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ABSTRACT

In the web handling techmology, it is very important engineering problems to
predict and protect web wrinkling from several view points of product quality,
manufacturing cost and so on. In this paper, the prediction model for generating paper-
web wrinkles due to misalignment of roller is presented with experimental verifications.

NOMENCLATURE

¢ : web span [m]

B : web wrap angle [rad]

£, : Young’s modulus of web in machine direction [GPa]
E. : Young’s modulus of web in cross machine direction [GPa]
I : air film thickness [m]

k : web permeability [nr']

L : web width [m]

N, N.:normal forces [N/m)]

R : roller radius [m]

T: web tension [N/m)]

T.. - critical web tension to sustain wrinkle [N/my]

AT : work done by normal forces [Nm]

t;: web thickness [m]

{/ : total velocity (= U, +U,)[m/s]

U, : roller velocity [m/s]

U,. : web velocity [m/s]

AU : strain energy [Nm]

x : coordinate in the machine direction [m]

y: coordinate in the vertical direction [m]

z : coordinate in the cross machine direction [m]



& : experimental constant

Yy : StTAin

£ : web speed parameter (=67U/T)

£, £ : siTains

: air film viscosity [Pa-s]

: web permeable parameter (=kTB / (it RU )
: web width parameter (=L / (2R)Y)

: friction coefficient

Ay : local friction coefficient

M. : experimental constant

)j.c. 714 : Poisson’s ratios

o : composite RMS roughness (=( o2+ g’ Y7 [m]
g, : RMS roughness of roller surface [m)]

oy, : RMS roughness of web surlace [m)

o, o;: normal stresses {Pa}

G- © Critical buckling stress [Pa]

T critical share stress [Pa]

T, : share stress [Pa]
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INTRODUCTION

A web is continuous flexible material such as paper, plastic film, thin metal plates
etc. Before being converted to the final product, the web undergoes several processes, for
example, transportation by the drag roller, press, printing, coating, drying, slittering,
winding, and so on. Under such processes, the web is given the additional values to
enhance the quality and function of product. However, when the web wrinldes are
generated in the handling processes, the wrinkles immediately result in quality loss.
Therefore, to predict and protect the wrinkles is very important engineering problems in
web handling industries. Nevertheless, the literatures treating such problems are limited
[1]~[7].

In this paper, the theoretical modeling of paper-web wrinkling generation due to
misalignment of roller is described with experimental verifications.

OBSERVATION OF WRINKLES

It is well known experimentally in the web handling industries that web wrinkles are
generated due to misalignment of roller. Based on such experiences, several investigators
successfully formulated the prediction model of wrinkles for uniform webs with constant
Young’s modulus in machine and cross machine directions. However, some materials
such as paper and some optical films used for the Liquid Crystal Display (LCD) have
different Young’s modulus in machine and cross machine directions. Moreover, in the
case of paper-webs, the web permeability may significantly affect the generation of
wrinkles. In this paper, at the first step of theoretical modeling, the wrinkles generated in
two kinds of paper-web are observed under various operation conditions.

Test rig for observation of paper-web wrinkles
Figure 1 shows the test rig for observing the generation of web wrinkles. The tram
error (skew angle) is changed continuously by the skew angle control roller®), which is
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Figure ! — Test rig for cbservation of web wrinkle

supported by the pivot at one end of the roller, from 0 deg to 1.5 deg with micro-screw.
The accuracy of setting the angle is less than 0.01 deg. The endless type web(® is
supported by five rollers. The web tension is applied by the tension control roller®, and
the magnitude of web tension is measured by the load cellD and displayed on the tension
unit(®. The rotating roller@ is driven by the driving motor® though velt.

Two kinds of paper, uncoated paper(newsprint) and coated paper, were used as test
webs, Figure 2 shows the microscopic image of surface topography of these two kinds of
paper-webs. The physical properties of webs are listed in Table 1.

A procedure for the observation of wrinkles is to fix step by step the web tension for
a given velocity and to increase slowly the misalignment of roller with micro-serew until
the web wrinkle is generated. The critical skew angle for generating wrinkle is read
through the pitch of micro-screw rotation, and the web wrinkle is recorded by the video-
recorder at the same time. The test conditions are listed in Table 2.



{(b) Coated paper

Figure 2 — Microscopic image of surface structure

Table.1 Physical properties of test webs

Item Web Newsprint [Coated paper
RMS roughness ¢, [um] 4.0 2.0
Permeability k[m]| 4.03X105 | 552X1017
Thickness to[ m] 66.5 48.2
Young’s modulus in

4.66 .
machine direction E,[GPa] 8.89
Young.s mo_dulus in E, [GPa] 1.66 573
cross direction

Table.2 Test conditions

Item Measured value
Span a [m] 0.8
Roller radius R [m] 0.04
Web wrap angle B [deg]l 60
Web velocity U [m/s]! 1,5
Web tension T [N/III]I 0 ~350
Tram error 0 [deg]’ 0~0.25
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Test results

Figure 3 shows the generation of wrinkles under transportation with the velocity of I/
=1[m/s] for the coated paper-web. For the case of non misalignment, there is no wrinkle
as shown in Figure 3(i). As the tram error of roller increases slowly, the ripples can be
seen on the web surface as shown in Figure 3(ii), and when the skew angle reaches to the
critical angle the ripples disappear and the generation of wrinkle is observed on the center
line of the web at the point just before entering the misaligned roller as shown in Figure
3(iii). After the onset of wrinkle, it is sustained and transported around the misaligned
roller as shown in Figure 3(iv).

Figure 4 shows the trongh generation with slope against the center line of the web.
Such kind of wrinkle results in quality loss of the web, so it is very important to predict
and prevent the generation of trough for given operation conditions of web handling
system.

fii) &)
Figure3 — Observation of generation of wrinkles
in transporting web
(U=1[m/s],Coated paper)



Onset of buckling

(b) Upper view

Fipure 4 —Observation of generation of wrinkles in
transporting web
{U=1[m/s], Coated paper)
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Figure 5 and 6 show the variation of critical skew angle with the web tension. In the
case of the uncoated paper{newsprint), the critical skew angles exist along “L-shaped
line” consisting of the curved line(D and the vertical straight line@). There was no
wrinkle below the curved line and left to the vertical straight line(®). For both cases of
{/ =1[mvs] and 5[m/s}, there is no essential difference between the results. Therefore, it is
considered that the velocity U/ does not affect the critical skew angles.

The similar type of “L-shaped line” of critical skew angles was observed in the case
of the coated paper, as shown in Figure 6. However, in this case, the vertical line for {7
=5[m/s] shifts to the right against the line for I/ =1]m/s], and it is considered that the
velocity significantly affect the critical skew angles.
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Figure 5 — Example of experimental results for newsprint
(R=0.04[m)], a=0.8[m], B=60[deg], L=0.3[m])
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Figure 6 - Example of experimental results for coated paper
(R=0.04[m], a=0.8{m], B=60[deg], L=0.3[m])

THEORETICAL PREDICTION MODEL

Theoretical prediction model for curved lineQ

As has been done in Ref. [6], the curved line(D) independent of the velocity will be
determined based on the classic buckling theory. The energy method is applied to find the
critical buckling load of nonuniform web with different Young's modulus in the machine
and cross machine directions as shown in Figure 7. In this method, the strain energy in
buckling, AU, is set equal to the work done by the forces, 47, as:
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AU = AT (1

where AU and AT are given respectively as:

1
AU = 7 J-I_[V(ngx +0,8, +1:xz;fxz)dxdydz
1 avY’ avY’
AT:EHA{NX[E;] +Nz[§] }dxdz @)

Onset of buckling

Shear force

Direction of' Skewed roller .
web transportation Bending moment

due to skew

Figure7 — Buckling generation by shear force due to roller

misalignment
From Fooke’s law,
ez=~§~§-—vx%~:~- 3)
7w =G oY

and from the relation between the strain and displacement:

dv g2y 82w
BV g BT Vg T =

)
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Using Eqs.(3) and (4), Eq.(1) is rewritten as:

= (5] +o-(32)

2., 3 2,32
(ND +»,D \6\61/ Gty [avj}dxdz (5)

P YIP I s
where:
Extf3 E’ztf3
w =T ea s Da = o (6)
120-»,v,) 12(0~p,»,)
The displacement in y-direction, v, 1s assumed as:
v="> ap, sin T sin 2 Q)

Substituting Egs. (2}, (5) and (7) into Eq. (1), the following relation is finally
obtained.

, a2 a2
o,m? +o-zn~L——a (m‘* +§’ln4L—+4’qm n-i—;) (8)
where:
‘:] =E_z: Cz 4(1— Pa? )E + Vz + Vxé—l
E, 1+r +(1+0,)/¢
N N D )
Oy = xso_z =_Z!O-E=R--1 =

Applying the same manner as used in Ref. [6], the critical normal stress necessary to
generate wrinkles for nonuniform webs, .., is obtained as follows:

12 2
O-zcr‘:“i“?‘_';?{ (1+§11“*I:““+§-:1'“I:;“]—0‘x} (10)
where the integer / is determined by the following relation:

03{1—i2(i+1)3g ;‘;}m <cr{ (-1, } (an
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The critical share stress, T.,, is then given as:

2

zer —Ox0 (12)

T X Zer

cr = o
On the other hand, the displacement of nenuniform webs due to shear force F acting
on the misaligned roller as shown in Figure 7 is given as follows:

v, F Xz F , nFI?

w=—2—xz2 +——
2E,1 6E,1  8E,I

(13)

From Eq.(13), the deflection angle at the end of the web, x =g and z = L / 2, is
obtained as:

2
9:[5W5;LHJ _Ta (14)
a

where F and [ are respectively expressed as:

L3t
F=Lltr, , l=="L 15
P T (15)

cre

From Eqgs. (14) and (15), the condition for generating wrinkles is given as:

020, = f;“f (16)
X

where &, is the critical skew angle of misaligned roller and the critical shear siress 7, is
given by Eq. (12).

Figure & shows the applicability of Eq. (16) for predicting the critical skew angle 8.,
indicated by the curved lineD in Figure 6. As can be seen in Figure 8, there are good
agreements between the predicied resulls and the measured data.
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Figure8 — Predicted result of curved line @
{nesprint, U=5[m/s])

Theoretical prediction model for vertical straight line@}

As pointed out in Ref. [6], much higher cross machine direction stresses are needed
to wrinkle a web in the form of a shell than in the form of a plane, thus the wrinkles
generated can be transported around the surface of the misalipned roller, as shown in
Figure 9, only when there are inadequate traction between the paper-web and roller to
sustain the wrinkle.
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Friction force

. Wrinkle
Shear force

Skewed roller

Figure 9 — Web buckling sustained by friction force
between web and roller

The energy methed is also used to determine the buckling stress of nomuniform web
in the form of a shell as follows.
The strain energy AU is given by :

U =m JI. {(Exgl2 +E2522 )+ (EXVZ +Ezp")£1£2 }:b(dz

+D_MIL(52:’J2dxdz an

2

Assuming the displacement v as the following form:;

v=-3" Asin m}fz (18)

m=I
the strains &, and €, are respectively given as:

o Apn . maz A, . mazZ
& =Ep— V¥ Z—msm—, £y =—V,& wZ-u-"-‘-sm— (19
F&OR L Y& R L

where:
Eg =—— (20)

Substituting Eqs. (18)}3(20) into Eq. (17}, the strain energy AU is expressed as:



AU =-xt(E.r, +E,», e j ZA sin—dx

= ;rLt E, &
+ YA +> Ag Jz‘RLD (21)
m=| m=l1 2L4

On the other hand, the work done by the compressible force M. is:
AT=27rN21rxj ZA m—dz+ZA mEy aRL (22)

Equating Eq. (21) and (22), the critical compressible force M., is obtained as:

272 t-E 2
Ll L L S (23)

N
i L % R m2p2

Thus, the critical buckling stress of nonuniform webs in the form of a shell, ¢, is
given as:

o = Ny _ Dy m?z? . E, 12 24
=t tr L7 RZ2 m?x?

The minimum value of G, is then given as:

_2D E, _t | E.E, 25)
t; R2 RY3(-»,r,)

The maximum compressible stress supported by friction force is:

T L

o-zm:.uc = (O-z )z:L,f?_ =M R t (26)
f

From Eg. (25) and (26), the condition for sustaining the wrinkles over the surface of

misaligned roller is given as:
gy 2
rs1, =2 |_Exs 27)
ML 3(1 — Uy i"z)

Figure 10 shows the measured data of friction coefficient between two kinds of
paper-webs, coated paper-web and uncoated paper-web (newsprint), and steel 1oller for a
wide range of velocity. As can be seen in the figure, the friction coefficient strongly
depends on the magnitude of web tension and velocity. Especially, in the case of coated
paper-web, the friction force decreases significantly with an increase of velocity. The
friction coefficient between the paper-web and steel roller was successfully predicted
based on the contact mechanics which was formulated by Hashimoto [8]. But, in this
paper, the following more simple empirical model, which shows the good agreements to
the measured data, is used [9].
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Figure 10 — Variation of friction coefficient with velocity as a
parameter of web tension
{R=0.055[m], B=60[deg], L=0.035[m])

1
1= L 1% (28)
where:
He (h<ao)
He hY) nRU

= ——| 3 ——[+— <h<3 20
" 3_a[ JJ ' (aos <h<3o) (29)

-’?-ISH- (h>3a)

. hT

where U=U_+U, ,o0= (e:rw2 +o,” )”2 ,and o and g, are  determined
experimentally. In this case a =2 and g, =0.3 were used for the prediction of friction

coefficient for the coated and uncoated paper-webs.
To determine the air film thickness between the paper-web and steel roller, the

following formula derived by Hashimoto [10] is applied.

h=R£3/3[0.589—1.614l+1.764 ! )-—RK(H—Z—X] (30)
y! RB

FE)
where:
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1= L g__GqU _ kTIB
2RgV3” T '~ ntRU

(31)

Figure 11 shows the applicability of Eq. (27} for predicting the critical skew angle 4.,
indicated by the vertical straight line®) in Figure 6. As can be seen in Figure 11, there are
good agreements between the predicted results and the measured data.
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Figure 11 — Predicted result for vertical straight line &
(newspring, U=5[m/s])
RESULTS AND DISCUSSIONS

The predicted results based on the present theoretical model are compared with the
measured data for various conditions in Figs. 12 and 13.

Figure 12(i) shows the results for newsprint by changing the web width for the
velocity of I/ =1[m/s]. The critical skew angle 8.. and the critical web tension T, are
decreased with an increase of web width, and then the web wrinkling region becomes
larger.

Figure 12(ii) shows the results for the velocity of U/ =5[m/s]. The web permeability
of newsprint decreases drastically the air film thickness between the web and roller.
Then, the friction coefficient keeps constant value for a wide range of velocity. As a
result, the velocity does not significantly affect the web wrinkle generation as shown in
the fipures. As can be seen in the fipures, the predicted results agree well with the
measured data for various conditions.

Figure 13(i) shows the results for coated paper by changing the web width for the
velocity of U =1[mv/s], and Figurel3(ii) shows the results for U=5[m/s], respectively. In
both cases, the critical skew angle 8, and the critical web tension 7, are decreased with
an increase of web width, and then the web wrinkling region becomes larger. The air
film thickness between the coated paper and roller increases considerably with an
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increase of velocity because of very low permeability of coated paper, thus the friction
coefficient decreases significantly. As a result, the critical tension to sustain the wrinkle
on the misaligned roller surface, 7;,, becomes larger, and then the web wrinkling region
for the coated paper web becomes smaller with an increase of the velocity. Good
agreements can be seen the predicted resnits and the measured data for various
conditions.
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Figure 12 — Web wrinkling region for newsprint
(R=0.04{m],a=0.8[m],B=60[deg],k=4.03E-15[m"])

As predicted above, the applicability of present theoretical model was verified
experimentally. Therefore, it may be possible o predict the generation of web wrinkling
due to the misalignment of roller based on this model in many actual applicatiens of roll
to roll web transportation system. As one of examples of prediction, Figure 14 shows the
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Figurel3 — Web wrinkling region for coated paper
(R=0.04[m],a=0.8[m],B=60[deg], k= 5.52E-17[m"]}

effect of nonuniformity in Young’s modulus of webs on the generation of wrinkles. As
can be seen in the figures, the nonuniformity in Young’s modulus results in expanding
the web wrinkling region. Thus, in the roll to roll transportation of nonuniform webs such
as paper and liquid crystal films, it is needed to take into account such effects of

nonuniformity of webs on the wrinkle generation.

21



0.25 T 0.25 T T T
:;E_’ 03} g’ (%]
= st = pask
L 1Y
E o £ 0.l
g | Nowrinkte | £ Nowrinke
£ n.os| g 045
= o
0T T TS0 30 Mo T 0 30100130 Im o 300350
Web tension T {N/m] Web tension T [N/m]
(i)¢,=14 E=117[GPz]) (i)¢,=172 £=233[GPx))
0.25 T T T 0.25 T T T T
;:j 0.1 g’ 1%
= p.13} = 015+
5 ]
5 cik- Ne wrinkle h ’5 ol Novwrinkle
E
& g.03f - E v.usk .
[ [
T TR R T Y 0 30 100 T I 230300350
Web tension T [N/m} Web tension T [N/m)
(i) & ;=34 Ez=3-50[GPaE) (v)g,=1 El=4.66|GPa])
Figurel4 — Variation of wrinkling region as a parameter of
Young's modulus of web in cross direction
(U=1[m/s],R=0.04[m],a=0.8[m],B=60[deg],L=0.3[m])
CONCLUSIONS

The theoretical model for predicting the generation of web wrinkling due to the

misalignment of roller was formulated based on the experimental observation for
nonuniform webs with different Young’s modulus in the machine and cross machine
directions such as paper and liquid crystal films. The applicability of the model was
verified by comparing the predicted results and the measured data obtained for various
operation conditions.
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Question
The peak of the coefficient occurs at somewhat higher
speeds than zero. How come?

Answer

It is very difficult to determine and must be determined
case by case because the friction coefficient has a very
complicated form. It depends not only on the web velocity
and tension, but also surface characteristics.

Question

One of the things we fearned was when you have a closed
loop such as you have the surface of the sheet becomes
conditioned. The measurement of friction causes slippage
which abrades the web surface and the surface asperities.
We found that in our traction tests we had to constantly
change the loop of web because the integrity of the surface
of the sheet was being affected.





