
BALLOONLESS SPINNING SPINDLE HEAD SHAPE OPTIMISATION

Robert Drobina1*, Stanisław Płonka2, Jacek Rysiński2, Aleksandra Jarco2

1 Faculty of Mechanical Engineering and Computer Science, University of Bielsko-Biała, ul. Willowa 2, 43–309, Bielsko-Biała, Poland
2 Department of Manufacturing Technology and Automation, University of Bielsko-Biała, ul. Willowa 2, 43–309, Bielsko-Biała, Poland

*Corresponding author. E-mail: rdrobina@ubb.bielsko.pl

Abstract:

The article presents a procedure for assessing and selecting the shape of the ring spinner spindle head that
is optimum for yarn manufacturing using the balloonless system, considering multiple criteria. This procedure con-
sists of two stages: the Pareto-optimal method and the distance function method. Twelve spindle head variants
were designed and manufactured of 100Cr6 bearing steel composed of C (0.93–1.05%), Si (0.15–0.35%), Mn
(0.25–0.45%) along with aluminium alloys EN AW-6060 (AlSi1MgMn) containing Si (0.70–1.3%), Mg (0.6–1.2%),
Mn (0.4–1.0%) and EN AW-6060 (AlMgSi) containing Si (0.30–0.60%) and Mg (0.35–0.60%). The shapes of the
heads were developed on the basis of the design solutions used previously by the leading ring-spinning machine and
spinning spindle manufacturers. Four design variants of spindle heads, made of AlMgSi wrought aluminium alloy,
have a unique shape that enables shaping their teeth (notches) by extrusion on a hydraulic press. The assessment
criteria were production cost per unit, head weight, maximum surface hardness HV0.1, and four yarn technological
quality criteria: maximum yarn tension values during the formation of the base, body and head of the package, and
the tension amplitude. The assessment values for the criteria obtained through calculations and measurements were
normalized. Then, a set of Pareto-optimal solutions was determined using seven criteria. Due to the fact that this set
consisted of six variants, the distance function was used to select the best one. The best design variant of the head is
the one corresponding to the lowest distance function value. In our case, the variant is a unique shape, made of
AlMgSi alloy, with teeth thickened on the outer diameter of the head, ensuring the lowest yarn tension value at the
height during the formation of the package.
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1. Introduction

The purpose of the spinning process is to produce a uniform
yarn characterized by appropriate quality parameters, with the
lowest possible number of breakages occurring during spin-
ning. Depending on the type of raw material and the spinning
technique used, the yarns differ in terms of quality, appearance,
and suitability for further processes [1]. There are two types of
ring-spinning machines that can be distinguished: one with a
ballooning twist and wind gear (used in combed and carded
systems for cotton spinning and worsted wool spinning sys-
tems) and one with a balloonless twist and wind gear (used in
the semi-worsted systems for wool and wool-like chemical
fibres as well as carded systems).

In the worsted system, the yarn should be characterized by purity,
uniformity, smoothness, and thinness, as well as strength [1–4].
Obtaining these physical properties of yarns is only possible using
ring-spinning machines equipped with a ballooning twist and wind
gear. Where such rigorous physical properties of the yarn fibres
are not required, it is possible to use ring-spinning machines
equipped with a balloonless twist and wind gear. The advantages
of using such a yarn-forming method include, above all, the pos-
sibility of increasing the rotational speed of the spindles, which

results in the reduction of the necessary number of twists and
thus increasing the production capacity, as well as the dimensions
of the formed spinning packages, i.e. cops [1,4]. The latter benefit
is related to
– shortening of the spinning process, which is translated into

economic benefits,
– a reduction in the number of cop exchanges during the winding

operation, and thus a reduction in the number of knotted or
spliced joints of the thread ends after a breakage is eliminated.

One of the most important problems occurring during yarn pro-
duction is maintaining the proper yarn tension while winding the
yarn on the tube and creating the spinning package (cheese).
Improper tension during the formation of the yarn package
results in excessive and undesirable yarn breakage.

Changes in yarn tension depend on many factors and, in the
most general case, can be divided into two main groups:
(a) tension changes depending on the movement of the tra-

veller on the ring, its own vibrations, vibrations of the spin-
dles, and the yarn itself,

(b) tension changes depending on the winding angle, balloon
height, linear mass of the yarn, as well as on the rotational
speed of the spindles.
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The rotational speed of the spindles is one of the factors influ-
encing overall yarn tension, with the approximate value of ten-
sion being directly proportional to the square of the rotational
speed of the spindles.

In ring-spinningmachines, in the twisting zone, the fibres assembly,
after leaving the delivery rollers of the drawing mechanism, passes
through a guide and a groove in the spindle head. The traveller-ring
arrangement twists the fibres assembly.

The twist multiplier is a measure of twist that takes into accounts
both the yarn radius and the twist level. The twist multiplier is an
expression of the twist level adjusted for yarn count (tex) [1].

As a result of twisting, it is transformed into yarn and wound in
the form of a package (cop) on a bobbin [1–5]. The use of
collapse balloon spindles causes the balloon to be formed
only in the section from the head of the bobbin to the traveller,
which significantly reduces the tension of the yarn and allows
using high packages (320–520mm), as well as increasing the
rotational speed of the spindles up to 11,000 rpm, thus signifi-
cantly improving the production capacity of these machines.

The amount of yarn tension occurring in the twisting and winding
system of a balloon-less ring-spinningmachine depends not only
on the characteristic dimensions of the head, but also, inter alia,
on the type of material from which the head is made [4,6–16] as it
has a direct impact on its weight.

Taking into account the fact that the spindle blade is placed
vertically during operation, and the needle is placed in a bearing
insert flooded with oil and supported in two places: sliding on an
alloy bearing and rolling at the height of the driving belt against
the spinning top [4,11]. Therefore, the weight of the head may
have a significant impact on the trajectory of the spindle blade
axis and, consequently, on the changes in yarn tension, as well
as the number of yarn thick and thin spots.

The key problem in balloonless ring spinning is the proper
design of the head, also known as the rosette. The yarn does
not hold its position in one groove of the head. With too much
tension, the yarn jumps to the next groove, opposite to the
direction of spindle movement, which then reduces its tension
[1–5,17]. There are many design variants of spindle heads.

Based on the analysis of the design solutions of spindle heads
for balloonless spinning previously used by leadingmanufacturers of
ring-spinning machines and spinning spindles [5,6,17–22], 12 struc-
tural variants of spindle heads were designed and manufactured.
These variants included four original spindle head designs made of
ENAW-6060 aluminiumalloy (AlMgSi), shaping their teeth (notches)
being made possible using extrusion on hydraulic presses.

The operating conditions of the traveller and the ring spinner
spindle head require the material to be abrasion-resistant,
resulting in high hardness at the appropriate depth.

A list of references describing the research on developing the
theory of multi-objective optimisation, as well as its applications,
mainly in economics and resource management, is presented in

the study of Stadler [23]. The problem of multi-objective assess-
ment of a structure with regard to two or more criteria, on the
other hand, has been presented in numerous papers, which are
briefly discussed in the literature [12,13,25,28]. The issue of
multi-objective optimization is also discussed in more detail,
e.g. in previous research studies [18,25–30]. Only a few works
on structure optimization employ three types of criteria: determi-
nistic, probabilistic-statistical, and fuzzy, to select the best solu-
tion (also called the most preferred solution) [13,18,24,25].

Optimization criteria which are often treated as deterministic in
conventional models, e.g. cost, in the design phase must
often be treated as non-deterministic, i.e. as subjective scores
[13,24]. In general, however, the optimization criteria of a prob-
abilistic and statistical nature are in most cases rather rarely
used in the optimization of product design and manufacturing
processes. Therefore, in order to simplify the procedure, they
are treated as deterministic, and the validity of the criteria is
captured using the collective Saaty’s matrix [30].

The purpose of this article is to present the procedure for asses-
sing design solutions based on multiple criteria, the values of
which were determined by calculations and measurements, to
select the best design variant for the shape of the ring spinner
spindle head to be used in the production of yarn in a balloon-
less system.

2. Assessment and multi-criteria selection
procedure

The analysis of literature reports [3,13,23,25–30] indicates that
the research which enables modelling yarn properties can
employ statistical models based on linear, orthogonal, or mul-
tiple regression or through alternative programmable computa-
tional techniques using elements of fuzzy logic, as well as by
searching for the Pareto optimum. Multi-objective assessment
and selection of the best design variant are usually solved in
two stages: determination of the Pareto-optimal set of variants
and then selection of the best variant in this set using one
criterion. A new criterion may be employed here – one that
could not have been taken into account before, e.g. due to
formalization difficulties – or a simplified form of a criterion
already used in the multi-objective optimization phase [13,24].

2.1. Pareto-optimum method

The Pareto-optimum method, which consists of determining a
set of non-dominated variants or a set of Pareto-optimal variants,
was used in the assessment and selection of the optimal shape of
the ring spinner head used for the production of yarn in a balloon-
less system, taking into account multiple criteria [13,24,26–29]. If A
denotes the set of possible variants of the ring spinner head shape:

A a a a= , , … , ,n1 2{ } (1)

and K(d) represents a set of deterministic criteria from 1 to m:

K k k k= , ,… , .m
d

1
d

2
d d{ }( ) ( ) ( ) ( ) (2)
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The assessment table of the ring-spinning machine head shape
variants for the production of yarn using the balloonless system
in relation to individual criteria is as follows:
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where kji
(d) = kj

(d)(ai) represents the assessment of the ith var-
iant according to the jth criterion, j = 1,…,m.

The ideal shape of the spindle head ai
(id) is a shape variant that

simultaneously extremizes each criterion.

In the case of minimization, ai
(id) is the ideal shape of the head if

for every ai belonging to the set A, there is an ai
(id) belonging to

this set, such that

k ka a≤ ,i i
d id d( ) ( )( ) ( ) ( ) (4)

where k(d)(ai) represents the assessment vector of the ith var-
iant of the spindle head shape in relation to each of the criteria.
Since these criteria are usually conflicting, in this case the ideal
variant does not exist.

The non-dominated variant ai
(nd) is a variant of the spindle head

shape for which no criterion can be improved without at least
one of the others being deteriorated.

In the case of minimization, ai
(nd) is a non-dominated head

shape variant if for each criterion kj
(d) it is not true that there

is a criteria vector k(d)(ai) that belongs to the criteria set K such
that kj

(d) (ai) ≤ kj
(d)(ai

(nd)) and there is a criterion kj
(d) that satis-

fies kj
(d)(ai

(nd)) < kj
(d)(ai).

The set of non-dominated variants ZA is also called the set of
Pareto-optimal variants. A set of criteria – compromise assess-
ments ZK□K(d) – is assigned to set ZA.

The set of Pareto-optimal variants usually contains multiple var-
iants, and it is from them that the best (optimal) one ai

(opt)□ZA is
usually selected based on an additional criterion.

The non-dominated variant ai
(nd) is a solution to the Pareto multi-

objective assessment problem if the corresponding criterion vector
k(d)(ai

(nd)) is the smallest one in the sense of partial ordering.

This formula assumes that all criteria are to be minimized. If in a
multi-objective assessment problem the kj

(d)(ai) criterion is to be
maximized, then such a problem can be reduced to a minimiza-
tion problem by changing the sign of the criterion

k kmax = −min − .
j

ji
j

ji
d d

( )
( ) ( )

(5)

To determine the set of Pareto-optimal variants of the spindle
head shape, the POLOPT.2 program, written specifically in the

Pascal language, was used. This program, based on a dialogue
with a computer, enables determining a set of Pareto-optimal
variants from a set consisting of a maximum of 100 admissible
variants, assessed according to a maximum of 10 criteria each.
The program developed in this way allows us to determine the
set of Pareto-optimal variants according to any number of cri-
teria in the range from 2 to 10.

The program consists of the following modules: creating a set of
criteria, reading a set of criteria, selecting criteria for deter-
mining the Pareto-optimal set, and determining the Pareto
set, sorting, viewing, and printing the Pareto set.

2.2. Choosing the best solution from the Pareto set using
the distance function

The distance function methods, according to their classic approach,
allow us to determine one compromise solution, which usually
leads to the determination of one non-dominated variant. A large
number of different assessment criteria characterizing the var-
iants translates into vector quality indicators. In a situation where
some of these indicators are minimized and the others are max-
imized, and considering the fact that most of these indicators are
expressed in different units, the problem of correctly selecting the
best variant proves to be difficult [13]. In order to be independent
of the influence of different units of individual criteria, and since
the set of criteria contains assessments of which some are to be
minimized, and the others maximized, the following distance
function fl(i) was designed:

∑f c c= * − * → min,i
j

m

j jd
=1

i id
2[ ]( ) ( ) ( ) (6)

where c *ji( ) represents the normalized value of the jth criterion
for individual variants and c *id j( )

represents the normalized value
of the j criterion for the ideal value.

The best variant from the set of Pareto-optimal variants is the
one for which the value of the distance function fd(i) is minimum.

3. An example of selecting the optimal variant of
the ring-spinning machine spindle head

The starting point for the assessment and selection of the best
solution is determining the set of acceptable design variants (in
our case, the set of design variants of the spindle head) consid-
ered and analysed in the light of the designated criteria and then
adopting an appropriate algorithm to select the best variant.

3.1. Set of acceptable spindle head variants

Assessment and testing of the design solutions of the spindle
head were carried out on an experimental bench equipped with
a prototype ring-spinning machine for spinning using a balloon-
less system and with measuring equipment.

The shapes of the heads were developed on the basis of the
design solutions used previously by the leading ring-spinning
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machine and spinning spindle manufacturers [5,6,12,19–22].
Twelve design variants of the balloonless spinning machine
spindle head shape were designed and manufactured in order
to ensure the lowest possible yarn tension during package for-
mation, thus obtaining the best quality yarn. Also, minimizing
the number of breaks and thus increasing the efficiency in the
spinning process of ring spinners were to be obtained as a

result. Design variants of the spindle head shape are presented
in Figure 1, and the characteristic dimensions of each of the
heads are given in Table 1.

Three design variants of the spindle head were designed
and manufactured of 100Cr6 bearing steel and then heat-
treated, hardened, and tempered to a hardness of 58 ± 2

Figure 1. Design variants of the ring spinner machine spindle head shape used in the production of yarn with the balloonless system.
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HRC (Rockwell hardness scale). The next four variants were
made of EN AW-6082 wrought alloy (AlSi1MgMn). Subsequently,
four design variants of spindle heads of unique shape were
designed and manufactured of EN AW-6060 (AlMgSi) wrought
aluminium alloy, shaping their teeth (notches) being made pos-
sible using extrusion on hydraulic presses. Aluminium alloy var-
iants were hard anodized to increase their abrasion resistance.
The last of the variants was made by pressing and sintering metal
powders: iron, carbon, copper, nickel, and molybdenum, and by
hardening heat treatment to a hardness of 40HRC.

3.2. A set of criteria assessments of the spinning machine
spindle head

To assess the design variants of the ring spinner machine
spindle head shape, the production cost per unit, head weight,
hardness, and the following four technological yarn quality cri-
teria were used:
• cost of production per unit Kw, Euro,
• weight mn, g,
• maximum hardness on the surface of the top layer HV0.1, MPa,
• maximum value of yarn tension at the base of the package
Fp, cN,

• maximum value of yarn tension in the body part at 1/2 of the
package height Fz, cN,

• maximum value of yarn tension at the head of the package
Fw, cN,

• maximum value of the tension amplitude Anp, cN,

Calculations of production costs per unit for various design
variants of the spindle head shape were based on the multi-
stage job order costing algorithm, according to workstation
costs presented in the literature [31,32].

The second criterion was the weight of the spindle head since
the minimum and maximum values, as well as the amplitude of
the yarn tension in each phase of the package formation,
increase with the increase in the head weight. The measure-
ment of the spindle head weights was carried out using WA32-
type PRL TAI3 analytical balance.

In the assessment of the physical properties of the surface
layer, only the maximum hardness in the surface layer HV0.1

was adopted. This is due to the fact that, as a result of several
years of observations and research in industrial conditions, it
was found that parts of ring and open-end spinning machines
that are in direct contact with the fibres assembly or yarn wear
less as the hardness on the surface and the top layer of those
parts is increased [24]. The second parameter, i.e. the hard-
ening depth of the surface layer gww, was omitted, because
the spindle is in rotation and the contact of the fibres assembly
with the head is only temporary. For the rotational speed from
8,500 to 10,000 rpm, collapse balloon spindles with 10 teeth,
generally moving at a speed of 0.42–0.58m/s and a maximum
tension of up to 37 cN from one notch to the next, the travel time
of the fibres assembly ranges from 0.00060 to 0.000706 s.
Measurements of the hardness distribution at the depth of the
surface layer HV0.1 = f(gww) of the heads were carried out using
the Vickers method and a Leitz Wetzlar microhardness tester
on oblique microsections with an angle of 1°30′ (0.026 rad), and

an indenter load of 0.98 N. During the hardness measure-
ments, at least threefold repeatability was applied. All measure-
ment results were checked for statistical homogeneity to
eliminate gross errors using the Grubbs’ test for this purpose.
The critical value of the test function Tkr was read from Table 51
in Statistical tables [32] depending on the number of trials np = 5,
the number of repetitions np = 3, and the adopted significance
level α = 0.05 (5%). After the elimination of gross errors, average
values for individual design variants of the spindle head were
calculated and are presented in Table 2.

During the yarn tension measurements, constant parameters of
the spinning process were used for all 12 tested spindle heads:
– rotational speed of the spindles nwrz = 8,000 rpm,
– rotational and linear speed of the delivery rollers nw =

200 rpm and vw = 31.4 rpm, respectively,
– traveller type: type C with a weight of mb = 110mg.

The subject of the study was a 100% wool yarn with a linear
density of 60.6 tex (Nm 16.5). In order to capture the changes
in yarn tension during the spinning process caused by the influ-
ence of simultaneous changes in the mass of the spindle head
and the phases of the spinning process, wool yarn from the lower
range of masses of linear carded yarns was used for testing [15].

A number of yarn twists per 1m,Tm=254.7 1/mTPM. This yarnwas
made of New Zealand wool with a nominal fibre diameter of 28 µm.

Due to the nature of the yarn formation process and yarn
quality, the criteria of yarn tension occurring during the forma-
tion of the spinning package were the ones adopted for the
assessment of the heads.

The yarn tension was measured on a prototype balloonless ring-
spinningmachine using Rothschild measuring equipment, featuring
the C-1386measuring head (probe)with a range of 0–100g, the R-
1092 Electronic Tensometer, and the Helco Scriptor recorder.

The measuring head was mounted on a specially made stand
below the delivery roller clamps, halfway between the delivery
roller clamp and the upper frontal plane of the spindle attach-
ment and connected to the meter and recorder. The distance of
the guidewire from the upper frontal plane of the attachments
was 9mm for each measurement (Figure 2).

Before each subsequent measurement, the meter and the
recording device were zeroed and calibrated with a 50 g weight.
The yarn tension was recorded continuously on the graph at the
tape speed of 10mm/s, in three formation planes, namely: at
the base of the package, in the main part, at ½ of the package
height, and at the head of the package.

3.3. Selection of the optimal variant of the spindle head
with regard to the production cost per unit, weight, and
hardness, as well as the technological quality criteria of
the yarn

The criteria assessment values obtained from the calculations
and measurements of the analysed design variants of the
spindle head shape are presented in Table 2. Subsequently,
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the values obtained from the calculations and measurements
were normalized to the range of ≤ 0.1; 0.9 ≥ using the function
described by formula (7):

c
c cij

cij cij
* = 0.1 +

− min

max − min ·1.25
,ij

ij s n

s n s n

1≤ ≤

1≤ ≤ 1≤ ≤

( )

[ ( ) ( )]
(7)

where cij is the assessment values of considered variants in

relation to particular criteria, i = 1, …, n; j = 1, …, m. n is the

number of variants; m is the number of criteria.

The obtained scores, c*normalizedij according to formula (7),
are fractions in the range of ≤0.1; 0.9≥. This method of normal-
ization excludes extreme scores of 0 and 1.

In the contemplated example, the criteria to be minimized
include the cost [32] of producing one piece of the spindle
head Kw, the weight of the head mn, the maximum value of
the yarn tension at the base of the package Fp, the maximum
value of the yarn tension in the main part at 1/2 of the package
height Fz, the maximum value of the yarn tension at the head of
the package Fw, and the maximum value of the tension ampli-
tude Anp, while the maximum hardness of the surface layer
HV0.1 is the criterion to be maximized.

The assessment values, after normalization for individual cri-
teria and each design variant of the spindle head shape, are
presented in Table 3.

In the next step, using the POLOPT.2 program, the Pareto-
optimal set was determined for the analysed set of acceptable var-
iants, consisting of 12 spindle head variants. The Pareto-optimal set
with regard to seven criteria: production cost per unitKw, weightmn,
maximum hardness HV0.1, and four yarn technological quality cri-
teria, consists of six variants. The Pareto-optimal variants are the
following: a4, a7, a8, a9, a11, and a12.

To select the best variant from the Pareto-optimal set, the dis-
tance function defined by the formula (8) was used. For the
seven criteria, the form of this function is as follows:

f

c c c c c c= * − * + * − * + , …, + * − *

.

d

i 1 id 1
2

i 2 id 2
2

i 7 id 7
2

i

[ ] [ ] [ ]( ) ( ) ( ) ( ) ( ) ( )

( )

(8)

Depending on whether the criterion is to be minimized or max-
imized in the problem, the coordinates of the ideal spot were
determined:

c * = 0.1; 0.1; 0.9; 0.1; 0.1; 0.1; 0.1 .jid ( )( ) (9)

Values c*ij for the Pareto-optimal variants are presented in
Table 3, and the values of the distance function fd(i) for these
six variants are presented in Table 4.

The best variant is the one for which the value of the distance
function fd(i) is the lowest. In our case, it is variant a11, i.e. the
variant of the head made of AlMgSi aluminium alloy with nine

Figure 2. Technological lay-out of the PG-7A ring-spinning frame: (a) the run of fibre stream from the unrolling shaft of the roving to the lap of the
yarn; (b) the run of fibre stream from the guide to the lap of the yarn; 1 – roving, 2 – unrolling shaft, 3 – roving guide, 4 – feed rollers, 5 – false twist
spiral, 6 – delivery rollers, 7 – suction cleaner, 8 – yarn guide, 9 – crown, 10 – spinning spindle, 11 – bobbin, 12 – traveller, 13 – ring, 14 – lap of yarn,
15 – ring frame, T – electronic tensometer [33].
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teeth thickened on the outer diameter. It was hard-anodized
with the corresponding value of the distance function of fd(a11)
= 0.2946. The criteria assessment values for the optimal variant
are as follows: Kw = 4.30 EUR/pc.; mn = 5.59 g; HV0.1 =
6950MPa; Fp = 4.00 cN; Fz = 5.00 cN; Fw = 6.00 cN; Anp =
3.60 cN.

4. Conclusions

In determining the best shape of the spindle head according to
two or more assessment criteria, if specifying the values of the
criteria adopted for assessment with sufficient accuracy is
possible, positive results are obtained when using a two-stage
multi-objective optimization procedure. In the first stage, it
involves the determination of a set of the Pareto-optimal var-
iants (a set of non-dominated variants), and in the second
stage, the selection of the best variant from this set using
the distance function. The advantage of this procedure is
that the same assessment criteria are used in both stages of

the optimization procedure. Therefore, determining an addi-
tional (usually a new) criterion becomes redundant, which
greatly facilitates and accelerates the selection of the optimal
solution.

The optimal shape of the ring spinner machine spindle head
was found to be the head with nine teeth thickened on the
outer diameter, having the same diameter over the entire
height. As a result, the removal of the yarn that is torn off
and wound around the winding sleeve lining does not cause
any problems during the operation of ring-spinning machines.
The optimally shaped head is made of EN AW-6060 alumi-
nium–silicon–magnesium alloy and hard anodized to increase
its abrasion resistance. It is characterized by a relatively
low production cost per unit, low weight, the highest surface
hardness, and, above all, the lowest yarn tension amplitudes
along the entire height of the package during its formation. The
considerations contained in the article and the conclusions
arising from it may be applicable when using a balloon-less spin-
ning system for the production of recycled yarns and recycled
fibres. Currently, efforts are beingmade to produce products that
use recycled materials. The quality of these products varies and
depends on the customer’s expectations. Where good quality
yarn from recycled or re-fibres is required, the use of appropriate
anti-balloon rosettes (spindle heads) to improve the efficiency
and quality of the produced yarns is of great importance. The
presented research is applicable to existing machinery of older
generations, where modernization or replacement of the entire
spinning machine may prove too expensive.
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