation, LS7000, measurement accuracy + 0.5um), which rotates 180° around the yarn, was used
to measure the omni-directional diameters of a yarn during a tensile test. The pulling is stopped at uniform intervals and the diameters
are measured to obtain the transverse strain. Load, elongation and diameters of yarn in multiple directions are recorded.

In this experiments, the initial length of a sample yarn was set as 200 mm. We measured the diameter at angles ranging from 0°
to 180° in intervals of 1° to account for the nonuniformity of the cross-section of a spun yarn and the average diameter was used for
transverse strain at a specified longitudinal strain. The interval of pulling stop was set as 10 mm. The measurements were repeated
until just before the yarn broke. The diameter under an initial load of 0.1 N was used for the initial diameter.

Apparent Poisson’s ratio was calculated using longitudinal strains and diameters for each longitudinal strain. The experimental
environment had a temperature of 20 + 1°C and relative humidity of 65% + 5%.

We tested eight types of yarns, namely five spun yarns, two filament yarns and one nylon monofilament yarn. Table 1 presents
details and pictures of the yarn samples. For spun yarns, forty samples were tested to reduce the measurement variation and the
average diameter was used as a result. Two filament yarns, twenty samples of P-f and P-y, were tested since their diameters hardly
varied. For the same reason, seven samples of nylon yarn samples were measured.

Rejection of outliers of measured yarn diameters

Table 1 shows pictures of the hairiness of the spun yarn samples. This hairiness could introduce error into the diameter
measurement. We thus removed the error in the diameter due to hairiness through outlier rejection. Assuming that the yarn diameter
without hairiness follows a normal distribution, we rejected outliers of the measured diameter. For each longitudinal strain, the
diameter of each yarn sample was measured through 180 angles. By performing this series of measurements 40 times, we obtained
7200 diameters. We then rejected outliers of the diameters by applying a Smirnov—Grubbs test [29] which is widely used to detect
significantly higher or lower values. In the test, using the largest absolute deviation from the sample mean in units of the sample
standard deviation, the outliers are rejected based on the Grubbs' test statistic. By one test, one outlier is rejected. We applied the
test to 180 yarn diameters measurements at each strain for all samples, with a significance level of 5%. Thus, the test was repeated
until that the outliers are not detected. The average diameters obtained after the outlier rejection for spun yarns were used for
calculation of Poisson’s ratio.
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A digital micrometer
for measurement of diameter

Figure 2 Apparatus for the measurement of the yarn diameter in tension.
Table 1 Specifications of yarn samples

Sample CP-a CP-B CP-y Ramie
Type Ring spun yarn Ring spun yarn Open-end spun yarn Ring spun yarn
Composition Cotton 65%, Polyester Cotton 50%, Polyester Cotton 50%, Polyester Ramie 100%
35% 50% 50%
Yarn count [tex] 14.5 145 29.5 14.5
Twist [T/m] Z 819 2860 Z 689 Z 653
Picture —-
Sample P-a P-p Nylon
Type Two-ply Ring spun yarn Two-ply filament Yarn Monofilament
Composition Polyester100% Polyester100% Polyester100% Nylon 100%
Yarn count [tex] 19.7 74 11.8 130.0
Twist [T/m] S 372 Z 190 Z 358 —
_——————
.

Results and Discussion
Relationship between diameter and longitudinal strain

With developed a new tensile tester equipped with a digital micrometer, we measured the diameter in accordance with the strain
of each sample. Figure 3 shows the relationships between the diameter and longitudinal strain for filament yarns and Figures 4-8
the relationships for spun yarns. Table 2 gives the coefficient of variation for the measured diameter.

The diameters of the yarns decreased as the longitudinal strain increased. The diameters for longitudinal strain ranging from 0%
to 2% were relatively large. This is explained by a reduction in gaps among fibers. The diameters of the spun yarns had a larger
coefficient of variation than the filament yarns. Ramie had the largest coefficient of variation among the samples, as shown in Table
2, owing to the hairiness of the Ramie samples. Figure 9 shows the measured cross sections of P-y and Ramie for the initial load
and just before breaking. It is seen that the diameter is less just before breaking than under the initial load. The cross section of P-y,
which has no hairiness, is an oval shape, whereas the cross section of Ramie, which has hairiness, changed irregularly in the
circumferential direction.

To reduce large variations in measurements of diameters, we rejected outlier measurements for spun yarn samples. Figure 10
shows an example of outlier rejection result for Ramie at initial load. As shown in Figure 10, significant picks caused by hairiness
were removed. Figures 4-8 show the diameter change of each sample before and after outlier processing. The diameter decreased
as the longitudinal strain increased both before and after outlier rejection. After outlier rejection, the coefficient of variation became
small as shown in Table 2. In particular, the standard deviation for Ramie, which was the largest among the sample types, became
much smaller after outlier rejection processing as shown in Figure 8.
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Figure 3 Relationships between diameter and longitudinal
strain for P-f3, P-y and Nylon samples
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Figure 5 Relationships between diameter and longitudinal
strain of CP-p before and after outlier rejection
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Figure 7 Relationships between diameter and longitudinal
strain of P-a before and after outlier rejection
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Figure 4 Relationships between diameter and longitudinal
strain of CP-a before and after outlier rejection
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Figure 6 Relationships between diameter and longitudinal
strain of CP-y before and after outlier rejection
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Figure 8 Relationships between diameter and longitudinal
strain of Ramie before and after outlier rejection



Table 2 Coefficient of variation of diameter
Sample CP-a CP-B CP-y Ramie
Before After Before After Before After Before After
outlier outlier outlier outlier outlier outlier outlier outlier
rejection | rejection | rejection | rejection | rejection | rejection | rejection | rejection

Max (%) 42.4 20.8 57.2 17.7 21.4 19.7 111.0 25.3
Min (%) 20.2 18.2 18.8 15.0 18.6 18.2 91.9 21.2
Mean (%) 24.4 19.0 25.9 16.7 20.1 18.9 100.1 23.0
Sample P-a

Before After

outlier | outlier P-p Py Nylon

rejection | rejection
Max (%) 40.8 24.9 6.1 10.7 1.2
Min (%) 21.7 19.1 3.9 8.2 0.9
Mean (%) 29.5 22.0 4.3 8.7 1.0
Longitudinal strain
[um] w 0.0% (initial load) 2004
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o15%
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Figure 9 Diameter changes of (a) P-y and (b) Ramie

[um] ! before outlier rejection
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Figure 10 Example of outlier rejection result for Ramie at initial load

Relationship between apparent Poisson’s ratio and longitudinal strain

Apparent Poisson’s ratio was calculated from the longitudinal strain and transverse strain obtained from the measured diameter.
We used the average diameters after outlier rejection for spun yarn samples to calculate apparent Poisson’s ratio. For P-f, P-y and
Nylon samples, the average of the measured diameters was used because it had a small coefficient of variation.

Figure 10 shows the relationship between apparent Poisson’s ratio and the longitudinal strain of filament yarns P-f, P-y and Nylon.
Poisson’s ratio of P-p and P-y were extremely high at low longitudinal strain. Apparent Poisson’s ratio then decreased with increasing
longitudinal strain for each sample. Apparent Poisson's ratio of Nylon monofilament yarn was 0.35 at longitudinal strain of 0.5%
and then became a constant value of 0.45.

Figure 11 shows the relationship between apparent Poisson’s ratio and the longitudinal strain of the five spun yarn samples. All
spun yarn samples except CP-y had a large Poisson’s ratio at the initial longitudinal strain. Decreases in apparent Poisson’s ratio for
those yarns were appreciable in accordance with the increases in the longitudinal strain. However, apparent Poisson’s ratio of CP-y
increased in the small longitudinal strain range below 2%. As shown in Table 1, CP-y was an open-end spun yarn. Packing density
of open end sun yarns is different from ring spun yarn and filament yarn [30]. The outer packing density of open end spun yarns is
smaller than the ones of another yarns. Thus, under small longitudinal strain, outer fiber layers in the yarn could hardly contract
while the inner part of yarn stretches.



Approximation of the relationship between Poisson’s ratio and longitudinal strain

In general, the Poisson’s ratio of a continuous material is assumed a constant value regardless of the strain. Our results show that
nylon monofilament yarn had a constant apparent Poisson’s ratio. However, apparent Poisson’s ratios of the multi-filament yarns
and spun yarns depended on the longitudinal strain. In analysis and simulation, it is convenient to use a small number of parameters
to represent the relationship between the strain and apparent Poisson’s ratio. We therefore examined the approximation of the
relationship using the power function

v(g) =as’. 4)

Constants of the approximated functions and coefficient of determination, R?, are given in Table 3, where the stain is expressed as
a percentage. The approximated curves of all samples are shown in Figures 11 and 12. Constants b of Nylon and CP-y are positive
and those of the other samples are negative. Especially, constant b of CP-y is 0.264. The Poisson ratio of CP-y increases with the
increase of longitudinal strain whereas for all other yarns it decreases. It is due to the structure of open-end spun yarn as described
above. For Nylon, the constant b is 0.066 which is close to 0. Thus, the Poisson ratio of Nylon monofilament does not depend on
the longitudinal strain. This is due to the constant diameter change of the filament because it has no twist and space between fibers.
The coefficients of determination with respect to P-f and P-y were greater than 0.99. The coefficients of determination for CP-a,
CP-B, P-a, and Ramie exceeded 0.8. The coefficients of determination of Nylon and CP-y were lower because Poisson’s ratio was
a constant value for small longitudinal strains. It was thus possible to approximate the relationship between apparent Poisson’s ratio
and longitudinal strain using a power function for multi-filament yarns and spun yarns.
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Figure 11 Relationship between apparent Poisson’s ratio and
the longitudinal strain of filament yarn samples; P-B, P-y and
Nylon

Figure 12 Relationship between apparent Poisson’s ratio and
the longitudinal strain of spun yarn samples; CP-a, CP-p, CP-
Y, P-a and Ramie

Table 3 Constants of the approximate curve v = acand coefficient of determination (R?)

Sample CP-qa CP-B CP-y Ramie
a 1.215 1.139 4.365 0.613
b -0.321 -0.349 0.264 —0.422
R? 0.82 0.88 0.54 0.80

Sample P-a P-B P-y Nylon
a 0.980 0.344 0.278 0.554
b —0.299 —0.588 —0.565 0.066
R? 0.92 1.00 0.99 0.57

Conclusions

We developed a new tensile tester equipped with a digital micrometer that measures the omni-directional yarn diameter

at angles from 0° to 180° for an interval of tensile strain during a tensile test. We used the tester to measure the change in diameter
under the tensile strain of yarns and calculated apparent Poisson’s ratio from the measured diameters. The measured diameters of
spun yarns had a large coefficient of variation owing to the hairiness of the yarns. To reduce this variation, we applied statistical
processing to reject outliers of the measured diameters. After rejection, we calculated Poisson’s ratio from the tensile strains and the
mean diameters. It was possible to obtain the apparent Poisson’s ratio of yarns that vary according to changes in the longitudinal
strain. For multi-filament yarn and ring spun yarn, apparent Poisson’s ratio was very high at small longitudinal strain and decreased
as the longitudinal strain increased. Apparent Poisson ratio—longitudinal strain curves of multi-filament yarns and ring spun yarns
could be approximated using a power function, which can be used in the simulation and mechanical analysis of fabrics.
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