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1. Introduction

Currently in the European Union social integra-
tion of visually disabled persons into society is an im-
portant problem. For this integration of blind people devic-
es with Braille elements in their control blocks are de-
signed and produced. Some types of Braille elements expe-
rience wear under the influence of small amplitude high
frequency vibrations. Also reading of the text represented
by Braille elements under the influence of vibrations caus-
es problems and unexperienced readers may not always
fully understand the represented text.

In this paper the use of elastic foundation to re-
duce the vibrations of the elastic structure with Braille el-
ements with the purpose of increasing the durability and
decreasing of wear of elements of the control block for
various mechanical devices is investigated.

For this purpose, vibrations of a plate on elastic
foundation of Winkler type are investigated. A two-
dimensional element having six nodal degrees of freedom
(three displacements of the lower surface and three dis-
placements of the upper surface) is used. Elastic founda-
tion of Winkler type on the lower surface has been used in
the investigation. Eigenmodes are calculated.

Experimental investigations of related problems
of analysis of vibrations were presented in [1, 2]. The nu-
merical procedure is based on the material described in [3,
4]. Experimental and numerical investigations of dynamics
of similar structures are presented in [5 — 42].

In the previous papers of the authors vibrations of
a plate with Braille elements were investigated in detail.
As noted there using the results of performed experimental
investigations Braille elements do not have substantial
effect to the shape of the eigenmodes. Because of this fact
numerical investigations of vibrations of the elastic struc-
ture without Braille elements is performed. Recommenda-
tions for location of Braille elements on a vibrating struc-
ture are provided.

The purpose of this investigation is to determine
how vibrations influence the dynamics of an elastic struc-
ture on the elastic foundation with Braille elements and to
determine the places of the elastic structure in which the
wear of Braille elements is greatest.

2. Numerical model for the analysis of vibrations of a
plate on elastic foundation of Winkler type

X, y and z denote the axes of coordinates and u, v
and w denote the corresponding displacements. Displace-
ments in the finite element are represented as:
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where: H is the thickness of the plate, {5} is the vector of
nodal displacements and:
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where: Ni, Na, ..., Ng are the shape functions of the two-

dimensional Lagrange quadratic finite element.
The strains are represented as:
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The following integrals are used in the expres-
sions of element matrixes:
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The mass matrix has the form:
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where: p is the density of material of the investigated

3
elastic structure.
The stiffness matrix has the form:
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where: u is the stiffness of the elastic foundation of Win-
kler type for plane motion and g, is the stiffness of the elas-
tic foundation of Winkler type for motion in the direction
of the z axis and:
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where: K = , G= , where: E is modulus
3(1-2v) 2(1+v)

of elasticity and v is Poisson’s ratio.

3. Eigenmodes of vibrations of the plate with elastic
foundation of Winkler type

The structure is a circle with internal radius
0.02 m and external radius 0.04 m. Thickness of the struc-
ture H =0.004 m. The following parameters are assumed:



modulus of elasticity E = 6-10% Pa, Poisson’s ratio
kg
m3
foundation is assumed on the lower surface of the structure
for the elements located in the region from the internal
radius of the structure up to the average radius of the struc-

v =0.3, density of the material p =785 Elastic

. N
ture with the parameters #=10000 —,

m
N
1, = 400000 —.

m3
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The first eigenmode is presented in Fig. 1, the
second eigenmode is presented in Fig. 2, ..., the eighth
eigenmode is presented in Fig. 8. When the motion of the
lower surface and the motion of the upper surface are very
similar, then only the motion of the upper surface is pre-
sented. For the investigated eigenmodes out of plane mo-
tions of the upper and lower surfaces are very similar,
while plane motions of the upper and lower surfaces are
very similar only for the first eigenmode.
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Fig. 2 The second eigenmode: a - out of plane motion of the upper surface, b - plane motion of the lower surface, ¢ - plane

motion of the upper surface
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Fig. 3 The third eigenmode: a - out of plane motion of the upper surface, b - plane motion of the lower surface, ¢ - plane

motion of the upper surface



Fig. 4 The fourth eigenmode: a - out of plane motion of the upper surface, b -plane motion of the lower surface, c - plane
motion of the upper surface
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Fig. 5 The fifth eigenmode: a - out of plane motion of the upper surface, b - plane motion of the lower surface, ¢ - plane
motion of the upper surface

Eigenmode 6
Eigenvalue 53009.2

Fig. 6 The sixth eigenmode: a - out of plane motion of the upper surface, b - plane motion of the lower surface, c - plane
motion of the upper surface
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Fig. 7 The seventh eigenmode: a - out of plane motion of the upper surface, b - plane motion of the lower surface, c - plane
motion of the upper surface
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Fig. 8 The eighth eigenmode: a - out of plane motion of the upper surface, b - plane motion of the lower surface, c - plane

motion of the upper surface

From the presented results the out of plane and
plane motions of the structure are clearly seen. In many of
the investigated eigenmodes motions of the lower and up-
per surfaces are very similar, but there are eigenmodes
where the motions of the surfaces differ.

Using the presented results places for recom-
mended locations of Braille elements are determined. It is
recommended to locate them at the places were the ampli-
tude of vibrations is smallest.

4. Results of experimental study of vibrations of the
plate with elastic foundation

Experimental investigation of vibrations of the
investigated elastic structure was performed by using the
vibrometer Polytec PSV — 500. Structural scheme of exper-
imental setup is presented in Fig. 9.
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Fig. 9 Structural scheme of experimental setup: 1 — exciter
of vibrations, 2 — scanning heads, 3 — vibrometer
Polytec PSV-500, 4 — personal computer, 5 — elastic
structure with Braille elements

Some of the obtained results of quantitative inves-
tigations of vibrations of the elastic structure on elastic
foundation with Braille elements for frequency of vibra-
tions equal to 20 Hz and for various moments of time are
presented in Fig. 10. In the numerical results presented
earlier the eigenfrequencies are indicated in the figures of
the eigenmodes. As seen from the presented results the
frequency which is near to 20 Hz is observed in the fourth
eigenmode (see Fig. 4). It is not possible to expect very
precise correspondence of experimental and numerical
results because of the simplified model of elastic founda-
tion of Winkler type used in the numerical calculations. In
order to obtain more precise correspondence of experi-
mental and numerical results more complicated model of
elastic foundation must be used in the numerical model.

From the obtained experimental results places for
recommended locations of Braille elements as well as
stiffness parameters of the elastic foundation are deter-

mined. The stiffness parameters of the elastic foundation
must be chosen in such a way that enables to shift the ei-
genfrequencies of the elastic structure from the excitation
frequencies of the investigated mechanical device. It is
recommended to locate Braille elements at the places were
the amplitude of vibrations is smallest.

Fig. 10 Results of experimental investigations of vibrations
of elastic structure on elastic foundation with
Braille elements by using the vibrometer: a - 20
Hz, 279.7 ms, b - 20 Hz, 280.9 ms, ¢ - 20 Hz,
297.3 ms

5. Conclusions

Vibrations of a plate on elastic foundation of
Winkler type are investigated. A two-dimensional element



having six nodal degrees of freedom (three displacements
of the lower surface and three displacements of the upper
surface) is used. Elastic foundation of Winkler type on the
lower surface is used in the numerical model. Eigenmodes
are calculated.

From the presented results the out of plane and
plane motions of the structure are clearly seen. In many of
the eigenmodes motions of the lower and upper surfaces
are very similar, but there are eigenmodes where the mo-
tions of the surfaces differ.

Experimental investigations of vibrations of the
investigated elastic structure have been performed. Using
the presented results places for recommended locations of
Braille elements are determined. It is recommended to lo-
cate them at the places were the amplitude of vibrations is
smallest.

Results of the performed investigations enabled to
determine the regions for location of Braille elements
where the intensity of vibrations has smallest influence
into the effect of wear of Braille elements.

The stiffness parameters of the elastic foundation
must be chosen in such a way that enables to shift the ei-
genfrequencies of the elastic structure from the excitation
frequencies of the investigated mechanical device.

The obtained results are used in the process of de-
sign of elastic vibrating structures in devices with Braille
elements.

Acknowledgements

This research was supported by Lehigh University
(USA) and Kaunas University of Technology (Lithuania)
Memorandum of Understanding to collaborate on a Project
“Development of Novel Optical Methods for Defectoscopy
of Polymer Films for Polygraphic and Packaging Manufac-
turing” (Partnership Agreement No. F4-90-87, 15 May
2013).

References

1. Kibirkstis, E.; Vaitasius, K.; Bakanauskas, V.; Ei-
dukynas, D.; Venyté¢, |.; Ragulskis, K.; Ragulskis, L.
2018. Bending vibrations of an orthotropic plate with
Braille elements, Journal of Vibroengineering 20(2):
1118-1128.
http://dx.doi.org/10.21595/jve.2018.19618.

2. Ragulskis, K.; Maskeliuinas, R.; Zubavi¢ius, L. 2006.
Analysis of structural vibrations using time averaged
shadow moire, Journal of Vibroengineering 8(3): 26-
29.
https://doi.org/10.21595/jme.2018.20002.

3. Zienkiewicz, O. C. 1975. The Finite Element Method
in Engineering Science, Moscow: Mir, (in Russian).

4. Bathe, K. J. 1982. Finite Element Procedures in Engi-
neering Analysis, New Jersey: Prentice-Hall.

5. Bathe, K. J.; Wilson, E. L. 1982. Numerical Methods
in Finite Element Analysis, Moscow: Stroiizdat, (in
Russian).

6. Inman, D. J. 1989. Vibration with Control, Measure-
ment, and Stability, New Jersey: Prentice-Hall.

7. Bolotin, V. V. 1978. Vibrations in Engineering, Hand-
book, Vol. 1, Moscow: Mashinostroienie. (in Russian).

8. Lalanne, M.; Berthier, P.; Der Hagopian, J. 1984,
Mechanical Vibrations for Engineers, New York: John
Wiley and Sons.

9. Thomson, W. T. 1981. Theory of Vibration with Ap-
plications, New Jersey: Prentice-Hall.

10. Levy, S.; Wilkinson, J. P. D. 1976. The Component
Element Method in Dynamics with Application to
Earthquake and Vehicle Engineering, New York:
McGraw-Hill.

11. Segerlind, L. J. 1979. Applied Finite Element Analy-
sis, Moscow: Mir, (in Russian).

12. Zienkiewicz, O. C.; Morgan, K. 1986. Finite Ele-
ments and Approximation, Moscow: Mir, (in Russian).

13. Zhu Qin; Wang Xinwei 2011. Free vibration analysis
of thin isotropic and anisotropic rectangular plates by
the discrete singular convolution algorithm, Interna-
tional Journal for Numerical Methods in Engineering
86(6): 782-800.
http://dx.doi.org/10.1002/nme.3073.

14. Ghugal, Y. M.; Sayyad, A. S. 2011. Free vibration of
thick orthotropic plates using trigonometric shear de-
formation theory, Latin American Journal of Solids and
Structures 8(3): 229-243.
http://dx.doi.org/10.1590/S1679-78252011000300002.

15. Hou, J. P.; Jeronimidis, G. 1999. Vibration of delam-
inated thin composite plates, Composites Part A — Ap-
plied Science and Manufacturing 30(8): 989-995.
http://dx.doi.org/10.1016/S1359-835X(99)00008-1.

16. Maleki, S.; Tahan, M. 2013. Bending analysis of lam-
inated sector plates with polar and rectilinear orthotro-
py, European Journal of Mechanics A — Solids 40: 84-
96.
http://dx.doi.org/10.1016/j.euromechsol.2013.01.001.

17.Farajpour, A.; Shahidi, A. R.; Mohammadi, M.;
Mahzoon, M. 2012. Buckling of orthotropic mi-
cro/nanoscale plates under linearly varying in-plane
load via nonlocal continuum mechanics, Composite
Structures 94(5): 1605-1615.
http://dx.doi.org/10.1016/j.compstruct.2011.12.032.

18. Fereidoon, A.; Mohyeddin, A.; Sheikhi, M.; Rah-
mani, H. 2012. Bending analysis of functionally grad-
ed annular sector plates by extended Kantorovich
method, Composites Part B — Engineering 43(5): 2172-
2179.
http://dx.doi.org/ 10.1016/j.compositesh.2012.02.019.

19.Chen, C. S. 2005. Large amplitude vibration of initial-
ly stressed orthotropic plates, Journal of Reinforced
Plastics and Composites 24(10): 1073-1083.
http://dx.doi.org/10.1177/0731684405048206.

20. Sukhorolskyi, M. A.; Shopa, T. V. 2008. Bending
oscillations of a rectangular orthotropic plate with mas-
sive inclusion, Materials Science 44(6): 783-791.
http://dx.doi.org/10.1007/s11003-009-9150-2.

21.Kim, M. S.; Young, Kim I.; Kyu Park, Y.; Ze Lee,
Y. 2013. The friction measurement between finger skin
and material surfaces, Wear 301: 338-342.
http://dx.doi.org/10.1016/j.wear.2012.12.036.

22.Childs, T. H. C.; Henson, B. 2007. Human tactile per-
ception of screen-printed surfaces: self-report and con-
tact mechanics experiments, Proceedings of the Institu-
tion of Mechanical Engineers, Part J: Journal of Engi-
neering Tribology 221(3): 427-441.
http://dx.doi.org/10.1243/13506501JET217.


https://doi.org/10.21595/jme.2018.20002

23.Castro, J.; Ostoja — Starzewski, M. 2003. Elasto —
plasticity of paper, International Journal of Plasticity
19: 2083-2098.
http://dx.doi.org/10.1016/S0749-6419(03)00060-.3

24.Huang, H.; Hagman, A.; Nygards, M. 2014. Quasi
static analysis of creasing and folding for three paper-
boards, Mechanics of Materials 69(1): 11-34.
http://dx.doi.org/10.1016/j.mechmat.2013.09.016.

25. Barbier, C.; Larsson, P. L.; Ostlund, S. 2005. Nu-
merical investigations of folding of coated papers,
Composite Structures 67(4): 383-394.
http://dx.doi.org/10.1016/j.compstruct.2004.01.024.

26.Barbier, C.; Larsson, P. L.; Ostlund, S. 2005. On
dynamic effects at folding of coated papers, Composite
Structures 67(4): 395-402.
http://dx.doi.org/10.1016/j.compstruct.2004.01.025.

27.Dai, J. S.; Medland, A. J.; Mullineux, G. 2009. Car-
ton erection using reconfigurable folder mechanism,
Packaging Technology and Science 22(7): 385-395.
https://doi.org/10.1002/pts.859.

28.Yao, W.; Cannella, F.; Dai, J. S. 2011. Automatic
folding of cartons using a reconfigurable robotic sys-
tem, Robotics and Computer — Integrated Manufactur-
ing 27(3): 604-613.
http://dx.doi.org/10.1016/j.rcim.2010.10.007.

29. Gamage, P.; Xie, S. Q. 2009. A real-time vision sys-

tem for defect inspection in cast extrusion manufactur-

ing process, International Journal of Advanced Manu-

facturing Technology 40: 144-156.

http://dx.doi.org/10.1007/s00170-007-1326-z.

Prakash, O. 2006. Defects in multilayer plastic films I:

interface defects in extrusion, Computers and Material

Science 37: 7-11.

http://dx.doi.org/10.1016/j.commatsci.2005.12.039.

Prakash, O.; Moitra, A. 2006. Defects in multilayer

plastic films 1I: streak formation in extruded films,

Computers and Material Science 37: 12-14.

http://dx.doi.org/10.1016/j.commatsci.2005.12.005.

Barlow, C. Y.; Morgan, D. C. 2013. Polymer film

packaging for food: an environmental assessment, Re-

source Conservation and Recycling 78: 74-80.

http://dx.doi.org/10.1016/j.resconrec.2013.07.003.

Han, L.; Voloshin, A.; Emri, I. 2004. Study of the

multilayer PCB CTEs by moiré interferometry, Optics

and Lasers in Engineering 42: 613-626.

http://dx.doi.org/10.1016/j.optlaseng.2004.05.009.

Huimin, X.; Guotao, W.; Fulong, D.; Guangjun, Z.;

Xingfu, L.; Fangju, Z.; Aiming, X. 1998. The dynam-

ic deformation measurement of the high speed heated

LY12 aluminium plate with moire interferometry,

Journal of Materials Processing Technology 83(1-3):

159-163.

http://dx.doi.org/10.1016/S0924-0136(98)00055-7.

Deason, V. A.; Epstein, J. S.; Abdallah, A. 1990.

Dynamic diffraction moire: theory and applications,

Optics and Lasers in Engineering 12(2-3): 173-187.

http://dx.doi.org/10.1016/0143-8166(90)90015-2.

Kokaly, M. T.; Lee, J.; Kobayashi, A. S. 2003. Moire

interferometry for dynamic fracture study, Optics and

Lasers in Engineering 40(4): 231-247.

30.

31.

32.

33.

34.

35.

36.

438

http://dx.doi.org/10.1016/S0143-8166(02)00092-1.
37.Timoshenko, S. P.; Goodier, J. N. 1975. Theory of

Elasticity, Nauka, Moscow. (in Russian).
38. Vest, C. 1982. Holographic Interferometry, Mir, Mos-
cow. (in Russian).
Han, B.; Post, D.; Ifju, P. 2001. Moire interferometry
for engineering mechanics: current practices and future
developments, Journal of Strain Analysis for Engineer-
ing Design 36(1): 101-117.
http://dx.doi.org/10.1243/0309324011512568.
Field, J. E.; Walley, S. M.; Proud, W. G.; Goldrein,
H. T.; Siviour, C. R. 2004. Review of experimental
techniques for high rate deformation and shock studies,
International Journal of Impact Engineering 30(7): 725-
775.
http://dx.doi.org/10.1016/j.ijimpeng.2004.03.005.
Dai, F. L.; Wang, Z. Y. 1999. Geometric micron
moire, Optics and Lasers in Engineering 31(3): 191-
198.
http://dx.doi.org/10.1016/S0143-8166(99)00020-2.
Liang, C. Y.; Hung, Y. Y.; Durelli, A. J.; Hovanesi-
an, J. D. 1979. Time-averaged moire method for in-
plane vibration analysis, Journal of Sound and Vibra-
tion 62(2): 267-275.
http://dx.doi.org/10.1016/0022-460X(79)90026-9.

39.

40.

41.

42,

E. Kibirkstis, A. Voloshin, K. Vaitasius, Y. Pyr’yev,
L. Gegeckien¢, K. Ragulskis, L. Ragulskis
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Summary

Vibrations of a plate on elastic foundation of
Winkler type are investigated. A two-dimensional element
having six nodal degrees of freedom (three displacements
of the lower surface and three displacements of the upper
surface) is used. Elastic foundation of Winkler type on the
lower surface is used in the numerical model. Eigenmodes
are calculated. Experimental investigations of vibrations
were performed using a special experimental setup and
typical experimental results are presented. Using the pre-
sented results places for recommended locations of Braille
elements are determined. It is recommended to locate them
at the places were the amplitude of vibrations is smallest.
The stiffness parameters of the elastic foundation must be
chosen in such a way that enables to shift the eigenfre-
quencies of the elastic structure from the excitation fre-
quencies of the investigated mechanical device.

Keywords: plate, elastic foundation, Winkler, vibrations,
eigenmodes, experimental setup, experimental results,
Braille elements.
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