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Abstract. A one-dimensional model for the analysis of corspi@n of a paper in the printing machine is pressbnit
is assumed that a paper experiences static corgmes®d the problem of initial stability is solved.two-dimensional
model for the analysis of compression of a pap@eiscribed and used for the solution of a simitabjem. Also an
axi-symmetricmodel for the analysis of compression of a papeteiscribed and used for the solution of a similar
problem.

A setup for performing experimental investigasoof uniaxial unidirectional symmetrically distuiied compression
of polymeric film is designed and created. For fhispose the method of digital speckle photographysed. During
the investigations the images of the stability eigedes of the polymeric film HDPE for uniaxial uin@ttional
compression of the film were determined.

The obtained results are used in the desigheoélements of the printing machine.

Keywords: paper, polymeric film, compression, experimentakup, speckle photography, image processing,
correlation analysis, stability, eigenmode, prigtmachine, finite elements, axi-symmetric problem.

Introduction 2) stability of the investigated paper as of a platthw
additional stiffness due to the static compression

The analysis of stability of a paper in the prigtin determined in the previous stage of analysis i$yaed.

machine is based on the relationships describgd 2. The axi-symmetric model for the analysis of paper
The one-dimensional model for the analysis of papestability in the printing machine is based on thalgsis

stability in the printing machine is based on timalgsis of an axi-symmetric elastic structure. Thus thelyaig

of beam bending. Thus the analysis consists of tweonsists of two stages:

stages: 1) the static problem is solved, assuming the

1) The static problem of longitudinal motion of a lmr displacements at the edges of the analyzed strucig

solved, assuming that the longitudinal displacemexit given;

the ends of the analyzed paper are given; 2) stability of the investigated structure becausehef

2) stability of the investigated paper as of a bearth wi additional stiffnress due to the static compression

additional stiffness due to the static compressiometermined in the previous stage of analysis is

determined in the previous stage of analysis idyaad investigated.

(the first stability eigenmodes are determined). Optical methods find wide application for the
The two-dimensional model for the analysis of papeinvestigation of mechanical characteristics: moire

stability in the printing machine is based on tinalgsis methods (shadow moire [3], geometric moire [4] tohg

of plate bending. Thus the analysis consists ofgtages: of circular moire fringes for the visualisation oértain

1) the static problem of the plane stress is solvedypes of dynamic processes [5], stochastic moirettie

assuming the displacements at the edges of thgzakl identification of plane vibrations [6]) and the inetls of

paper are given; speckle photography [7] and interferometry [8].
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A great number of investigations of mechanicalbendingu in the direction of thex axis is expressed as
characteristics of the materials used in poligrapimg  u=z6,.
packaging technology (paper, cardboard, polymend a The stiffness matrix has the form:
multilayered combined materials) are performed
worldwide [9, 10]. When performing investigations,
usually tension experiments are performed, and fitwen
analysis of the obtained data conclusions about the B I:
]

mechanical characteristics of the materials areemBdt [K]: 1-v? 12 (4)
the number of papers in which the behaviour of nelie . E .
and products used in polygraphy in the process of +[BIr {— h}[B]
compression is investigated is rather low. Thusabse 2(1+V)1'2
of the mentioned reasons this research is considerbe
important. where:
In paper [11] the vibrations of the paper tape are
investigated for the given loading of the paperetajm [—]_ 0 dN; 5
this paper the method of digital speckle photogyaish - ax Tl ()

used for the analysis of uniaxial unidirectional
symmetrically distributed compression of the maisri dN
used in polygraphy. [é]:{_l N; } (6)
The obtained results are used in the process dfrdes dx
of the printing machine elements.
The matrix of additional stiffness has the form:
One-dimensional model for the analysis of paper

stability in the printing machine [K ]: J[GF [M ][G]dx @)

Furtherx, y and z denote the axes of the orthogonal

Cartesian system of coordinates. First the statblpm  Where:
of longitudinal motion of a bar is analyzed. Thersént
has one nodal degree of freedom: the displacemnémt [G]: dNg 0 (8)
the direction of thex axis. The stiffness matrix has the dx i
form:

e ]-| =5 el ©
K] ]| = ok @ =

-V

) S ) Thei-th critical value of the loading parametgrand
where E is the modulus of e|aStICIty/, is the Poisson’s the Corresponding Stabmty eigenmode 5I}{ are

ratio, h is the thickness of the paper and: determined from:
[B]= {% } ) ([K]Jr Ai [Ka ]){5i }= {0} (10)

whereN; are the shape functions of the finite element.  Results of the analysis of the paper stability inhe
It is assumed that the longitudinal displacementii@ printing machine using the one-dimensional model

ends of the analyzed paper are given and they peotthe

loading vector £}. Thus the vector of displacement8}{ , o .

is determined by solving the system of linear atgih For the static problem of longitudinal motion obar

equations: the following boundary conditions are assumed: hat t
left end the longitudinal displacement is assunede
[K]{5}= {F} 3) equal to zero, while at the right end it is assuntede

given a prescribed negative value. For the probtdm

) ) transverse vibrations at both ends, both generilize
In the second stage of the analysis the eigenprobfe displacements are assumed equal to zero.
stability of the beam with additional stiffness dethe The first eigenmode of stability is presented ig.Fi

static_ longitudinal compression is solved. The beamy . <acond eigenmode of stability is presentedign &
bending element has two nodal degrees of freedben: t___' the tenth eigenmode of stability is presentedFii.
displacementw in the direction of thez axis and the

rotation ®, about they axis. The displacement due to
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stability eigenmode. stability eigenmode.

Experimental investigation of a polymeric film

compression

In the printing machines of roll type when transpay
the polymeric film between separate printing sexjdhe
uniaxial unidirectional

Fig. 3. The third
stability eigenmode.  stability eigenmode. stability eigenmode. stability eigenmode.
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Fig. 8. The eighth
stability eigenmode.
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Fig. 5. The fifth
stability eigenmode.

Fié. 4.The fourth

iéig. 10.The tenth
stability eigenmode.

Fig. 9. The ninth
stability eigenmode.

The surface of the polymeric film was illuminatediw

coherent monohromatic light using the Helium—Neon
laser (HN-40, corresponding to IEC 825-1:1993).sThi
laser generates the light beam with the wavelength
632,8 nm (part of the spectrum of the red coloensiey
compression of the tape ofan eye). The main parameters and characteristi¢heof

polymeric film may take place because of differentlaser and of the power source are presented ireTabl

velocities in different printing sections, the effeof
temperature (the layer of paint which is locatedtoa
surface of the tape is dryed after each printinctise)
and because of other reasons (Fig. 11).

In order to take the effect of the possible unibxia

compressive loading of the flexible polymeric tape&
account when the printing material is transportedhie
printing machine and when the loading is symmethe,
experimental setup for the digital speckle photpgsa
investigations was designed and produced (Fig. BEQ).
the symmetric loading of the film tape, the compies
load was distributed symmetrically with respectthe
center line of the tape of the polymeric film byatbing
both of its sides with equal compressive lgad

Fig. 11.Principal scheme of the motion of the tape of payim
film in the printing machine and of the compresslmetween
separate printing sections:— width of the polymeric filmL —
length of the film,g — compression loading

3 Direction of illumination

Fig. 12. Experimental setup for the digital speckle photpbsa
investigations designed for the analysis of theeatffof the
compressive loading of the tape of polymeric filin- He-Ne
laser, 2 — expanding lens, 3 — mirrors, 4 — theestigated
polymeric material, 5 — focusing lens of the digitmage
camera, 6 — digital image camera, 7 — the b@sehe load

Table 1

The main parameters and characteristics of the lase
HN-40 and of the power source

Parameter Value
Radiated wavelength 632.8 nm
Maximum power 39 mW
Parameters  pojarisation 1000:1
of the laser -
Elameter of the 2.1 (x0,1) mm
eam
Expansion 2.1 mrad
Conditions Operating 10 - 40°C
of temperature
operation Humidity of air <93 %
Allowable Not less than 198 VvV
values of
voltage at Not more than 242V
50Hz

The laser beam was expanded by using the expansion
lens and directed to the side of the investigatgme tof
polymeric material by using the system of mirrofe
polymeric tape was deformed by loading it with laad
and because of this the tape was deformed anditéefin
speckle images occured. By changing the load thpesh
of the obtained speckle images varied. At definaties
of loads the images of the stability eigenmodesiramt.

Speckle images were registered with the high
resolution colour digital image camera Edmund QGptic
EO-1312C USB Camera. Each photo was registered with
the time interval of 40 ms. The quality of the phakid
not change when changinige time interval between the
registrations. The main characteristics of the ienag
camera are presented in Table 2.
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Table 2
The main technical characteristics of the image
camera Edmund Optics EO-1312C USB Camera

Model EO-1312C USB Camera
Sensor Type 1/2" Progressive Scan CMQOS
Pixels (H x V) 1280 x 1024
Pixel Size (H x V) 5.2 umx5.2 um
Sensing Area (H x V) 6.6 mm x 5.3 mm
Pixel Depth 8-bitm
Frame Rate 25 fps
Resolution >100 Ip/mm image space
resolution 50% @ F4, 400 mm
WD
(18 mm FL meets 100 Ip/mnq
with max 2/3" CCD)

Distortion <0.3% @ 400mm WD Fig. 13.Image of the first stability eigenmode of the pogrin

<1% @ 400mm WD for 18 film HDPE for uniaxial unidirectional compressiofitbe film:

mm FL loading 0.88 N, deformation 55 pm, 1 — shape ct ftability

Shutter Type Rolling eigenmode
Lens Mount C-Mount
Sync System Internal or Via Software
Camera/Exposure Via Software
Control
Dimensions (WxHXxL) 34 x 32 x27.4 mm

Focusing lens Edmund Industrial Optics 55326 Double
Gauss Focuss 25 mm was used with the videocamera,
which has the lens of wide viewing field and vakab
aperture. The main characteristics of the foculeng are
presented in Table 3.

Table 3
The main characteristics of the focusing lens Edmuth
Industrial Optics 55326 Double Gauss Focuss 25 mm

Fig. 14. Image of the second stability eigenmode of the

Focal Length - 25 mm polymeric film HDPE for uniaxial unidirectional cqression
Min. Max. of the film: loading 1.47 N, deformation 21 um, Ishape of

Primary Mag 0.106 X o second stability eigenmode

FOV (2/3" CCD Hor) 87.5 mm 20.7°

FOV (1/2" CCD Hor) 63.6 mm 15.1°

Resolution in Object

Space (1/2" CCDJ) 11 Ip/mm N/A

Working Distance 240 mm )

Aperture (f/#) F4 - closed

Distance to First Lens 21.4~24.1 mm

Filter Thread M 30.5 x 0.5 mm

The camera transferred the obtained images to the
personal computer through the USB 2.0 connection
where the obtained images were processed with the
specialised software uc480viewer (version 2.40.0005
and their correlation analysis was performed.

In Figures 13, 14, 15 and 16, the images of thailgia
eigenmodes of the polymeric film HDPE (dimensitns
200 mm, b = 200 mm) are presented for uniaxial
unidirectional compression of the film.

Fig. 15.Image of the third stability eigenmode of the polyin
film HDPE for uniaxial unidirectional compressiofithe film:
loading2.45 N,deformation 13 pm, 1 — shape of third stability
eigenmode
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o o M
OX
Bl-lo - o | (12)
oy
0 0Ny 0Ny
L ox oy ]
where N; are the shape functions of the finite element
and:
E . Ev2 0
3 1-v® 1-v
Fig. 16.Image of the fourth stability eigenmode of the padyic [5 _ h_ Ev E 0 (13)
film HDPE for uniaxial unidirectional compressionf the film: 12[1-y2 1-,2 '
loading3.14 N,deformation10pum, 1 — shape of fourth stability E
eigenmode 0 2(1+ v)

From Figures 13, 14, 15 and 16, one can see thht wi
the increase of the uniaxial unidirectional loachgas of
the stability eigenmodes change. First, when logadie
film, one large peak forms in its central part (inaxm

whereh is the thickness of the papé&rjs the modulus of
elasticity andv is the Poisson’s ratio and:

deformation of 55um takes place when the load0i88 N). ONyp N. O

By further increase of the load one can observgingr [E]: oy ! (14)
speckle images and the second, third and fourthilisga ONg 0o N ’

eigenmodes occur. With further increase of the Joad X 1

speckle images are located non uniformly and it is
difficult to identify the eigenmodes. Also one caote a
that with the increase of the load the change o{D
deformations is negative.

En [10
]: 2(1+v)1.2{0 1}' (1)

Two-dimensional model for the analysis of paper The matrix of additional stiffness has the form:
stability in the printing machine

Furtherx, y and z denote the axes of the orthogonal [KU] I[G]T[M ][G]dxdy, (16)
Cartesian system of coordinates. First, the sfatiblem

of plane stress is analyzed. The element has tvdalno
degrees of freedom: the displacementandv in the

where:

directions of the axes andy of the orthogonal Cartesian Ny 00 ..

system of coordinates. _| ox (17)
It is assumed that the displacements at the boyrafar T g9 0

the analyzed paper are given and they produce the oy

loading vector. Thus the vector of displacements is

determined by solving the system of linear algebrai -

. x Iy

equations. M]= h{ } (18)

In the second stage of the analysis the eigenproble Dy 9y

stability of the plate with additional stiffnesselto the

static compression in the plane of the paper igegsblThe  where the stresses, oy, 7,, are determined from the static
element has three nodal degrees of freedom: thgroblem of plane stress.

transverse displacement of the papeand the rotations

0, and 6, about the axes of coordinatesandy. The  Results of analysis of paper stability in the prining
displacements due to bendiogndv in the directions of  achine using the two-dimensional model

the axex andy are expressed asz®, andv=-z6.

The stiffness matrix has the form: A square piece of paper is analyzed. For the static
problem of plane stress the following boundary
=1 =RTEELE SIE conditions are assumed: on the lower boundaxg0, on
[K]_ IUBP [D IB]+ [BP [D IB Ddxdy, (11) the upper boundany=0 andv=-1, on the left and the right

boundarieai=0. For the problem of plate bending on the
where:
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lower and the upper boundaries all the generalize
displacements are assumed equal to zero.
Contour plot for the first eigenmode of stability i

presented in Fig. 17, for the second eigenmode of

stability is presented in Fig. 18, ..., for the ninth
eigenmode of stability is presented in Fig. 25.

Fig. 17.The Fig. 18.The Fig. 19.The
first stability second stability third stability
eigenmode eigenmode eigenmode
1) ) \u
)
Fig. 20.The Fig. 21.The Fig. 22.The
fourth stability  fifth stability sixth stability
eigenmode eigenmode eigenmode
Fig. 23.The Fig. 24.The Fig. 25.The
seventh stability eighth stability  ninth stability
eigenmode eigenmode eigenmode

-
N
OX
o M
Bl= . ¥ | (20)
—+ o0 ..
X
Ny Ny
Loy ox )

where N; are the shape functions of the finite element
and:

K+£G K—EG K—EG 0
e de
K—EG K—ZG K+ﬂG 0
3 3 3
o 0 0 |
where:
Keer B (22)
31-2v)
G=—rt (23)
2(1+v)

whereE is the modulus of elasticity ands the Poisson’s
ratio.
The matrix of additional stiffness has the form:

Axi-symmetric model for the analysis of stability & [Kcr]: I[G]T [M ][G]zﬂxdxdy, (24)
the paper in the elements of packages
where:
Furtherx denotes the radial coordinate apdlenotes ~ _
the axial coordinate of the cylindrical system of N1
coordinates. First, the static problem is analyZeke OX
element has two nodal degrees of freedom: the 0 ONy
displacements andv in the directions of the axesandy OX
described previously. )= N (25)
It is assumed that the displacements at the boyrafar oy '
the analyzed structure are given and they prodbee t 0 0Ny
loading vector. Thus the vector of displacemernts i§ oy
determined by solving the system of linear algebrai Ny 0
equations. .
In the second stage of the analysis the eigenproble B )
stability of the structure with additional stiffreeslue to
the static compression is solved. ox 0 7y 0 0
The stiffness matrix has the form: 0 ox 0 7y O
M]=lry 0 oy 0 O (26)
0 Tyy 0 oy 0
[K]=J[B]" [D]BJ2mdxay, (19) 0 0 0 0 o
where:
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where stresses, oy, 0, 7,y are determined from the static
problem:
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oy following boundary conditions are assumed: on tveer
o boundaryu=v=0, on the upper boundar=0 andv=-1.

Y1 =[p]BJs} (27) For the eigenproblem on the lower and the upper
Oz boundaries all the displacements are assumed equal
Tyy zero.

The first eigenmode of stability is presented ig.F6,
the second eigenmode of stability is presenteddn Z7,
..., the eighth eigenmode of stability is presentedrig.
33.

Results of analysis of paper stability in the elenms of
packages using the axi-symmetric model

A thin rectangular structure parallel to the axial
coordinate is analyzed. For the static problem the

Fig. 26.  Fig. 27. Fig. 28. Fig. 29. Fig. 30. Fig. 31.

Fig. 33.
The first The The third The fourth  The fifth The sixth The eighth
stability second stability stability stability stability seventh stability
eigenmode stability eigenmode eigenmode eigenmode eigenmode stability eigenmode
eigenmode eigenmode
Conclusions stability eigenmodes of the polymeric film HDPE for

uniaxial unidirectional compression of the film bging
The one-dimensional model for the analysis of papethe method of digital speckle photography.
stability in the printing machine is based on the The configurations of the images of stability
assumption that a paper is analyzed as a beam wiigenmodes of the polymeric film HDPE obtained by
additional stiffness due to its static longitudinalusing the method of digital speckle photography
compression. characterize the quality of stress uniformity ofe th
The static problem of longitudinal motion of a bar polymeric film in the flexographic printing machirand
solved, assuming that the displacements at the @frithe  the uniformity of loading of the polymeric tape.
analyzed paper are given. Then the stability of the The two-dimensional model for the analysis of digbi
investigated paper as of a beam having additionadf a paper in the printing machine is based on the
stiffnress due to the static compression determinedssumption that a paper is analyzed as a plate with
previously is analyzed. additional stiffness due to its static compressiorthe
The setup for experimental investigations was desilg plane of the paper.
and created which enabled to determine the imafyéhreeo
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The static problem of the plane stress is solved6] Ragulskis M., Maskeliinas R., Saunoriek L.
assuming that the displacements at the edges of thgentification of in-plane vibrations using time eaage
analyzed paper are given. Then the stability of thstochastic moire // Experimental Techniques. — 1SEN82-
investigated paper as of a plate having additistitihess ~ 8818 — Bethel. —2005, Vol. 29, no. 6, p. 41-45.

. . . Iy [71 Mironova T. V., Sultanov T. T., Zubov V. A. Digital
due to the static compression determined previoisly photography in measurements of shifts of objectases with

analyzed. _ , _ formation of the speckle structure in white ligdburnal of
The axi-symmetric problem for the analysis of stabi  Rryssjan Laser Research. Vol. 25, no. 6 (2004), p5495

of a paper is based on the assumption that a ge®r [8] Li X., Tao G., Yang Y. Continual deformation analysis

additional stiffness due to its static compression. with scanning phase method and time sequence phetbed in
The static problem is solved, assuming that theéemporal speckle pattern interferometry. Optics &sér

displacements at the edges of the analyzed pamer akechnology. No. 33 (2001), p. 53-59.

given. Then the stability of the investigated stme [9] KibirkStis E., Lebedys A, Dabkevtius A., Maik V.
because of the additional stiffness due to theicstat EXPerimental study of polystyrene packaging conspees

. . - . resistance. Mechanika. Kaunas University of Teabml
CompreSSIO.n determined preVIOUS_Iy Is analyzed. . Lithuanian Academy of Sciences, Vilnius Gediminafnical
The obtained results are used mlthe process afrdes University. ISSN 1392-1207. - Kaunas. - 2007, (65} p. 22-
of the elements of the printing machine. 29.

[10] Dabkevicius A., Kibirkstis E. Investigation of mechanical

characteristics of polymer fiims for packaging protbn.
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