365. Investigation of vibrations of packaging mataals

E. Kibirkstis !, A. Kabelkaité®, A. Dabkeviius', L. Ragulskis’

!Kaunas University of Technology,

Student 56-350, LT-51424 Kaunas, Lithuania,

Tel.: (8 37) 300 237,

E-mail: edmundas.kibirkstis@ktu.lt, asta.kabel kaite@ktu.lt, arturas.dabkevicius@ktu.lt
2\/ytautas Magnus University,

Vileikos 8-702, LT-44404 Kaunas, Lithuania,

E-mail: |.ragul skis@if.vdu.lt

(Received 24 March 2008; accepted 13 June 2008)

Abstract. The stress strain law on the basis of the model wisco-elastic body is proposed. Procedure fanarical
integration of equations of motion is developedsies of numerical calculations of vibrations ofiaco-elastic structure
are presented.

It is assumed that a paper in a printing devidedsded in its plane and thus a problem of plaresstis analyzed.
The principal stresses are calculated and repredeattthe centers of finite elements. They subsindetermine the
vibration behavior and stability of the polymerilert.

The first eigenmodes are presented for a papepmpeirig transverse vibrations as a plate having teahail
stiffness due to static tension in its plane.

Stresses in the polymeric film in the transversd kmgitudinal direction of transportation of thape were
determined by using experimental methods for th@msgtric and non-symmetric loads. For the investgabf the
eigenmodes a special experimental setup was usetiiah the eigenmodes of the paper tape were datedhby using
the method of projection moire under the actiowibfations to the tape of paper for the symmewad. Comparison of
the experimental and numerical results of invesiigavas performed.

Keywords: visco-elasticity, stress strain law, modal equatjonumerical integration, finite elements, polyimdiim,
paper, plane stress, principal stresses, vibratieiggnmode, plate, experimental setup, stressureaent, projection
moire.

Introduction described in [5]. The investigation presented hisrethe
continuation of the previous analysis given ingb,
The stress strain law on the basis of the model Stresses in the polymeric film in the transverse an

of a visco-elastic body described in [1] is propbse longitudinal direction of transportation of the ¢apvere

Modal decomposition of the equations of motion bydetermined by using experimental methods for tmersgtric

using the eigenproblem of an un-damped system, 2], 3 and non-symmetric loads.

is performed. Procedure for numerical integrati6the For the investigation of the eigenmodes a special

modal equations is developed. Results of numericaxperimental setup was used in which the eigenmotidse

calculations of vibrations of a visco-elastic stuwe are  paper tape were determined by using the method of

presented. projection moire under the action of vibrationghe tape of
The model for the analysis of a paper in apaper for the symmetric load. Comparison of the

printing device is proposed on the basis of theenmt experimental and numerical results of investigatiwas

described in [3, 4]. It is assumed that a papemin performed.

printing device is loaded in its plane. Thus thatist

problem of plane stress by assuming the displacemenModel for the analysis of vibrations of a polymericfilm

at the boundary of the analyzed paper to be gigen i

solved. The stress strain law on the basis of the model of
The principal stresses are calculated andisco-elastic body [1] is assumed in the followfogm:
represented at the centers of finite elements. Theys}=[Dls}+ g[DJs}- {5}, (1)

substantially determine the vibration behavior andyhere g} is the stress vector ] is the strain vector,[] is
stability of the polymeric film. the matrix of elastic constanf8,s the coefficient of internal

~ The analysis of vibrations of a paper in agamping,y is the relaxation time and the upper dot denotes
printing device is performed on the basis of thedeto jifferentiation with respect to time.
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It is assumed that: Thus the modal equations have the following form:
Bl<<, (2)
A vy = Bof zi+ y?(B-r)el% +
And + (1+ Wy - Blo? )Z| + (05 +(B- 7)o )Zi +  (10)
|7/| <<1 @) + oz = 6 }T {F}.

By taking into account the products ®fndy up to the

) . Integration of the modal equations of a polymericifm
fourth power the stress strain law is expressed as: 9 q poly

{0} - The modal equation has the form:
= [Dle}+(8-7IDRel+ 7y - pIDKEN+ (@)
- rfolele - ol D3+ a ¢ Gl )
whereb, a, m, ¢, k are constant$,andx are functions of time.
The equation of motion takes the form: The constant average acceleration of acceleration

procedure of Newmark type is based on the relatipss

-l -(-ﬂ—7)[K]{5}+ - "
M+ A - AR+ )
+[aM ]+ (8- KIS+ [K o} = (F ) T2

. - XT = XO +$<0T +[X0+ XT JT, (13)
Where K] and M] are the symmetric and positive

definite stiffness and mass matrices of the elastic

structure, P} is the displacement vector,F} is the _ o T2 e\ T3
loading vector anda is the coefficient of external Xt =X0+X0T+X07Jr Xo+ X1 |75 (14)
damping.
The eigenproblem is solved [2, 3, 4]:
2 3
T
Xt =Xg+ Xl +Xg—+Xg—+

k-7 i}~ (0} ©) TR T oy R -

4
which determines the eigenfrequencies and the +(Xo+ XT)E’
eigenmodes {}. The eigenmodes satisfy the conditions
23,4 where T is the time step and the subscript indicates the

1, when i=j moment of time. Acceleration of acceleration isedeiined
"oy - =1 m from
0, when i=j,

2 3 4\ ..
and b+ ad 4 m— 4 e+ k'— Xp=f —
2 4 12 48
2 . .
hen i=j 2 3
51T Kl =1 W ! 8 S S |
Bl ]{J} {O, when i# j. ©) X0+X0T+Xo7+xo?+
—k -
The motion i das|[2, 3, 4] VLN
e motion is expressed as [2, 3, 4]: + Xq —
0748 (16)
4 2 .73
P IS L 1A
fof=lla} {62} 22 ) Yo Xl TR 5T Yo,

G - T2 P
where z, 2z, .. are the modal decomposition — X0+XOT+XOT - X0+XOE.
coefficients.
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Results of the analysis of vibrations of a polymeci 0
film

An axi-symmetric problem is analyzed. A thin , 439

square structure is parallel to the axial coor@in&n
the lower boundary all the displacements are asdumeg
equal to zero. The central node on the upper bayrisa
loaded in the direction of the axial coordinate.

The time history of loading is shown in Fig. 1.
The time history of motion of the loaded degree ol
freedom for the un-damped system is shown in Fig. Z
for the system with external damping it is showrFig.
3, for the system with internal damping it is shoimn
Fig. 4, for the system with internal damping and
relaxation it is shown in Fig. 5.
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Fig. 5. The time history of motion for the system with imtgl
Fig. 2. The time history of motion for the un-damped system damping and relaxation

227

© VIBROMECHANIKA . JOURNAL OF VIBROENGINEERING 2008 JUNE, VOLUME 10, ISSUE2, ISSN1392-8716



365.INVESTIGATION OF VIBRATIONS OF PACKAGING MATERIALS E. KIBIRKSTIS!, A. KABELKAIT Y, A. DABKEVICIUS, L. RAGULSKIS?

Procedure of analysis of stresses in the polymeric The values of positive principal stresses at the
film in a printing device centers of finite elements are presented in Figvfile the
values of negative principal stresses at the ceraéffinite

Further x and y denote the axes of the elements are presented in Fig. 8. The values oftheg
orthogonal Cartesian system of coordinates. Thecsta principle stresses are much smaller than the valfipssitive
problem of plane stress is analyzed. The elementw@ principle stresses. So the scale for the represemtaf the
nodal degrees of freedom: the displacemengmdv in  values of negative principle stresses is two huhdimes
the directions of the axes andy of the orthogonal more sensitive than for the values of positive ggle
Cartesian system of coordinates. stresses.

It is assumed that the displacements at the
boundary of the analyzed polymeric film are giverd a
they produce the loading vector. Thus the vector of
displacements is determined by solving the systém o
linear algebraic equations.

The stressesy, oy, 7,y are determined at the
centers of the finite elements from this statichjeon of
plane stress. The principal stresses are calculated
their directions are represented inside the smaltele,
while their values are proportional to the blaclglan
between the two circles. One drawing is produced fo
the representation of positive values and another
drawing is produced for the representation of niggat
values.
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Results of analysis of stresses under symmetric and
un-symmetric loading of the polymeric film in a
printing device

DEDIDID
OIDIDID
DDIDID
QDIDID
QDDD
QDDD
QDD
SDDID
PSP

S5\ e e e e e o2 (o2 ) 52 | 52

DD
DD
DD
DD
DD
D)
O
OID
5%
N

EDIDIDIDIDIDIDIDIDIED
HE DD DD b

D
D
D
D
D
&
&
D)
&2

Fas
L

The square piece of paper is analyzed. The

following boundary conditions are assumed: on the-ig. 7. The values of positive principle stresses undesymmetric
lower boundary it is assumed thatv=0; on the upper loading
boundary it is assumed that0 andv=1.

In this problem the principal stresses at the
centers of finite elements are everywhere positine

are presented in Fig. 6.
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N | | Fig. 8. The values of negative principle stresses undesyammetric
(S50 8 8 % ) v I

Fig. 6. The principle stresses under symmetric loading
The stresses in the plane of the polymeric film

The same piece of paper is analyzed, but on thgubstantially influence the bending stiffness @& polymeric
upper boundary linear variation of the displacemeist ~ film and thus its transverse vibrations. In theioag where
assumed witlv=0.5 on the left side of the boundary andthere is a negative principle stress the loss afility of the
v=1.5 on the right side of the boundary. polymeric film can be expected.
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Experimental investigation of stresses of the tapef
polymeric film e

7777 777E

In some cases it may happen that in the circular
printing device the tape of the polymeric film miagve -
an un-symmetric loading of the film with respectthe
direction of the cylindrical surface of the circula S :

. . . P vo: : ymmetrlc
element because of the change of direction andibgnd qg— " Toadii
of the directing circular elements. This may takacp AR AR RRAR AR g
because of the incorrect mounting of supports @f th P
directing circular elements of the tape, the weér o C)
bearings and other reasons.

In order to evaluate the distribution of normal et
stresses of a flexible polymeric tape when thetjrin
material is being transported under the action of
symmetric and un-symmetric loads the setup for
experimental investigation was designed and pradiuce
(Fig. 9a). Un-symmetric

The normal stressesy(anday) in the flexible . |— loading
polymeric film were measured by using a tensometric P P
sensor at definite points of the investigated negio )
two mutually perpendicular directions (in the
longitudinal and transverse directions of the pdyim  Fig. 9. Setup for experimental investigation of the stressethe

tape) according to the diagram presented in Fig. 9b  polymeric film: a) general view of the experiments#tup:P —
For the case of un-symmetric loading of theloading force; b) diagram of measurement of stessethe tape,
tape of the film the load was distributed un-Points and directions of measurements: 1...9 — rurob position

symmetrically in the transverse direction of thpetaf for measurement of stresses; S — transverse diredf stress

th | ic fi fits sid bei loaded measurement; | — longitudinal direction of measwe®in c)
€ polymeric Tiim, one of 1iS sides being loadedren symmetric way of loading of a polymeric filngg — loading,P —

than the other side. The diagrams of symmetric@md  |5ading force; d) un-symmetric way of loadirg: loading,P; and
symmetric ways of loading are presented in Figa®d p, — |oading forces

Fig. 9d.

| Tape of the
polymeric film

Ve

~ Tape of the
| polymeric film

7777

The measurements of stresses in the defined points
of the tape were performed no less than three tikaeh and

T £t I i fil from the obtained data the arithmetic mean valuesew
L bl U B obtained. According to the obtained results theplgical

’ | relationships of the distribution of stresses & golymeric

Shaft film POP+AL+LDPE were drawn. On the basis of those
' _ a relationships it is possible to make conclusionsuabthe
Vibroexciter l? character of distribution of stresses in the tape.

P

The results of measurements of the obtained normal
stresses are presented in the graphical relatipsigtiiFig. 10
a) and Fig. 11.

Points and directions of measurement |
N

of stresses 3

VI T S
N

7777

- From Fig. 10 one can observe that the stressé®in t
A analyzed region of the polymeric film are distribait
unevenly. Moreover the values of stresses changesming
on the direction of measurement and the value efibplied
loading force. The highest values of stresses oatan the
direction of measurement coincides with the digectiof
loading (the measurements are performed in thectibre
parallel to the direction of loading). In this casmximum
stresses are obtained at point 4: the stregses3,56 MPa,
when the loading forc® = 14,72 N. When the direction of
measurement is parallel to the direction of loaditige
\ stresses become smaller with the increase of Igadihe
L =200 mm " stresses at the same point 4 are obtained smsgller3,28
b) MPa, when the loading forc® = 19,62 N. When the
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measurements are performed parallel to the direafo point 3 the stresses = 2,92 MPa, when the loading forces

loading the smallest stresses take place at poiat § P, =14,72 N and®, = 19,62 N, and@, = 2,66 MPa, when the

3,2 MPa, when the loading forée= 14,72 N, and, = loading forces increas®{= 19,62 N andP, = 24,52 N).

2,92 MPa, when the loading forBe= 19,62 N. For the case of un-symmetric loading when the
direction of measurement is perpendicular to theatiion of
loading of the polymeric film, the stressgsbecome smaller

2 when going further from the place of fixing of thelymeric

— 4 film on that side of the film at which the loadifarce P, is

T "= Jarger: compares,; = 0,79 MPag, = 0,73 MPa ando =

0,67 MPa, when the loading forces &e= 14,72 N andP, =

19,62 N. At the same time on the other side of fime

(where the load is smaller) the character of venatof

1 < stresses is not so evideay; = 1,61 MPag,, = 1,48 MPa and

W os = 1,34 MPa, when the loading forces &ge= 19,62 N

andP, = 24,52 N.

1 IS
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=
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-

Normal strsses, MPa
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Fig. 10. Graphical relationships of the distribution of sges
of the multilayered polymeric film POP+AL+LDPE ihd tape
of the polymeric film for symmetric loading: 1 —etlstresses
oy, for the symmetric loading forcB = 14,72 N, when the
direction of measurement is perpendicular to threation of
loading; 2 — the stresseg for the symmetric loading forde
= 14,72 N, when the direction of measurement iglf@ro the
direction of loading; 3 — the stresseg for the symmetric
loading forceP = 19,62 N, when the direction of measurement 0 ‘ : : : : : ‘
is perpendicular to the direction of loading; 4he stresses,, 1 2 3 4 5 6 7 8 9
for the symmetric loading forc® = 19,62 N, when the Number of position of measurem

direction of measurement is parallel to the dimctf loading

2,5

2

15 ¢

14

Normal stresses, Ml

0,5 1

Fig. 11. Graphical relationships of the distribution of sges of the

multilayered polymeric film POP+AL+LDPE in the tapd the

From Fig. 10 one can observe that when the@olymeric film for un-symmetric loading: 1 — theessesy, for the
direction of measurement is perpendicular to théoading forced?; = 14,72 N andP, = 19,62 N, when the direction of

. . . . measurement is perpendicular to the direction atlileg; 2 — the
direction of loading of the polymeric film, theneth stressew,, for the loading force®; = 14,72 N and®, = 19,62 N,

stresses become smaller when going further from thghen the direction of measurement is parallel ® direction of
place of fixing of the polymeric film: compatg, = 1,17 |pading; 3 — the stresseg for the loading force®; = 19,62 N and
MPa, o, = 0,94 MPa andr; = 0,79 MPa, when the p, = 24,52 N, when the direction of measurement ipgredicular
loading forceP = 19,62 N. Also one can observe thatto the direction of loading; 4 — the stressggor the loading forces
when the direction of measurement is perpendicidar P: = 19,62 N and; = 24,52 N, when the direction of measurement
the direction of loading of the polymeric film, Withe is parallel to the direction of loading

increase of loading the stresses increase (contoaitye o

case when the direction of measurement is patalliie Also one can see that when the direction of
direction of loading): at point 15, = 0,84 MPa, when Mmeasurement is perpendicular to the direction aflilng of
the loading forcé® = 14,72 N, and, = 1,17 MPa, when the polymeric film, with the increase of load theessess,
the loading forcd = 19,62 N. increase (in a similar way as in the previouslylyred case):

In Fig. 11 the stresses and their distribution in &t point 1oy = 1,47 MPa, when the loading fordes= 14,72
multilayered polymeric film POP+AL+LDPE are N andP; = 19,62 N, ands, = 1,62 MPa, when the loading
presented for the un-symmetric load. forcesP; = 19,62 N andP, = 24,52 N.

From Fig. 11 one can observe that the highes It is seen that the experimental data correspomds t
stresses take place, as in the previously analyase, at the numerical investigations: for the case of symnime
point 4 (when the direction of measurement coirzideloading Fig. 6 and Fig. 10, and for the case obymmetric
with the direction of loading): the stresses= 3,39 loading Fig. 7, Fig. 8 and Fig. 11.

MPa, when the loading forcd®, = 14,72 N andP, =

19,62 N. For this case of un-symmetric loading wiren Regults of analysis of vibrations of the paper in @rinting
direction of measurement is parallel to the dimctof —device

loading, the stresses become smaller with the aseref ) ] .
load, but not so much smaller as in the previously The square piece of paper is analyzed. For thi sta
analyzed case of symmetric loading: for example aProblem of plane stress the following boundary ctouls
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are assumed: on the lower boundary it is assumatd th
u=v=0; on the upper boundary it is assumed t& and
v=1. For the problem of transverse vibrations on the
lower and upper boundaries all the generalizec
displacements are assumed equal to zero.

Contour plot of the transverse displacement fol
the first eigenmode is presented in Fig. 12, foe th
second eigenmode in Fig. 13, ... , for the ninth
eigenmode in Fig. 20.

Fig. 14.The third eigenmode

Fig. 12.The first eigenmode

Fig. 15.The fourth eigenmode

Fig. 13.The second eigenmode Fig. 16.The fifth eigenmode
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Fig. 17.The sixth eigenmode

AN/
AV

Fig. 20.The ninth eigenmode

Analysis of results of experimental and numerical
investigations of vibrations of a paper tape

In the same way as in the previous papers [5, é] th
eigenmodes of the paper tape were investigatedsingua
specially designed experimental setup, which stratt
diagram is illustrated in Fig. 21. The investigateaterial
was loaded symmetrically by the ford¢e (25,5 N). The
exciter of vibrations was used for the generatioh o
longitudinal vibrations of sinusoidal shape of thkosen
frequency, which excited standing waves in the nalteape.
For the visualization of eigenmodes the grid opgtewas
projected at a definite angle on the surface ofrtkiestigated

material by the flux of light emitted from a sourcd

monochromatic light [5, 6]. The eigenmodes obtairmd
Fig. 18.The seventh eigenmode using the method of experimental investigation were

registered by a digital camera and observed imtbgitor of

a personal computer.

F
s S S s B s
MMAFee
PR PC DC
Fig. 21. Structural diagram of the setup for experimental
investigation: $ — signal generator; ,S- signal amplifier; $ —
vibroexciter; § — the investigated material; s S—source of
monohromatic light; DC — digital camera; PC — pers@oanputer;
PR — printer; k — light flux of the digital camera; F — light flux
projected by a source of monohromatic light.
The experiments were conducted by using the chalk

mate Luxo Satin 300 gfrpaper, exciting it by longitudinal
vibrations of sinusoidal shape of chosen frequeincyhe
cross-machine direction of paper. Technical charéstics of

\_\_\_-—/_//\_\—/_/

A4
A 4

s
A

Fig. 19.The eighth eigenmode
232
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this paper are presented in Table 1. For the sangfle

the investigated material the square list of p&@x20
cm was used.

Table 1. Technical characteristics of the chalk paper

Luxo Satin
Qualities Luxo Satin
Grammage, g/Mm 300
Thicknessum 270
Porosity, g/m 1
Modulus of elasticity .
of the papeE, MPa 0.01:0.02<10°

The results of experimental investigations
obtained by exciting the investigated material gsin
vibrations are presented in Fig. 22, ..., Fig. 30.

141 Hz, amplitude 81L0%m

Fig. 22. The first experimental eigenmode: frequency ofF.Ig' .25' The fourth 'experlmgntal eigenmode:  frequency  of
e . 6 vibrations 244 Hz, amplitudex@0°m
vibrations 120 Hz, amplitudex@0°m

)

Fig. 23. The second experimental eigenmode: frequency of9: 26. The fifth expergmental eigenmode: frequency of atiims
vibrations 126 Hz, amplitude<@0°m 277 Hz, amplitude 8L0°m
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Fig. 27. The sixth experimental eigenmode: frequency of S _ _ -
vibrations 297 Hz, amplitude30®m Fig. 30. The ninth experimental eigenmode: frequency ofatibns

430 Hz, amplitude 810°m

Obtained results indicate that the first, the secon
and the third experimental images (see Fig. 22, E3g Fig.
24) directly correspond to the numerically obtainidt,
second and third eigenmodes (see Fig. 12, FigFi3,14).
Among the higher eigenmodes one can observe some
changes in their sequence, for example the fiffreemental
eigenmode (see Fig. 26) corresponds to the nuntigrica
obtained ninth eigenmode (see Fig. 20). This iateel to the
fact that the higher eigenmodes are more sensitivéhe
physical and geometrical parameters of the stractund to
the loading of the structure.

Conclusions

The stress strain law on the basis of the moda of
visco-elastic body is used, which enables modal
Fig. 28. The seventh experimental eigenmode: frequency oflecomposition of the equations of motion by usihg t
vibrations 342 Hz, amplitude0°m eigenproblem of an un-damped system. Results okniaai
calculations of vibrations of a visco-elastic sture are
presented.

It is assumed that a polymeric film in a printing
device is loaded in its plane. The static probleitplane
stress by assuming the displacements at the bouwndadhe
analyzed polymeric film to be given is solved. Tgrécipal
stresses are calculated and represented at therseftfinite
elements. They substantially determine the vibratiehavior
and stability of the polymeric film.

Stresses in the polymeric film in the transversd an
longitudinal direction of transportation of the éamwere
determined by using experimental methods for thersgtric
and non-symmetric loads.

After performing the measurements of normal
stresses of a polymeric film POP+AL+LDPE for symritet
and un-symmetric loads the values of stresseserchiosen
places of the film were determined. Highest stressere
; T f ; obtained in the central part of the material atfthimg place
Fig. 29. The eighth experlmental eigenmode: frequency ofof the film when the stresses are measured in tieetn

vibrations 410 Hz, amplitude0®m parallel to the direction of loading.
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After performing the measurements of stresses However the discrepancy of results is observed for
in the direction perpendicular to the directioriadding, the case of higher eigenmodes: there are inter@saingthe
much smaller stresses were obtained in comparigon sequence of experimental and numerical eigenmddes.is
the case when the direction is parallel to thedtioe of  explained by the fact that the higher eigenmodesnaore
loading. sensitive to the changes of the geometrical andsipaly

For un-symmetric loading of the film the parameters of the paper and particularly to thécskaading
distribution of stresses in the region of the payimfilm  of the paper.
is not so continuous as in the case of symmetaidit. The obtained experimental and numerical results are

The general character of the experimentallyused in the process of design of packages andtisslex the
obtained field of stresses corresponds to the nigaigr  materials for their production.
obtained one. This is evident from the figures enésd
in the paper and holds true for both symmetric ab as
un-symmetric loads. References
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