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1. Introduction

the speed of bale rotation continuously decreases in a certain

As it is known [1], filament winding is formed when
motion frequency of the yarn guide becomes multiple to the
rotation frequency of a bale. Because at frictional winding

range with an increase in diameter, the conditions for the
formation of filament structures occur periodically.

The quality of bales is defined by the winding structure,
which is closely linked to the shape of a bale. The presence




of winding structure defects increases discontinuities during
coiling, which leads to a decrease in the efficiency of warping
and weaving. Timely detection of such defects would elimi-
nate the causes of their occurrence through appropriate
adjustment of equipment. The bobbins with defects are sent
to be rewound. In this case, the costs related to the addi-
tional rewinding are considerably lower than those due to
the liquidation of breakages in warping and weaving. Thus,
creation of a method for automated control over winding
structure and its implementation in industry would improve
the efficiency of processes of warping and weaving and en-
hance quality of fabric by eliminating defects related to the
liquidation of discontinuities.

Given the above, it is an important task to design auto-
mated control over the structure of bale winding formed by
machines with a friction drive of bales.

2. Literature review and problem statement

When studying the processes of winding formation, seve-
ral areas are typically addressed, including a technological
aspect of the issue, the impact of materials and design fea-
tures of mechanisms on the quality of the finished product.
The technological aspect is considered through the prism
of the influence of technological parameters of the process
on errors in winding and in the formation of bales [1-3],
however, the choice of materials or taking them into consid-
eration when selecting technological parameters and control
methods of the winding process are equally important both in
technologies and equipment. Thus, paper [4] describes tech-
nologies for manufacturing yarns and threads from which
it follows, in particular, that high-performance applications
can use technical fibers or high-performance fibers/filaments
for the production of threads with the preset properties. It
was also noted that the use of multiple thin filaments for
the production of sewing thread is crucial for manufacturing
a high-performance product. It should be noted that it could
be interesting from a practical point of view if the authors
provided additional data on relationship between the quality
of yarn winding modes. Article [5] argues that the key to the
effective functioning of subsequent technological processes
is the preparation of yarn. In this case, the authors demon-
strated techniques to remove errors and, in this regard,
critically analyzed various types of winding machines. The
results obtained make it possible, in principle, to get to know
the dangers posed by a mismatch between mechanical part of
the equipment and requirements of the technological process,
as well as deviations in the parameters of the process in terms
of quality of the resulting product. It should be emphasized
that the conclusions drawn may refer to different threads.
However, further attention to structural design of the appro-
priate mechanisms of winding machines would contribute
to the formation of a more systemic view of the process. The
latter is particularly important if the priority of functioning
of machinery is the quality of the finished product.

The sequence of processes for the production of different
types of yarn using machines for winding can be found in
paper [6], which pays particular attention to the work of
tensioning devices and control over winding process. It is
noted that a deviation from the conditions of functioning of
corresponding mechanisms can lead to the formation of faults
whose description can also be found in [4]. An interesting
development of a given study would be to study various types

of mechanisms design and their influence on the choice of
control over a technological process of winding. Particu-
larly noteworthy is the possibility of the universality of
such a view, which may include the possibility of creating
standardized designs for a broader range of application of the
winding process. A proof to this can be directions for research
into such types of mechanisms for other applied technologies
that implement a similar, from the point of view of mecha-
nical understanding, process. Thus, study [7] describes the
design, function and a winding device control system used
in the robotized technology of filament winding. A winding
mechanism designed by the authors ensures good-quality
capture and placement, which is enabled by the rational com-
bination of mechanical part of the mechanism and the control
system built into a tool to detect slippage of the feed and in
order to control the force of a thread/cable feed. The design
of an automated fiber-optic coiling machine, presented in [8],
makes it possible to wind several different models of coils accu-
rately, and includes active voltage regulation during winding,
as well as an automated system for error correction and de-
tection, based on vision to improve reliability. Given such
design solutions, the machine has high performance speed
minimizing thereby duration of the winding process. Thus,
the proposed solutions could possibly be used in the analogs of
winding machines for a sufficiently broad scope of application.

As far as the implementation of a technology in the ma-
chines with a friction drive of bales is concerned, of special
importance is the fact that the mutual arrangement of turns
on the body of a winding at a frictional drive of bales is
not uniform [9]. Under certain ratios between the speed of
bobbin rotation and the frequency of thread feeder motion,
the threads are placed on the same place. In this case, there
are the so-called filament formations. If the frequencies of
bobbin and thread feeder rotation differ slightly from mul-
tiple, the turns are arranged close to each other; in this case,
a belt winding is formed. The criteria for determining the
type of winding are substantiated in [10]. Filament winding
is accompanied by a number of phenomena, which exert
anegative impact on the quality of the created bales. The first
of such phenomena is that the filament winding has a higher
specific density. As noted in[11, 12], at a closed winding,
which can be considered as an artificially created model of
tape winding, specific density can reach up to 0.64 g/cm?. At
the same time, at a wrap-over winding, its magnitude is of
order 0.39 g/cm?. Differences in the density of winding cause
defects when a bale is treated with solution [13], leading to
varied shades of yarn from different layers of winding [14].
The authors note that the filament winding on duck-type
bobbins can cause not only fabric striation, but also different
width of fabric. The difference in density of different layers
can be the reason for that the winding loses its stability [15].

The second undesirable phenomenon that accompanies
filament winding is the emergence of an unrounded bale due
to uneven arrangement of threads at its surface. When a bob-
bin rotates during winding, its non-roundness is the cause of
oscillation excitation in a winding mechanism [16]. As noted
in [17], such oscillations may lead to significant deviation
from the technological parameters of winding, sometimes
leading to the total disruption of a winding process.

The third undesirable phenomenon occurring in the
formation of filament winding is the force interactions along
the newly stacked turns against the roughness of a bale relief,
as a result of which part of the turns is thrown over the edge
of the bale, that is, the chords form [18]. During subsequent



unwinding of a bobbin, they cause enhanced discontinuity of
yarn at some winding diameters [19].

The kinematic aspect of filament structure formation is
described in detail in paper [9]. However, it was noted long
ago that kinematic description does not fully determine the
process of formation of filament structures; in this case, of
special importance is the force interaction of threads, ar-
ranged in a winding [20].

3. The aim and objectives of the study

The aim of present study is to analyze formation of a fila-
ment winding in terms of force interactions of threads.

To accomplish the aim, the following tasks have been set:

— a theoretical analysis of the processes occurring in the
formation of filament structures in terms of force interaction
between threads;

— measurement of twisting stiffness of a thread and an ana-
lysis of tearing a thread at lifting angle of the turn equal to zero;

— obtaining an analytic description for calculating the
number of uncontrollably stacked turns.

4. Results of research into formation
of filament winding in terms of force
interactions between threads

It was shown in paper [9] that when
the distance around the perimeter of a bale
between adjacent turns is reduced to the
value that is less than the diameter of the
thread, a filament winding is formed. At the
same time, in an extreme case, a turn of the
thread is placed exactly on the place of the
preceding one. However, this phenomenon
occurs only if the thread is considered ideal,
that is, it has no thickness. Actual processes
are somewhat complicated. A thread cannot
lie exactly on the place placed earlier, it falls
off it. In this case, the turn laid earlier ac-
quires the role of a spreader, in other words,
it defines the place of laying a thread on the
workpiece. This place can differ significantly

o

ximation that a lifting angle of the turn is equal to zero, that is,
the turn is laid in the plane perpendicular to the axis of the bale.

Fig. 1 shows a bale on the surface of which, at a fixed
thread feeder, located at point A, the turns of a winding are
placed. Turns 1, 2 and 3 were laid earlier. At current mo-
ment, turn 4 is being placed. Under kinematic conditions,
cross-section centers of all turns must have the same Z coor-
dinate. However, position at which the turns are stacked one
on top of another, is unstable.

The subsequent turn flies off the preceding one and is
placed next to it (Fig. 1, on the right). In this case, there
occurs force Tsino that tries to bring the turn back to the
position assigned by kinematic conditions. As the number of
wound turns grows, force Tsina increases, which eventually
leads to that the turn flies off and gets laid above all that
were previously placed, at Z coordinate, the closest to the
corresponding coordinate of the first turn. We shall deter-
mine conditions under which such a fly-off of the turn occurs,
which will make it possible to determine the number of turns
that are placed with a violation of the kinematic conditions,
that is, without control from a thread feeder. For this pur-
pose, we shall consider cross-section b—b that passes through
point M where a thread runs over a bale (Fig. 2).

from the one dictated by a thread feeder.

The most unpleasant event in this case
is that the turns of a thread can extend
beyond the end of the winding, creating
chords, which, at subsequent unwinding of
the bobbin, cause tearing [21].

The process of chord formation continues until the
thread, deviating from the normal position set by a thread
feeder, and being in a state of unstable equilibrium, flies off
the preceding turn. In this case, the law of the layout is re-
stored. The kinematic conditions for a filament winding will
disappear by that time due to a growth in the bobbin diame-
ter and a decrease in the frequency of its rotation.

Force equilibrium of thread on the surface of a bale was
considered in [9] where the bales were represented as a cylinder
or a cone that possesses friction though it has a correct geomet-
rical shape. In the considerations that follow we shall assume
that the thread has a cylindrical shape and it is incompressible
in the transverse direction. Since the chords form at the mo-
ment of unwinding a turn, we shall accept in the first appro-

/1

Xa

Fig. 1. Schematic of the turns position on the surface a winding

at a fixed thread feeder




A turn in this cross-section can take inclined position I or,
in case the turn flies off, position III.

Fig. 2 also shows intermediate position II. We shall
determine which forces act on the placed turn in cross-sec-
tion b—b. Inertia forces that acting on a thread are disre-
garded. In order to calculate a reaction from the body of
awinding, we shall determine normal pressure p from the side
of the turn on unit length of the surface of a winding body.
It is necessary to take into consideration in this case that the
winding is applied to a cylindrical surface and, according to
the formula by A. P. Minakov [22] for parallel winding:

P=r (1)

Force N of normal pressure of the placed turn will
be considered at the section of its passing the preceding
turn 3 (Fig. 1). The length of this section is denoted by S.
Fig. 3 shows a scheme to determine length S, it is assumed
in this case that the thread is not deformed in the transverse
direction.

L]

%
L

Fig. 3. Arrangement of turns in a transition section

Fig. 3 shows that:

S=a(l+cosa), (2)
from A 123
a= ,d . (3)
sino

By substituting this value in the previous one, we shall
obtain:

_d(1+coso)
~ sino

S (4)

Or, considering the smallness of angle o and that d=2r,
we obtain:

Szi, (5)
o

a force of normal pressure N, considering Fig. 1, is derived
from expression:

_A4Tr

N=PS=—-.
Ro

(6)

Gravity force of the strand is disregarded owing to its
smallness compared with thread tension T.

Furthermore, the turn that is being placed is affected
by friction force Frgjc and twisting moment Mpgs caused by
elastic twist of the thread.

M = co, @)

where ¢ is the twisting angle of the thread; ¢ is the stiffness of
the thread at twisting.

The issue about a thread position is solved by finding
the work performed by the specified force factors when dis-
placing cross-section b—b from position I to position III.

The work of twisting moment Mggs is derived from:

Ay, =%. (8)

According to Fig. 2, the center of cross-section of turn 4
moves along the arc with a center in the center of cross-sec-
tion of turn 3 while the cross-section itself rotates by angle:

0=>m, (©)

The work of force N when moving from position I to po-
sition III is equal to (Fig. 1):

2
A, =phs=2T 3 (10)
Ro

The work of tension force T to move the cross-section
in the transverse direction from position I to position III
is determined from:

Ay =8rTsina
or, considering the smallness of angle o

A, = ST (11)

The work of friction force Frp at a point of contact
between turns 4 and 3 is not performed because friction
force Frpis applied to the instantaneously-fixed point K (we
assume that the rolling of cross-section 1 occurs without
slippage along cross-section 3). Rolling friction forces are
disregarded.

For the center of turn 4 to shift from position I to position
I1, it is necessary, in accordance with the principle of virtual
displacements [23], that the following ratio should hold:

A > A, + A, (12)

By substituting in (12) values of Ay, Ay and Ay
from (11), (9) and (10), we shall obtain:



(13)

SrToc>gcn2 +£72\/§.
9 Ro

Solution to the resulting inequality will take the form:

cn’ + \/c2n4 +972/°T*J3 R
o> )
20T

(14)

The analysis of the obtained formula is advisable to
perform using a computer, applying actual values of its con-
stituent magnitudes. All of them, except for thread twisting
stiffness, are known when designing a winding mecha-
nism. Basic provisions for the force interactions between
threads during formation of a filament winding are given
in [24, 25].

A change in thread twisting stiffness and analysis of con-
ditions for a thread fly-off are estimated when lifting angle of
the turn is zero. Coefficient ¢, which is part of formula (14),
can be determined experimentally using an expression for
period 7 of torsional oscillations of a homogeneous rod sus-
pended in the middle (Fig. 4) [26].

2n

=7 (15)

where K*=c¢/],, Jo is the momentum of inertia of the rod
mass. To determine the latter, one can apply formula:

M
12

Jo : (16)

where M is the rod mass; / is the rod length.

fLzifrsis

Fig. 4. Schematic of the set-up for determining thread
twisting stiffness

Substituting (16) in expression for K2, and then the ob-
tained one in (15), we obtain equation:

2n

= a7
\ Mm1?

Solve (17) relative c:

n*MI?
3 (18)
In the experiment, we used samples of length 245 mm
made of twisted cotton yarn produced by the machine
PK-100M3 with linear density 25x2 tex, and a plastic
rod of length /=29 mm and mass M=940 mg.
Duration of oscillations was calculated by repeating ten
times for five different samples of yarn. The measurement
results are summarized in Table 1.

Table 1
Duration of torsional oscillations
T, s, for sample
Repeated
1 2 3 4 5
1 10.2 9.8 9.3 9.1 9.9
2 9.9 10.2 10.1 9.2 10.4
3 9.8 10.1 10.2 10.2 9.2
4 10.1 9.1 9.1 9.9 10.2
5 10.2 9.9 10.2 10.1 10.1
6 10.1 | 102 | 10.0 | 99 9.8
7 11.0 | 99 9.2 102 | 9.3
8 9.9 10.1 10.1 10.2 9.1
9 9.1 9.2 10.1 9.9 9.2
10 9.1 9.3 10.3 10.4 10.2
Averaget; | 994 | 9.78 | 9.87 | 991 9.74 1=9.848
(1-1)?1072 | 846 | 4.62 | 048 | 384 | 11.6 | §5=4.25

We shall substitute statistically reliable value t=
=9.85%0.0095 in formula (18), consequently, we shall obtain
a value of ¢ for the respective yarn c=2.4- 10" N-m/rad.

Fig. 5 shows schematic of a winding mechanism of the
spinning and twisting machine PK-100M3. By employing
formula (14), we shall perform dependence analysis, for
a given mechanism, of angle o on the thread tension, diame-
ter of a winding, and thread twisting stiffness. Results of the
calculation are shown in charts in Fig. 6, 7.

N

Fig. 5. Schematic of a winding mechanism
of the spinning-twisting machine PK-100M3

Charts in Fig. 6 show the largest danger for the formation
of fly-offs occurs at small winding diameters and at small
tension. With an increase in tension angle o decreases, ulti-
mately approaching to a value close to 4°.

Fig. 7 shows dependences of angle o on winding diameter
at different thread twisting stiffness.
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Fig. 6. Dependence of angle o on winding diameter at different tension of thread
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Fig. 7. Dependence of angle o. on winding diameter at different thread twisting stiffness

Actual stiffness of the thread used in the experiment was
C=2.4-10"°N-m/rad. With an increase in the thread stiff-
ness, control over it by a thread feeder worsens.

The difference between curves corresponding to stiff-
ness C=0 and C=2.4-10"N-m/rad shows that the effect
of stiffness is essential for calculating the possibilities of
chord formation on bale ends, caused by loss of control over
thread motion by the thread feeder.

5. Discussion of results of research into formation
of filament winding

It should be noted that from a practical point of view
more important is not the value of angle o but the answer to
a question about how many turns of the thread can be wound
till the thread flies off from position I to position IIT (Fig. 2).
In other words, how many turns will be laid without control
by the thread feeder, with the result being that they can be
thrown out of the bale and form chords at the end, which
would cause disruption of equipment operation [9].

Let a thread feeder be at point A with coordinates (Xy4;Y,)
(Fig. 2). Then the distance at which a thread uncontrolled by
a thread feeder can travel:

B=MAsina. (19)

In triangle ACM, angle OMA is straight, which is why:

MA=X’+Y}-R’.

Substituting the expression obtained for MA in (19), we
obtain:

B=\X’+Y;-R’sina.

The number of turns wound without control by the
thread feeder,

B X +Y!-R’

(20)

nzgz 7 sino. (21)
nz«/Xi+Yj—R2sinoc 22)
2r
or, ultimately,
(%cn’,z+%r\/§J
n=rr X YR (23)
r

A number of uncontrollably wound turns of a thread de-
pends significantly on the magnitude of MA — a distance from
the eye of a thread feeder to the point of attack. With a de-
crease in this distance, control by the thread feeder improves.
As shown above, for the winding machine PK-100M3, with
a rise in tension angle o stabilizes close to =4°. Then, ac-
cording to equation (23), the number of uncontrollably
wound turns at the end will be about 6.



The obtained magnitude corresponds to practical ob-
servations of bale formation under industrial conditions. In
order to reduce defects for this parameter, it is necessary
to set the eye of a thread feeder as close as possible to the
bale, which can be done using the machine PK-100M3 when
setting the eye similar to that employed by the machines
PPM-120. The second important factor is maintaining ten-
sion not less than 20 sN for the 25x2 tex yarn. For other
linear densities, the required tension can be obtained from
formulae (14) and (15). Owing to such design solutions, it is
possible to reduce defects in bales, which can be considered
an obvious advantage of the present study.

It should also be noted that accounting for a large quan-
tity of design parameters, together with the optimization of
the modes of a winding process, could prove useful in terms of
the guaranteed improvement of quality. That is why our view
of the probable development of present research can be con-
sidered viable. Of course, in this case, one should understand
that increasing influencing factors complicates the analytical
description — estimation formulae. This, in turn, gives rise to
difficulties in obtaining equations that would hold because
of the need for additional experimental studies. Nevertheless,
such an experimental development would be useful even
from a point of view of verification of the results obtained on
actual equipment against known theoretical models, which
were constructed using classical methods of theoretical
mechanics.

6. Conclusions

1. We conducted a theoretical analysis of interaction
between turns in the formation of filament winding, which

made it possible to identify the mechanism of chord forma-
tion that leads to thread breaks. It was established, in parti-
cular, that this process continues until the thread, deviating
from its normal position set by a thread feeder, and while in
a state of unstable equilibrium, flies off the preceding turn.
The consequence is the restoration of the outlay law, by the
time of whose occurrence the kinematic conditions for fila-
ment winding disappear due a growth in bobbin diameter and
a decrease in the frequency of its rotation.

2. We describe the conditions under which a turn flies
off a winding, based on which it is possible to determine the
number of turns, placed with a breach of kinematic condi-
tions. It is shown that a given parameter depends on the incli-
nation angle of the turn, and the application of the resulting
analytical description of this relation does not present any
practical difficulties. The rationale for this argument is the
possibility of numerical computer implementation of calcula-
tion based on the actual values of its constituent magnitudes,
all of which, except for thread twisting stiffness, are known
when designing a winding mechanism.

3. It was substantiated that in order to reduce bale
defects it is necessary to set the eye of a thread feeder as
close as possible to the bale, which can be done using the
machine PK-100M3 when setting the eye similar to that
employed in the machines PPM-120. In this case, it is also
required to maintain tension not less than 20 sN for the yarn
25x% 2 tex, while for other linear densities this parameter can
be calculated based on the obtained analytical dependences
for a thread inclination angle and duration of torsional os-
cillations of a uniform rod suspended in the middle. Such
results create a basis of requirements to the design of winding
mechanism aimed at reducing the number of uncontrollably
placed turns.
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