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9  Abstract:

10  Cellulose fibers, such as cotton and linen, are abundant in farmer’s fields. The traditional
11 bottom-up technology to process these short staple fibers is spinning. State-of-the-art
12 spinning technology requires not only high throughput processing of the cellulose fibers,
13 but also the addition of functionalities and value into the supply chain. Recently, a
14 modified ring spinning system has been developed which introduces a false twist into a
15  traditional ring spinning frame. The modified system produces cellulose yarns that have a
16  high strength but low twist, and a soft hand similar to cashmere. Unlike traditional textile
17 finishing treatments which consume plenty of chemicals, water, and energy, this method
18 is purely physical and sustainable. The superior properties of the modified cellulose yarns
19  are attributed to the modified yarn morphology and structure. Theoretical investigation is,
20 therefore, important in understanding of the spinning mechanisms of the modified ring
21  spinning process that changes the morphology and structure of the cellulose yarns. In this
22  paper, yarn behavior constrained to lie on a moving solid cylinder was theoretically and
23 experimentally investigated. Equations of motion were derived based on the Cosserat
24 theory and numerical solutions in steady-state were obtained in terms of yarn spatial path,
25  yarn tension, twist distribution, yarn bending, and torsional moments. Effects of various
26  spinning parameters including wrap angle, speed of the moving cylinder, yarn diameter,
27  yarn tension, yarn twist, and frictional coefficient, on yarn behavior were discussed. The
28  results suggested that in most cases the bending and torsional moments are of the same
29  order of magnitude, and thus the effect of bending cannot be neglected. Experiments in
30 the modified ring spinning system were conducted to verify the theoretical work, and
31 good agreement has been made. Some simulation results of this study were compared
32  with the results of earlier models as well as with experimental data, and it was found that
33  the current model can obtain a more accurate prediction than previous models in terms of
34  yarn twist and tension. The results gained from this study will enrich our understanding
35 of the spinning mechanism of the modified ring spinning process and better handle of
36  cellulose fibers for functional and value-added applications.

37

38  Keywords: cellulose fiber, yarn tension, yarn twist, mathematical modeling, modified
39  ring spinning
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1. Introduction

Cellulose fibers are abundant in farmer’s fields, with two of the most common examples
being cotton and linen (César et al. 2015; Liu et al. 2019; Moréan et al. 2008). The
traditional bottom-up technology of natural cellulose fibers is spinning. Spinning (Hearle
et al. 1969) is a fundamental method for manufacturing long strands of staple yarn from
cellulose fibers of cotton, rayon, and linen. Among all of the spinning technologies, ring
spinning (Lawrence 2010) continues to predominate in the yarn manufacturing industry
due to its high yarn quality and flexibility in materials and yarn counts. During the yarn
manufacturing process, twisting increases fiber coherence and imparts strength to a staple
yarn. The degree of twist in the final yarn is important not only because of its influence
on yarn characteristics such as strength, hand, and hairiness, but also because it
determines the yarn’s structure by manipulating a bundle of separated short fibers and
assembling them into a consolidated yarn. Yarn tension also plays an important role in
yarn formation and resultant yarn quality (Yin and Gu 2011a). Although yarn tension
cannot exceed the strength of the yarn at any instant the tension at which the yarn is
formed affects its structure and properties. At a macro level, power consumption in the
spinning process is proportional to the yarn tension, it is, therefore, important to balance
the tension level to minimize the power consumption while maximizing the yarn quality
(Fraser 1993).

Much valuable work has been carried out to theoretically study the spinning process in
ring (Stump and Fraser 1996; Tang et al. 2011), rotor (Guo et al. 2000; Xu and Tao 2003),
air jet (Grosberg et al. 1987), etc. For instance, Fraser established the mathematical model
and boundary conditions of ballooning yarn, and discussed the relationship between the
traveler mass and yarn tension in detail (Fraser 1993). Xu and Tao proposed a theoretical
model to study yarn tension and twist distributions in rotor spinning (Xu and Tao 2003).
Miao and Chen proposed a method of which the governing equation of twist distribution
of a straight yarn is a wave equation (Miao and Chen 1993). van der Heijden and
Thompson investigated the bifurcations or instabilities of twisted yarn, as twisted elastic

rods, under specific conditions (van der Heijden and Thompson 2000).
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State-of-the-art spinning technology requires not only high throughput processing of the
cellulose fibers, but also the addition of functionalities and value into the supply chain.
Continuous improvements have been made in the ring spinning sector due to the
requirement of novel features or improving yarn quality. In particular, a modified ring
spinning system has been proposed (Tao and Yin 2019) and studied (Guo et al. 2015; Hua
et al. 2013; Yang et al. 2007; Yin et al. 2020a; Yin et al. 2020b) to produce a high strength
but low twist and soft hand cellulose yarns. The hand of cellulose fabrics made by the
modified spinning method is similar to cashmere, which greatly improves the added
value of the cellulose fibers. Unlike traditional textile finishing treatments (César et al.
2015; Kim and Son 2005; Liu et al. 2018) in which consume plenty of chemicals, water,
and energy, this method is purely physical and sustainable. The key is to attach an
additional device which is furnished with an additional false twisting unit. Theoretical
investigations are, therefore, important in understanding of the spinning mechanisms of
the modified ring spinning process which changes the morphology and structure of the
cellulose yarns. Feng et al. proposed a mechanical model to study flexible yarn
performance on a moving solid cylinder and treated the model as an initial value problem
(Feng et al. 2012). Yin et al. further investigated yarn performance in the proposed

modified system by means of twist generation and twist propagation (Yin et al. 2016).

However, in those works, the bending moment was omitted for simplification purposes.
In many cases, the bending and torsional moments are of the same order of magnitude,
and ignoring bending may lead to errors in the derived results and deviation in model
prediction from experiment. Therefore, the investigations associated with yarn bending
are conducted in this work. Equations of yarn motion are established based on Cosserat
theory (van der Heijden et al. 2002) and the boundary value problems are numerically
solved by the Newton-Raphson method. Then, the effects of various spinning parameters
in terms of wrap angle speed of the moving cylinder, yarn diameter, yarn tension, yarn
twist, and frictional coefficient, on yarn tension and twist distributions, yarn spatial
position, bending and torsional moments lying on a cylinder are discussed. Next,
experiments in the modified ring spinning system are described, and the experimental

results are discussed. In addition, some simulation results of this study are compared with
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the results of earlier models and experimental data. The results gained from this study
will enrich our understanding of the spinning mechanism of a modified ring spinning

process and improve the hand of cellulose fabrics

2. Theoretical

A modified ring spinning system has been proposed by introducing a moving solid
cylinder into the conventional ring spinning frame, shown in Fig. 1, which acts as a false
twister and adds a false twist into the yarn. The existence of a false twist changes yarn
tension and twist distributions in the spinning process. Additional false twist is introduced
into the yarn above the false twister due to the interaction between the yarn and moving
solid cylinder, while the presence of false twist is totally negated below the false twister.

The whole system can be divided into 5 zones. The first zone is from the front rollers A to
the entrance point B of the solid cylinder. The yarn path in this zone can be deemed as a
straight line. Next, the yarn slides over the convex surface of the solid cylinder. Both yarn
tension and twist distributions are varied evidently. The next zone contains the yarn path
from the exit point C of the solid cylinder to the yarn guide D. The yarn path in this zone
can also be deemed as a straight line. The following zone includes the yarn path from the
yarn guide D to the traveler. The ballooning effect in this zone has been widely reported
in the literature (Fraser 1993; Yin and Gu 2011a; Yin and Gu 2011b; Yin et al. 2010). The
last zone is from the traveler to the winding point on the bobbin, which can be treated as
a straight line as well. In this work, we mainly focus on the behavior of the twisting yarn
constrained to the moving solid cylinder, which is the second zone of the whole system.

The equilibrium configurations describing the steady-state motion of a twisting yarn were
derived under several simplifying assumptions. 1) The yarn is assumed to be inextensible
since twisting of yarn is the dominating phenomenon, while the deformation in the yarn’s
axial direction is small can be ignored; 2) A uniform yarn is assumed with a single linear
density and cross-sectional area; 3) The weight of yarn is relatively small when compared

with other forces can be neglected; 4) The moving cylinder has a much greater rigidity
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than the yarn can be regarded as non-deformable; 5) The moving cylinder is smooth with
a constant radius of curvature; 6) A linear relationship between the yarn twist and torque
is assumed based on solid mechanics as well as previous experimental results (Bennett
and Postle 1979); 7) The model was built in a steady-state, thus time-dependent terms in
the equations are ignored; 8) The study deals with stable twisting processes where no
mechanical instability or bifurcation occurs. Validation and justification of these

assumptions can be found in Supplementary Information.
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Fig. 1 A modified ring spinning system
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Fig. 2 A yarn segment in the coordinate system

2.1 Mathematical modeling

Consider an arbitrary point Q of the yarn, which is at a distance s measured along the
yarn from the initial contacting point A (s=0), as shown in Fig. 2. For the convenience of

analysis, a fixed cylindrical coordinate system is selected with base vectors {er,ew,ez}.

The origin of coordinate O coincides with the center of the initial contact surface, and the
z axis of the system is in line with the central axis of the rigid cylinder with its positive

direction towards the moving direction (vp in Fig. 2). Let r,, w, z be the cylindrical
coordinates corresponding to the coordinate frame and R(s)=r.e, + ze,be the position

vector of Q relative to the origin O.

Because of inextensibility F@(s) =dR/ds is the unit tangent to the centerline at s, which
is denoted by d,(s). As shown in Fig. 3, a right-handed orthonormal basis {dl,dz,d3}
of so-called directors is defined by taking d, =d;xd,. The configuration of the yarn is
fully determined if the vectors d., i=1, 2, 3 are specified, and vice versa. The vector

R(s) can be derived by solving the differential equation

R(s)=d,(s), R(0)=0 (1)
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Fig. 3 The angles used to describe a twisted yarn segment

This moving coordinate system is related to a fixed cylindrical system {er,ew,ez} using
the following notation: d, =de +d, e, +d,e,. Due to the constraint of the yarn
position, there are two degrees of freedom for the director frame {di}. Therefore, two
angles, & and ¢ are introduced as follows,

d, =sinde, —cosgcos e, +cosgpsinbe,

d, =cosge, +singcos e, —sin gsin de, (2

d, =sinée, +cosde,

where d, is a radial line, perpendicular to the strand axis joined to any straight line

parallel to the axis marked on the surface of the initially straight untwisted strand, @ is

the deviation angle formed between the unit vectors d, and e,, and ¢ is the internal

twist angle of d, about dj,.

Since d,, d,, and d, are orthonormal, there exists a vector function u(s), the
deformation, such that
&=uxd i=123 ©)

The components of u(s) with respect to {d.

} are the strains of our theory whose

components are the curvatures and the twist. They are denoted by
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u=ud, +u,d, +ud, (4)
where u, and u, are curvatures of the projections of the strained centerline on the
planes (d,,d;) and (d,,d,), respectively. The strain u, is the twist and measures the

rate of rotation about the body axis of the yarn.

The following equation is readily derived from the director frame equation expressed in

cylindrical coordinates by using the equations for d,,

U, = 4 yBcos 0 (5)
where (,5?& 27T, T is the inserted number of twists per unit length of yarn.

Eq. (5) expresses the usual partition of twist, u,, into internal twist and space curve

torsion. ¢ means the initial torsion in the straight strand before its axis is deformed into
a curved path. y8os@ is the torsion due to the rotation of the principal plane of

curvature (Love 1927).

Suppose d, is equal to the principal normal and hence, d, to the binormal of R(s),

7 is the torsion of the centerline of the yarn and the deformation vector, now also called

the Darboux vector, becomes u=(0,x,7). The corresponding equations then are the

Frenet—Serret equations of differential geometry:
&= rh — xt

¥= —zn (5)
8= kn
where n=F&/|/8, b= R &R« and t=F be the normal, binormal and tangent

base vector of the yarn centerline, respectively.

Let the internal forces and moments along the rod be p and m, respectively, such that

the equilibrium equations of the yarn are given by
&+ f =0 (force balance)

N+ R p+m, =0 (moment balance) (6)
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where f and m, are external loading and torque acting on the yarn element,
respectively.
The internal forces and moments can be expressed in the director frame {d;} as follows,
p=pd; +p,d, + pd,
m=m,d, + m,d, + m,d, (7)
where p, be the tension in the yarn, and p,, p, be components of the shear force

acting on the cross-section perpendicular to the yarn axis. For a flexible yarn, the bending
stiffness is neglected, therefore the shear force of the yarn should be zero as well. In this
study, the bending stiffness is now taken into consideration, so the yarn is not perfectly

flexible, the shear force of the yarn should not be zero.

Fig. 4 Analysis on yarn motions

The external forces include normal reaction force and frictional force. Thus, if 4 is the
coefficient of friction, and N is the magnitude of the normal reaction of the cylinder on
the yarn, then

f =N+F=Ne, + N (cosae, —sinat) (8)

Vv, C0sd+Vv
v, sin@+2zR,(n,—n,)

where e, is expressed as e, =e, xt, o =arctan be the friction

angle between the direction of friction force and the unit vector e,, v be the yarn

delivery speed, v, be the moving speed of the cylinder e,, n, be the rotational speed
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of the yarn generated by the twister, and n, be the rotational speed of the yarn generated

by the moving cylinder, as shown in Fig. 4.
The frictional moment can be expressed as follows,
m, = uN cosaR;t 9)

where Ro is the radius of yarn.

The scalar formulas of Eq. (6) can be written after some rearrangement as follows,

(&~ p,7+ px)(n-e,)+(&+ pr)b-e,)+uNcosa =0
(@_ P, 7+ p3K)(n'er)+(@+ plf)(b‘er)'l' N=0
& — px—uNsinag=0

(10)
™m, —xm,+p,=0
& +p, =0
&+ uN cosaR, =0
Linear constitutive relations between the forces and deformations are assumed,
1 1 1
U1=§1m‘d11 u2=B—2m-d2, u3=Em-d3 (11)

where B, and B, are the bending stiffnesses about d, and d,, respectively, and K

is the torsional stiffness.
This leads to
m, =Bx, m,=Kr (12)

The assumptions for bending and twisting of yarns, the equations for the bending and
torsional stiffness, respectively, of a circular shaft are

K :%ﬂGRO“, B:%EERO“ (13)

where E is Young’s modulus, and G is the shear modulus.
If v is Poisson’s ratio, then G=E/2(1+v) and with v =0.3, this leads to

B=1.3K (14)
The actual stiffnesses of yarns are smaller than would be computed by Eqg. (13). However,

the ratio of K to B derived by Eq. (14) is in approximate agreement with the experiment

10
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(Tandon et al. 1995). It should be noted that these stiffness values have the same order of

magnitude.

At this point, a model with three unknowns ( p,,&,T ) and three equations relating them
have been derived so far, while p,, p,, « and z are functions of ¢ and T. In
addition, the rotational speed n, is an unknown constant value. Therefore, a total of four

boundary conditions are necessary to make this problem solvable.

2.2 Boundary conditions

One boundary equation can be derived based on the geometrical condition of the
modified spinning system, as shown in Fig. 5. The line AD formed by the delivery rollers
at point A and the yarn guide at point D are perpendicular to the centerline of the moving
solid cylinder (line GH). Since the length of line AB formed by the delivery rollers at
point A and the entrance point B and line CD formed by the exit point C and the yarn
guide at point D are at least one order of magnitude higher than that of curve BC, lag=lak

and lco~lpk. Approximately, the deviation angles for line AB and CD follow,

% _ e (15)
sinf.p [

11
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Fig. 5 Geometrical boundary conditions

Another boundary equation is directly obtained from the kinematic formula (Yin et al.
2018) as follows

Ny = (Tas —KTep)V (16)
where k and » are propagation coefficients of twist trapping and congestion,
respectively. Details of the derivation can be found in Supplementary Information.
The other two boundary values are the tension and twist at either line AB or line CD,

i.e. p;s @nd Ty, Which can be measured by using high-speed camera and tension meter

systems.

2.3 Bending and torsional moments

According to Equation 12, the bending and torsional moments are dependent on 4 factors,
namely, B, K, «,and 7. And from Equation 14, we know that B and K are of the same
order of magnitude. Therefore, whether the bending moment can be neglected or not is
decided by the curvature and torsion of the yarn. The relationship between bending and
torsional moments are displayed in Fig. 6. For a twisted yarn lying on a solid cylinder, the
curvature of the yarn is largely dependent on the radius of the solid cylinder, while the
yarn torsion is associated with the yarn twist inserted. In the case of a high twist yarn
lying on a cylinder with a large radius, the yarn curvature is much smaller than the yarn
torsion, therefore the yarn bending moment can be neglected. In the case of a low twist
yarn lying on a cylinder with a small radius, the yarn bending moment must be taken into
account since the yarn bending moment is of the same order of magnitude or larger than
the torsional moment. Since the yarn twist changes during interaction with the solid
cylinder, it is necessary to investigate the effect of system parameters on the bending and
torsional moments as well as the yarn performance. In the following analysis, the

governing and boundary equations are normalized to minimize the number of variables.

12
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Fig. 6 The relationship between bending and torsional moments

2.4 Dimensionless equations

The normalized variables introduced here are similar to those used by (Fraser and Stump

1998). Lengths are normalized against the cylinder radius r,, forces are normalized

against K/r?, which is a measure of the magnitude of forces required to bend and twist

the yarns. Moments are normalized against K/r,.

R - - _ s
—=¢,+—€,=re, +2,5=—
o 0 o
=&:f_o=1’|_AB zlﬂ,rw zlc_D
Iy fo fo
vr? . V17 £ Mol o nre
K'® K'° K™™' K
Tae =Taslo: Tep =Teolo T =TH
2 2 3
30810 Pscofo — _ Pl N = Nro
Psae = K 1 Pscp = K ,p_K’ =K
B

The governing equations in the dimensionless form become

Where

_sin 00’

K

sin® @

(SinOp', — p,7 + psk) + ——(sin@p’, + p,7) + uN cosa = 0
K

—Kkp,+sin@p’, — uNsina =0

sin@z' + uN cosaR, =0

13

(17)

(18)
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P K

p, =-1.3sinf«’

p, =03kt

p; =-1.3(sin 0" + k' cos Y’)
P, =-0.3(x'7 +x7')

V, COSO +V
o = arctan —=— —
Vv, sin@ + 27 R,(n, —n,)

K :‘ =sinOO +sin% O

P:L(G”sinéwe’z cos @ + 2sin &cos f)
0" +sin’ 6
— 1 0" sin@ +0"9'sin @ + 9"9" cos & + 30'*6" cos O
K'= —
0'* +sin’ 0 | -0 sin@ + 20"sin* @cos @ + 46" sin@cos” @ —26'* sin* 9

_G'(9"sin@ + 6" cos§ + 2sin* Hcos 0)

3

(0% +sin® 9)?

(0'0" +sin@cosHo")

7= & sin@cosd = 27T +sinHcosd
' =27T'+6'(cos? 6 —sin? 0)
The boundary conditions become

ECOSHAB+I(:_DCOSQCD:01 E:(m_k)ﬂa @ and E' (19)

3. Numerical computation
The finite difference method (Yin et al. 2016) for the numerical solution was applied to
solve the equations presented in this paper. The transformed equations were integrated

numerically over the domain 0<w <¢. The solutions were found by the following
scheme: First, initialize the known parameters and input the four boundary values. Next,

create trial matrix X, which was composed of unknown variables p,, 6, T,. Then,

14
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create a trial value for n;. After that, the Jacobian matrix was generated and iterated by

the Newton-Raphson scheme until the norm of the functions was smaller than 10°. If the

results of two adjacent iteration for n, was larger than 10, use the new n; as trial
values for iteration. Finally, the three unknown variables and one unknown constant value

were obtained.

The parameter values used in numerical computation are shown as follows, T, =1,

Psp =600 , R,=0.03 , v=1e3, V,=v, M, =VT, , u=08, @=60°, I, =l unless

otherwise stated.

3.1 Effects of wrap angle

Fig. 7 shows yarn performance at different wrap angles of 30° 60° and 90°. Fig. 7 a-c
display yarn spatial positions lying on a moving cylinder at three different wrap angles.
For small wrap angles, the yarn spatial curve can be simplified as an in-plane curve due
to the approximate constant value of the deviation angle close to 90°. As the wrap angle
increases, a more curved spatial yarn path can be obtained. Fig. 7d shows the effect of
wrap angle on yarn tension distribution. Since the yarn tension was controlled at the exit
point of the cylinder, a large wrap angle leads to a low yarn tension at the entrance point
of the cylinder. Moreover, a linear relationship can be found between the yarn tension and
the wrap angle. Fig. 7e reflects the effect of wrap angle on yarn twist distribution. The
larger the wrap angle, the higher the twist difference between two ends of the yarn lying
on a solid cylinder. As the wrap angle increases from 30° to 90°, yarn twist in zone AB
increases from 1.86 to 3.12. The change of warp angle has proven to be the most effective
way to affect the false twisting efficiency, propagation coefficients of twist trapping and
congestion (Yin et al. 2020a). Fig. 7f demonstrates the bending and torsional moments
under 3 different wrap angles. In the cases of wrap angle of 30°, 60° and 90°, the mean
values of bending and torsional moments are 1.51, 1.47, 1.41, and 9.14, 11.71, 14.08,
respectively. Therefore, it is clear that in all cases the bending and torsional moments are
of the same order of magnitude, and ignoring the bending moment may lead to errors in

the simulation results.
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378 3.2 Effects of moving speed of the solid cylinder

379  Fig. 8 shows yarn performance at different moving speeds of the solid cylinder. Fig. 8a
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shows the effect of v, on yarn tension distribution. As v, increases from 0.5v to 1.5v,
the mean yarn tenacity increases from 427.11 to 492.96. Fig. 8b displays the effect of v,
on yarn twist distribution. The increment of v, also leads to a build-up in yarn twist. Fig.
8c illustrates the effect of v, on deviation angle. The deviation angle determines the
level of out-of-plane yarn spatial curvature, and another way to express yarn geometry
position. The higher the slope, the higher the level of yarn curvature. When v, is
increased, the slope of the deviation angle is slightly increased as well. The bending and
torsional moments against 3 cases of v, are shown in Fig. 8d. The mean values of

torsional and bending moments are still of the same order of magnitude, though the

values of torsional moments are much larger than those of bending moments.
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Fig. 8 The effect of velocity of solid cylinder (normalized) on yarn performance
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3.3 Effects of yarn radius

Fig. 9 shows yarn performance under different yarn radii R, . The effect of yarn radius

has little influence on yarn tension distribution and yarn spatial position, as shown in Fig.
9a and c, but the effect on yarn twist distribution is greater, as shown in Fig. 9b. As the
yarn radius increases from 0.015 to 0.045, the corresponding yarn twist at zone AB also
increases from 1.63 to 3.96, which leads to a higher torsional moment as shown in Fig. 9d.

In the case of R,=0.045, the mean value of the torsional moment is an order of

magnitude larger than the bending moment.
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Fig. 9 The effect of yarn radius (normalized) on yarn performance

3.4 Effects of yarn tension
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Fig. 10 shows yarn performance under different yarn tensions. The change of p..,

greatly influences yarn tension and twist distributions. As p.., increases, both the

mean yarn tension and twist are built-up, as shown in Fig. 10a and b. However, the

effect of p,, has no influence on yarn geometry position, as displayed in Fig. 10c.

The effect of p,., on yarn bending and torsional moments are shown in Fig. 10d,

and a similar trend for yarn twist can also be found.
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Fig. 10 The effect of yarn tension (normalized) on yarn performance

3.5 Effects of yarn twist

Fig. 11 shows yarn performance under different yarn twists. The change of T., has little

influence on the yarn tension distribution and the yarn geometry position, as shown in

Figs. 11a and c, but does have a large influence on the distribution of yarn twist as well as
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the yarn torsional moment, as shown in Fig. 11b and d.
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Fig. 11 The effect of yarn twist (normalized) on yarn performance

3.6 Effects of frictional coefficient

Fig. 12 shows yarn performance for various coefficients of friction between the yarn and
the cylindrical solid. In Fig. 12a, the three curves of yarn tension distribution present an
approximately linear relationship with the wrap angle. A higher coefficient of friction can
lead to a larger reduction in yarn tension. In Fig. 12b, an increase in the coefficient of
friction leads to an increase in the normalized twist distribution. As expected, a higher
coefficient of friction gives rise to a more curved figure of the yarn path on the solid

cylinder, as shown in Fig. 12c. The torsional moment of the yarn also increases as a result
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444  of increased yarn twist, as shown in Fig. 12d.
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449 Fig. 12 The effect of frictional coefficient on yarn performance

450

451 4. Experimental

452

453  Experiments were conducted on a ring spinning machine (Zinser 351) with a moving
454  solid cylinder made of polyurethane with a diameter of 6 mm, sitting between the front
455  rollers and yarn guide. Cotton yarn with a linear density of 18.45 g/km and diameter of
456  0.16 mm were spun for the experiments. The yarn tension was measured by a strain
457  gauge sensor (Honigmann tension meter 125.12, 100cN maximum range, 0.1cN precision,
458  15° measuring angle), and the yarn twist was measured by a high-speed camera (Phantom
459  MIRO 4, CMOS sensor, 800 x 600 pixels, over 1200 fps at full resolution, 22 um pixel

460  size, 12-bit depth). Before measurement, both the yarn tension meter and the high-speed
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camera system were calibrated. In addition, the coefficient of friction of the yarn and the
rigid cylinder was 0.81, measured by a Shirley friction meter. The torsional rigidity of the
yarns was measured by a KES yarn torsion and intersecting torque tester. Three sets of
experiments were conducted as listed in Table 1

Based on the parameters given in Table 1, simulation results of the distribution of yarn
twist, tension, and deviation angle lying on the solid cylinder for the three cases were
obtained. Table 2 lists the simulated and measured values and errors of yarn tension, twist,
and deviation angle at lag. In all three cases, the errors between the simulated values and
experimental data were lower than 10%, which indicates that a good agreement has been
made between the model prediction and experimental results. Additionally, it was noted
that the variation in the twist and angle measurements were larger than 14%, which may

be caused by the relative motion of the yarn on the moving solid cylinder.

Table 1 Parameters for case study

Teo Psco K

Case  ©  (pm) (cN) (Le°Nm)
©) (m/s)
[CV%] [CVo%] [CV%]

902 1653  4.87
1 50 016 2
[1455] [5.32] [14.43]

563 1420 251
2 50 025 2
[18.23] [7.54] [13.23]

562  19.82  2.73
3 50 025 2
[15.44] [6.23] [12.34]

< ||U<I

Table 2 Comparisons between the simulated values and experimental observations
Paae (CN) The (tpm) e (°)
Case M E M E M E
S S S
[CV %] (%) | [CV %] (%) | [CV %] (%)
1 1061 961 9.43| 1217 1180 3.04| 779 73.09 6.17
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[7.22] [14.22] [15.89]
10.03 943 76.7

2 9.71 3.19 966 2.44 72.66 5.27
[5.48] [14.57] [20.67]
14.07 1157 77.9

3 13.79 1.99 1091 5.70 72.46 6.98
[5.89] [15.41] [14.51]

478  Note that M, S and E represent the measured value, simulated value, and error, respectively.
479

480  The simulation results of this study were compared with the results of an earlier model
481  and with experiment (see Fig. 13). Compared with an earlier model in which bending was
482  ignored, our simulation results of the current model show lower tension but higher twist
483  values. As shown in Fig. 13a, the tension values predicted by our current model are closer
484  to but slightly lower than measured experiment for all three cases, while the tension
485  values simulated by a previous model predict slightly higher values than experimentally
486  observed. In terms of yarn twist, the current model can also obtain a more accurate
487  prediction than the previous model (which ignored bending) when compared with the
488  experimental results, as shown in Fig. 13b.

489
0.16 1600
] I Current model
i R il (. 1
\Z/ I Experiment £ 14004
A s
_< ~
w _2
5 ® 1200
2 3
9] 2
o = 1000+
s s
800 -
Case 1 Case 2 Case 3 Case 1 Case 2 Case 3
490
491 (@) Yarn tensions at lag for 3 cases (b) Yarn twists at lag for 3 cases
492 Fig. 13 Comparisons among the current and previous models and experiments
493

494 5. Conclusions
495

496 In this paper, the performance of a twisted yarn constrained to lie on a solid cylinder has
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been studied. Equations of motion were established based on Cosserat theory. The
boundary value problems were numerically solved by the Newton-Raphson method. The
effects of various spinning parameters in terms of wrap angle, speed of the moving
cylinder, yarn diameter, yarn tension, yarn twist, and frictional coefficient, on yarn
tension and twist distributions, yarn spatial position, bending and torsional moments
lying on a cylinder were discussed. The results suggested that in most cases the bending
and torsional moments are of the same order of magnitude, and so the effect of bending
should not be neglected. Moreover, among all of the parameters investigated, wrap angle
is the most significant factor affecting yarn twist and tension distributions as well as yarn
spatial position lying on a cylinder. Experiments of the modified ring spinning system
were conducted to verify the theoretical work and a good agreement has been made
between model prediction and experiment. In addition, some simulation results and
experimental data of this study were compared with results from an earlier model. It was
found that the current model can give a more accurate prediction than a previous model
by incorporating a bending term. The results gained from this study will enrich our
understanding of the modified ring spinning process and provide a better handle of

predicting how cellulose fibers can add better value down the supply chain.
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