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ABSTRACT

Estimation and evaluation of frictional behavior of delicate materials such as textile fibers is contingent
upon existence of accurate experimental methods. In this work, the effect of fiber fineness on frictional
behavior of polypropylene fibers was investigated using a developed high-precision experimental
setup based on hanging fiber method. Fiber fineness was varied by varying the spinning pump speed
during production of melt-spun fibers on an industrial scale melt spinning machine. Data acquisition was
achieved using Delphi programming software. A geometrical model capable of evaluating the frictional
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force between two in-contact identical fibers was proposed. Fiber-on-fiber frictional force was expressed
by a third degree polynomial function of fiber diameter. The least value of frictional force was found to
belong to fiber diameter of 49.1 um which corresponds to linear density of 15.5 den. It was concluded that
frictional behavior of fibers is influenced by factors such as contact point geometry, rate of fiber strain and

profile of generated heat.

1. Introduction

Friction is an important property of textile materials that affects
their desirable processing and performance. Friction is important
in cases such as needle punching process, carding and spinning
of yarns, wool felting, abrasion, and wear of cloth (P. Soltani & M.
S. Johari, 2012). Despite conduction of vast amount of researches
on various aspects of frictional behavior of textiles, the subject
still is one of the most complicated, partly understood, and dif-
ficult to control phenomenon associated with textiles. Friction
phenomenon arises from interaction between two in-contact
surfaces. Factors affecting this interaction system either indi-
vidually or collectively are bound to influence the frictional
behavior of the two surfaces. Numerous investigations with the
aim of measuring or understanding this phenomenon have been
conducted. These investigations have led to classification of the
relevant factors into material-related and process-related catego-
rizes. While the former includes fiber morphology factors such
as surface features, cross-sectional shape, dimensions, surface
lubricant, and molecular orientation, the latter includes normal
force between the two surfaces, contact area, sliding speed, and
the environmental conditions (Marcicano, Tu, & Rylander, 2004;
Rajanala, 2007; Wang et al., 2016).

Measurement of polymers friction coefficient is rather diffi-
cult due to mobility of polymer chains as the result of the contact
stress, speed, temperature and lack of validated experimental
method. Gustafsson (2013) experimentally evaluated the static
and dynamic friction coefficients of polyoxymethylene and pol-
yamides, using interaction system between a steel sphere and
polymeric surface. Rusu, Daniela, Benchea, Carlescu, and Olaru

(2016) and Rusu, Ionita, Cérlescu, Prisacaru, and Olaru (2015)
experimentally determined the frictional resistance and friction
coefficient between a steel cylinder and polyurethane surface.
Cho, Bhushan, and Dyess (2016) explored the effects of speed,
pressure and dwell time on the static and dynamic friction of
polypropylene, polyester, and high-density polyethylene pair
surfaces. While the effect of speed and pressure was elucidated
in terms of changes in roughness and wear of surface, the effect
of dwell time was explained in terms of macro/nano-creep.

Generally, the classical laws of friction are not applicable to
textile materials in the sense that is used for metallic materials.
For this reason, various modified theories suitable to friction in
textile materials have been developed (Briscoe, 1996; Briscoe &
Kremnitzer, 1979; Briscoe & Tabor, 1978; Cornelissen, de Rooij,
Rietman, & Akkerman, 2014; Gao, Wang, & Hao, 2015; Rajanala,
2007; Ramkumar, 1998). According to Ramkumar (1998) the
major factor which affects the frictional force between two pol-
ymeric surfaces is the area of contact. This depends on the sur-
face geometry, roughness, contact time, and the exerted load on
the contact area. In addition to the contact area, sliding of two
surfaces relative to each other also depends on plowing or shear-
ing of in-contact surfaces. According to the work of Ramkumar,
Equation (1) gives the total frictional resistance (F):

F=AXS+P (1)

where A, S and P denote apparent contact area, shear strength
and plowing component, respectively.

Briscoe and Kremnitzer (1979) believe that A x S and P as
two parameters independently contribute to the net frictional
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force. In a related study, Briscoe and Tabor (1978) correlated the
physical properties to the frictional characteristics of the pol-
ymers and concluded that plowing component dominates the
frictional losses.

Gralén and Olofsson (1947) studied the frictional force
between two fibers twisted at a small angle. It was found that in
case of textile fibers, the coefficient of friction changes nonline-
arly with the increase in normal load and hence Amontons’ law
cannot be applied to fibers. According to the work of Gralen,
Equation (2) gives the frictional force:

F=aW +bWw" )

where F and W denote the frictional force and applied normal
load, n is the number of twist turns, and a and b are the frictional
parameters which are determined by empirical curve fitting.

In the same year, Makinson (1952) proposed Equation (3) for
calculating the frictional force:

F=b+aW" (3)

Equation (3) parametrically is the same as Equation (2).

Ajayi (1992) characterized the frictional behavior of fibers in
terms of parameters such as frictional resistance, force amplitude
and static and dynamic frictional forces. The influence of varia-
bles such as normal force, sliding velocity, sliding frequency, and
the nature of surfaces on coeflicient of friction was investigated.
It was observed that the coefficient of friction decreases with an
increase in normal force. It was also concluded that the frictional
force and normal force are not linearly related and Equation (4)
was proposed:

F=aW" (4)

where a and n represent empirical constants whose values are
found by fitting the data on the model using a least square
analysis.

Howell and Mazur (1953) introduced hanging fiber method
which is based on point-contact technique for measuring fric-
tional behavior of the fibers. Using this method, Howell (1953)
measured friction of a fiber in contact with a cylinder and
dependency of friction on cylinder radius was investigated. It
was found that cylinders of larger radius are associated with
higher values of n in Equation (4), thus higher frictional force.
It must be pointed out that this finding is based on using just
two diametrically different cylinders and therefore, it cannot be
regarded as a general conclusion applicable to all types of fibers.

The conducted research works on frictional behavior of tex-
tile fibers are mostly exclusive of synthetic fibers and inclusively
treat natural fibers such as wool, mohair, cotton, jute, and long
vegetable fibers (Bandyopadhyay, 1951; Basu, Hamza, & Sikorski,
1978; Campos, Bechtold, & Rohrer, 2003; Martin & Mittelmann,
1946; Nair, Sheela, Vivekanandan, Patwardhan, & Nachane, 2013;
Oxenham & Hassanin, 1995; Sinoimeri, 2009). These studies have
highlighted the effect of surface characteristics and histological
structure of natural fibers on frictional properties. Nair et al.
(2013) assuming Amontons’ law applies, investigated frictional
characteristics of cotton fibers and stated that coarser fibers show
higher coeficient of friction.

The above review is by no means exhaustive; however, it
vividly demonstrates the scarcity of research on the effect of
fiber fineness on frictional force, in general, and in particular
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fiber-on-fiber friction. Fiber-on-fiber friction is one of the most
important fiber characteristics both in non-woven manufac-
turing processes and the performances of the final products
(Soltani, Johari, & Zarrebini, 2015). While the integrity of woven
or knitted fabrics arises from thread interlacing, the integrity
of non-woven fabrics is mostly due to fiber-on-fiber friction.
Currently, polyolefin fibers have gained the highest usage in var-
ious fields of non-woven industry (Soltani, Zarrebini, Laghaei,
& Hassanpour, 2017). Since according to our search of litera-
ture, fiber-on-fiber friction of polypropylene fibers has ever been
investigated, therefore, this study investigates the effect of fiber
fineness on frictional behavior of polypropylene fibers using a
developed experimental setup based on hanging fiber method.
Additionally, in order to enhance the accuracy of the results,
some modifications are proposed for elimination of noises that
adversely affect friction trace.

2. Theory of fiber friction in hanging fiber method

Howell and Mazur (1953) proposed the hanging fiber method
for measuring the frictional force between two in-contact fibers.
In this method, one of the fibers is stretched horizontally over a
holder and clamped at both ends. One end of the second fiber
is fixed at a point above the holder and the fiber is passed over
the first fiber at an angle of 90°, while its free end is attached to a
defined weight. During the test, the vertical fiber is kept station-
ary and the horizontal fiber first moves downward in a distance
of d and then returns back to its initial position. Figure 1 shows
the force diagram of the system under equilibrium.

Frictional force between two in-contact fibers is obtained
using a power law of friction (Equation (5)) for fibrous mate-
rials proposed by Howell (1951) and Howell and Mazur (1953)

Figure 1. Force equilibrium diagram during friction test.
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which is also confirmed by other researchers such as (Abdellahi,
Naghashzargar, & Semnani, 2016; Abdellahi, Naghashzargar, &
Semnani, Attaway, 1999; Guthrie & Oliver, 1952; King, 1950;
Lincoln, 1954). This model seems to be the most widely accepted
among all the models proposed for fibrous materials Bhushan,
(2013).

F = aP" (5)

where F denotes the frictional force, P is the normal load, and a
and n are frictional constants. The last two parameters are referred
to as the point-contact friction coefficient and point-contact fric-
tion index, respectively. The values of these parameters can be
found by curve fitting data.

From Figure 1, Equation (6) is deduced:

ds = pde (6)

where ds is an element of the fiber round the cylinder of radius
p with the deflection angle of d¢.
Resolving forces along x-axis in Figure 1 leads to Equation (7):

Fds = (T + dT) cos (%0) — T cos (dT(p) =dT (7)

where T and T + dT are the tensile forces acting at the ends of
element ds.

Substituting Equation (6) in Equation (7):
_dT

F=—"
pdo

(8)

Resolving forces along y-axis in Figure 1 leads to Equation (9):
Pds = T'sin (d7¢> + (T + dT)sin (d%p) =Tdp (9

where P is the reaction per unit length of the fiber.
Substituting Equation (6) in Equation (9):

T
pP=— 10
) (10)
Substituting in Equation (5):
T n
F=al|— 11
( p ) (1

Tensile force (T') in the vertical fiber is equal to the applied load
by the attached weight (mg). Thus, new form of Equation (11)

is as of Equation (12):
F- (%)
p

This equation states that for given values of a and n, the frictional
forces for different fibers are equal, when the ratio of weight load
to the fiber radius is constant.

Equations (13) and (14) represent the relation between work
of friction and the frictional force due to downward and upward
displacement d of the horizontal fiber:

(12)

W, = (mg - F)d tande (13)

W, = (mg + F)d tandgp (14)

The difference between W, and W, i.e. (AW) is the total work of
friction, which corresponds to the area within the friction trace
(plot of frictional force vs. displacement):

AW = 2Fdtande (15)
or:
AW
F=———
2d tandg (16)

3. Experimental
3.1. Materials

Arak Petrochemical Company supplied the Moplen Z30S
Polypropylene granules. Products such as non-woven fabrics,
diapers, medical-sanitary applications, and wipes are made using
this polymer. The characteristics of the polymer are presented
in Table 1.

3.2. Fibers production

Circular melt-spun polypropylene fibers with fineness of 6.9,
12.6, 18.4, and 22.9 den and density of 0.91 g/cm?® were pro-
duced on a six positions one-stage industrial scale compact melt
spinning line. The machine produces around 600 kg/h using cir-
cular spinnerets each with 18,000 orifices. Polymer melts in an
extruder with L/D ratio of 35. Melting of the polymer granules
occurs along the extruder heated by 10 resistance-heating units
along the extruder length. A temperature profile of 160-210 °C
along the 5600 mm length of extruder together with die pres-
sure of 150 bar was maintained. The molten polymer was then
fed to spinning pumps. The take-up speed was set 50 m/min.
The required fiber fineness was obtained by varying metering
pump speed. Fiber fineness was measured according to ASTM
D1577-79 using Lenzing Vibroscope (model 400, Austria). For
each set of experiments, 30 samples were tested. The results are
presented in Tables 2-5.

3.3. Tensile test of fibers

The stress—strain behavior of single fibers was evaluated accord-
ing to ASTM D3822 at standard conditions of 20 +2°C and

Table 1. Characteristics of Moplen Z30S polypropylene granules.

Property Value Unit Test method
MFlat 230 °Cand 2.16 kg Load 25 9/10 min ASTM D1238
Density 0.91 g/cm? IS0 1183
Flexural modulus 1550 MPa ASTM D790
Tensile strength 35 MPa ASTM D638
Elongation 13 % ASTM D638
Molecular weight 150,000  g/mol -

Table 2. Levene’s test of homogeneity of variances for fiber diameter.

Levene statistic df1 df2 Sig.
0.052 3 116 0.984




Table 3. Descriptive analysis of mean values of fiber diameter.
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95% confidence interval for mean
N Mean Std. deviation Std. error Lower bound Upper bound Minimum Maximum
1 30 32.8000 3.07753 0.56188 31.6508 33.9492 28.24 37.36
2 30 44.6003 2.93044 0.53502 43.5061 45.6946 40.26 48.94
3 30 53.5003 3.03799 0.55466 52.3659 54.6347 49.00 58.00
4 30 59.6003 3.14481 0.57416 58.4260 60.7746 54.94 64.26
Total 120 47.6252 10.56547 0.96449 45.7155 49.5350 28.24 64.26
Table 4. Levene’s test of homogeneity of variances of fiber linear density.
Levene statistic df1 df2 Sig.
0.079 3 116 0.971
Table 5. Descriptive analysis of mean values of fiber linear density.
95% confidence interval for mean
N Mean Std. deviation Std. error Lower bound Upper bound Minimum Maximum
1 30 6.9003 1.60751 0.29349 6.3001 7.5006 4.62 9.18
2 30 12.6007 1.52985 0.27931 12.0294 13.1719 10.43 14.77
3 30 18.4043 1.57929 0.28834 17.8146 18.9941 16.15 20.65
4 30 22.9007 1.65846 0.30279 22.2814 23.5199 20.47 2533
Total 120 15.2015 6.25184 0.57071 14.0714 16.3316 4.62 2533

65 + 2%relative humidity. Fibers were subjected to uniaxial load-
ing on Zwick CRE tensile tester (model 1446, Germany) using
250 mm gage length at strain rate of 60 mm/min. For each set
of experiments, 30 samples were tested.

3.4. Frictional force measurement

Frictional properties of fibers were investigated using a developed
experimental setup based on hanging fiber method. Zwick uni-
versal testing machine was used during investigation of frictional
properties of the sample. The setup completely was housed in an
enclosure to minimize the effects of environmental variations like
air current and other shocks such as banging of doors. The room
is located on the ground floor of the building, which is founded
on bedrock to minimize the effect of earth vibration. Prior to
the test, fibers were conditioned at temperature of 20 + 2 °C and
relative humidity of 65 + 2% for 24 h.

As shown in Figure 2, one end of the vertical fiber is clamped
in the upper jaw of the Zwick machine and the free end is
attached to a defined weight. The attached weight should not
be so light, otherwise a loose junction between fibers is formed.
Additionally, the weight should not be so heavy, otherwise as
shown in Figure 3, lateral displacement of the horizontal fiber
occurs. The lateral displacement prevents point-contact between
the two fibers, which is the corner stone of hanging fiber method.
Empirically it was found that a lateral displacement of 0.3 cm
does not jeopardize accuracy of the results.

In order to ensure existence of stable and constant testing
conditions, prior to commencement of each test, the selected
weight was attached to the free end of the vertical fiber for 15
s. Two screw clamps were used to bring the fibers into contact
and position the horizontal fiber tangentially with the vertical
fiber at a point 15.6 cm vertically below the Zwick upper jaw.
Under these conditions, the deviation of the weighed fiber from

vertical axis was 1.365 cm and the angle of fiber with vertical
axis (deflection angle dg) was approximately 5° (Figure 2). It
must be pointed out that, the deflection angle changes when
the horizontal fiber moves vertically, as the result of which the
geometry of contact point and hence frictional force changes.
Variation in frictional force and changes in geometry of contact
point can be limited if the deflection angle is small. It was found
that for the small deflection angle of 5°, variation of deflection
angle is +0.56° (Abdellahi et al., 2016; Briscoe & Kremnitzer,
1979). Additionally, the measured forces are always taken as
average over the whole movement and therefore, this variation
is of practically no importance.

Under the above provisions, the lower table moves down a
distance of 2 cm at the rate of 5 mm/min, and again moves back
to its initial top position at the same rate. Figure 4(a) presents a
typical plot of frictional force (F) vs. displacement (d) obtained
through the downward and upward displacement of horizontal
fiber. The area within the friction trace shows the total work done
by the frictional force. Upon measuring the total work of friction,
the frictional force can be calculated using Equation (16).

As is observed in Figure 4, in case of one fiber sliding over
another one, which is the situation described by hanging fiber
method, the pictorial representation of the sliding action shows
stick-slip phenomenon, i.e. in point-contact scenario, sustained
sliding does not occurs and the sliding in fact is due to a series of
small sticks and slips. In these cases in order to measure frictional
force, it is customarily to arbitrarily select a limited number of
highest sticks in friction trace, which correspond to 6-10 mm
sliding zone on the fiber. The criticism associated with the above
lies in the fact that friction test is readily influenced by noises
generated by external factors such as air current variation and
building vibrations (Figure 4(b)). The noises in turn result in
modulation of the friction trace, i.e. increasing the sticks (max-
imum peaks) and decreasing the slips (minimum peaks), thus
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Upper Jaw

< Vertical Fiber

1.355 cm
Horizontal Fiber

Screw Clamp

lower table

Figure 2. Fiber-on-fiber friction measurement setup.

introducing errors in the calculated value of frictional force as
shown in Figure 5.

As shown in Figure 5, the maximum and minimum peaks in
the black trace are elongated due to noise interference and hence
the peaks values in the black trace are false. This, in turn, causes
error in calculation of work of friction, i.e. the area within the
friction trace. As shown in Figure 6(a) environmental noises
are symmetrical. Therefore, the superimposing of the noises on
friction trace results in equal elongation of the maximum and
minimum peaks of the friction trace. Noise elimination can be
achieved by replacing each vertical line in friction trace with the
middle point of the line (green points) as shown in Figure 6(b).
Using this technique, the area formed by connecting the mid
points is the true work done by the frictional force. Yellow trace
shown in Figure 5 is the filtered version of the trace shown in
black. As is observed, noise elimination results in correct selec-
tion of the maximum and minimum peaks.

After elimination of noise, work of friction, which corre-
sponds to the area within the friction trace, was calculated using
Delphi programming software. Figure 7 shows the operational
steps for elimination of symmetrical environmental noises and
calculation of work of friction. The procedure involves import-
ing the raw graphs into Delphi software and then elimination
of noises from friction trace by replacing each vertical line in
friction trace with the middle point of the line. The final step
makes an estimate of the area within the friction trace in terms
of summation of the pixels within the friction trace and its con-
version to the unit of friction work.

elastic materials

Figure 3. Lateral displacement of horizontal fiber.

4, Results and discussions

Figure 8 shows friction traces for fibers of different fineness. As
is observed, the stick-slip phenomenon in case of coarser fibers
is more profound in comparison to that of finer fibers. The fric-
tion traces for finer fibers are smoother and display much less
fluctuation as compared with those of coarser fibers.

In order to calculate frictional force, it is essential to calculate
the work of friction. This was achieved by calculation of the area
within the friction trace. Frictional force was then calculated
using Equation (16). The results of frictional force for different
fibers are presented in Table 6. As is observed, frictional force
varies with variation of fiber fineness.

The results of friction test were investigated by ANOVA test
using SPSS v16.0 software. As shown in Table 7, the significant
value is larger than 0.05 indicating that the variances of four
data sets are homogenized in confidence interval of 95%. Thus,
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Figure 4. (a) A typical friction trace; and (b) effect of external factor on friction trace.

comparison of the mean values of frictional forces in four data
sets is admitted. Descriptive analysis of mean values of frictional
forces is shown in Table 8.

Figure 9 shows the relation between mean values of frictional
forces and fiber diameter, which is expressed by Equation (17):

y = 0.000496x° — 0.05467x> + 1.7822x — 0.76215 (17)

According to Equation (17), the frictional force decreases up to
fiber diameter of 49.1 um which corresponds to linear density
of 15.5 den, and then tends to increase with further increases in
fiber diameter. The phenomenon observed in this work renders
valid due to the followings:

(1) Unlike rigid materials, geometry of contact area in
polymeric materials depends upon material hardness
(Figure 10) (Dintwa, Tijskens, & Ramon, 2008; Popov
& Hef3, 2015). The corner stone of the hanging fiber
method lies in that fact that the contact area of fibers
is a point-contact type, such geometry can be obtained
if the fibers are highly stiff (Figure 10(a)). However,

)

polymeric materials such as fibers are deformable and
their circular shapes can change at junctions under
normal pressure. Therefore, the ideal contact point,
such as shown in Figure 10(a), is hard to achieve. The
degree of fiber cross-section flattening and change in
geometry of contact area depend on fiber diameter
(Figure 10(b)) (Zhang, Butz, & Li, 2016).

The Geometry of contact area is also affected by the
rate of fiber strain and creep (Kato & Hirasawa, 1996;
Rubin et al., 2016). This in turn leads to the changes in
stick-slip phenomenon. Figure 11 shows true stress—
strain curves for fibers with various diameters, respec-
tively. The following relations are used for converting
the engineering stress-strain curve to the true stress—
strain curve (P. Soltani & M. Johari, 2012):

True strain = In (1 + engineering strain)

True stress = engineering stress (1 + engineering strain)
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Figure 5. Effect of noise elimination on the friction trace.

(a)
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Figure 6. (a) A symmetrical environmental noise; and (b) the noise on the friction trace.

Figure 11 shows that, fibers of different fineness show different
strain-stress behavior, which in turn results in different stick-slip
behavior as shown in Figure 8. As is observed in Figure 11, strain
of finer fibers is lower than that of coarser fibers. The reason for
more stress of the finer fibers in comparison to coarser fibers can
be explained in terms of constant draw ratio and variable spin-
ning pump output. For a given constant draw ratio, any decrease

or increase in pump output results in changes in fiber fineness.
This is to say that when pump output is reduced, finer fibers are
produced and more stress is exerted on them in comparison to
the coarser fibers produced at higher pump output. The excess
stress increases the extent of polymer chain re-arrangement and
results in higher orientation degree of molecular chains. This
exerts more stress on 6.9 denier fibers in comparison to 22.9
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Figure 7. Delphi program operational steps (a) raw friction trace; (b) elimination of noises; and (c) calculation of work of friction.

Table 6. Variation of frictional force with fiber fineness.

Frictional force (cN) Fiber fineness (den) Fiber diameter (um)
16.38 6.9 3238
13.98 12.6 44.6
14.06 18.4 535
16.27 229 59.6

Table 7. Levene’s test of homogeneity of variances.

Levene statistic df1 df2 Sig.

0.432 3 116 0.731

denier fibers (Zarrebini, Mahmoudi, El-Bakary, El-Dessouky,
& Lawrence, 2010). This is justification of the fact that friction

traces for finer fibers are smoother and display much less fluc-
tuation as compared with those of coarser fibers.

(3) During sliding of two fibers against each other, a sig-
nificant amount of work dissipates as heat, although
often it is very small as the area of contact is minute.
However, since the dissipated heat is localized, the
temperature rise at contact point can be quite substan-
tial and may reach to several hundred degrees. In case
of poor conductors like polymers, high localized tem-
peratures may be reached even more readily (Gupta,
2008). Heat profile in the contact area of viscoelastic
bodies depends on the radius of the contact point
(Zeng, 2013). In the other words, fiber diameter affects
geometry of the contact point and hence heat profile
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Figure 8. Stick-slip trace for fibers of (a) 6.9 denier; (b) 12.6 denier; (c) 18.4 denier; and (d) 22.9 denier.



Table 8. Descriptive analysis of mean values of frictional force.
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95% confidence interval for mean

N Mean Std. deviation Std. error Lower bound Upper bound Minimum Maximum
1 30 16.3773 4.54303 0.82944 14.6809 18.0737 12.17 33.19
2 30 13.9831 3.12263 0.57011 12.8171 15.1491 8.54 22.38
3 30 14.0642 2.95031 0.53865 12.9626 15.1659 9.47 21.44
4 30 16.2704 3.78138 0.69038 14.8584 17.6824 10.00 27.18
Total 120 15.1737 3.78785 0.34578 14.4891 15.8584 8.54 33.19
16.6 601 eesese 23 den
y =0.000496x3 - 0.05467x% + 1.7822x - 0.76215
16.2 R2=1 s 18 den
50 ’
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Figure 9. Frictional force versus fiber diameter.
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Figure 11. True stress—strain curve for fibers of different fineness.
at the contact point of two fibers cannot be similar.
Hence, fibers with different diameters do not exhibit
similar behavior during hanging fiber friction test.
5. Conclusion
In this work, the effect of fiber fineness on frictional behavior of
polypropylene fibers was investigated. To this end, a high-pre-
Y cision setup based on hanging fiber method was developed.
I " Additionally, a geometrical model capable of evaluating the
frictional force between two in-contact identical fibers was
(b) proposed. A mathematical third-degree polynomial equation

"

Figure 10. Contact area for (a) rigid materials; and (b) soft materials.

was proposed for calculating the frictional force between fibers.
Using this equation, it was found that frictional force decreases
with increasing fiber diameter up to a fiber diameter of 49.1 pum,
beyond which it increases. The results vividly showed that,
changes in fibers fineness leads to variation in stick-slip trace,
which in turn affects the frictional force. It was found that factors
such as geometry of contact area, fiber strain, and profile of the
generated heat at contact area affect variation of fiber-frictional
behavior with fiber diameter. The results of this study effectively
is of use in various textile industries where the friction between
fibers is of great importance including, but not limited to pro-
duction of tops, drawing and spinning of short fibers into yarn,
and non-woven industries.
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