262. Analysis of vibrations of paper in a printingdevice
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Abstract. The model for the analysis of vibrations of paper printing device is presented. It is assumed gaper
performs transverse vibrations as a membrane hatifigess due to static tension in its plane. Titet eigenmodes are
determined. It is shown that the eigenfrequencfasamsverse vibrations of the analyzed paper @odntrolled by the
static tension in the plane of the paper.

The model for the analysis of stability of papemiprinting device is presented. It is assumed aper moves with
constant velocity in a given direction. The analyisiperformed using a plate-bending element vkighcontribution of the
forces of inertia from the convective acceleratiorisis results in the eigenproblem determiningdtitcal velocities and
stability eigenmodes.

The stand was made for obtaining the experimentastigations. Using it the nodal lines of the dtag waves were
determined and using projection moiré the eigenmoedere determined.

The obtained results are used in the process @jrdesthe elements of the printing device.

Keywords: paper, eigenmode, membrane, finite elements ligyaloritical velocity, stability eigenmode.

Introduction

The model for the analysis of vibrations of papeai plate-bending element with the contribution of foeces
printing device is proposed on the basis of the etwd of inertia from the convective accelerations. Teisults in
described in [1, 2]. It is assumed that paper peréo the eigenproblem determining the critical velogitiand
transverse vibrations as a membrane having stifdes  stability eigenmodes.
to static tension in its plane. Thus the analysissists of Besides, in recent years for the investigation of
two stages: vibrations moire methods are used rather widely th

1) the static problem of plane stress by assuming thmethod of shadow moire is often used for the amalgs
displacements at the boundary of the analyzed papee vibrations of a plate [5], geometric moire is uded the
given is solved; analysis of vibrating elastic structures [6], itaso often

2) the vibrations of the investigated paper as of aused for the visualisation of periodic dynamic @®ses in
membrane with stiffness due to the static tensiomircular structures [7]; for the identification gflane
determined in the previous stage of analysis asdyaed vibrations stochastic moire is used [8]. In thipgafor the

(the first eigenmodes are determined). analysis of vibrations of a sheet of paper the otbf
The model for the analysis of stability of paperain projection moire is used [9].
printing device is proposed on the basis of the ehdolr The purpose of this investigation is to experimiynta

the analysis of plate bending described in [2] dhd determine the nodal lines of the standing waveghef
principles of analysis of vibrations of elasticustiures paper excited by vibrations and to determine the
described in [3, 4]. eigenmodes.

It is assumed that paper moves with constant \gloci The obtained results are used in the process dfrdes
in a given direction. The analysis is perfednusing a of the elements of the printing device.
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Model for the analysis of vibrations of the paper

First, the static problem of plane stress is aralyz
degrees of freedom:

The element has two nodal
displacements andv in the directions of axes andy of

the orthogonal Cartesian system of coordinates. The

stiffness matrix has the form:
[K]= [ [B]" [D]Blhdxdy, (1)

whereh are the thickness of the paper and:

ON, 0
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whereN; is the shape functions of the finite element and:
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whereE is the modulus of elasticity andis the Poisson’s
ratio.

It is assumed that the displacements at the boyrafar

the analyzed paper are given and they produceoteirlg
vector {F}. Thus the vector of displacementsi}{is

[K]=[[e] [M]cThdxdy. ™

where:

an,

OX
ON, '

oy

[G]-= 8)

and:

w7 ]

xy y

(9)

where stresses, oy, 7,y are determined from:
(10)

The i-th eigenfrequencyw; and the corresponding
eigenmode §;} are determined from:

([K]_ o] ['\7]){5i j=0.

If the static displacements of the boundary arengbd
A times, the loading vectorH} and thus the vector of
displacements d} and further the stresses, gy, 7, and
thus the stiffness matrix of the membrane are chanbe
same number of times. From the equation:

WlK]- 20 s} =o0.

(11)

12)

it is evident that the eigenmodes of the membramneamn

determined by solving the system of linear algabraithe same, while the eigenfrequencies are relatéd thie

equations:

[KJi}={F}.

In the second stage of the analysis the eigenprobfe
the membrane is solved. The element has one nedate
of freedom: the transverse displacement of papefhe
mass matrix has the form:

(4)

[M]= [INT p[N]naxdy, (5)
wherep is the density of the material of the paper and:

IN]=[N, ...

The stiffness matrix has the form:

(6)
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eigenfrequencies of the previous problem as:

Thus the eigenfrequencies of transverse vibratafns
the analyzed paper can be controlled by the statision
in the plane of the paper.

(13)

Results of analysis of vibrations of the paper

A square piece of paper is analyzed. For the static
problem of plane stress the following boundary dtmals
are assumed: on the lower boundary it is assumat th
u=v=0; on the upper boundary it is assumed ti and
v=1; on the left and the right boundaries it is assd that
u=0. For the problem of transverse vibrations ontlad
boundaries it is assumed thet0.
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The contour plot of the transverse displacementtfer
first eigenmode is presented in Fig. 1, for theosec
eigenmode in Fig. 2,..., for the tenth eigenmodeiin EO.

Fig. 4. The fourth eigenmode

Fig. 1. The first eigenmode l l

Fig. 5. The fifth eigenmode
Fig. 2. The second eigenmode

Fig. 3. The third eigenmode Fig. 6.The sixth eigenmode
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Fig. 7. The seventh eigenmode

Fig. 8. The eighth eigenmode

Fig. 9. The ninth eigenmode
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Fig. 10.The tenth eigenmode

Model for the analysis of stability of the paper

Furtherx, y and z denote the axes of the orthogonal

The stiffness matrix has the form:

k1= (el [oYe] - [B] D18 iy,

where:
0 0
B]-|o -
oy
_ONy
i oX
[ E
5 1-v?
e
1212
0
Bl=
Ha,
OX

Vol. 9, No.1, ISSN 1392-8716

Cartesian system of coordinates. The plate bending
element has three nodal degrees of freedom: displect

w in the direction ok axis and rotation®, and ®, about
axesx andy. Displacementss andv in the directions of
axesx andy are expressed asz@, andv=-z0,.

(14)
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- Eh 1 0 eigenmodes that are to be passed when increasag th
[D]z— , (15) velocity of the paper motion).
21+v)12[0 1

whereN; are the shape functions of the finite eleméarig
the thickness of the papek, is the modulus of elasticity
andv is the Poisson’s ratio.

It is assumed that the paper is moving in the tbac
of y axis with constant velocityV. Thus the full

acceleration coincides with the convective accélana Ry
d?> |, 0°
dt2 ayZ !

wheret is the time variable. So the stiffness matrix tees L |
form [K]-VK.], where:

(16)

h 0 0
3
[KV]ZI[B\/]T 0 % 0 [Bv]dxdy, (17) Fig. 11.The first stability eigenmode
o A

0 7
L 12 |
wherep is the density of the material of the paper and:
N9 0 .
» ) (
oN
[B,]=] 0 =— o0 ... (18)
oy
o o &
i oy |
This produces the eigenproblenK{VJ[K\]){ 6;}=0,

whereV; are the critical velocities andi} are the stability

eigenmodes. Fig. 12.The second stability eigenmode

Results of analysis of stability of the paper

A square piece of paper is analyzed. On the lowdr a
the upper boundaries all the generalized displantsrere P e
assumed equal to zero. ) (

The contour plot of the displacement for the first
stability eigenmode is presented in Fig. 11, fa second e
stability eigenmode in Fig. 12, ..., for the sixtlalstity
eigenmode in Fig. 16.

The operation of the printing device should takacpl

in the velocity intervals where the full stiffnessatrix is — ]

positive definite. In order to operate at highetociies ) (
(exceeding the lowest critical velocity), the raggoof Lo |
unstable operation are to be passed. For this parpo
special pressing devices to stabilize the motiothefpaper
are to be used. The locations of the stabilizirgnelnts are
determined from the stability eigenmodes (they tarde
located at the places of maximum deflections of the Fig. 13.The third stability eigenmode
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Experimental setup and the method of investigation

In order to determine the dynamical characteristics
the paper under symmetric loading of the sheetapkp a
special experimental setup shown in Fig. 17 wagyded
and produced. For the visualization of standing egatwo
methods were used:

1) a grain of carborundum (150-18@n);
2) projection moire.

Y
PIA

A

PR PC

A
o
o

a
Fig. 14.The fourth stability eigenmode )

l List of
P paper/paperboard
b)

List of paper/paperboard

in the deformed status
[\ /( Pitch p
| o\ _— / \

/

D=()

Fig. 15.The fifth stability eigenmode ey
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c)

Fig. 17. a) Structural diagram of the experimental setup=S
signal generator; S— amplifier; § — vibroexciter; $ — the
investigated material; DC - digital camera; PC — qeab
computer; PR — printer; F — light flux of the digiamera; b)
diagram of symmetric loading of the investigatedeoh P —
Fig. 16.The sixth stability eigenmode tension force of the list of paper; c) diagram lé tprojection
moire

N\~
ao
mm

© Vibromechanika. Journal of Vibroengineering.02@anuary/March, Vol. 9, No. 1, ISSN 1392-8716



262.ANALYSIS OF VIBRATIONS OF PAPER IN APRINTING DEVICE. ASTA KABELKAIT E*, EDMUNDAS KIBIRKSTIS!, LIUTAURAS RAGULSKIS?, ARTORAS DABKEVI ClUs!

The created experimental setup consists of: than Fig. 18, of the second eigenmode — in Fig. 19the
generator of vibrationss;,, amplifier S,, vibroexciterS;,  third eigenmode — in Fig. 20. The image of the hdidas
investigated materiely, digital camera Canon A70@C),  of the first eigenmode for Plano Plus paper obthibg
personal computelPC, ink printer HP Deskjet 920dPR)  using the grains of carborundum is presented in Fig of
and the optical setup of the projection moire (ndicated the second eigenmode — in Fig. 22, ..., of théhterih Fig.
in the figure). 30. By using projection moiré, the image of thestfir

The ends of the investigated sheet of paper wereigenmode is presented in Fig. 31, of the second
fastened between pressing tapes. One of the pgetsgies eigenmode — in Fig. 32, of the fifth eigenmode +Fiig. 33.
was fastened to the exciter of vibrations, while tither
pressing tape was loaded symmetrically by foRceof
25.5N. Vibroexciter S; was generating longitudinal
vibrations of sinusoidal shape of chosen frequemdyich
excited standing waves in the analyzed materiahérfirst
method the grains of carborundum were put on thiasel
of the analyzed material for the visualization otlal lines
of standing waves. In the second method for the
visualisation of eigenmodes the grid of st@p was
projected by the light rays emitted by a monochriiena
light source at a definite angle to the surface thogé
investigated material [9]. In the first method of
experimental investigation the shapes of the nbdas of
the standing waves were obtained. In the secondhadet
the eigenmodes were photographed by a digital caams
then processed in the monitor of the personal coenpu

In the experiment projection moire was implemented
by projecting thin parallel lines of high contrasith the
light rays to the vibrating list of paper.

The created experimental setup enables to change:

e the loading forceP of the investigated
material;

e to generate longitudinal vibrations of the
investigated material in the frequency intervaHBto  Fig. 18.Nodal line of the standing wave of the first eigemle of

2.2 MHz). Mirabell paperboard 320 gfnfrequency of vibrations 9 Hz,

The investigations were performed for Plano Plusamplitude 210°m, loading force 25.5 N
paper 80 g/mand Mirabell paperboard 320¢frnTechnical
characteristics of the investigated paper are ptedein
Table 1.

Table 1
Technical characteristics of the investigated
materials
. Paper Paper
Qualities Plano Plus | Mirabell
Surface density,
gin? 80 320
Thicknessum 98-107 435
Porosity, g/m 1 1,36
Longitudinal
stiffness, mNm i 16,2
Perpendicular ) 6.4
stiffness, mNm '

The obtained results of the experimental investgat
under symmetric tension of the sheet are presentédy.
18 - Fig. 33. Th.e ima_ge of the nodal "_nes of tteding  Fig. 19. Nodal lines of the standing waves of the second
waves of the first eigenmode for Mirabell paperitoar eigenmode of Mirabell paperboard 320 §/nfrequency of
obtained by using the grains of carborundum isgmesl  vibrations 16 Hz, amplitudex0®m, loading force 25.5 N
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\

o
] - . ) o Fig. 23.Nodal lines of the standing waves of the thirceaimode
Fig. 20.Nodal lines of the standing waves of the thirceaigode of Plano Plus paper 80 j]’nfrequency of vibrations 33 Hz,
of Mirabell paperboard 320 gfmfrequency of vibrations 21 Hz, amplitude 210°m, loading force 25.5 N
amplitude 2<10§m, loading force 25.5 N

—

Fig. 21.Nodal lines of the standing waves of the firseeigode 19 24. Nodal lines of the standing waves of the fourth
of Plano Plus paper 80 gfmfrequency of vibrations 16.8 Hz, eigenmode of Plano Plus paper 80 g/frequency of vibrations
amplitude 210°m, loading force 25.5 N 46 Hz, amplitude 210°m, loading force 25.5 N

Fig. 22.Nodal lines of the standing waves of the secogerenode  Fig. 25.Nodal lines of the standing waves of the fifthezighode
of Plano Plus paper 80 gfmfrequency of vibrations 26.5 Hz, of Plano Plus paper 80 g/mfrequency of vibrations 65 Hz,

amplitude 210%m, loading force 25.5 N amplitude 210%m, loading force 25.5 N
48
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Fig. 26.Nodal lines of the standing waves of the sixtteaigode  Fig. 29.Nodal lines of the standing waves of the nintteeigode
of Plano Plus paper 80 gimfrequency of vibrations 83 Hz, of Plano Plus paper 80 gimfrequency of vibrations 139 Hz,
amplitude 210°m, loading force 25.5 N amplitude 210°m, loading force 25.5 N

|

Fig. 27. Nodal lines of the standing waves of the seventtFig. 30.Nodal lines of the standing waves of the tentieeigode
eigenmode of Plano Plus paper 80 g/frequency of vibrations of Plano Plus paper 80 g/mfrequency of vibrations 225 Hz,
102 Hz, amplitude 210°m, loading force 25.5 N amplitude 210°m, loading force 25.5 N

On the basis of experimental investigations by gisin
the grains of carborundum, the nodal lines of stapd
waves for the first, second, ..., tenth eigenmoaieshe
sheet of Plano Plus paper and the first, secondd th
eigenmodes of the sheet of Mirabell paperboard were
determined. This rather simple method may be usethé
analysis of modal shapes and their distributioth@aplane.
The precision of this method is not very high.sltused in
preparatory investigations, which do not requireyvgigh
precision.

By using the second method, that is projection ejoir
the deformations of the sheet of paper were ingat#d.
The shapes of those deformations are similar tontdal
lines of standing waves obtained by the first mdththe
method of projection moire is more precise and tius
widely applied for the investigation of the dynamiof
paper. In the investigations the first, second difith
eigenmodes of Plano Plus paper were obtained.

"i:@‘ﬁg: i ‘gx’aywm G4

Fig. 28. Nodal lines of the standing waves of the eighth
eigenmode of Plano Plus paper 80 g/frequency of vibrations
118 Hz, amplitude 210°m, loading force 25.5 N
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1l
i i
I
Fig. 31. The first eigenmode of Plano Plus paper 80%g/m
frequency of vibrations 128 Hz, amplitude1®°m, loading force

255N ]
] |||||l|l

|¢ f |

1 ||||

T ||l||
uummmmlmll

mlh

displacements at the boundary of the analyzed parer
given. Then the vibrations of the investigated pagseof a
membrane with stiffness due to the static tension
determined previously are analyzed.

It is shown that the eigenfrequencies of transverse
vibrations of the analyzed paper can be contrdiigadhe
static tension in the plane of the paper.

The model for the analysis of stability of paperain
printing device is proposed.

It is assumed that paper moves with constant \gloci
in a given direction. It is analyzed using a plaénding
element with the contribution of the forces of trgerfrom
the convective accelerations.

The critical velocities and stability eigenmode® ar
determined. The operation of the printing deviceudth
take place in the velocity intervals where the ftiffness
matrix is positive definite. In order to operatevatocities
exceeding the lowest critical velocity, the regiong
unstable operation are to be passed. For this parfite
locations of the stabilizing elements are deterchifrem
the stability eigenmodes.

The experimental setup is created for
investigations on the basis of which the nodaldioé the
standing waves of Mirabell paperboard (320 %/mand
Plano Plus paper (80 gfjrwere determined by using grain
material. By the method of projection moire thestfir
second and fifth eigenmodes of Plano Plus papeg/(i8f)
were determined.

The obtained experimental and theoretical findiaigs
used in the process of design of the elements ef th

the

Fig. 32. The second eigenmode of Plano Plus paper 88 g/mPrinting device.

frequency of vibrations 157 Hz, amplitude 115°m
force 25.5 N

, loading

Fig. 33. The fifth eigenmode of Plano Plus paper 80 %g/m

frequency of vibrations 179 Hz, amplitudelD®m, loading force
255N

Conclusions

The proposed model for the analysis of vibratiohs o
paper in a printing device is based on the assampbiat

paper performs transverse vibrations as a membrae

having stiffness due to static tension in its plaree static
problem of plane stress is solved by assuming thet
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