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ABSTRACT

The mechanical behavior of fibrous assemblies, parficularly the fransverse behavior of fiber yams and
multifilament slrands depends, inter alia, on the fiber-lo-fiber contact and shiding. All sludies on inter
fiber friction presented in the literature focus on cases where the relative inter fiber motion occurs
either in longitudinal-to-longitudinal  or longitudinal-to-transverse direction. The transverse-to-
transverse infer fiber friction plays an important role as far as the mechanical fransverse behavior of
fiber yarns and mulliflament strands are concerned. In order to evaluate the case named here
fransverse friction, the present siudy proposes an original method and an associated modal
analyzing the transversal component of fricion between two obligue crossing fibers. A relalively
simple and original statistical approach has also been developed to evaluale the confidence inferval
of friction coefficient. The first results show a relative stabilify of the transverse friction. This coefficient
is also significantly inferior to the longitudinal one.
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1. Introduction

Dwring the processing of fiber assemblies in a well-organized structure, either a yarn, a thin
or a 3-dimensionnal fabric, the fiber characteristics play an important role in the properties of
the final product. Depending on the fiber type — staple or filament one —, much research has
been carried out to study the fiber length, distribution in length, fiber fineness, tensile
characteristics, etc. Fiber surface properties, and especially their frictional ones, affect
strongly the fiber-to-yarn or fabric transformation processes as well as the structure and
rmechanical properties of final products. Particularly, the yarn and/or fabric transverse
compression behavior, which is a relatively important topic while numerically modeling the
mechanical behavior of fibrous structures in 3-dimensionnal composite structures, depends
strongly on the relative transverse fiber movement, and therefore on the inter fiber
transverse friction. Despite the large number of fiber-to-fiber friction measuring devices, they

focus on two main fiber configurations: violin string/bow configuration, which is often called



orthogonal; and longitudinal-to-longitudinal configuration. The present study focuses on the

transverse friction between individual fibers and proposes an original method to evaluate it.

2. Background

The pioneer in the friction study, Leonarde da Vinci (1452-1518) [1], suggested in 1508 that
during the tangential movement between two bodies in contact, the tangential friction force is

proportional to the normal force, and independent of the contact area.

Amaontons (1663-1705) [2] formalized this relationship by introducing the friction coefficient p
as follows:

F=u-N (1)
where F is the tangential frictional force and N is the normal force between two bodies in

contact and sliding over each other.

However, Amontons' law is not rigorously observed. Generally, there is an approximately
linear relationship between the friction force and the force normal to the contact area, but
that relationship varied from one material to ancther, from the static state to the dynamic
one, and also depended on the relative movement speed.

Since 1950, the shear-adhesion theory of Bowden and Tabor [3] has proposed new methods
in the study of friction and cohesion. According to this theory, the frictional force F is
generally related to the normal force N using the following equation:

F=k-N" (2)
where k and n are the coefficients that characterize the friction, the index n takes the type of
deformation (plastic, elastic...) of the micro asperities of the two bodies in contact into

account.

Let's now consider the fiber surfaces. Due to the spinning and drawing processes of man-
made fibers, their surface characteristics are generally longitudinally oriented, as it can be
seen from Figure 1, It follows that fiber-to-fiber or fiber-to-other body frictional behavior will

depend strongly on the movement direction relative to the fiber axis.



Figure 1. SEM pictures of polyester (a) and polyamide 6-6 fibers (b),
(c) fiber longitudinal - [, transversal - r and radial - r directions

A lot of studies and measuring devices concerning fiber-to-fiber and fiber-to-other body
friction can be found in the scientific literature. Despite the large number of those devices, as
far as fiber-to-fiber friction is concerned, they can be classified in two main groups according
to their measuring principles: longitudinal-to-transversal I-t friction type (case (a) in Figure 2)
and longitudinal-to-longitudinal /- friction type (case (b) in Figure 2). Unfortunately, nothing
has been proposed in the experimental literature on the transversal-to-transversal t-t friction

measurement type (case (c) in Figure 2).

Howell [4] had developed the simplest device to characterize the I-¢t friction. This device, as
shown in Figure 2-a, was composed mainly of a frame B on which a first flament E was
horizontally mounted. This filament was brought into contact with a second filament C, which
was held tense from point A by a weight W fixed at its other end. Frame B was moved with
filament E in the direction of the arrow, dragging filament C, due to the frictional force, up to



an equilibrium position where the frictional force was equilibrated by the tension of the
suspended fiber. At that moment, slipping would occur. Distance L covered by fiber C,
creating an angle a@ measured between its two positions (see Figure 2a), permitted to
determine the friction coefficient between the two fibers.

w-g-sina sina L

[0 (3)

_w-g-sin[}_sinﬁ—§

Case (a): I-t friction type Case (b): I friction type Case (c): t-t friction type

Howell device [4] Lindberg device [5]

Figure 2. Frictional measurement in different configurations,
(a) Howell [4] and (b) Lindberg device [5]

The "twist" method to measure the inter-fiber friction was developed by Lindberg and Gralen
[5). In this method (Figure 2-b), two filaments A and B were twisted together n times. A
known force P; was first applied to both filaments. By releasing one end of one of the
filaments and charging the other end by a force P, sliding occurred. The coefficient of static
friction given by Lindberg and Gralen [5] is as follows:

_ In(P,/P,)
H —n'n[}
where S is the angle between the two filaments.

(4)

El Mogahzy and Gupta [6] have developed another device similar to the one of Lindberg and
Gralen, but with a different design in order to facilitate the measurement of friction
coefficients between fibers in a liauid medium.



Their idea was to twist the two fibers by a number of turns, and apply equal forces at one
end of each fiber. Increasing the forces on the other ends gave rise to slippage between the
fibers.

They derived equation (5) that characterized this type of friction by applying the power
relationship between the friction force and the normal force to the movement, demonstrated
earlier by Bowden and Tabor [3].

p=alP /4"t and Py = P, - gmtRa(PfE/4n)" (5)
where ris the specimen radius,
r1s the number of twist,

a and n are constants determined from the initial experimental conditions.

To the best of the authors’ knowledge, the inter-fiber friction in the transverse direction t-t, as
referred to Figure 2, cannot be deduced from measurements in other directions, and this
type of inter-fiber friction has not been evaluated yet by any existing device.

However, during transverse strain of multifilament roving, this friction type is prevailing.

Theoretical studies and numerical simulation seem to be very well adapted as far as pointing
out clearly and independently the effects of inter fiber or yarn friction on fabric mechanical
properties are concerned [7, 8, 9]. Regarding the fiber transverse motion and sliding, Durville
et al. [9] showed the importance of the transverse friction on the global transverse
compression behavior of multifilament roving. Single polyamide fibers were characterized,
then roving with different twist were produced and tested in transverse compression
(transverse force as a function of distance between tools). Numerical calculations were also
performed with different inter fiber friction coefficients. The simulated transverse
compression curves pointed out the significant effect of the friction coefficient on the roving
comprassion behavior. By comparing the curves obtained by experience and by simulation,
a friction coefficient of 0.3 was found.

3. Material and method

To study the transversal-to-transversal friction, a sliding movement has to be generated
between two fibers, according to the directions shown in Figure 1c. Since it is practically very
difficult to achieve this movement, it has been replaced by another induced movement,

allowing a crossing sliding, as exposed in the right top of Figure 3. An experimental device,



named Transverse Inter-Fiber Friction Tester 1, has been designed to carry out
measurements according to this configuration as shown in Figure 3.

A first fiber, clamped on one end and tensioned by a calibrated mass suspended on the
other end, is placed on a rotating and height adjustable plate. This fiber will be called later
the fixed' fiber. A second fiber is tensioned in the same way and placed on a frame that
moves on linear rails. The movement of the frame is operated by a motor whose speed is
controlled by a PLC (Programmable Logic Controller). The second fiber will be thereafter
called the 'moving’ one.

After fiber tensioning and setting the "horizontal” angle AH between them (Figure 4), the
plate will be mounted vertically to put the two fibers in contact and adjust the "vertical” angle
AV (Figure 4).

Afterwards, the frame, and therefore the ends of the moving fiber will be moved according to
Figures 3 and 4. At the beginning, the friction prevents any relative movement at the contact
point. Fibers seem to be ‘stuck’ together; this point C (Figure 4) moves slowly towards point
C'. At this point, when the tangential force due to fiber tensioning becomes higher than the
fiber-to-fiber frictional force, the slippage occurs abruptly. The slow movement of the ‘stuck’
monaofilaments, as well as the abrupt transition moment -stick-to-slip-, which can be easily
observed and recorded on digitals cameras, are perfectly reproducible.

Direct measuring of inter fiber forces, normal and tangential, is very difficult due to their very
low levels. On the other hand, the use of any contact sensor perturbs substantially the
measure proper. For this reason, the authors have chosen to evaluate these forces by

considering the equilibrium state (see Figure 4).



Figure 3. Experimental device: Transverse Inter-Fiber Friction Tester 1

Two digital cameras allow the initial fiber to be positioned and the different angles to be
measured just before the slippage takes place, as shown in Figures 3 and 4.

Dotted lines in Figure 4 show the initial configuration of filaments after being contacted
together and before the relative movement takes place, whereas full lines represent the
filament position just before slippage occurs. Point C and C' represent the contact point at
these two moments.
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Figure 4. Top and side views of monofilaments in equilibrium during a test in
Transverse Inter-Fiber Friction Tester 1; forces applied in moving filament

Two assumptions have been admitted in the following: the contact between the two fibers
had been considered as punctual; and torques applied on fibers at the contact point were
supposed to be negligible, i.e. their effects would be negligible compared to those of the
contact forces. The mechanical equilibrium would depend only on forces applied on the
fibers.

Let's note F; and F. the projected forces onto x and y directions, and N the normal force
between the two filaments, supposed to be in the z direction. The other involved forces
applied to the two filaments are the tensions F,, Fs, Fp and Fe Only the forces Fg and Fg
(fiber tensions), given by two calibrated weights, as well as the different angles @; and y,, i =
A, B, D, E, given by the two cameras, are known. The angle measurement will be presented
here after. In order to calculate the unknown variables: F;, F5 N, Fs and Fp, five equations
are necessary. Nine equations are provided by static equilibrium following x, y and z
directions: equilibrium of moving filament alone, equilibrium of fixed filament alone, and
equilibrium of the two filaments considered together. Considering the projecting angles a;

and ,l i= A, B, D, E, as shown in Figure 5, these equations are as follows (points A’ and B’

have been noted hereafter as A and B):



Equilibrium of moving filament:

X —Fy + Fysina, cosy, + Fpsinag cosy, =0
Ji —=F, 4+ Fycosay cosy, — Fyeosagcosy, =0 (6)
Z:N = Fysiny, — Fgsiny, =0

Equilibrium of fixed filament:

=i

: Fy = Fpsinay cosyy, + Fgsinag cosy, =0

: Fy + Fpcosapcosyp — Fgcosagcosye = 0 (7)

TR

t =N + Fp siny), + Fgsiny, = 0

Equilibrium of the two filaments together:

x: Fysinaycosy, + Fy sinag cosyy, + Fg sinag cosy, — Fpsinay cosy, =0

Vi Fycosay cosy, — Fg cos g cosyg+Fp cosap ¥p — Fpcosap cosyg =0 (8)
Z 1 —Fysiny,, — Fgsinyy + Fp siny, + Fgsiny, =0

where:

r
COs5Y. = COs -
i ¥ W 1=(sin siny)=

r
cOsd; = 058 —m—
' o 1—-(sing siny)?
Cosa

1 r "
siNY. = 5N -
fi 4  1—(sinx siny)*
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Figure 5. Projection angles used in equations (6) to (8)

Finally, the equilibrium state may be written as follows:

F
My - 5 F El
( : H ) N = :2 (9)
gy - dgs/ | Fy b
Fp 9

The coeflicients a,,, and b, (m=1..5, n~=1..9) depend on known angles (z and ») and forces
Fz and Fe. For such a system to have a unique solution (F,, Fz N, Fa, Fp), it is necessary
that the rank of the matrix A be different from the rank of the matrix (A | B), which is not the
case because of angle measurement errors. It is useful in this case to use the least-squares
method and find an approximate solution such as:

min||AF — B||? = min[(AF — B)T - (AF — B)] (10)

This approximate solution was calculated by a simple program developed in Scilab
environment [10]. In order to consider longitudinal and transverse frictional forces, the
calculated frictional forces F; and F: have been projected on two virtual directions (dot-
dashed line in Figure 4), the first one given by the angle a@,;, which is equal to{a, — ag)/2
and gave the approximated tangent direction fo the deflection point C' for the maoving
filament, and the second one was orthogonal to the first, giving this way the longitudinal and
transverse frictional forces F, and Fr,. The same operation was repeated similarly for the
fixed filament by the angle anr, which is equal to (&, — a)/2. The longitudinal and



transverse frictional coefficients have been respectively calculated (see equation [1]) for the
two fibers in contact following the formula:

F, F
=l and lem = 2 (11)

for the moving filament, and

Hym

F
iy =L and tep = -2 (12)

for the fixed filament.

In order to validate this new device and the associated mechanical approach, two fiber types
have been used in the present study, a polyester one (PES) and a polyamide one (PA).
Also, the initial horizontal AH and vertical AV angles, as well as the forces Fg and Fg have

been varied, as shown in Table 1 (see also Figure 4)

_ Fiber diameter Experimental domain
Fiber type
(pm) AH (%) AV(®) Fgand Fg (N)
Polyester 500 Fixed at 41 5.37 to 10.51 1t0 2.9
Polyamide 6.6 230 Fixed at 41 3.55109.65 05018

Table 1. Material and experimental domain.

The speed of the frame, where the moving filament was maounted, was fixed at of 1mm/s for
all tests which seemed to be adapted with the acquisition speed of 30 fps of both cameras.
Indeed, the differences between the last and the second last images just before slippage
were not important as far as the fiber position changes were concerned.

An image processing was then proceeded to convert them in black and white pictures.
Finally, the GIMP (GNU Image Manipulation Program) software was used to evaluate
angles. A line was drawn manually so as to make it as parallel as possible to the edge of the
fiber.

4. Results and discussion

4.1. Statistical considerations



It seems interesting, first, to check if the results are significant, i.e. if the results are affected
by errors (measurement, environmental conditions, individual and manual process, fiber
morphology...). Three replications/individual trial have been cared out for each
experimental configuration: the same initial points, same hygrometric conditions, same
angles and fibers tensions, but changing the filaments at each trial.

Mean values, standard deviations and regression coefficients have been calculated for each
experimental configuration/test. Table 2 summarizes these results of one test using
Polyester fiber at experimental conditions: AV=8.1", AH=41", FB = Fg = 1N.

Trial1 Trial2 Tral3 Mean St. deviation
Lhen 02191 02122 02127 02146 0,003844
Lhn 00651 00693 00620 00655 0,003694
L 02185 02106 02111 02134 0,004425
Ly 0,0673 00645  0,0671  0,0663 0001564

R? 0,931 0,935 0.933

" coefficient of determination resulting from regression analysis, equation {10)

Table 2. Mean values, standard deviations and regression coefficients of frictional
coefficients for one experimental configuration.

The variance of the vector F has also been calculated for each experimental configuration

using its three individual trials or replications following the formulae 13.

. 1
Var(F) = a2(ATA)™! with o= ———

Mgy = Megey &

3
J=1

D i-byt (13)
i=1

where n, =3x9=27,n_.=3,
AT = Eﬂ'{rmt 1 ﬁj;':'ial 2+ Illl'Jt‘r'l'tu 3) and B’ = {Bglri,ut 1 Bg‘r'ia! 2 Bg‘r’iat 3)
by and ﬁ).. are respectively the experimental value and the calculated one by the

model

It is interesting to look at first the coefficients of the matrix (A" A)"' which gives an idea of

the covariance between different forces in the vector F. Table 3 gives this matrix for the
same configuration as in Table 2. Let’'s remember that the scalars composing the matrix
(A"A)" have no unit.



Fi F: N Fa Fo

F, 0.1733

[ 0.0081  0.5745

N 00029  -0.0482 0.1747

Fa 00289  0.4358 - 0.0394 0.5285

Fo 00114  -0.4294 0.0627 - 0.3966 0.5135

Table 3. Example of matrix (A" A)".

It may be observed that covariance coefficients between F;, F: and N are very small
compared to the variance coefficients and can be neglected.

From these results, it appeared that the device, as well as the mathematical approach which

is attached to it, were not significantly affected by measurement errors. Basically, the

coefficient variances are reduced with the values of the matrix (A" A)™' (see equation (13)).

Mevertheless, in order to evaluate the human error in angle measuring, another procedure
has been developed. A panel composed of 10 persons had evaluated the angles following
the procedure we proposed without any training. Evidently, different persons gave different
angle values, The maximal angle difference, which can be considered as an uncertainty,
was of 0.1°. The frictional coefficients have been calculated for the angle mean values «;|
and 'r;. i= A, B, D, E, (equations 9 to 12) as well as for @; + 0.1° and 'f; + 1°, giving thus 2°
= 256 combinations. Figure & visualizes the frictional coefficient distributions as well as the
associated quartiles for one experimental configuration at AV=9.65", AH=41", Fe=F=1N for
the polyamide fiber. Table 4 summarizes the mean values of these coefficients and the

respective confidence intervals calculated from the well-known formula:

€l =— (14)

where {is the student variable at a confidence level of 95%
o is the standard deviation

nis the total number of the tests.
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Fig. 6 Examples of the evaluation of the angle error measurement impact on the
frictional coefficients

L Him Ly Ly
fdean value 0,2251 0,1836 0,2207 0,1913
Confidence Interval Cl + 0,0019 + 0,001 +0.0019 + 0.001

Table 4. Confidence Interval of friction coefficients as a function of angle errors

It seems evident from Figure 6 and Table 4 that angle errors do weakly affect the evaluation
of the frictional coefficients.

At this point, the topic is to evaluate the confidence intervals of frictional coefficients

calculated by the present approach. Let's take the example of un. and pe. calculated by
formula 11:

—_— and —_—




The calculation of the variance of these coefficients is not so easy because it implies that N
is bounded from below by a known constant. To avoid this problem, the authors propose to
evaluate these variances by some simili-confidence intervals, noted here sCl inspired by
engineering uncertainty calculation using partial derivatives (absolute values). According to
this method, if a calculated variable y is a function of some measured parameters x, each
one measured with a experimental uncertainty Ax,, then the y uncertainty can be evaluated

as follows:
Ay = ” b J Ax
3y E! a s(a J_}l i

Replacing the uncertainties by the simili-confidence intervals, it follows:

SCl(tm) = ﬂfim (F;’").EI[FMJ + %(%) CI(N)

(15)
1 Fim
$Clim) = 5+ C1(Fyn) + 55 CIN)
=2 (Fom). 9 (Fm).
SC1Gten) = 37— () €1CFrm) + 55 (57) - €1 o

1 F
SC1(im) = 5+ €1 (Fpm) + 3 CIL(N)
where CKN) can be calculated by formulae (14), where n=n_=3x9=27  and

a = [Var(N)]"® ean be calculated by formula (13).

In order to evaluate confidence intervals of F., and Fr.,, let's remember how these forces

were calculated (see Figure 4);

Fim = Fisinaug + Facoseag
Frm = Ficosayg — Fasinag

(17)
Fip = Fysinapg — Facosapg

Fyp = Ficosapg + Fasinapg

The confidence intervals of these forces are affected by the variations of forces F, and F;
(calculated by the formula 13), as well as the variations of angles a, and as. Using the same
principle as previously in egquations 15 and 16, the corresponding simili-confidence intervals

will be calculated as follows:



OF;m 3Fym OFim
~CI(F — - LI(F — !
aF, (Fo+ aF; ( Z}+§HAH (@42) (18)

sCHFyp) = singgg - CI(F)) + cosaag - CHF,) + [Fioosayg + Fasinagg] - Cllagg)

sCI(Fyy) =

where CIF;) and CKF.) can be calculated in the same way as CHN) previously, whereas

Chlapeg) may be estimated at 0.17, i.e. the maximum angle measurement error.

The mean values and simili-confidence intervals for the experimental combination AV=9.65",

AH=41"and F=F=1N, are given in Table 5.

Mean values Simili-conf. interval sCI
L 0.215 [0.146 ; 0.284 ] .
L 0.216 [0.147 ; 0.285] NS
L 0.076 [0.025;0.126] NS
P 0.073 [0.023;0.122]
R 0.927
not significantly different

" coefficient of determination resulting from regression analysis, equation (10)

Table 5. Frictional coefficient mean values and simili-confidence intervals for one
experimental combination

It results from Table 5 that the simili-confidence intervals of frictional coefficients for moving
and fixed filaments have intersecting intervals, which means that there would be no

statistical difference between them.

This "no statistical difference” is also globally visualized in Figure 7 where the frictional
coefficients of fixed filament (transverse and longitudinal) are plotted versus the ones of the

moving filament.
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Figure 7. Relation between the friction coefficients of fixed and moving filament

The similitude mentioned here is not a simple experimental observation. On the one hand,
there is no physical reason to have frictional behavior differences between the two filaments
even if different filaments were used. On the other hand, and logically, from an initial set of 3
independent parameters (F,, F, and N with very low covariance), it is not possible to obtain
by whatever transformation more than 3 independent parameters for example fongnnan

Hiansverse AN N.

It will be useful at this point to modify our model (equation 9) by introducing the assumption,
verified by the results of Figure 8, i.e. Fin=Fsand Fr=Fp, as follows:

Fy = Fisinasg + Fycosayy = Fysinapg — Fycosapg

(19)
Fp = Floosa,g — Fosina,y = Fioosagg + Fosinggg
which give therefore:
Fi(sina, g + sinapg) + Fa(oosayy — cosapg) — 2F, = 0 (20)

Fi(cosa,q + cosang) + Fa(—sina,g + singpg) — 2Fr =0

With these two additional equations (20), the initial eguation (9) is transformed:



a3y 0 A7 N gl
( : : ) = :2 (21)
Ay o Gyt | o b‘
F, 11
Fy

In this case, 7 unknown variables are related by 11 independent equations. The last square
method allows to evaluate all variables, where only F;, Fr, and N will be used to calculate

the transverse and longitudinal frictional coefficients.
Table 6 shows the new values of the matrix (A" A)™' for the same experimental conditions

as those of Table 3.

Fi Fa N Fa Fr Fi Fr
F, 0,1734
Fs 00072 0,5732
N 0,0030 -0,0503 0,1752
Fa 0,0280 0,4345 -0,0417 0,5274
Fo 00126  -0,4277 0,0649 .0,3951 0,5114
F 0,0090 0,5419 -0,0475 04112 -0,4042 0,5958
= 0,0031  0,1867 "0,0164 0,1417 01392 01765 0,142

Table 6. Example of matrix (A” A)" for the same experimental conditions as those
of Table 3 including two additional equations (20)

It is obwvious that the variance coefficients of the 5 first variables do not change very much
compared to those of Table 3, and the covariance coefficients between F,, Frand N are very

small compared to their variance coefficients,

Now, the calculation procedure is as follows: formula (14) for the variances of forces F, Fr
and N, where ng, - M =3x11-7=26; formula (14) for the confidence interval Cf of these
forces; and formula (15) and (16) for simili-confidence intervals of frictional coefficients p,

and pr, where F., and Fr, are replaced respectively by F; and Fr.

4.2. Results analysis



The calculated transverse and longitudinal frictional coefficients, as well as their
corresponding simili-confidence intervals for the two fibers used in the present study are
visualized in Figure 8 Note that the values of frictional coefficients obtained by individual
frials have also been added in order to point out that they are well grouped presenting thus a
practical experimental error lower than the calculated sCi,

Fe=Fy=1N PES AV=8.1"
0,35
03
0,25
0.+ 3
0,15 | | |
01 i i { i
'ufE"tn::I angle A(®) Fiber tensions Fy=F, (M)
o4 J L / - ‘u i
3 5 7 9 11 05 1 1.5 2 25 3
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| Ferosn | Pa | averas |
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03 - W25
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o1 - ) Wertical angle A7) 0.05 ) _Fiber tensians Fy=F- (N}
] Fi [ ] 10 i) 05 1 1.5 )

Figure 8. Effect of Fiber tensions and vertical angle on the calculated transverse and
longitudinal frictional coefficient

Two major obsenvations may arise from the results of Figure 8. The first one is the fact that
the variance are homogeneously or equally distributed in the experimental domain, which is
often called homoscedasticity. This statistical quality is very important as far as significant
effects have to been discussed andfor pointed out.

The second cbservation concerns confidence intervals, which are very important to consider
the changes of friction coefficients depending on experimental parameters (vertical angle
and fiber tension). Let's remember that only the results of 3 trials have been used fo
calculate sCl values. It would be interesting to see how the confidence intervals change by



increasing the number of trials. Figure 9 shows that the confidence intervals decrease
strongly with the number of frials. An extrapolation using a power model was performed to
estimate the confidence intervals for more than 3 frials, presented also in Figure 9. The two
confidence intervals of longitudinal and transverse frictional coefficients would be divided by
2 and 5.2 using respectively 5 and 10 trials, relatively to 3 irial results. A set of 5
complementary trials has been conducted in order to confirm these tendencies for the same
exparimental conditions as concemed in Figure 9. The confidence interval reduction factor
was found to be of 1.95 for both longitudinal and transverse frictional coefficients.
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Figure 9. Effect of number of trials on the confidence interval of longitudinal and
transverse frictional coefficients, same experimental conditions as in Table 3

As the equality of variance or homoscedasticity has been assumed, it is possible now to
discuss the evolution of the frictional coefficients. From Figure 8, it can be noted first that the
frictional coefficients are not affected by fiber tension. As a matter of fact, and as far as the
experimental error is not considered, the fiber tension affects quasi proportionally transverse,
longitudinal and normal forces (not shown here) giving thus quasi invariable ratios AN,
Secondly, the longitudinal frictional coefficients decrease by increasing the vertical angle AV,
whereas transverse frictional coefficients seem to be constant independently of experimental
factors. Finally, the transverse friction coefficients seem to be lower than the longitudinal one
for both considered fibers.

At this point, a question may arise: are there any experimental reference methods to confirm
or refute the frictional coefficient calculated in the present study? As it has been mentioned
in the background section, nothing is proposed in the scientific literature to evaluate the
transverse friction between fibers. On the contrary, the longitudinal friction has been the
subject of different studies.



For this purpose, the authors decided to evaluate the calculated longitudinal frictional
coefficient by resorting to the study of EI Mogahzy and Gupta [6] described in the
background section. A device inspired from their work, shown in Figure 10, was designed
and mounted on a servo-hydraulic testing machine.

Figure 10. Longitudinal friction device based on El Mogahzy principle

The tension P, applied to the inferior ends of fibers was maintained constant via two
attached calibrated masses. The fibers are twisted once, and then through the pulleys, they
are attached to the force sensor of the servo-hydraulic testing machine in order to measure
P, force. Different calibrated masses have been used during the experiment. The

longitudinal frictional coefficient was calculated by formulae (4).

The measured force P, and the longitudinal frictional coefficient values are shown in Figure
11. The longitudinal frictional coefficient found was of 0.4 for both Polyamide and Polyester
fibers, which is superior to those obtained by the method proposed in the present work,
respectively from 0.2 to 0.34 and from 0.19 to 0.29.
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Figure 11. Longitudinal friction results obtained by the experimental device described
in Figure 10

At this stage, three observable facts were distinguished: the transverse frictional coefficient
evaluated by the present method did not depend on the experimental conditions, particularly
the contact angle between fibers; the longitudinal frictional coefficient evaluated by the
present method decreased with the contact angle between fibers; the longitudinal frictional
coefficient evaluated by an alternative method was more significant than the one evaluated
by the present method. There are some inconsistencies between these facts. There is no
apparent reason to explain first why transverse frictional coefficient does not depend on
expenmental conditions whereas the longitudinal one does; and secondly, why the
longitudinal frictional coefficient evaluated by another method is different and more
significant than the one evaluated by the present method.

To conciliate these results, it will be interesting to consider how the slippage occurs between
fibers for the contact fiber configuration presented here. Let's remember that in general,
slippage takes place when the external force, tangent to the contact surface, becomes equal
or greater than the frictional force F=uN. Let's also suppose two independent fiber-to-fiber
frictional coefficients, longitudinal one y; and transverse one ur. During an experimental test
described in the present study, external forces F; and Fr change continuously. As long as
these forces are both respectively lower than their respective limits g N and g, the slip
does not occur. When even one of these two external forces reaches or exceeds its

respective limit, slippage takes place.

Following this reasoning, it results that in the present expernmental device, slippage occurs
always in the transverse direction, giving thus ‘real’ and constant transverse frictional
coefficient, whereas the longitudinal force has not yet attained its limit F.= yN. The
calculated longitudinal frictional coefficient results this way to be variable, underestimated



and consequently inadequate. Let's remember that the aim of this work was to develop a
method for estimating the transverse friction between filaments.

4.3. Cyclic friction and fiber wear

It seems interesting at this point to see if the calculated transverse frictional coefficient as
well as its confidence interval change during cyclic friction. For this propose, tests have been
performed up to 500 cycles. The results (Figure 12) show that the confidence interval does
not change, whereas a light decreasing trend of transverse frictional coefficient can be
observed. Even if this tendency cannot be affirmed statistically at a confidence level of 95%,
the comparison of SEM pictures of virgin fibers and after 500 friction cycles, permit to
assume that the light fiber surface wear, caused by friction cycling, qives rise to a light
decreasing trend of transverse frictional coefficient,
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Figure 12. Friction and wear during cyclic loading, fiber transversal friction
coefficient (a), SEM pictures of virgin fiber (b) and after 500 cycles (b)

5. Conclusion

Measuring the inter fiber friction, particularly the transverse one, seems to be a difficult topic,
first due to the smallness of dimensions and forces involved, and second due to the
perturbation caused by the use of possible force or displacement sensors.

A new device and an associated model have been developed in the present study in order to
evaluate the transverse inter fiber friction. A relatively simple and original statistical approach
has also been developed to evaluate the confidence interval of these coefficients. The first
results show a relative stability as far as the error effects and the device configuration
parameters are concerned. The transverse friction coefficient seems also to be significantly
inferior to the longitudinal one.

It's important to note that this work is a first attempt for measuring the transverse inter fiber
friction. Other ideas and/or experimental devices would be very useful to validate the present

method.
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