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IIposedenumu docaidncennamu xomn’romepnoi
peanizauii aneopummy 6U3HaAUeHHS HAMSY HUMKU
HA MEXHON02IMHOMY YCMAMKYBAHHI 3 BUKOPUCIAH-
HAM pexypcii eusnaueni 3HaAUEHHS HAMS2Y HUMOK
nepeo 301010 POPMYBAHH MKAHUHU | MPUKOMANCY
Ha mexnonoziunomy ycmamxyeanni. /Josedeno, wo
Ha BeUUUHY HAMsIZY HUMOK nepeod 30H00 Popmy-
8aHHSL 6NIUBAIOMb UUCIIO HANPABIAIOUUX HA KOKHC-
Hill KOHKpemHill MexHoN02iuHill Mawuni, paoiyc
KPUBU3HU HANPABIAIOUOi, KYM OXONJIEHHS HUM-
K010 Hanpaensouoi, Kym paodianvHozo 0XONJeHHs
HumKu, Qizuxko-mexaniuni i cmpyxmypHi xapax-
mepucmuxu Humxu. 3HAUeHHS KYmieé O0XONJeHHs
HUMKO10 HANPABAAIOUUX | KYMI6 PadianbH020 0X0-
NAEHHS HUMKU NOBEPXHEI) HANPABNAIOUOI 6U3HA-
UAIOMBCS 260 MEMPUHHUMU NAPAMEMPAMU MA KOH-
CMpYKYieto AK cucmemu nodawi HUMKU HA MEXHO-
JI02IYHOMY YCMaAmKyeanHi, max i KOHCMPYKUIEID
HaNpasAsouux. 3a605KU YbOMY CMAN0 MONHCAUCUM
we Ha nouamxoe6ii cmaoii NPoeKMyeanHs MexHo-
J10214H020 NPOUECY BUHAUAMU HAMSA2 HUMKU Neped
30HO10 (POPMYBAHHS 3ANENHCHO 6i0 2e0MEMPUUHUX
i KOHCMpYKMuGHUX napamempis YcmamxyeauHs,
i izuxo-mexanivnux, i CmpyKxmypHux xapaxme-
pucmux numxu. Piznuysa 2-6 % minc excnepu-
MEHMANGHUMU MA PO3PAXYHKOBUMU 3HAUEHHAMU
Hamsey niomeeporNcye Kopexmuicmo 3poOaEHUX
donyuenv npu noodyoosi modeni 63aemoodii HuMKU
3 HANPasAUOoN 3 Ypaxyeannam ii isuxo-mexa-
HIMHUX | CMPYKMYPHUX XaAPAKMePUCmux i Modic-
JUGICMb BUKOPUCMAHHA PeKYPCii npu noCai006HO-
MYy BU3HAUEHHI HaMSAZY NO 30HAX MEXHOI02IUHO20
ycmamxyeanns 6i0 30Hu 6x00y 00 30HU Popmy-
8anHs MKaHuHU i mpuxomasicy. 30Kpema 6CMaHo6-
JIeHO, W0 Hamsiz HUMKYU 3POCMAE 6i0 30HU 00 30HU
i docsieae c6020 maxcumymy neped 301010 dop-
mysanns. Ioxazano, wo 30invwenns namsey na
9-15 % npu3eodume 00 nopyuwenns mexHono2ivHo-
20 npoyecy i 00 00pusy Humxu.

Taxum uunom, € niocmasu cmeepoxcysamu npo
MONCUBICMD, We HA NOUamKo6ill cmaodii npoex-
MYEaHHs MEXHOI02IMHO20 NPOUECY 6U20MOBIEHHS
MKAHUHU | MPUKOMAICY, CRPAMOBAHO20 Pe2yio-
8anHs HamMsZYy HUMKU neped 30H00 Popmysanns
mxanunu i mpuxomaoicy. Lle docseaemocs 3a paxy-
HOK KOPU2YBAHHS 2e0MEMPUUHUX NAPAMempPié ma
KOHCMPYKYii AK cucmemu nooaui HUMKu HA mex-
HOJI0ZIMHOMY YCMAMKYEAHHI, MAK | KOHKPEMHUX
HANPABAAIOUUX, W0 00360UMb MIHIMIZYy6amu 3Ha-
YeHHS HAMSL2Y HUMKU

Kntouosi caosa: aneopumm pexypcii, namse
HUMKU, HANPSAMHA NOBEPXHS, PAdiyc KPUBUIHU,
KYym oxonjienus
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1. Introduction

before a zone where fabric and knitwear form. Determining

Improving the technological processes of the textile in-
dustry is associated with the optimization of thread tension

the tension before a given zone experimentally causes great
difficulties. This makes it impossible to determine the mag-
nitude of tension at the initial stage of designing a techno-



logical process of making specific fabrics and knitwear from
a particular type of thread. As a result, it is also not possible
to improve the shape of the thread feed line, to select the
design parameters of the guide elements at the break points
of the feed line. Increasing the thread tension before the
formation zone leads to its break, which entails stopping the
technological machine that hosts thousands of threads.

Under these conditions, significant
support is provided by the mathematical
modeling of the process of increasing the
thread tension in the zones of techno-
logical equipment. Its application creates
the prerequisites for employing a com-
putational experiment, which is based on
the implementation of appropriate algo-
rithms and numerical methods involving
modern software and hardware. Its use
would make it possible to determine at
the initial stage of design the magnitude
of technological loads and to improve the
shape of a thread feed line in technologi-
cal equipment, which could reduce the
time of the technological process execu-
tion and would improve the quality of the
resulting articles.

An increase in the thread tension is due to friction forces
in the contact area with the guides. The magnitude of friction
forces depends on the material of a thread and a guide. Also
taken into consideration are the ratios of their geometric
sizes, the actual angle at which a thread wraps the guide and
the angle of the radial wrap of the thread by the surface of
the guide, the physical-mechanical and structural characte-
ristics of a thread, the thread tension before the guide. The
consistent passage of a thread over the guides, from an entry
zone to the zone of fabric and knitwear formation, leads to
a stepped increase in tension. At the same time, the output
tension parameter after the preceding guide would be an
input parameter for the next guide, which makes it pos-
sible to use recursion when determining tension before the
formation zone.

In this regard, it is a relevant task to study computer im-
plementation of the algorithm for determining the tension of
a thread on technological equipment using recursion.

ﬂ/l '/'

2. Literature review and problem statement

Determining the tension of a thread when interacting
with the various guides in the loom feed systems was ad-
dressed in works [1—16]. Paper [4] does not take into con-
sideration the actual physical and mechanical properties of
a thread, namely its bending rigidity, the non-linear depen-
dence of friction forces on the magnitude of normal pressure,
the actual angle at which a thread wraps the guide, and the
angle of the radial wrap of the thread by the surface of the
guide. Fig. 1[4, 5] shows the schematics of thread feed on
the technological equipment.

The arrows show the break points of a thread feed line
on technological equipment. At these points, the thread in-
teracts with the guides. The feed line can be split into zones,
each of which would host a single guide.

The effect of the loom settings on the magnitude of the
thread’s input tension was considered in work [2]. However,
the authors do not reveal the mechanism that influences the
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stepped increase in the tension by the conditions of interac-
tion between a thread and the guides in a loom’s thread feed
system. Study [3] establishes the effect of thread tension
before a working zone on the structural parameters of fabrics
for protective clothing, but the reasons for the increase in
tension compared to the input tension and the mechanism of
their change were not revealed.

e

a b

Fig. 1. Schematics of thread feed on technological equipment:

a — loom; b — circular knitting machine

Work [4] is interesting; it examines the impact of the ten-
sion of the three longitudinal thread systems on the conditions
of multi-layered technical fabric formation. They form three
independent thread supply systems on the loom, each contain-
ing a different number of guides. The given recommendations
are narrow and do not make it possible to predict the tension
of the formation of multi-layered fabrics when changing
their structure. Similar results are reported in study [6] that
addressed the processing of cotton threads. The effect of the
physical and mechanical properties of cotton threads on the
formation conditions of the structure of the canvas is described
in paper [7]. However, the cited paper does not provide infor-
mation about the impact of the design parameters of both the
thread feed system and the specific guides on the magnitude
of tension before a working zone. The authors of paper [8],
when determining the thread tension after the guide, take into
consideration the bending rigidity of a thread but determining
the magnitude of a wrap angle does not take into considera-
tion a decrease in it due to the effect of this parameter, which
does not make it possible to accurately determine the tension
after the guide. The issue of determining the thread tension
in the presence of a radial wrap of the thread by the surface
of the guide was considered in sufficient detail in [5, 16]. The
authors confine themselves to considering the determination
of tension for the various feeder guides of a knitting machine.
However, the cited works do not take into consideration the
bending rigidity of a thread when determining the actual
wrap angles. Similar results were reported in [9] for knitting
machines with feeder guides. When determining tension, the
authors do not take into consideration the actual conditions of
interaction in the contact zone, taking into account the bend-
ing rigidity of a thread. The need to account for the relative
shift of the rubbing surface of the thread and the guide is paid
attention to in work [10]; it is very important in the presence
of anisotropy of frictional properties. When determining the
thread tension, the authors of paper [11] simulated the process
of interaction with a movable rotating guide, whose curvature
radius far exceeds the cross-sectional radius of the thread.
A given approach cannot be used for the textile and knitting



technological processes in which the curvature radius of the
guide and the radius of the thread cross-section are commen-
surate. The experimental determination of thread tension in-
volved a mechanical scheme presented in work [12]. Given the
range of change in thread tension and the inertia of individual
nodes, it cannot be used to measure the tension of a thread for
the feed depth of a technological machine. An improved in-
stallation is reported in papers [13, 16]. The use of tensometry
makes it possible to determine the tension with a sufficient de-
gree of accuracy. However, a given installation cannot be used
to determine the impact of the design parameters of guides of
complex shape, and the range of change in the angles at which
a thread wraps the guide is very limited. When determining
the thread tension experimentally, there is a reason to argue
about the promising development of redundant measure-
ment methods in different types of transformation function
(linear and non-linear) in the field of improving accuracy by
processing results from intermediate measurements [14]. The
independence of the results of experimental thread tension
measurements on the parameters of the transformation func-
tion of tensometric devices is confirmed in works [ 15, 16].
Thus, determining the tension before the fabric and knit-
wear formation zone experimentally is associated with great
difficulties. This does not make it possible, at the initial stage
of designing a technological process, to obtain specific fabrics
and knitwear from a particular type of thread. It is also not
possible to determine the magnitude of the tension and, as
a result, to improve the shape of a thread feed line, to select the
design parameters of the guide elements at the break points of
the feed line. Increasing the tension of a thread before the for-
mation zone leads to its break, which entails the shutdown of
the technological machine. Currently, there is no mathematical
notation of the process of increasing the tension of a thread in
the zones of technological equipment. This relates to that the
derived dependences received include transcendent equations
that can only be solved by using numerical methods and soft-
ware tools. In addition, when deriving dependences, one should
take into consideration that the magnitude of friction forces
depends on the material of a thread and a guide. Also taken
into consideration are the ratios of their geometric sizes, the
actual angle at which a thread wraps the guide and the angle
of the radial wrap of the thread by the surface of the guide, the
physical-mechanical and structural characteristics of a thread,
the tension of a thread before the guide. The consistent passage
of a thread through the guides, from the entry zone to the fabric
and knitwear formation zone, leads to a stepped increase in ten-
sion, but there is no algorithm for determining this magnitude.

3. The aim and objectives of the study

The aim of this study is to derive mathematical dependen-
ces that would make it possible to determine the tension before
the fabric and knitwear formation zone based on recursion. This
could make it possible to consistently determine the tension in
the zones of technological equipment from the entry zone to the
zone of fabric and knitwear formation and to improve the shape
of a thread feed line, to select the design parameters of the guide
elements at points where the feed line breaks.

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

—to build an algorithm to determine the tension of
a thread on the technological equipment before the forma-
tion zone, depending on the material of a thread and a guide
based on recursion;

— to derive a function that relates the tension of a thread
before and after the guide taking into consideration the ratio
of their geometric size, the angle of the radial wrap of the
thread by the surface of the guide;

— to study experimentally the effect of the specified fac-
tors on the magnitude of tension to assess the correctness of
the assumptions made when constructing a model of interac-
tion between a thread and the guide.

4. Materials and research methods for the computer
implementation of a thread tension algorithm using
recursion

4. 1. Simulation methods and examined materials

A computational experiment aimed to implement an
algorithm for determining the tension of a thread on techno-
logical equipment using recursion involved the application of
specially developed software in the Object Pascal program-
ming language in the Delphi 7 environment.

Two types of threads were selected for the experiment:
a 0.2mm polyamide thread with a diameter of 1.09 g/cm?,
whose breaking stress at the cut is 45 MPa; a polypropylene
thread with a diameter 0.2 mm, density 0.9 g/cm?, breaking
stress at the cut is 40 MPa.

4. 2. Algorithm for determining the thread tension using
recursion

The system of equations, which describes a change in
tension by zones, takes the form:

P =R/, (R),
P,=Pf(P),
P=P. [, (P,), i=12.n, ey

where P is the tension of a thread at the input zone to a thread
feed system of the technological machine; Py, Py, .., P; is
the tension of a thread when it exits the corresponding zone;
Jo(Po), [1(P1), ..., fi-1(P;_1) are the functions that relate the
thread tension before and after the guide in each zone; i is the
current zone number; 7 is the number of guides in the system
of thread feed of a particular technological machine.

By using a recursive approach to determining the tension
of a thread before the fabric and knitwear formation zone,
at which the output tension after the guide in the preceding
zone is the input value of the tension before the guide in the
subsequent zone (Fig. 1), equations (1) are represented in
the following form:

r=RI1/(P) @

Note the stepped structure of the algorithm. Step 1 cor-
responds to the onset of the algorithm execution. At step 2,
constant quantities are set: @, ny — constant coefficients for
a given type of the thread; B is the bending rigidity factor
of a thread; 7 is the radius of the cross-section of a thread.

The bending rigidity factor of a thread is determined
from the formula:

B=EI, I=n(2r)" /64, 3)

where E, I are, respectively, a thread elasticity module for
stretching and the moment of inertia of the thread section.



At step 3, one sets the number 7 of guides in a thread feed
system of a particular technological machine, the magnitude
of the initial tension Py of a thread in the entry zone. In addi-
tion, at step 3, for each i-th guide, arrays are formed: for the
estimated angles at which a thread wraps the guides @p(7),
for the angles of the radial wrap of the thread by the surface
of the guide B(7), for the curvature radii of the guides R(i).

At step 4, one selects the first guide.

Step 5 serves to call the subprogram for calculating the
roots of transcendent equation f(P;)=0. The fact is that the
dependence that relates the tension of a thread before and
after the guide is a system of two transcendent equations (4).
To determine the root, a Newton’s modified method (a tan-
gent method) was used in the current work, which implies
that one finds, for the function f(P)=0, (k=1,2,..,n), at
each step of the iteration, instead of calculating the deriva-
tive from df(P)/d(P), its approximate value:

Vi) Sser)ale) oe)
dpP aP aP

where ¢ is the assigned error of root calculation.
Then the recurrent formula for constructing the iterative
dependence {P;} takes the form:

2P/ ()
P, =P-——— 4
= ep) - 1(P) @

Formula (4) was used to calculate the magnitude of ten-
sion for the j-th guide.

Step 6 implies moving to the next guide.

Step 7 serves to check the number of the guide with a set
number of guides 7 to the thread feed system of a technologi-
cal machine. If the condition n>i is met, step 5 is returned.
In this case, at step 8, one reassigns P;=P;+1, where the tension
value after the preceding guide is assigned to the tension value
before the subsequent guide. In the case the condition n>1 is
not met, there is a transition to step 9, where the tension of the
thread before the fabric or canvas formation zone is registered.

Step 10 corresponds to the end of the algorithm run.

4. 3. Determining the function that relates thread ten-
sion before and after the guide

Our analysis of conditions of the interaction between
a thread, which is 27 in diameter, and the i-th guide, whose
radius is R; (Fig. 2), revealed that it is necessary to consis-
tently determine its tension along sections 0A, AB, and B1.
It is quite obvious that at points 0 (the entry branch, which
has the tension P;_{) and 1 (the output branch, which has the
tension P;) the curvature of the monothread axis is zero. The
forces of gravity of the thread can be neglected.

The general system of differential equations in projections
onto the axes of a natural trihedron, describing the equilib-
rium of an infinitesimal element of the thread, takes the form:

é£—1<Q+E=0 dQ+KP+F =0,

ds ds

é%+Q 0, M=BK, B= H’K—l—p:gi, (5)
ds p do

where P is the thread tension; s is the arc coordinate; K is
the curvature of the thread axis; Q is the shear force in the
cross-section of the thread; F;, F, are the projections of ex-

ternal forces on the tangent and normal axes of the natural
trihedron; M is the bending moment in the thread section;
p is the curvature radius of the thread axis; @, is the angle of
surface wrap between the initial and final cross-sections
of the thread section.

b

Fig. 2. Schematic of thread-guide interaction:

a — general view; b — radial wrap of the thread
by the surface of the guide

Given that the external forces do not affect a monothread
at sections 0A and B1, it is possible to transform the system
of differential equations (5) to the form:

4P kq=o,

dQ dm
+KP=0, — =0. 6
ds ds e ©

ds

The integration of the differential equation system (2),
taking into consideration the boundary conditions for points
0, A, B, 1, allowed the following equations to be obtained to
determine tension at points A and B:

B B
P=P,-———, P,=P——. 7
A 2(Rl.+r)Z ’ 2(R.+r)Z @

In turn, expressions for determining the force of ten-
sion (always directed on a tangent to the axis of the thread)
at points A and B can be obtained by parallel transfer of
tension vectors P_, P. to points A and B and by decomposing
them on the tangent and normal using rigidity angles v,;, vy;-
We then obtain:

PA:EJCOS(YOi)’ PB:BCOS(YM)- (8)



By solving equations (7) and (8) together, we obtain
expressions to determine the angles of rigidity:

B
2P (R+7) |

B
— 9
QR(Ri+r)Z] @

Yoi = arccos[i -

Yy = arccos[l -

Thus, the actual angle of the thread’s wrap, consider-
ing (9), can be determined from the expression:

®, =@, —arccos 1—L -
s 2P (R +r)

- arccoslii— (10)

B
2P(R+r) |

where @, is the estimated value of the wrap angle of the
i-th guide.

Let us proceed to determine the tension of a thread along
section AB. At this section, the thread would be exposed to
the external forces of friction F and normal pressure N. Let
us assume that the force of friction is proportional to normal
pressure, and the variable is the magnitude of a friction factor,
which depends on the tension, the curvature radius of the
guide, the angle at which a thread wraps the guide. Given this,
the force of friction, considering the radial wrap of the thread
by the surface of the guide, can be represented in the form:

4sin(%)
F=uN, py=a——~

» "
B,.+sin(]3i) R, '

Let us consider the equilibrium of the thread element
along section AB. Given that the curvature radius of the
cylinder R; is a constant magnitude, the lateral force is Q=0.
Then, considering (11), the system of differential equa-
tions (5) takes the form:

(B
dp ) 45111(2) £ n1N_0
ds, B, +sin(B,)\ R, -

(11

P
—-N=0, ds,=R0,.
R Sl I(pl

i

(12)

We integrate the last differential equation taking into
consideration the boundary conditions at points A and B;
we obtain:

4sin (%) nao
Py —py =~ A% 13
B A B, +sin(Bi) R™ (13)
Transform equation (13) using the Lopital rule and find
a limit when 7, —»0:

4sin (E)
2

p )"
P,=P —_— |4 .
5= A CXP aBﬁsin(BJ[RJ i

(14)

By solving (7), (10), (14) together, we obtain a system
of two transcendental equations regarding the tension of
the leading branch of the monothread P;:

- B n;
AR )
P=P exp|a| ———| o, |+
Ri
B "

Py

B 2(R,+7)
+ s1—exp|a o ¢

Z(Ri+1’) Rl

@, =, —arccos 1—$ -
i Pi 2})1._1 (Rl + 7‘)2

— arccos [1 - (15)

B
2P(R+r) |

Then the function that relates the thread tension before
and after the guide takes the form:

7
S (PH)z exp| a R : o |+
— B "
B o 2(R. +r)2
+ 1—exp| a : 16
2P (R, +7) P R, oY

4. 4. Experimental installation to determine thread
tension

To assess the correctness of the assumptions made in the
construction of a model of interaction between a thread and
a guide, taking into consideration its physical-mechanical
and structural characteristics, a series of experimental studies
was undertaken involving active planning. Fig. 3 shows an
experimental installation that includes 9 units.

The first unit is a thread feed and tension device. To
avoid ballooning, the thread from the bobbin was coiled onto
a cylindrical drive from which it was fed into the measure-
ment zone. The tension of the driven branch was created with
the help of a dish thread tensioner.

The second and third units are designed to measure
the tension of the driven and drive branches of thread 9.
Depending on the magnitude of the tension of the driven
branch of thread 9, two types of measuring nodes were
used in our study. The stationary tension meter of a moving
thread MT 320M with movable external rollers was used
for a tension range from 50 cN to 500 cN. A second type of
measuring node was used for a tension range from 1 to 50 cN,
which includes two rollers that are mounted in the bearings
on the fixed axes. The third roller is mounted on a con-
sole-fixed beam so that the inner ring of the bearing is fixed
on it, and the outer ring of the bearing is rigidly fixed to
a roller interacting with the thread. The SANCc-7M ampli-
fier was used to amplify the signal.



Fig. 3. Experimental installation scheme:

1 — thread feed unit; 2 — unit for measuring tension of
the driven branch of a thread; 3 — unit for measuring tension
of the drive branch of a thread; 4 — interaction condition
modeling unit; 5 — thread feed unit; 6 — amplifier;

7 — analog-digital converter ADC; 8 — personal computer;
9 — thread

Fig. 4 shows the fourth main unit of the experimental
installation. It is designed to simulate the conditions of inter-
action between thread 9 and the guides. The bed hosts in hor-
izontal grooves two slide pairs on which aluminum rollers are
mounted in rotation bearings. The position of the slide pairs
relative to the central fixed bracket is changed by two screw
pairs by turning the two levers on the left and right. The
central, fixedly mounted vertical bracket serves to secure
the cylindrical guides of various diameters, knitted needles,
heald frames. Fastening is carried out using two screw pairs
and clamping strips.

Fig. 4. Unit for modeling the conditions of interaction
between a thread and the guide

The feed rate of thread 9 was changed by a stepped
round-belt gear (the fifth unit in Fig. 3). The drive pulley of
this gear was set into rotation by an AC engine, which was
fastened rigidly on the bed of the main measuring complex.

The analog signals from units 2 and 3 that measure the
thread tension (for the first type of the measuring node) or
from amplifier 6 (for the second type of the measuring node)
arrive at analog-digital converter ADC 7. The ADC is the
multifunctional L-780M board with a 14 bit/400 kHz sig-
nal processor, which is installed in a PCI socket of personal
computer 8.

To determine the joint effect of the tension of the driven
branch of the thread P; i, the radius of the guide R; and the
estimated value of wrap angle @, on the tension of the drive
branch of the thread P;, we planned and implemented an

orthogonal plan of the second order for three factors, whose
matrix is given in Table 1. The range of factors variance was
determined by the actual conditions for processing threads
on textile machines. The range of the guide radius variance R;
changed from 1 mm to 8.2 mm.

Table 1
Matrix of the second-order orthogonal plan
Factors
No. Input tension Curvature radius Wrap angle
Xy P,_{,cN X9 R;, mm X3 ©p;, degree
1 +1 20 +1 8.2 +1 148
2 -1 10 +1 8.2 +1 148
3 +1 20 -1 2.8 +1 148
4 -1 10 -1 2.8 +1 148
5 +1 20 +1 8.2 -1 122
6 -1 10 +1 8.2 -1 122
7 +1 20 -1 2.8 -1 122
8 -1 10 -1 2.8 -1 122
9 | -1.215 9 0 3.5 0 135
10 | +1.215 21 0 5.5 0 135
1 0 15 -1.215 1 0 135
12 0 15 +1.215 10 0 135
13 0 15 0 5.5 -1.215 90
14 0 15 0 5.5 +1.215 180
15 0 15 0 5.5 0 135
In this case,
x1:R’_15, xZ:R_S'S, xa:(pp—135. a7
5 2.7 13

The equations that relate the named and encoded mag-
nitudes take the form (17): they were used to move to the
named magnitudes in regression equations.

5. Results of the implementation of the computational
experiment and the second-order orthogonal plan to
determine thread tension on the technological equipment

In the first stage, to assess the correctness of the assump-
tions made in constructing the model of interaction between
a thread and the guide taking into consideration its physi-
cal-mechanical and structural characteristics, we determined
the value of thread tension P; after a single guide from formu-
la (15). The Newton modified method (a tangent method)
was used to solve the system of two transcendent equations
using the recurrent formula (4). The resulting array of dis-
crete values of the tension of the drive branch of thread P;, as
a function of the curvature radius of the guide surface R;, was
approximated by a power polynomial:

n
_ k
b= zaiRi )
=0

where q; are the coefficients of the power polynomial.
The result is the derived dependences, for the polya-
mide thread (at a=0.17, n;=0.09) and for the polypropylene



thread (at a=0.15, n1=0.09), for various values P; 1, of the
tension P; as a function of the guide radius R;. For the poly-
amide thread:

P_,=10cN, P=10.07+0.83R,-0.038R,

P_ =15¢cN, P =16.15+1.17R,—0.056R?,

i

P_,=20cN, P =2277+1.44R,—-0.070R>. (18)
For the polypropylene thread:

P_ =10cN, P.=10.37+0.68R,—0.033R’,

P_,=15cN, P =16.60+0.92R,—0.045R,

P_,=20cN, P =23.24+1.09R, —0.054R>. (19)

Fig. 5 shows, by using symbols, the results of the numer-
ical solution of the system of transcendent equations (15)
using the recurrent formula (4), and, by using lines, the cor-
responding approximation curves (18), (19).

The result of the experiment plan implementation (Table 1)
is 10 parallel measurements for each case and each type of the
thread, the averages of which are given in Table 2.

By using a known procedure for determining the coeffi-
cients in a regression equation for the second-order ortho-
gonal plan, we derived the following regression dependences:

— for the polyamide thread:

P, =56.640+0.079P_, +2.272R, —0.921¢,, +
+0.008P_R, +0.005P¢,, +0.001R¢,, +

+0.021P2 —0.180R” +0.003¢>; (20)
— for the polypropylene thread:

P.=52.591+0.201P_ +1.880R. —0.831¢,, +

+ 0.005P_,R; +0.005P_,¢,, +0.001R,¢,, +

+0.019P? —0.140R> +0.003¢,. 21)

Table 2
Tension values P;(cN)
No. polyamide polypropylene
1 30.7 29.3
2 14.6 141
3 28.6 279
4 12.9 12.9
5 28.2 27.2
6 13.5 13.2
7 26.2 25.8
8 12.0 121
9 12.3 11.9
10 30.6 29.5
11 15.1 15.5
12 21.7 20.9
13 18.5 18.2
14 24.6 23.4
15 21.3 20.6

For comparative analysis, Fig. 6 shows the cross-sections
of the derived response surfaces for the polyamide and polypro-
pylene monothreads, represented by dependences (20), (21).
The analysis showed that as the cylinder radius increases, the
tension grows. Moreover, for the polypropylene monothread,
the growth intensity at the diameter of the cylinder exceeding
2mm begins to decrease. The lower tension value for the
polypropylene monothread is explained by the lower frictional
properties of the monothread material itself. Although the
bending rigidity module for the polypropylene monothread is
lower than that of the polyamide monothread.

By establishing the adequacy of model (15) for the compu-
tational experiment, let us move on to the implementation of
the algorithm for determining the tension of the thread on the
technological equipment using recursion based on dependen-
ces (2), (16). Its computer implementation made it possible to
determine the thread tension P, before the formation zone on
the circular knitting machine PaiLung. The line of a thread feed
on the circular knitting machine PaiLung can be conditionally
split into 12 sections. The first section is
located from the bobbin to the feeder’s
input hole. The second section is located
from the feeder’s input hole to the tran-
sitional knee. The third section is located
from the transitional knee of the feeder
to the transitional knee of the feeder. The
fourth section is located from the transi-
tion knee of the feeder to the thread puck
puller. The fifth section is located between
the thread’s puck puller and the input hole
of the thread guide. The sixth section is
located from the input hole of the thread
guide to the vertical accumulator of the
thread of the drum type. The seventh sec-
tion is located from the vertical thread ac-
cumulator to the input hole of the thread

Fig. 5. Dependences of thread tension P; on guide radius:
a — polyamide thread; b — polypropylene thread (m tension P—1=10 cN;
¢ — tension P;—_1=15 cN; @ — tension P,_1=20cN)

guide. The eighth section is located from
the input hole of the thread guide to the
input hole of the thread guide. The ninth
section is located from the input hole of
the thread guide to the input hole of the
thread break controller. The tenth section



is located from the input hole of the thread break con-

3

troller to the output hole of the thread break controller.
Section 11 is located from the original hole of the thread 2.5
break controller to the input hole of the thread guide.
The twelfth section is located from the input hole of the 2
thread guide to the PaiLung knitting zone. P/Po 1.5

Fig. 7 shows the diagram of change in the relative
thread tension P, /Py across the feed zones of the Pai- 1
Lung circular knitting machine.

By using an algorithm for determining the thread 0.5 7
tension on the ATT-120-5M loom using recursion, we 01

have implemented a computational experiment based
on dependences (2), (16). Its computer implementation
made it possible to determine the tension of the thread
before the formation zone on the loom ATT-120-5M.

The line of a thread feed on the loom can be condi-
tionally split into 5 sections.

The first section is located between the bulk and the
cylindrical guide. The second section is located between the
cylindrical guide and the first guide of the dividing device.
The third section is located between the first and last guide
of the dividing device. The fourth section is located between
the last guide of the dividing device and the opening of the
heald frame. The fifth section is located between the opening
of the heald frame and a fabric formation zone.

Fig. 8 shows the diagram of change in the relative thread
tension across the feed zones of the ATT-120-5M loom.
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Fig. 6. Cross-sections of response surfaces:
= — polyamide thread; == == — polypropylene thread;
(1,2) P—1=10cN; (3, 4) P—1=15¢cN; (5, 6) P,—1=20cN

1 2 3 4 5
Zone nuvber

Fig. 8. Diagram of change in the relative tension of the thread

across the feed zones of the ATT-120-5M loom

Our analysis of the diagram of change in the relative
thread tension across the feed zones of the ATT-120-5M
loom (Fig. 8) shows that the tension of the threads increases
from zone to zone and reaches its maximum before the fabric
formation zone.

6. Discussion of results of implementing the algorithm
for determining thread tension on technological
equipment using recursion

The simulation of the process of interaction between
a thread and the guide has made it possible to establish that
the magnitude of thread tension is affected by the curvature
radius of the guide, the angle at which a thread wraps the
guide, the angle of the radial wrap of the thread, the physi-
cal-mechanical and structural characteristics of the thread.
The values of the angles at which a thread wraps the guides
and the angles of the radial wrap of the thread by the surface
of the guide are determined by the geometric parameters
and the design of both the thread feed system on technolo-
gical equipment and specific guides. It has been established
that the tension of the thread before the formation zone
is influenced by the number of guides on each particular
technological machine. As a result, it has become possible to
determine at the initial stage of the design of a technological
process the tension of the thread before the formation zone,
depending on the geometric and design parameters of the
equipment and the physical-mechanical and structural cha-
racteristics of the thread.
Our experimental studies have confirmed the cor-
rectness of the assumptions made in the construction

4 of a model of interaction between a thread and the
3.5 guide taking into consideration its physical-mechani-
3 cal and structural characteristics. Analysis of graphic
dependences in Fig. 6, 7 has shown that the difference
23 between experimental dependences and the results
Pn/Po 2 of a computational experiment, on average, does not
15 exceed 5 %, which makes it possible to apply depen-
L dence (15) not only for qualitative but also for quan-
titative analysis of the process of interaction between

0.5 I :I::[ the thread and the guide.
0 - Computer implementation of the algorithm for
r2 3 4 5 6 7 8 9 10 11 determining thread tension on the technological

Zone nuvber

Fig. 7. Diagram of change in the relative tension of the thread
across the feed zones of the circular knitting machine PaiLung

equipment using recursion, based on dependences (2)
and (16), has made it possible to determine the thread
tension P, before the formation zone on the circular



knitting machine PaiLung and the thread tension before the
formation zone on the loom ATT-120-5M. Analysis of the
results obtained has made it possible to establish that the
tension of the thread increases from zone to zone and reaches
its maximum before the formation zone. It is shown that the
excessive value of tension leads to a disruption of the techno-
logical process and to the break of the thread.

Our study has confirmed the possibility of using recur-
sion in the sequential determination of tension across the
zones of technological equipment from the input zone to the
fabric and knitwear formation zone.

The current study was conducted for complex threads.
To study the conditions of processing monothreads, it is
necessary to take into consideration the specificity of their
interaction with the guides of large curvature.

It is a promising issue to determine the tension of threads
taking into consideration the angles of deviation from the
geodesic line at the surface of the guide taking into conside-
ration the anisotropy of friction.

7. Conclusions

1. We have constructed a flow chart of the algorithm
for determining the tension of a thread on the technologi-
cal equipment and performed its computer implementation
during a computational experiment. Owing to the use of the
modified Newton method (a tangent method) to numerically
solve the transcendental equations, it was possible to deter-
mine the tension before the fabric and knitwear formation
zone, taking into consideration the bending rigidity of the
thread. The implementation of the algorithm using recursion
has made it possible to determine the tension of the thread
before the formation zone on the circular knitting machine
PaiLung and the tension of the thread before the formation
zone on the loom ATT-120-5M.

2. By using recursion and the tension relation functions,
for the characteristic zones of polyamide and polypropylene
thread feed on the technological equipment, we have built
a mathematical model to determine the tension before the
fabric and knitwear formation zone, taking into conside-
ration the ratio of geometric size of the thread and the guide,
the angle of the radial wrap of the thread by the surface of
the guide. Analysis of the results obtained has made it pos-
sible to establish that the tension of the thread increases from
zone to zone and reaches its maximum before the formation
zone. It has been shown that the excessive value of tension
leads to a disruption of the technological process and to the
break of the thread.

3. We have derived a relation function, which represents
the ratio of thread tension after the guide and before the
guide, the argument of which is the curvature radius of the
guide. Variables in the expression of the relation function are
the thread bending rigidity, the friction coefficient, which,
for different types of the thread, taking into consideration
their physical and mechanical characteristics, would accept
a certain value.

4. Tt has been established that when the diameter of the
thread is commensurate with the diameter of the guide, the
magnitude of the actual wrap angle is affected by the thread
bending rigidity factor and the magnitude of thread tension
before the guide. The thread bending rigidity reduces the ac-
tual wrap angle by 7-14 % and the increase in the tension of
the thread before the guide leads to an increase in the actual
wrap angle by 4—18 %.

5. Experimental studies have been conducted to determine
the joint effect of the tension of the driven branch of the thread,
the radius of the guide and the estimated value of the wrap
angle on the tension of the drive branch of the thread. To this
end, for the current work, we planned and implemented an or-
thogonal plan of the second order for three factors. The result-
ing regression equations to determine the impact of the guide
curvature radius, the tension of the thread before the guide and
the wrap angle have established that the determining factors
for the magnitude of output tension are the curvature radius
and the magnitude of the input tension. Thus, if the curvature
radius changes from 2 to 7 mm, at an input tension of 20 cN,
the magnitude of input tension increases from 25 to 30 cN.

Our experimental studies have confirmed the correct-
ness of the assumptions made in the construction of a model
of interaction between a thread and the guide taking into
consideration its physical-mechanical and structural charac-
teristics. The difference between experimental dependences
and the results of the computational experiment, on average,
does not exceed 5 %, which makes it possible to apply them
not only for qualitative but also for quantitative analysis of
the process of interaction between a thread and the guide.
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