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ABSTRACT

This paper describes the optimization method of wind-up tension to prevent wound
roll defects, mainly star defect (wrinkling) and telescope (slippage), based on the
optimum design technique. Hakiel's nonlinear model with air entrainment effects is
applied to analyze in-roll stress distributions in the radial and tangential directions. It is
well known experimentally that a decrease in the wind-up tension prevents star defects
due to negative tangential stress under winding. Thus, in the present optimization method,
wind-up tension is gradually decreased in the radial direction to minimize the tangential
stresses under the constraint of nonnegative tangential stresses. At the same time, we
consider the friction conditions to prevent the slippage between web layers due to a
decrease of radial stresses and friction force. Successive quadratic programming, which is
the typical mathematical programming method, is used as the optimization technique.
Wind-up tension is expressed by the third-order spline curve of a radial coordinate. The
linear function with respect to the radial coordinate is used as the original wind-up
tension. The optimized wind-up tensions are obtained for various winding condition, and
we confirmed theoretically and experimentally that the in-roll stress distributions were
very much improved for preventing wrinkle and slippage by optimization method
proposed.

INTRODUCTION

The web handling processes have been broadly used for a lot of products, such as
liquid crystal display monitors (LCD), mobile phones, solar and fuel cells, and
plastic/paper sheets. Most of web handling industrials are often concerned with the
problems of wrinkling and the slippages in the wound roll. These web defects had been a
cause of losing a lot of the materials and higher production costs, and wasting a lot of
time to restore the wound roll. The generation of wrinkling and slippage in the wound roll
is strongly related with the internal stresses distributions in wound roll; therefore, it is
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necessary to understand well the background about stress inside the wound roll. In the
past, some researchers investigated about the internal stress distribution. Gutterman[1]
and Catlow el al[2] were the first group that studied with internal stress. They found out
internal stress inside the roll with the theory of thick-walled cylinder and the roll was
regarded as homogeneous and isotropic. Then, the boundary condition, which considered
for core deformation was accurately treated by Yogoda[3]. After that Pfeiffer[4] found out
the nonlinearity of the elastic Young modulus of radial direction which was verified by
experimental. Therefore, Hakiel[5] was the first researcher who wrote about the nonlinear
second order differential equation for the internal stress and used the finite difference
method to solve the equation under the boundary equations without the air-entrainment
between each thin layers. Then, Good el.al[6] considered the effect of the air-entrainment
in roll, and Tanimoto el.al[7] and Sasaki et.al[8] applied the Hakiel’s model under the
effect of air-entrainment to find out the in-roll stresses in paper winding system.
Regarding the relationship of the wound roll defects and winding tensions, Lin and
Wickert[9] showed the experimental results of the polyethyleneterephthalate substrate
with coatings in which there were the wound roll defects at high winding tension.

From previous studies, it follows that higher winding tension, higher nip-load, and
higher winding speed become a cause of wrinkling and slippage. High winding tension
and nip load lead to the wrinkling in the wound roll because of higher radial stresses, and
the higher winding speed leads to the slippage because of air entrainment between web
layers; therefore, it is desired to find out the optimum winding tension and for protecting
both wrinkling and slippage the wound roll system.

However, very few researches studied the optimum winding tension for preventing
the wrinkling and slippage. So, it is required to find out the new technique which is able
to use for solving web defect problems in the wound roll. Regarding to optimization of
web winding tension, Hashimoto el.al[10] had been used the successive quadratic
programming method (SQP) for the optimum design of the thrust air bearing geometry,
then this paper will extend this optimization technique to determine the winding tension
curve for protecting the defects. The obtained results will be compared with the measured
data to verify its applicability.

NOMENCLATURE

SX) : Objective function [Pa]

F : Friction force [N] between film layers of a wound roll interior
F, : Axial direction external force [N] that acts on wound roll

g(X) (i=1~2n+1)  : Constraint function
h : Thickness [m] of air layer at time of winding

hoy : Thickness [m] of the air layer of the outermost layer of the roll
g : Parameter defined by Eq. (3)

Co~C, : Coefficient in Eq. (7)

L : Nip load (=N/W) [N/m] per unit width

N : Nip load [N]

Pa : Air pressure [Pa]

r : Roll radius [m] at time of winding

7. : radius of a winding core [m]

Vmax : Maximum diameter [m] of roll

Ry : Equivalent radius [m] of a wound roll and a nip roll
Ryip : Radius [m] of a nip roll

s : Outermost circumference radius [m] of a wound roll
tr : Thickness [m] of partially wound up film
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Iy : Thickness [m] of film at the time of commencement of winding
T.ur) : Wind-up tension function [N/m]

The : Wind-up tension [N/m] at r = rc

Ts : Wind-up tension [N/m] at » = rp,x

Towo(7) : Initial wind-up tension function [N/m]

0i(i = 1~n) : Tension variation [N/m] in the making at the ith node
AT(i= 1~n) : Variation [N/m] from initially set tension at the ith node
U, : Winding-up velocity [m/s] of film

w : Film width [m]

X : Design variable vector

€, : Radial direction strain of take-up roll

n : Viscosity [Pa-s] of air

Wy : Boundary friction coefficient between film layers

Vaip : Poisson’s ratio of nip roll

Ve : Poisson’s ratio of take-up roll

oy : Composite surface roughness [m] between film layers

G, : Radial direction stress [Pa] of wound roll interior

oo, : Increment [Pa] of radial direction stress

o, : Circumferential direction stress [Pa] of wound roll interior
(0} : Taper ratio of wind-up tension

ANALYTICAL MODEL OF THE INTERNAL STRESS OF A ROLL

Figure 3(a) is a conceptual diagram of the most basic center drive winding that does
not use a nip roll among the winding systems presently used. Because it has been
confirmed that the Hakiel model [9] is effective with respect to this kind of winding
system, in this research this model is used where air entrainment is involved. A summary
of the model is described below.

Modeling prerequisites are as follows: (1) a wound roll is a perfect cylinder, and the
film thickness is uniform; (2) as for the internal stress of a wound roll, the radial and
circumferential direction stresses are controlling, and the influence of the roll axial
direction stress can be ignored; (3) we can ignore the shear stress between film layers; (4)
the effect of film wound in a spiral shape can be ignored, the wound roll can be
represented by an accumulation of thin-walled cylinders, and similar assumptions are

provided. The radial direction stress G;; at the ith layer of a roll wound under these kinds
of assumptions is found adding all stress increments in each layer from the i+1 layer up to
the nth layer (final layer of winding) and is represented by Eq. {1}. In which i-th layer
means that the layer at the winding core is regarded as the first and represents the ith layer
when counted in sequence the outer layer.

n
Gl",i: 250,”,‘/' {1}

J=i+l

Here, 8o, represents the stress increment in the jth layer when wound up to the ith
layer, and the equation that controls doy; is given as follows.
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rzLé?’+(3—vrt)rd50r+(1+vr,—g2 o, =0 {2}
dr dr

Provided that parameter g is defined by the following equation

_ A (3}
EE

r

The boundary conditions in the outermost circumference and the innermost
circumference of the roll, respectively, are set as follows.

T,|,.
5gr|r_ —__"r=s {4
déo, E, éo,| _,
=| =t —l+v, |— {5}
dar |,_, E, r,

The circumferential direction stress 6, can be found from the following equation
using the radial direction stress o, that can be obtained from Eqs.{1}-{5}

do,
o,=r +0o, {6}
dr

Now, the fact that the relationship of the radial direction stress o, of a wound roll
interior and Young’s modulus E, becomes nonlinear, and that relationship is represented
by the following equation.

Er :C0+C1|O'F|C2 {7}

Provided that the coefficients Cy-C, in Eq.{7} are constants that can be found
experimentally. In the film-carrying step, there are also many cases of carrying out surface
treatment by physical vapor deposition and chemical vapor deposition. In this case, it is
acceptable to think that there is no entrainment of air in the wound roll interior the
atmosphere is in an environment close to a vacuum. Consequently, the stress distribution
of the roll interior can be determined by solving Egs. {1}-{6}. However, in the case of
normal winding in air, the entrainment of air cannot be avoided, an air layer is formed
between the film layers, and, because Young’s modulus of the radial direction of the roll
is lowered due to its influence, it is necessary to take this effect into consideration.

In the case of center drive winding shown in Fig.3(a), it is possible to represent the
relationship of the film that can be wound and the already-wound roll part using a foil-
bearing model . This problem has already been formulated by Hashimoto [11], and the
initial air-film thickness 4, at the time of winding can be found by the following equation.
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hy = 0.589{
w

Provided that the amount of the outflow of air from the end of the roll is ignored because

it is minute.

Here, according to Good[6] and Tanimoto[7], by using the relationship of the stress
and strain of the equivalent layer of the collective thickness(¢y+ /) of the initial film
thickness ¢4 and the air film thickness %, and Boyle’s law, the radial direction equivalent
of Young’s modulus E,., that has taken into consideration air entrainment can be found as
follows.

trg+ l’lO
Ereq =1 9}
tyo , ho
A + Y
Er Era
Provided that Young’s modulus E,, of the air layer can be given as follows.
2
o,.|+P
E.,= M {10}
Tyl _ /s+P,

Meanwhile, the equivalent Young’s modulus E,., of the circumferential direction of
a wound roll can be found using the following equation.

i
E[eq:tf+hEt {11}

Here, in the process of winding, film thickness #; and thickness 4 of the air film can
be given as follows.

s :’fO(I‘Eg) {12}
T /s+P
h:[%}@ {13}
r a

According to the above, in the center drive winding shown in Fig. 3(a) the internal
stress of a wound roll when air entrainment is taken into consideration can be determined
using the equivalent Young’s moduli E,., and E, that can be given by Egs. {9} and {11},
respectively, instead of Young’s moduli £, and E, of Eqs. {1}-{6}.

Now, generally, when air is entrained at the time of film winding, as is also clear by
the analytical result shown later, the pressure between the film layers of the wound roll
interior lowers, and a slip occurs easily. Accordingly, for the purpose of causing the
amount of entrained air to be decreased as much as possible and preventing slip, center
drive winding is often carried out using a nip roll shown in Fig. 3(b). The initial entrained
air film thickness ho of this case can be evaluated by the elastohydrodynamic theory of
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the line contact between the wound roll and the nip roll. In this research, the result of
Hamrock and Dowson [13] shown next is used.

-0.23

U 0.65
ho =734R,, [”—WJ N (14}

2
eq Req Eeq Req

Here, the equivalent radius R, and equivalent Young’s modulus £, of the
wound roll and the nip roll can be given by Eqgs. {15}and {16}.

1
Req =1 1 {15}
7.,_7
N Rm»p
1
Eg=— (16}
q 2
1—1/39 +1_Vnip
E, r=s E’”P

Using the initial air film thickness ho that can be found by Eq. {14}, the equivalent
Young’s moduli E,., and E,, of the radial and circumferential directions respectively, that
have taken into consideration the influence of the entrained air mentioned above can be
obtained from Eqs. {9} — {13}. Consequently, the internal stress distribution of the
wound roll can be determined by applying these values in Egs. {1}-{6}.

According to Good et al. [6], the wind-up tension 7,, when a nondriving nip wheel is
used can be given by Eq. {17}, which takes into consideration the induced tension
attributable to friction at the nip part. Furthermore, there is the necessity of taking the case
of driving a nip wheel into consideration and the tension changes at the nip part , but
because a nondriving nip wheel is discussed in this article, this influence is not
considered.

T,, =T, + i L {17}

Here, T, is the initial wind-up tension, and p, is the dynamic friction coefficient that
takes the influence of air entrainment into consideration that can be found using Eq.{18}.

Hs (h>aﬁ)
1y = %[3—%} oy <h<3cy) {18}
O(h>30ﬁc)

Here, Ly is the boundary friction coefficient between film layers, and o is the
composite surface roughness of film layers defined by the following equation.

aﬂ:1[0}1+0'j2r2 {19}
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However, subscripts 1 and 2 indicate the roughness of the film front surface and back
surface, respectively.

OPTIMIZATION METHOD OF WINDING TENSION CURVE

The size of the wind-up tension is a parameter that exerts a large influence at the time
of optimizing the stress in roll, which is the main cause of a roll defect. Accordingly, in
this article we apply an investigation from the viewpoint of the optimization of the wind-
up tension, concerning an effective method of preventing the star defect (wrinkle) and
telescope (slippage) that have a comparatively high frequency of occurrence, even among
roll defects. That method is described below.

For a long time, method of causing wind-up tension 7., to decrease in proportion to
the roll radial 7 have been used to prevent the occurrence of a star defect. As tension-
decrease methods, the method that follows a straight line (at the production site often
called the taper tension) and the method that follows a hyperbolic curve are common.
However, these tension functions are established depending on experience, and there is
not always a theoretical guarantee that they are optimal wind-up tensions.

Accordingly, in this article, on condition that the minimum value of the tangential
direction stress of the wound roll interior o; becomes nonnegative, the tension function
T.(r) so that the average value of the radial direction of o; becomes the minimum is
determined applying the method of optimization of the groove shape of a thrust air
bearing that Hashimoto et al.[10] already proposed.

At the time of winding tension optimization, the method that sets the taper tension
that causes the tension to linearly decrease as the initial tension function and causes the
tension function to gradually evolve so that the circumferential direction stress o
becomes the minimum and nonnegative is used as the objective function. In dealing with
the expression of a common tension function 7,,(r), taking into consideration the
flexibility and ease of handling of a function, the cubic spline function shown next is
used.

Here Eq{20} the symbol Ar is an equally divided section of the radial direction
coordinate r, and Mi is the shape parameter determined from the condition in which the
first derivative becomes continuous at each node position of the curve that is represented
in each section.

2
TW(F):%(FHI_r)3+&(’”_l”i)3+£Ti_M](M\]

6Ar 6Ar

MigAr? | r=r,
e e

When the tension function 7,(7) is caused to evolve sequentially, the r coordinate of
each contact point P¥(r,, T}) is fixed with respect to the tension function of the previous
stage (k step) in the evolutive process ((k+1) step), shown by the broken lines in Fig. 4,
and the 7,, coordinate is caused to change only 67; in the positive direction or the negative
direction and obtain a new contact point P, +1)(r; + T; + 8T;). The function form is
updated by Eq. {20} using the new coordinate value that could be obtained in this way
and is caused to sequentially evolve until the value of the objective function f{X)
mentioned later becomes optimum.

{20}
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Because of the above, at the time of optimization of the wind-up tension, the design
variable vectors are set as follows.
X = (AL, ATy, AT;,.....,AT),) {21}
However, divide (n +1) in the r direction from the winding core position up to the
outermost diameter. Furthermore, AT; indicates the difference of the initially set tension

T, at an arbitrary radius position r; with the partially evolved (k step) tension.
The objective function f{X) is defined by the following equation.

=3 ( ~ —1]2 +[iJ2 (22}

= | Frer Ot ref

Where F; the friction force between web layers, F,.is the critical friction force to
start the slippage, which to determined experimentally in this paper as F,.,= 5x103N
(equivalent to the impact acceleration of 50g), and & .r shows the reference value of
tangential stress. F; and F,¢ are, respectively, calculated by Eqs. {23} and {24}.

B = 2engufo, 23)
T,
Ot,ref = 0 {24}
w0

On the other hand, a limiting condition that can be imposed on the circumferential
direction stress o, that is a design variable AT;(i = 1~n) and quantity of state regards the
upper and lower limit values of the design variable AT, the friction condition, and the
minimum value G, of the circumferential direction stress o, as nonnegative and
represents these by the following inequality expression.

gi(X)=0 (i=1~2n+2) {25}

However, the constraint function gi(X) (i =1 ~ 2n + 1) is regarded as being able
to be given as follows.

g1 =AT,g, =T, - AT
g3 =ATy,g4 =T,,0 — AT,

>0 {26}

8on-1=A4T,, 82, =T,0 — AT,

82n+1=04 min-g2n+2=F —Fref

Furthermore, in this article, set at A T;,,;,,=0, (i=1~n), optimization is attempted.
From this the problem of wind-up tension is defined as follows.
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Find X to minimize f(X
Subjectto g;(X)>0 (i=1~2n+2) (27}

EXPERIMENT

The experiments consist of measuring the radial stresses in the wound roll and the
impact load test after winding to observe whether the slippage will occur or not. Figure 5
shows the diagram of a winding machine which has the control system to control the
winding tensions including both linear and non-linear tensions, nip-loads, and web
velocities. The thin film (PET) is transferred from the wound out roll and passing through
the pinch roller, and nip roller, and reeled finally. During the operation of winding, the
force-sensitive resistors with cover film are inserted into the winding roll for measuring
the radial stresses. When the force is applied on the sensor, the resistance would be
changed, and then, by measuring the resistance, the radial stresses can be indirectly
known with the calibration result of the relation between pressure and resistance. The
force-sensitive resistor used here is shown in Fig. 6.

As can be seem in Fig. 6, the sensor is covered with film. In the previous research
works, the force-sensitive resistor without cover film has been used mainly for measuring
the in-roll radial stresses. In this case, the stress concentration occurs at the sensing part
and it leads to higher radial stress than another part as shown in Fig. 7(a). To avoid this
serious problem, we propose to use the modified sensor with cover film as shown in Fig.
6. Using this type of modified sensor, the stress concentration can be avoided as shown in
Fig. 7(b).

The comparison of radial stresses in the wound roll in the cases of using the sensor
without and with cover films are presented in Figure 8 accompanied with the predicted
results based on the analytical model presented in the former chapter. Fig. 8 shows that
the radial stresses obtained by the sensor with cover film agree with the predicted results
much better than the stresses measured by the sensor without cover film.

The impact load test procedure to confirm the occurrence of slippage in wound roll is
illustrated in the Fig. 9. The left hand side of the figure shows the testing of slippage by
falling the wound roll down to the base, in which the distance /, is set at 10 cm(equivalent
to the impact of 50g). After the wound roll was crashed against the base, the slippage
along the radial direction is observed and measured by the optical sensor (LDV) as shown
in Fig.9.

MEASURED AND PREDICTED RESULTS

In this work, the PET film was used as a test web. The physical properties of PET
film, core roller, and nip-roller are shown in Table 1. The measured and predicted results
concerning with the in-roll stress distributions, air-film thickness in roll, the friction force
under the constant, taper, and optimum winding tensions will be presented in the
following. The experimental results of the tangential stresses and friction forces in the
wound roll are obtained from Eqs.{6} and {23}, indirectly by using the appropriate fitting
curve of the experimental data of radial stresses.

Figure 10 shows the influence of nip-load on some physical quantities under the
constant winding tension of 150 N/m, and a web velocity of 0.5 m/s. Figure 10(a) shows
that the radial stress for higher nip-load of 100 N becomes higher than that for lower nip-
load of 25 N. Moreover, the air film thickness becomes smaller at the higher nip-load of
100 N as shown in Fig 10(c). As the results, the friction force in the wound roll is
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increased due to an increase of radial stress and a decrease of air-film thickness in the roll
as shown in Fig. 10(d). From Fig. 10(d), in both cases of nip-loads of 100 N and 25 N, the
friction force becomes higher than the critical slippage line (F,=5 X 10°N); thus, the
slippage is hard to appear in wound roll. However, Fig. 10(b) shows the generation of
negative tangential stresses in the case of higher nip-load of 100 N; and it will be possible
to generate the wrinkling in the wound roll.

At the next step, the effect of taper winding tension was studied in order to change
the negative tangential stresses to the positive stresses. Figure 11 shows the in-roll stress
distributions, air film thickness, and friction force in the wound roll under the taper
winding tensions with different taper ratio of 0, 0.4, and 0.8. As shown in Fig. 11(a), in
the cases of taper ratio of 0.4 and 0.8, the radial stresses become lower than the case of
constant winding tension, and then the tangential stresses become positive that could
prevent the wrinkling in the wound roll as shown in Fig. 11(b). However, Figs.11(c) and
11(d) respectively show an increase of air-entrainment and a decrease of the friction
forces in the wound roll when the taper ratio is set at 0.4 and 0.8. Especially in the case of
taper ratio of 0.8, the friction force at the normalized radial range from 1.8 to 2.0 becomes
smaller than the critical slippage line, and in such region the slippage is easy to occur.

From the above results obtained for both cases of constant and taper winding tension,
it follows that the taper tension has an advantage of preventing the wrinkle but has
disadvantage of occurrence of slippage. Therefore, the development of optimum winding-
up tension technique instead of taper tension winding as introduced in the former chapter
is required to protect both wrinkling and slippage. Some examples showing the
effectiveness of optimized tension are presented in Figs. 12 and 13. Figures 12(b) to 12(d)
shows the comparison of predicted and measured results for the constant and optimized
winding tensions shown in Fig. 12(a), the radial stresses under the optimized winding
tension become lower than the stresses under the constant tension, and the tangential
stresses are not below zero as shown in Fig. 12(c). This type of tangential stress
distribution has an advantage to prevent the wrinkling in the wound roll. In addition, Fig.
12(d) shows the possibility of preventing the slippage in the wound roll due to the suitable
level of friction force more than the critical line. Furthermore, Figure 14 shows clearly the
amount of slippage in the wound roll after the impact load testing is very small under the
optimized tension.

In the cases of different winding velocities of U,,=0.5 m/s and 1.0 m/s, the optimized
winding tension at the web velocity of U,=1.0 m/s becomes little higher than the tension
at U, =0.5m/s as shown in Fig. 14(a) because the effect of air-entrainment increases
when the web velocity becomes lower. In order to prevent slippage and to increase the
friction force in the wound roll at the higher winding velocity, the optimized winding
tension must still be higher than the tension at U,, =0.5 m/s. Consequently, as shown in
Fig. 14(b), the radial stresses at the web velocity of 1.0 m/s are slightly lower than those
at the web velocity of 0.5 m/s and the tangential stresses for all winding region become
positive as shown in Fig 14(c), that could prevent for wrinkling. Figure 14(d) shows that
the predicted results of friction forces for the web velocities of 1.0 m/s and 0.5 m/s at the
normalized radial region from 1.0 to 1.95 become higher than the critical slippage line.

CONCLUSIONS
This article discussed method of preventing the defects of wound rolls, a serious technical
problem that should be solved as quickly as possible when producing functional films,

such as optical film, by optimizing winding tension. The main conclusions obtained are
set forth below.
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(1) We presented a method of representing an arbitrary winding tension function by
a cubic spline function concerning radial direction coordinates and caused this
to change gradually using an optimization method to realize a circumferential
direction stress distribution in which a star defect and creep do not occur.

(2) We show that the method presented in (1) is particularly effective in center
drive winding in a vacuum where these is no air entrainment and in center drive
winding in air that used a nip roll.

(3) Based on the results of (1) and (2), we presented a winding tension optimization
method that, together with improving the circumferential direction stress and
the friction characteristics between film layers that are in a trade-off
relationship with this, prevents a star defect, telescope, gauge band, and similar
diverse roll defects.

(4) The predicted results base on the above method agreed well with the measured
results, and the effectiveness of winding tension optimization method proposed
in this paper was verified experimentally.
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(a) Wrinkling (b) Slippage
Figure 2 — Typical of defects in wound roll
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Cére roll

(a) Without nip load (b) With nip load

Figure 3 — Web winding system
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Figure 9 —Impact load test for generating slippage

Table 1. — Physical properties of test materials

Composite RMS roughness ( tim ) 0.066
Web thickness ( zim ) 50
Web width (m) 0.28
Friction coefficient 0.3
E, (GPa) 4.80
Vro 0.3
Core stiffness (GPa) 1.3
Core radius (m) 0.05
Young's modulus of nip-roll (GPa) 206
| Er=CotCio
E; Go G G
PET-film 0 4.09E04 0.65
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Figure 10 — Effects of nip-load on physical quantities in wound roll for
Tw=150 N/m, Uw=0.5 m/s
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Figure 11 — Effects of taper tension on p
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Figure 12 — Effects of optimized tension on physical properties in wound roll for
N=50 N, Uw=0.5 m/s
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Figure 13 — Slippage after impact load test for N=50 N, Uw=0.5m/s
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Question

On the charts where you discussing the starring defect the
negative circumferential stress occurs out in the wound roll
away from the core. But your pictures you show the buckle
right outside the core. So your defect and your negative
circumferential stresses do not coincide in location. What is
your explanation?

Answer

To produce the defect seen in Figure 2a a very high
winding tension was used. As a result, the radial stress near
the core became large, and then such type of defect was
generated.

Question

On your tangential stress plots, you show measured values.
Is that actually measured or inferred from radial pressure
measurements and the stress equilibrium equation?
Answer

You are correct; I haven’t measured the tangential stress
directly. I measured only the radial stress. The force
balance equation was applied to calculate these values.
Question

Just for clarification, what are your variables in your
optimization? Were the variables only the tension on the
web or the nip load? Or both?

Answer

In this case I only adjusted the winding tension. I've tried
to adjust both tension and nip load.
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