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Abstract: Aninvestigation was realized to obtain information on paddy parboiling conditions and parboiled
rice drying conditions. Parameters required in the processes of paddy thermal treatment were reviewed and compared
with research results. Field tests on parboiling autoclaves and mixed-flow rice dryer were made at the parboiling rice
factory in Kocani. Three autoclaves with functional capacity of 3000 kg paddy/h and one mixed-flow parboiled rice
dryer with capacity of 2500 kg parboiled rice/h were included in the examination. The paddy behavior in the parboiling
process was controlled by measurements. The processes of paddy soaking in hot water, steaming, pre-drying, milling
and parboiled rice drying were included in the measuring programme. The study was conducted on three local paddy
varieties, Monticelli, Saint Andrew and RS76. The range of the required parameters for the processes of paddy parboil-
ing and parboiled rice drying was determined.
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BAPAHU TAPAMETPU BO TEPMUYKHUTE NPOLNECHU
CITPOBEJIEHMU 3A IOAOBPYBAIE HA KBAJIMTETOT HA OPU3

Ancrtpack T: Peanmu3upaHo e ucTpaxyBame co Lell Ja ce 1o0HjaT MHPOPMAIMHK 3a YCIIOBUTE HAa BUTAMUHH-
3Mpame OpU30Ba apIa M 3a yCIOBHUTE Ha CyLIeHhe Ha BUTAMHHU3MpaH opu3. bapanute mapamerpu Bo mpolecuTe Ha
TepMHYKa 00paboTKa Ha OPH30Ba apIa ce MperJielaH! U CIIOPEJICHH CO Pe3yiITaTUTe OJ UCTpaxyBameTo. HanpaBenn
ce TePEHCKHU MCTPaKyBarma Ha aBTOKJIABH 32 BUTAMHHU3MPAKE HAa OPH3 M CYIIMIHHIM 32 OPU3 CO MELIaH MPOTEK BO
(abpukara 3a BUTaMHHU3UpaH opu3 Bo Kouanum. Bo mcrpaxkyBameTo Oea KOPHUCTEHH TPH aBTOKIABU CO PabOTEH
kamanuret o1 3000 kg opu3oBa apna/4ac u eHa CYIIMIIHHIA CO MEIIaH MPOTEK 38 BUTAMUHU3HPAH OPH3 CO Kalal[UTET
on 2500 kg BuramuHM3MpaH opu3/uac. OfHECYBambETO HAa OpPU30BATA apra BO MPOLECOT Ha BUTAMUHU3HPAE €
KOHTPOJIMPAHO CO Mepera. Bo nrcrara Ha Mepeme 6ea BKIy4eHH MTPOLECHTE TIOTOIYBakhe Ha OPHU30Ba apra BO TOILIa
BOJIa, 00paboTKa co mapea, NpeTCyIIeke, JyNemhe U CyIIekhe Ha BATaMUHU3UpaH opu3. [IpoyuyBameTo Oerre crnpo-
BEJICHO Ha TPH JIOKAIHU COPTH opu3oBa apma, Monticelli, Saint Andrew u RS76. OapenieH e ornceror Ha NoTpeOHUTE
napaMeTpu 3a MPOoIeCHTe BUTAMUHU3UPAhe Ha OPU30Ba apria U CyIiemhe Ha BUTAMHHU3HPAH OpH3.

KiryuHu 300poBH: 0pu3; BUTAMHHHU3HUPAKE HA OPU30Ba aplia; Cyllekhe Ha BATAMUHU3UPAH OpU3

1. INTRODUCTION yield, cooking characteristics, cleanliness and so-
undness.

World rice production is about 500 million Rice quality depends on: rice variety, environ-
tonnes [1]. Over 95 % of the world rice production mental conditions during the growing period, time
is used for human food [2]. and system of harvesting, postharvest treatment,

Rice quality is evaluated according to grain storage practices and transport procedures [3].
size, shape uniformity, color, translucency, milling The postharvest treatment is the phase in

which the thermal engineers intervene.
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Rice is harvested at moisture contents that are
too high for safe storage. Immediate drying is essen-
tial to prevent grain quality deterioration. Drying of
rice is the most widely practiced preservation
method [4].

Parboiled rice is exposed to thermal treatment
even before its drying.

Rice in the husk, paddy, which has been
soaked in water steamed and dried, after removing
its husk, is parboiled rice.

About 50% of the world paddy production is
parboiled.

Rice is parboiled to improve its nutritional
value, to reduce grain breakage during milling and
to increase the storage period [5].

In the rice parboiling technology, heat energy
is needed two times:

1) for the parboiling autoclave, where the
paddy is soaked and steamed,

2). for the heat exchanger in the dryer.

Of all cereals, rice is probably most difficult to
process without quality loss [6].

The purpose of this paper is to summarize the
available data in the analysis of thermal processes:
paddy parboiling and parboiled rice drying.

2. THERMAL PROCESSES OF RICE
PARBOILING AND DRYING

For the both thermal processes the following
parameters were considered: used equipment, ca-
pacity for processed product, characteristics of
working medium, thermal state in the working
room, needed period for process realization and fi-
nal moisture content of treated product.

The production of parboiled rice consists of: 1)
paddy soaking in hot water, 2) paddy steaming, 3)
paddy drying, 4) paddy husk removing, and 5) par-
boiled rice drying.

Field tests on parboiling autoclaves and
mixed-flow rice dryer were made to control the im-
provement of rice quality.

The paddy behavior in the parboiling process
was followed by measurements. These parameters
were included in the measuring programme: 1)
soaking in hot water (water temperature, paddy
moisture content, time), 2) steaming (steam pres-
sure and temperature, paddy moisture content,
time), 3) paddy drying (air temperature, paddy
moisture content, time), 4) paddy husk removing

(whole-kernel yield), and 5) parboiled rice drying
(air temperature, airflow, rice moisture content,
time).

In the phase of preparation of dryer for planned
tests two interventions were made at the dryer: 1)
The augers and the modules were fitted with sam-
pling tubes. 2) Air inlet duct was completed with a
measuring duct.

In the last decades there has been remarkable
development in the rice parboiling technology.
Some improvements were introduced to rise up the
quality of edible rice and to increase the energy ef-
ficiency of the equipment. The attention is concen-
trated to the basic functional element of a parboiling
plant, the autoclave.

For the actual investigation, three autoclaves
were included in the test process. They are built as
double wall rotary containers (Figure 1).

Fig. 1. Paddy parboiling autoclave
1 — parboiling room, 2 — vacuum tube, 3 — autoclave lid,
4 — autoclave drive, 5 — heating tube

Through the left axle of the autoclave the dry-
ing room is in connection with the vacuum pump.
At the end of the process of paddy steaming, a par-
tial vacuum is created in the autoclave and the pro-
cess of parboiled paddy drying is started. For the pe-
riod of about three hours the paddy moisture content
ought to be lowered at 17 %.

The right axle of the autoclave is used as filling
tube for the heating medium.

At the test procedure 6000 kg of paddy, in one
charge per autoclave, were treated with hot water
and steam. Before parboiling the paddy mass was
carefully cleaned and all organic or inorganic impu-
rities were eliminated.

Mech. Eng. Sci. J., 35 (2), 81-84 (2017)
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The quality of potable water for soaking was
also controlled, because the content of minerals or
other substances in the autoclave may affect the re-
sults of the process.

About 1200 liters potable water is needed for
soaking of 1000 kg paddy.

For deciding how long soaking must be prac-
ticed, four factors are important: paddy variety, cul-
tivation conditions period of storage and water tem-
perature [7, 8]. The process can be speeded by the

use of physical and chemical means: air vacuum,
hydrostatic pressure and wetting agents.

For the soaking process is desirable to avoid
the husk opening as far as possible. Incorrect water
temperature and period of soaking can cause solu-
bilization of substances in the rice, change of color,
smell and taste [9].

The efforts to define the correct soaking con-
ditions resulted in data shown in Table 1.

Table 1
Basic parameters for paddy parboiling process
Process
Parameter
Soaking Steaming Drying
Equipment Parboiling autoclave ~ Parboiling autoclave Cascade dryer

Capacity, paddy (kg/h)

Working medium

Working medium maximum temperature (°C)
Period (min)

Final moisture content dry basis (%)

1000 1000 1000
Water Steam Air
60 110 40
3545 60-80 180
35 60 17

Steam injection in the parboiling room of the
autoclave is the second phase of paddy parboiling
process. Thus the paddy is heated at the temperature
of 110 °C.

The use of steam for gelatinization of paddy
starch is the most preferable method. The steam is
normally sterile, has no smell and it is easy to pipe.

At the tests, duration of the steaming process
of 60 to 80 minutes was satisfactory for the varieties
Monticelli, Saint Andrew and RS76.

After the soaking and steaming operations, the
edible portion of the paddy is enriched with sub-
stances from the covering structure, the husk, but
the paddy is carried to very high moisture content
dry basis, up to 60 %. Such moisture content is not
encountered in any other rice treatment. Therefore,
a long period of rest or “tempering” before remov-
ing the husk is used, so that the moisture content of
the paddy may be even. At the end of the process
the paddy moisture content dry basis reaches 17 %
[10].

When the paddy is parboiled in the correct
manner, milling will give maximum yield of edible
rice with the minimum content of broken grains.

There are no difficulties in removing the husks
of parboiled paddy, as the husks split to some extent

Mauw. unoic.nayu. ciiuc., 35 (2), 81-84 (2017)

when the grain swells. Husks are removed in
shelling machines with rubber rollers. The next step
is whitening of parboiled rice. To get a good polish-
ing degree, the parboiled rice must pass through
more polishers than the ordinary rice. Five polishers
with five different regulations are used.

Paddy husk removed in the milling process is
stored in silos. In the applied parboiling technology
the husks are used for fuel. Stored husk is trans-
ported, in the needed quantities, to the boiler grate
for burning. Combustion of husks has the advantage
of consuming this secondary product at the same lo-
cation where it is produced.

The tests of parboiled rice drying were realized
on the industrial type mixed-flow rice dryer [11].

The dryer is composed of drying room, air
ducts, heat exchanger, fans and augers.

Drying process is crucial for rice quality. One
of the most important criteria for rice quality is mill-
ing yield. Unbroken rice kernels or head rice, are
preferred for human food and their market value is
greater than that of broken kernels. Therefore, it is
important to minimize any kind of stress that may
result in kernel breakage. To avoid thermal stress,
the maximum rice kernel temperature in the dryer,
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ought to be 38 °C. Rice, unlike corn and wheat, can-
not be dried in high temperature drying systems.

The parboiled rice drying conditions are pre-
sented in Table 2.

Table 2

Basic parameters for parboiled rice drying
Parameter I]’)r;);fl:lsgs
Equipment Mixed-flow dryer
Capacity, parboiled rice 2500 kg/h
Capacity, heated air 40000 m/h
Working medium Air
Working medium maximum temperature 42°C
Dried product maximum temperature 38°C
Final moisture content, dry basis 12 %

Initial, internal and final moisture content of
parboiled rice are inspected by taking representative
samples in the rice filling auger, all six modules of
the dryer and in rice unloading auger. In the dryer,
the moisture content dry basis of parboiled rice is
reduced from 17 % to 12 %.

The whole-kernel yield was registered by elec-
tronic whole kernel separator. The amount of bro-
ken kernels was less than 5 %.

3. CONCLUSION

Drying conditions were established in the
mode based on field tests.

The data presented in this paper are for local
rice varieties, under a specified range of conditions.
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A bstract: Waste hydraulic oil is environmental problem because the contents of solvents, heavy metals,
suspended solid particles, polycyclic aromatic hydrocarbons (PAHs), chlorinated paraffins and polychlorinated biphen-
yls (PCBs). Energy recovery with combustion the oil is not practical method and reusing with filtration and vacuum
distillation is a cost effective process. Also, blending waste hydraulic oil with diesel fuel is not possible because the
higher density and viscosity comparing with diesel fuel and causes reduction of volatility of fuel and higher exhaust
emission. Pyrolysis is a promising catalytic thermochemical process that can easy convert the waste hydraulic oil into
valuable liquid fuel. The aim of this work is pyrolysis of waste hydraulic oil in semi-batch reactor using Al2O3 as a
catalyst and characterization of obtained liquid fuel. The compounds of pyrolytic oil were identified using Fourier
Transform Infrared Spectroscopy (FTIR). Analyzing obtained results it can be conclude that the composition of ob-
tained pyrolytic oil is between the gasoline and diesel fuels.

Key words: pyrolysis; semi-batch reactor; waste hydraulic oil; fuel; Fourier Transform Infrared Spectroscopy

TEPMOXEMUCKA KOHBEP3UJA HA OTHHAIHO XUJIPAYJIMYHO MACJIO
A0 BEH3UH U JIU3EJI-I'OPUBO

AncrtpakTt: OTnagHOTO XUAPAYIUYHO MACIIO NIPETCTaByBa MPOOJIEM 3a OKOJIMHATA MOPaJH IPUCYCTBOTO Ha
pacTBOpyBauH, TEIIKH METaJH, CYCIIEHIUPAHH LIBPCTH YSCTHYKH, MOTUIHUKINYHI apoMaTHIHH jariaeBogoponu (PAH),
xJjiopupann napauHu U nonuxnopupanu oupenmmm (PCB). EHepreTckoTo HCKOpHCTYBame Ha MaciIoTO cO HETOBO
COropyBame € HEeIPaKTHYeH METO/I, a HeroBara MoBTOpHA yrnoTpeba co GuiaTpanuja 1 BaKyyM-AecTHIALH]a IpeTcTa-
ByBa cKarl rporec. FcTo Taka, MeameTo Ha XHIPpayIMIHOTO Maclo CO U3EJICKO TOPUBO HE € MOYKHO MOpa Iy Heroara
MOBHCOKA T'yCTHHA M BHCKO3UTETOT CHOPEJEHO CO JM3eJIOT, LITO IPEAN3BUKYBA HaMalyBame Ha MCMApIMBOCTa Ha
TOPHBOTO U TIOT0JIEMa EMHCHja Ha OTHaaHu racoBu. [Tuponmnsara e HaIeKEeH TEPMOXEMHICKU KaTAIUTHYKHU TPOLIEC CO
KOj MOXe JIECHO JIa C€ KOHBEPTHpA OTIAJHOTO XHPAYINYHO MACIIO 10 KOPHCHO Te4HO ropuso. Llenra Ha oBOj Tpyx €
MMPOJIN3a Ha OTHAAHO XUAPAYJIMYHO MAciO BO IMOJYIIAPKEH PeakTop co Kopucteme Ha AlO3 kako kaTaau3aTtop
KapakTepu3anuja Ha J00HeHOTo TeyHo ropuBo. CoearHeHHjaTa Ha MUPOJUTHYKOTO Maciao 6ea uaeHTH(UKYBaHU CO
npumeHa Ha Oypueosa TpaHchopMHa nHppanpseHa criektpockonuja (FTIR). On anann3aTa Ha qOOMEHNUTE pe3yaTaTH
MOJKe J1a Ce 3aKJIy4H JIeKa COCTABOT Ha JOOHEHOTO MUPOIIUTHYKO MACIIo € oMery OCH3UH M TU3EJICKO TOPHBO.

Knyunu 360poBu: nHpoIi3a; MOMyMapKeH PeakTop; OTHaIHO XUAPAYINIHO MAcIo; TOPHUBO;
Dypueona TpaHchopMHa HH(ppAIPBEHa CIIEKTPOCKOIH]ja

INTRODUCTION ment, automobile automatic transmissions, industri-
al and hydraulic machinery. They are viscosity lig-
Hydraulic oils are the wide range of liquids, uids between 15 and 100 mm? s' at 40 °C, with light

different in composition, used at the mobile equip- color, and contains 99% base fluids. The den-
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sity and viscosity of the hydraulic fluids are little
higher than the commercial diesel fuel but lower
than engine oils. [1-3]. The most of the hydraulic
oils are non-renewable mineral base oils and after
lifecycle they are environmentally hazardous waste
especially due to the content of polychlorinated bi-
phenyls. Also, disposing is a high cost process. Re-
using hydraulic oil is complicated process because
it is very sensitive to presence of contaminants [3].
Blending diesel fuel with hydraulic oils the combus-
tion characteristics of the fuel are changed due to the
higher viscosities of the hydraulic oils and reduction
of volatility of a mixture when injected into com-
bustion chamber. Also, burning hydraulic oil and
conventional diesel fuel blends lead to higher ex-
haust emission such as hydrocarbon, carbon monox-
ide and particulate matter [4]. Pyrolysis is a thermo-
chemical process of conversion hydraulic oil to gas-
oline and diesel fuel at high temperature and inert
atmosphere. Obtained pyrolytic oil has a high hating
value due to the low oxygen content and can be used
as engine fuel without any problem.

The subject of this study is analyzing the pyro-
lytic oil obtained from waste hydraulic oil. The
main functional groups of pyrolytic oil will be de-
terminate using Fourier transform infrared spectro-

scopy.

EXPERIMENTAL
Materials and methods

The pyrolysis of hydraulic oil is performed in
a semibatch reactor (volume 0.4 103 m?) in pres-
ence of commercial Al,O; (BASF 92.7% Al,O3) as
catalyst. Waste hydraulic oil was with light yellow
color and 0.8800 g cm™ density, purchased at the car
service station. Composition of pyrolysis oil was an-
alyzed using FTIR Spectroscopy (Thermo Scientific
Nicolet 6700 spectrometer) and compared with
commercial diesel and gasoline purchased from the
petrol station A.D. Makpetrol, Skopje.

Procedure

The waste hydraulic oil (120 g) was putted into
reactor and after that the catalyst Al,O; (180 g) was
added. Equipment for pyrolysis contents semi-batch
reactor, three separators (condensers) at constant
temperatures (T;= 70°C and T>= T3 = 0°C) and PID
controller for controlling heating rate and tempera-

ture into reactor. Heating rate and reaction temper-
ature were 10°C min™!' and 400 to 600°C, respec-
tively. The reactor was isolated with glass wool and
produced pyrolysis oil was filtered and conducted to
FTIR analyzing.

RESULTS AND DISCUSSION

In this study, we analyzed the influence of tem-
perature and catalyst on the rate of pyrolysis to pro-
duce the greatest yield of liquid oil. The process of
pyrolysis starts at 345°C with slaw intensity and in-
creasing at 405°C. Fast pyrolysis process was car-
ried out between temperatures 405°C and 410°C
when the greatest yield of liquid oil was obtained.
Slaw intensity of pyrolysis continued to 590°C.
Lower temperature of pyrolysis, comparing with an-
other researchers 525 °C [5], is due the presence of
catalyst and fluid catalytic cracking of hydraulic oil.
The pyrolytic oil was with light yellow color with
characteristic smelt on gasoline and diesel fuel. The
density of pyrolytic oil was 0.8092 g cm™>.

Identification of the functional groups of ob-
tained pyrolytic oil was performed using FTIR spec-
troscopy by infrared absorption at different
frequencies (Figure 1). There is no presence of al-
cohols and phenols (O-H vibrations of hydroxyl
groups with wave length 3200 to 3400 cm™) and al-
dehydes, ketones and carboxylic acid (C=0 stretch-
ing vibrations between 1700 and 1750 cm™). The
biggest peaks are at 2922, 2852, 1460 and 1377 cm™
'and belong to alkanes (C—H stretching vibrations
with wave range between 2750 and 3000 cm™' and
also 1375 and 1454 cm™). There are lower peaks at
721 and 813 cm™! (wave range from 675 to 850 cm™
1) and 908 cm ™! (wave range from 860 to 945 cm™")
characteristic for C=C streching vibrations that rep-
resent group of alkenes. Single ring aromatics are
present with two low peaks in a wave range from
675 to 850 cm™'. Comparing FTIR spectrograms for
pyrolytic oil and comercial gasoline (Figure 2), can
be concluded that the alkanes are in higher percent
in pyrolysis oil than in the commercial gasoline and
alkenes are in higher percent in commercial gaso-
line than in the pyrolysis oil. Single and polycyclic
aromatics were in higher percent in a gasoline than
in pyrolysis oil. Pyrolysis oil has almost the same
percent of alkanes comparing with commercial die-
sel fuel, lower percent alkenes and higher percent of
single and polycyclic aromatics contents (Figure 3).
The composition of pyrolysis oil is between the die-
sel and gasoline, similar with the pyrolysis oil ob-
tained from waste engine oil [6, 7].
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Fast pyrolysis of the hydraulic oil is adequate
method for valorization the waste oil to gasoline and
diesel fuel. Obtained oil can mixed with commercial
diesel fuel or fractionated on diesel and gasoline.
Process of pyrolysis should be conducted between
temperatures 405 and 410°C, and heating rate 10°C
min~'. Al,Os is efficient catalyst for fast conversion
of hydraulic oil to diesel and gasoline. Using FTIR
spectroscopy, the main functional groups in the py-
rolysis oil can be rapid determinate.
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Abstract: The reverse engineering has already found an extensive application in industry and other different
fields. Reverse engineering (RE) is a process of taking the existing physical model and reproducing its surface geometry
in three-dimensional (3D) data file on a computer-aided design (CAD) system. This paper will analyze the real situation
in one industrial plant and provide comparative analysis of the application of current measuring methods and possibility
of incorporating digital measurement. The reverse engineering (RE) is based on a method of reducing the time of
dimensioning and modeling of mechanical parts which can be complex by geometry or dimensionally very accurate.
In this paper we can give some practical examples of parts that are really produced in one manufacturing factory.
Recommendation for digitalization will be of crucial importance for every company in its measurement and quality
control activities.

Key words: reverse engineering (RE); manufacturing; CAD; measurement; digitalization

AHAJIN3A U TIPUMEHA HA PEBEP3UBUJIHOTO UHKEHEPCTBO 3A TU3AJHUPAIBE
" PA3BOJ HA MEXAHUYKH JEJIOBA

AmncTpaxkT: PeBep3uOMIHOTO HHXEHEPCTBO BeKe MMa rojieMa IPUMEHa BO MHJIYCTPHjaTa U IPYTH Pa3IniHU
obnacTu. PeBep3UOMITIHOTO MHKEHEPCTBO € MPOLEC KOj 3eMa MOCTOCH (HM3UYKH MOJEI U ja Penpojaylupa HeroBTa
MOBPIIMHCKA TeoMeTpHja Bo TpuaumMensnoHaneH (3D) dajn ma cucrem 3a xommjyrepcku nomorHar ausaju (CAD).
OBoj Tpyx ja aHanm3upa (GakTHIKaTa CUTYyaIMja BO €JeH HHIYCTPUCKU MOTOH 1 00e30eqyBa KOMIIapaTHBHA aHAIN3a
Ha MPUMEHaTa Ha TEKOBHUTE MEPHU TEXHUKH M MOXXHOCTA 32 HHKOPIIOPHPAhE Ha JIUTUTAHH Mepema. PeBep3nbmii-
HOTO MH)KEHEPCTBO € 0a3UpaHO Ha METO/IOT 33 HAMAJTyBambe Ha BPEMETO 33 JUMEH3HOHHUPAe U MOJCIUPake Ha MeXa-
HMYKH JICJIOBH KOM MOXaT J1a OMJaT co KOMIUIEKCHA reOMeTpHja WM JUMEH3HOHAIHO MHOTY npenu3Hu. Bo oBoj Tpya
ce Na/IeHH NMpPaKTUYHU NMPUMEPH Ha JEJIOBM KOU PEaHO ce NMpOoW3BeAyBaaT BO enHa (adpuka. IIpenopaxara 3a
JMTUTAIM3alH]ja € O/l KPYLHMjalHa BAXKHOCT 32 CEKOja KOMIIaHHja M HEj3UHUTE aKTHBHOCTH BO 00JIacTa HA MEPEHETO U
KOHTpOJIaTa Ha KBAJIUTETOT.

Kayunu 36opoBu: pesep3nouiHo umkenepcto (RE); npoussoactso; CAD; Mepeme; Iururanusanyja

1. INTRODUCTION for new ways to reduce production times and de-
velop new products to meet all the consummers re-
quirements. Mostly, the investments of the manu-

Global competition in the world industry today facturing companies are concentrated on Reverse
is very high. So the companies are trying continu- Engineering (RE), CAD / CAM, Rapid Prototyping
ally to be competitive on global market by looking (RP) and a large number of new technologies that
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offer greater production, business benefits and
greater profit.

Reverse engineering (RE) is now considered
as one of the new technologies that provides bigger
business benefits using shortening the product de-
velopment cycle.

Reverse engineering has been associated with
the copying of an original product design for com-
petitive purposes. In the manufacturing world to-
day, however, the concept of reverse engineering is
being legally applied for producing new products or
variations of old products. The term reverse comes
from the concept of bi-directional data exchange be-
tween the digital and physical world [12].

Its application is already proven in many areas
of engineering and every day life. There are many
reasons why it should be used.

Some of the reasons for using reverse engi-
neering are given below:

* The original manufacturer no longer exists,
but a customer needs the product.

* The original product design documentation
has been lost or never existed.

* Creating data for renewing or manufacturing
a part for which there is no CAD data, or for which
the data have become unusable or lost.

* Inspection quality control — comparing a fab-
ricated part to its CAD description or to a standard
item.

* Some bad features of a product need to be
eliminated.

* Strengthening the good features of a product
based on long-term usage.

* Exploring new ways to improve product per-
formance and features.

* Architectural and construction documenta-
tion and measurement.

* Fitting clothing or footwear to individuals
and determining the anthropometry of a population.

* Generating data to create dental or surgical
prosthetics, artificial engineered body parts, or for
surgical planning.

* Creating 3D data from a model or sculpture
for animation in games and movies.

* Creating 3D data from an individual, model
or sculpture to create, scale, or reproduce art work.

The above list is not exhaustive and there are
many more reasons for using reverse engineering,
than documented above [1].

Classic machining process begins from CAD

model and ends by component production. Reverse
engineering process is opposite. At the beginning is

real component and it ends with digital model (Fig-
ure 1) [2].

(Classic production process

CAD part NC production > Real component
—_ le——

Reverse engineering process

CAD part 4 3D digitizing % Real component

Fig.1. Comparison of reverse engineering and classic
production processes [2]

2. DEVELOPMENT AND APPLICATION
OF REVERSE ENGINEERING

Reverse engineering covers a variety of ap-
proaches to reproduce a physical object with the aid
of drawings, documentation, or computer model
data. In the broadest sense, reverse engineering is
manual work or use of computer and some kind of
software to reproduce something.

Reverse engineering is one of the methods
used by companies in order to accelerate their prod-
uct design process and this method is desire for ac-
cess to the new technologies with minimum cost,
risk and time [11]. This method in the developing
countries that are not so advanced in terms of prod-
uct and technology design knowledge, compared to
the developed countries, is a logical response to in-
crease designing capability and accelerate the de-
sign and manufacturing process.

Reverse engineering is no longer used just only
for bringing again the old technology back to life. It
is also for using existing or old technology as a
launch pad directly into the future [3].

Reverse engineering techniques are being used
in a wide range of applications and it is not restricted
only to the industry. The type of reverse engineering
that will be discussed in this paper is a technique
where the physical dimensions of a part are being
captured in order to be produced a detailed drawing
of the part. In the Computer Aided Manufacturing
(CAM) world, this is referred as part to CAD con-
version, where the geometry of the physical objects
is captured as digital 3D CAD data [4].

The generic process of reverse engineering is a
three-phase process shown in Figure 2. The three
phases are: scanning, point processing, and devel-
opment for the particular application specific geo-
metric model [1].
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Scanning phase: This phase is connected with
the scanning strategy. Its include: selecting the cor-
rect scanning technique, preparing the part to be
scanned, and performing the actual scanning to cap-
ture information that describes all geometric fea-
tures of the part such as steps, slots, pockets, and
holes.

Point processing phase: This phase involves
importing the point cloud data, reducing the noise in
the data collected, and reducing the number of
points. A wide range of commercial software are
available for point processing. The output of the
point processing phase is a clean, merged, point
cloud data set in the most convenient format.

Application — Geometric model develop-
ment phase: The generation of CAD models from
point data is probably the most complex activity
within reverse engineering. Sophisticated surface
fitting algorithms are required in order to be gener-
ated surfaces that accurately represent the three-di-
mensional information described within the point
cloud data sets.
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Fig. 2. Reverse Engineering — the generic process [1]

Reverse engineering strategy must consider
the following:

* Reason for reverse engineering of a part.

* Number of parts to be scanned — single or
multiple.

* Part size — large or small.

* Part complexity — simple or complex.

* Part material — hard or soft.

* Part finish — shiny or blurry.
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* Part geometry — cylindrical or prismatic and
internal or external.
* Accuracy required — linear or volumetric.

Computer-Aided Reverse Engineering (CARE)
relies on the use of computer - aided tools for ob-
taining the part geometry, identifying its material,
improving the design, tooling fabrication, manufac-
turing planning and physical realization. The struc-
ture is shown in Figure 3.

—— N
; SURFACE FITTING
PHYSICAL y 3D § —» DM
PART scamg | ON CLOUD OF POINTS D
AS \ J
- N
RAPID PROTOTYPING & TOOLING DIE
AND MOULD DESIGN >
CNC CODE GENERATION

|

MANUFACTURING PROCESS
SIMULATION/OPTIMISATION +—>
(CASTING, MACHINING, ETC)

I

MANUFACTURING }‘7 MANUFACTURING

PROCESS DRAWING

FINISHED PRODUCT

Fig. 3, Computer-aided reverse engineering framework [5]

A solid model of the part is the backbone for
computer-aided reverse engineering. The model
data can be exported from or imported into
CAD/CAE/CAM system using standard formats
such as IGES, STL, VDA and STEP. The three most
important sets of data in reverse engineering activi-
ties are related to the CAD model generation, mate-
rial identification, and manufacturing [5].

Reverse engineering (RE) is generally defined
as a process of analyzing an object or existing sys-
tem using hardware and software, to identify its
components, their interrelationships and to investi-
gate how it works in order to redesign it or produce
a copy without access to the design from which it
was originally produced.

Reverse engineering hardware is used for re-
verse engineering data acquisition, which for 3-D
modeling, is the collection of geometric data that
represent a physical object. There are three main
technologies for reverse engineering data acquisi-
tion: contact, noncontact and destructive. Outputs of
the reverse engineering data acquisition process are
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2D cross-sectional images and point clouds that de-
fine the geometry of an object (Figure 4).

CONTACT
METHODS

y

Analogue sensing with Point-to-point sensing
scanning probes with touch-trigger probes

A\ ] Y
( (MM-(N(machines) CCMM-AnicuIatedarms)

Fig. 4. Reverse engineering hardware classification [1]

Reverse Engineering software is used to trans-
form the reverse engineering data produced by re-
verse engineering hardware into 3D geometric mod-
els. The final outputs of the reverse engineering data
processing chain can be one of two types of 3D data:
(1) polygons or (ii) NURBS (no uniform rational B-
splines). Polygon models, which are normally in the
STL, VRML, or DXF format, are commonly used
for rapid prototyping, laser milling, 3D graphics,
simulation, and animations. NURBS surfaces or
solids are frequently used in computer-aided design,
manufacturing, and engineering (CAD-CAM-CAE)
applications [1].

Except the advantages obtained by the use of
reverse engineering, during the implementation, we
encountered some barriers that are necessary to be
overcome for its wider acceptance. As can be seen
from Figure 5, this study proposes a three-phased
factor analysis approach in order to determine the
critical factors that effects the adoption of reverse
engineering technologies.

Factor
determination
phase

Existing Phase 1

literatur

—————

Time Data collection RE express Phase 2

phase
—

—_—
Data analysis
phase

—

Phase 3

Fig. 5. Factor analysis approach [1]

Factor determination phase is a hypothetical
research model and it uses a multidimensional
model to represent the organizational, environmen-
tal, and project dimensional factors. Using of a such
dimensional model allows clustering the factors,
and also facilitates a logical data collection and
analysis study.

Data collection phase offers a qualitative ap-
proach using interviews with experts in the field of
reverse engineering. The data collection was carried
out by reverse engineering expert and a qualified co-
ordinate measuring machine (CMM) operator. Both
of them analyzed the collected data. Face-to-face in-
terviews, approximately 50 minutes longm were
conducted. The number of interviewees was deter-
mined during data collection. The interviewing was
stopped in the moment, when no new information
was obtained from interviewees and saturation was
reached.

Data analysis phase is closely aligned with
the empirical phase. After data are collected, the
data are prepared for analysis. The quantitative data
are typically entered into a statistical program and
qualitative data are often transcribed in order to fa-
cilitate data analysis.

As we know with reverse engineering, for an
existing mechanical part we make the technical
drawings in order to make a production of it. Be-
cause the original part already physically exists,
some people believe that reverse engineering and
duplicating are the same.

But this is not true, because duplicating pro-
cess is based on expected short time benefits in or-
der to make profit through manufacturing of prod-
ucts which will provide less of the properties and
functional specifications compared with the original
products. Duplicating differs from reverse engineer-
ing in sense that products made with duplicating
will result in products on low level technology. In
case of complicated products, duplicating will not
result in adoption of technology of manufacturing.
Instead of that, the reverse engineering will result in
preparing production technology, similar or better,
than previous used for manufacturing the original
part. Manufacturing of products with reverse engi-
neering approach is based on a long term benefits
and innovations. Application of updated standards,
manufacturing of optimized products and working
on products development and improvement is the
best scheme in adopting reverse engineering meth-
ods [3].
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3. TECHNIQUES AND TOOLS
FOR CASE STUDY

Main techniques used by reverse engineering
for our case study are calipers used for measure-
ment, Autodesk Inventor software used for CAD
modeling and CNC milling machine that it used for
realizing the physical part. The current situation in
the factory offers the above mentioned possibilities.
The production is mainly individual with different
quality requirements. So the application of the re-
verse engineering is not continuous, but it depends
on every specific case.

A) Calipers

Using the calipers as device of measurement is
considering as (reverse engineering) manual pro-
cess for taking the dimensions from different me-
chanical parts. Then, from these measurements, we
could manually define a 3D computer model using
CAD primitives. There are different constructions
of calipers, but in principle there are not very big
differences between them. All of them have a pur-
pose of reducing the measuring error and increasing
the accuracy of the reading. The Figure 6 shows
standard vernier caliper.

@ @ O]
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Fig. 6. Vernier caliper [6]

The parts of the caliper include:

1. Outside large jaws: used to measure ex-
ternal diameter or width of an object.

2. Inside small jaws: used to measure inter-
nal diameter of an object.

3. Depth probe/rod: used to measure depths
of an object or a hole.

4. Main scale: scale marked every mm.

5. Main scale: scale marked in inches and
fractions.

6. Vernier scale gives interpolated measure-
ments to 0.1 mm or better.

7. Vernier scale gives interpolated measure-
ments in fractions of an inch.

8. Retainer: used to block movable part to
allow the easy transferring of a measurement.
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B) CNC milling machine

CNC is the abbreviation of computer numeri-
cal control. The working principle of these highly
flexible machines is based on converting the CAD
(Computer Aided Design) of the part with CAM
(Computer Aided Manufacturing) software in cut-
ting tool trajectory (in coordinates). These Com-
puter Numerical Control (CNC) machines made
revolution in manufacturing, enabling production of
different complex parts, with different accuracy and
different materials.

CNC milling machines are the most widely
used type of CNC machines. Typically, they are
grouped by the number of axes simultaneously op-
erating. Axes are labelled with various letters [7].

The machine shown in Figure 7 was taken
from the factory where the mechanical parts pre-
sented in this paper, as case study, were produced.

In
|
|

Fig. 7. CNC milling machine [8]

4. PRACTICAL ANALYSIS

Damage of machine parts is a serious problem
in production. It affects production efficiency and
causes financial losses due to machine(s) malfunc-
tion. Most threatened are components like transmis-
sion parts, tools or electronics. Our examples show
cases of a damaged: tool part (precision) and me-
chanical part (complex geometry).

A) Tool part (precision)

Figure 8 shows tool part which has some dam-
age or cracks along the channels and holes.

For this part, which has to be produced again,
first must be estimated the costs and required time
for manufacturing. The precision and the type of
tool material are the two main components neces-
sary for the measurement and reconstruction proce-
dure.
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Fig. 8. Tool (original version) [8]

Fig. 9. Measurement of tool part [8]

Fig. 10. CAD model of tool part

Fig. 11. Production of tool part with CNC Milling machine [8]

Based on the damages that exist on the tool, we
have recommended that it should be produced a
completely new part. In this case it is possible to ap-
ply reverse engineering to eliminate possible ma-
chine damage due to the tool damage. The tool part
was measured with calipers and we made a CAD
model of the part (tool) with autodesk inventor (Fig-
ure 9).

After we have made the measurements of the
existing work piece and created a 3D model through
the software (Figure 10), the next step was the ma-
chining the part on the respective machine (Figure
11).

The tool part was drawn in 1:1 ratio, so its con-
version in required different forms was very easy.

The software used in this case (Autodesk IN-
VENTOR 2017) is very professional and provides
many opportunities for designing and correction of
parts.

B) Mechanical part (complex geometry)

The mechanical part shown in Figure 12 is
used like housing for holding shafts with bearings
and it makes an assembly with bolts with an others
part. This broken mechanical part should have been
manufactured again with previous estimation of
costs and necessary time for production. The com-
plex geometry of this mechanical part was very dif-
ficult to be measured and to be created a 3D geo-
metrical model.

The requirement was to compare the original
part produced with casting, with the part made of
construction steel manufactured by milling. We
made some optimization in geometric shape of the
mechanical part in order to obtain easier manufac-
turing, but the functionality remained still un-
changed, the same like in the original part.

Based on the damages that are presented in the
Figure 12, we recommended that mechanical part
should be produced as a new one. In this case it is
also possible to apply reverse engineering in order
to eliminate the part damage. The part was meas-
ured with calipers and we made a CAD model of the
mechnaical part with Autodesk Inventor.

After we have made the measurement of the
existing work piece and creating the 3D model
through the software, the next step was the manu-
facturing on the milling machine (Figure 13).

The used software (Autodesk INVENTOR
2017) provides many opportunities for design of
parts complex geometry (Figure 14).

Mech. Eng. Sci. J., 35 (2), 89-96 (2017)
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Fig. 12. Mechanical part (original version) [8]

Fig. 13. New mechanical part produced with milling
and welding

Fig. 14. CAD model of the mechnical part

Applying reverse engineering (RE) techniques
in our case gives us great opportunities for prelimi-
nary analysis before real production. On the created
CAD model we could compare the dimensions with
the real part and have possibility to make easy
changes and improvements. .

5. RECOMMENDATIONS FOR
IMPROVEMENT
Analyzing the current situation in the factory

which was given as a practical example, it could be
mentioned that the measurement of the machine

Mauwi. unoic.nayu. ciiuc., 35 (2), 89-96 (2017)

parts with calipers affects on continuous loss of time
during the measurement process and reduces the re-
liability for accurate measurements.

Error criteria set by the parts orderer for rejec-
tion of mechanical parts was 0.1 mm. Parts with er-
rors above 0.1 mm were considered as a scrap.

The above given examples, show us that the
application of coordinate measuring machine
(CMM) technology would be much better, because
the accuracy will be higher and the ability to make
corrections will be much faster.

Coordinate measuring machine (CMM) con-
sists of a probe supported on three mutually perpen-
dicular (x, y, and z) axes (Figure 15).

y-axis
head

x-axis
gantry

e
Mount plate //
w

>

Part table

Fig. 15. Conceptual view of a coordinate measuring machine
(CMM) [1]

Coordinate measuring machine (CMM) gener-
ates 3D coordinate points, as the probe moves
across the surface of the part. Operators may run co-
ordinate measuring machine (CMM) in a manual
mode where they move the probe around an object
and collect coordinate measurements, or they may
program the probe to move automatically around
the part [1].

The coordinate measuring machines (CMM)
can be divided into mainly two major types: with
contact-type measurement system and with non-
contact measurement system [9].

Reverse engineering using 3D digitizing is a
potential methodology to make virtual prototype
models for analysis and 3D visualization of the
products [10].

Applying reverse engineering will be essential
for the technical and economic development of the
analyzed factory in general.
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6. CONCLUSION

In this paper, the mechanical parts that have
been selected for analysis were: tool part (precision)
and mechanical part (complex geometry).

The form used for measurement the mechani-
cal parts was through the calipers, which is currently
the only opportunity in the factory used as an exam-
ple. Drawing of the parts and creating their CAD
models was on computer using Autodesk Inventor
software.

Taking into the account the analysis that were
made, we can conclude that digital scanning is in-
dispensable and irreplaceable for application to
minimize errors and reduce the time of measure-
ment.
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Abstract: The research presented in this paper is based on an interdisciplinary approach where the possibilities
of ergonomic and bionics methods are integrated. The main goal of the research is a verification of the advances and
possibilities of our recently established six-step bio-inspiration strategy. The applied strategy resulted with recognition
of a natural phenomena — layering, which became an inspiration for proposing of an innovative solution for products’
size adjustment. The efficiency and quality of the proposed principle were verified on a certain design problem — a
bicycle seat for children transportation. Extensive anthropometric survey was applied for providing precise dimension-
ing of the seat layers in order to accommodate the children of different ages. An ergonomic analysis was performed for
assessment of the seating comfort with pressure sensors, and important guidelines for the design process were obtained.
The results were applied on three proposed concepts and detailed design of the selected one.
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NHOBATUBEH INPUCTAII KOH NIPUCITIOCOBYBABETO HA TOJIEMUHATA HA TIPOU3BOJUTE
HHCIIUPUPAH OJ TPUPOJATA

AmcTpakT: UCTpaxyBambeTo NPE3eHTHPAHO BO OBOj TPy € 6a3upaHO Ha HHTEPAUCLHUIUTMHAPEH IPHCTAIl BO
KOj €€ MHTEIPHPAHH MOXKHOCTHTE Ha EPrOHOMCKHTE W OHOHHYKHMTE METOMH. JlaBHa IeJ Ha HCTPAKYBAHBETO ©
Bepu(dUKaIMja Ha CTpaTeTHjaTa 3a N3BJIEKYBambe HHCIIHPALFja O IPHpOoaTa MpeKy MIecT YeKOpH, Koja ja BOCIoCTa-
BUBMe HeonamHa. [IprMeHara Ha cTparterujara pe3yiaTHpalie co MPerno3HaBamke Ha MPUPOAHHOT (PEHOMEH — CIIOCBUTA
rpaaba, Koj peTcTaByBallle MHCIHUpPALKja 3a Mpe/ylarambe Ha THOBATHBEH MPHUCTAI KOH PellaBambeTo Ha ePrOHOMCKHOT
npobieM mpucocoOyBamke Ha roleMuHaTa Ha mpousBoaute. EdukacHocTa M KBAIUTETOT HA NPEUIOKSHUOT IPHHIIMI
Oea Bepu(MKyBaHH NPEKY pellaBambe Ha KOHKPETEH AN3ajHEPCKH MPoOJIeM — BEIOCHIIECKO CEAHIITE 3a NPEeBO3 Ha
Jena. 3apaay Ipenu3Ho JUMEH3NOHUPAke Ha CI0EBHUTE HAa CEANIITETO, CO I TOA Jla OJroBapa Ha Jela OJf pa3IndHa
BO3pacT, Oellle MPUMEHETO OICEKHO aHTPOIOMETPUCKO HCTPAXKYBame. 3apagd ONpenelTyBamke HACOKH BO BPCKA CO
yIoOHOCTa Ha CeMIITETO Oellle M3BpIIeHa aHaIn3a Ha pacipe/endaTa Ha MPUTHCOLMTE Ha MOCTOJHH JETCKH CEHIITA.
Pesynrarure o/ aHanu3uTe 6ea IPUMEHETH BO TPH MPEATIOKEHH KOHICITH U BO JieTalHa pa3paboTKa Ha eIeH OJ HUB.

Knyuynu 360poBu: 6noHNKa; GHOJIONIKH HHCIIUPHPAH JIM3ajH; €proHOMHja; AN3ajH Ha IIPOM3BOIH;
npHcrnocoOyBame Ha FoOIeMUHATa Ha TIPOU3BOAUTE

1. INTRODUCTION find the application of principles and methods of bi-
onics efficient for deriving inspiration and improv-

ing their creative thinking.
Bionics is an interdisciplinary science, which

synthesizes the knowledge of biology and other sci-
ences. Industrial designers, architects and engineers

Designers explore natural systems by adopting
one of the two main bionic strategies: solution-
driven or problem-driven approach. The first one
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deals with abstraction of the principle in biological
systems as an inspiration for application in the prod-
uct design process. The second one searches for a
solution in natural systems for already recognized
design problems.

Many researchers worked on developing strat-
egies and methods for practicing biologically in-
spired design. Helms, Vattam and Goel [3, 4] pro-
pose an organizing framework for practicing of bi-
ologically inspired design, which could be applied
on both problem — driven process and solution-
driven process.

Versos and Coelho propose the bi-directional
bionic design method [1, 2], which suggests a series
of steps in the design process that could be practiced
in one of the two alternative orientations considered
for the bionic design process. The common steps in
both directions of analysis consist of the same activ-
ities, contain the same description and are applica-
ble for the two orientations.

The research presented in this paper is based
on an interdisciplinary approach where the possibil-
ities of ergonomic and bionics methods were inte-
grated. The main goal of the research was verifica-
tion of the advances and possibilities of our recently
established six-step bio-inspiration strategy for im-
provement of creativity [5], based on the advances
of the bi-directional bionic design method proposed
by Versos and Coelho [1, 2]. We offered a strategy
of six steps in the process of exploration of natural
systems followed by identification of important nat-
ural solutions and a structured way of documenta-
tion in order to become more noticeable and observ-
able to attract an attention of designers and engi-
neers. The recognized natural solutions could be-
come a trigger for inspiration for various design so-
lutions.

The applied strategy resulted with recognition
of a natural phenomena — layering, which was an
inspiration for proposing of an innovative solution
for products’ size adjustment. The efficiency and
quality of the proposed principle were verified on a
certain design problem — a bicycle seat for children
transportation. An extensive anthropometric survey
was applied for providing precise dimensioning of
the seat layers in order to accommodate the children
of different ages. An ergonomic analysis was per-
formed for assessment of the seating comfort with
pressure sensors, and important guidelines for the
design process were obtained. The results were ap-
plied on three proposed concepts and detailed de-
sign of the selected one.

2. THE PRINCIPLE OF LAYERING
DISCOVERED IN NATURE

The main intention of our research was to ver-
ify our recently established six-step bio-inspiration
strategy as an efficient tool for deriving inspiration
from nature in the design process.

Step 1 — exploration of nature. Nature is eve-
rywhere around us. Observation and direct interac-
tion are the best ways to recognize an inspiring ob-
ject and become familiar with its characteristics.

Step 2 — attraction of attention. Product de-
signers are usually attracted by the visual features of
the object — shape, material, texture, colour, as well
as structure, functionality and multi-functionality,
space organization, effectiveness and optimization
of the shape and the material. Our attention was trig-
gered by the structure of onion.

Step 3 — identification of an inspiring natural
phenomena. The phase of solution identification is
based on perception and observation as exploration
methods. The outcome is one or more identified ex-
ceptional solutions, documented with a collection of
photos, videos, sketches and textual explanations,
description of the identified natural solutions with
ordinary language (Table 1).

Table 1

Description of the identified natural phenomena
with ordinary language

Natural object / phenomena — onion Description

Onion has
rounded shape
of the body,
consisted of
several layers

Step 4 — exploration of the identified natural
phenomena. The phase of exploration points to-
wards a complete explanation of the identified nat-
ural solutions from all necessary aspects and with
all necessary means in order to become clear and
recognizable for their possible application in the
phase of concept generation (Table 2).
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Table 2

Documentation for explanation of the principles

Natural object / phenomena — onion Description

Several layers
Fractal design of the
layers

o The layers are
placed one over the
other, from inside to
outside

® Solid body

Step 5 — reformulation of the identified natural
phenomena. The reformulation of the identified nat-
ural phenomenon is an important step for recogni-
tion of the possible design solution for a new prod-
uct creation or improvement of existing one. The re-
formulation means application of the deduction
method in order to transform the description into a
set of specific keywords or short explanations (Ta-
ble 3). The main intention is the description to be-
come comparable with possible design problems.

Table 3

Reformulation of the identified natural phenomena

Natural object / phenomena — onion

What? Purpose? How?

Shape into shape principle Fractal design

Step by step growth Layers placed one
of the body over another from
Body inside to outside

shape Layers placed one

over another from
inside to outside

Rising of the body strength

Optimization of the volume Rounded body

Step 6 — recognition of the design problems
where the identified natural phenomena could be
applied. The reformulation of the identified natural
phenomena already points to the possible design so-
lution(s). Layered structure of onion is associated
with the growth of the body volume, as well as with
the rising of the body strength. The deduction
method is useful to be applied again in order to
reach closer to the possible design problem(s) with
appropriate questioning and answering (Table 4).
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Table 4

Questions and answers for reaching closer
to the possible design problems

Question Answer

Which products need enlarge-  Products that are used by
ment or reducing of the different users that
size? change their body size

very fast

Which users change their body Children
size very fast?

Which products are used by Seats, chairs, skiing boots,
different users? heats

Which seats are used by
children?

Especially designed car
seats, bicycle seats

What features are important
for those products?

Strong, safe, adjustable size

What is the benefit of the
possibility for size
adjustment?

The product could be used
of different users and
for a longer period

At the end of the step 6 the possible design
problem was already recognized: the principle of
layering would be very useful to be applied for solv-
ing of an ergonomic problem products’ size adjust-
ment.

The six-step bio-inspiration strategy was an ef-
ficient guide trough the process of inspiration where
the discovered natural phenomena became a model
for an innovative approach in solving of a regular
ergonomic problem.

3. PRODUCTS' SIZE ADJUSTMENT
WITH APPLICATION OF THE PRINCIPLE
OF LAYERING

The application of ergonomic principles is an
imperative for the design of contemporary products
and their success on the market. The main goals of
the ergonomics in product design are to provide di-
rections how to obtain more comfort, safety, intui-
tive and easy managing and handling. Mass produc-
tion imposes products to be designed to accommo-
date as many users as possible. The solution for this
necessity is application of the principles of adjusta-
bility, modularity, as well as different sizes of prod-
ucts.

According to the results of inspiration process
presented in the previous chapter, we decided to ap-
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ply the principle of layering and to offer an innova-
tive approach for solving of the ergonomic problem
products’ size adjustment.

We adopted the principle of layering for ad-
justment of products’ sizes and applied it in solving
of a particular design problem — a bicycle seat for
children transportation. The results of this phase
were necessary for verification of the efficiency and
quality of the proposed principle of layering for
products’ size adjustment.

A} Anthropometric analysis for children
seats design

Due to the fact that children change their body
size very fast most of the products that are necessary
for their everyday lives need successive replace-
ment with products of higher sizes. This fact means
a huge burden of the home budget for their families.
Because of this fact it is a great challenge for the
designers to invent more durable and adjustable
products. The principle of layering offers a possibil-
ity to make products that could be used in a longer
period of time of the same user, as well as of differ-
ent users. The process of layering is reversible,
which means that the layers could be add or re-
moved in accordance of the particular necessity.

The application of the concept of layers in the
design of a bicycle seat for children transportation
requires a detailed analysis of child anthropometry
to obtain regular and precise dimensioning of the
layers depending on the children age.

After the extensive study of the available an-
thropometric data for children between 6 months
and 5 years we decided to design a seat consisted of
three layers, appropriate for three age ranges:

eLayer 1 —the smallest size — suitable for children
of age under 12 months (1 year).

eLayer 2 — the middle size — suitable for children
of age between 1 and 3 years.

eLayer 3 — the biggest size — suitable for children
of age between 3 and 5 years.

In the first stage of the survey the anthropom-
etric measurements relevant for the design of a bi-
cycle seat for child transportation were recognized
(Figures 1, 2). According to the available anthropo-
metric data for children [6] a table with extracted
measurements for different children ages was deter-
mined (Table 5).

Figs. 1, 2. Anthropometric measurements relevant for the
design of a bicycle seat for child transportation

Table 5
Anthropometric measurements for children
of three different ages
Necessary children measurements Layer Layer Layer
(mm) 1 2 3

Width of the hips (a) 159 190 213
Buttock lenght (b) 194 284 358
Body lenght (c) 319 371 442

Distance between the shoulders
and the top of the head (d)

Width of the shoulders (e) 208 243 278
Width of the head (f) 116 136 139

161 174 191

The method of fractals was adopted for the lay-
ers design. The extracted anthropometric measure-
ments were applied for assessment of the relations
between the layers dimensions:

o relation between the layer 1 and layer 2 is
1:1.092,

e relation between the layer 1 and layer 3 is
1:1.163.

B) Comfort analysis of the existing children seats

In order to obtain the relevant information
about the seating comfort for the seat design an ap-
propriate analysis of the pressure distribution was
performed with three different existing children
seats (Figures 3-5) and a group of 10 children of
different age and sex. The experiment was per-
formed 10 times with 10 children seating conse-
quently on all of the three selected seats, covered
with the pressure pillow. After the experiment an
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evaluation of the seating pressure distribution dia-
grams and detailed comparison of the results was
performed.

Fig. 3-5. Three existing children seats selected
for the experiment

The analysis of the pressure distribution be-
tween the children and the seats was performed with
XSENSOR pressure measurement system. The re-
sults are presented with diagrams of the pressure
distribution where the maximal and average pres-
sure in mm Hg (transformed latter in kPa) and seat-
ing area in mm? are visualized with different colours
in several levels, according to the pressure intensity.
The areas with the highest pressure intensity are vis-
ualized with red colour, the areas with lower pres-
sure with orange, the next level of pressure with yel-
low, than — light blue and the areas without pressure
are presented with dark blue colour.

The diagrams of the experiment with the seat
No. 1 (Figures 6, 7) represent very high pressure
with average range 3.68 —4.9 kPa (27.6 —36.76 mm
Hg) and maximal range 17.99 — 34.13 kPa (134.96
— 256 mm Hg). Very high pressures on unexpected
places (pressure "jumps") are evident, as well as ir-
regular distribution of the seating area (28870.97 —
55161.29 mm?). Conclusion — the shape of the seat
is extremely uncomfortable.

Fig. 6. Pressure distribution of the seat No. 1 with child No. 1

Mawi. unoic.nayu. ciuc., 35 (2), 97-104 (2017)

Fig. 7. Pressure distribution of the seat No. 1 with child No. 10

The diagrams of the experiment with the seat
No. 2 (Figures 8, 9) represent pressure with average
range 5.85 — 33.38 kPa (25.38 — 43.85 mm Hg) and
maximal range 17.93 —34.13 kPa (134.52 — 256 mm
Hg). The effective seating area is in the range
29032.26 — 38548.39 mm?. The seating surface is
too flat which results with minor "jumps" of the
pressure. Conclusion: the shape of the seat is more
comfortable than the previous one, but still not
enough.

10 120
100-7008 -

Fig. 8. Pressure distribution of the seat No. 2 with child No. 1

e 24 )

00 1
-1 100-7000 -

Fig. 9. Pressure distribution of the seat No. 2 with child No. 10
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The diagrams of the experiment with the seat
No. 3 (Figures 10, 11) represent pressure with aver-
age range between 5.85 and 33.38 kPa (25.38 —
43.85 mm Hg) and maximal between 6.58 and 30.67
kPa (49.35 — 230.06 mm Hg). The effective seating
area is between 29677.42 and 65322.58 mm’. It is
evident that the seat No. 3 is more comfortable than
the previous two as a result of more anatomic shape.
The pressures are distributed more smoothly and
logically related to the pelvis. The pressure "jumps"
are very rare and with minor values.

00
+ 100-1000

Fig. 11. Pressure distribution of the seat No. 3 with child No. 10

According to the presented results of the ex-
periment, several useful conclusions were extracted

for further implementation in the process of design
of bicycle seat for children transportation:

e an anatomic surface of a seat is better than a flat
surface from the aspect of pressure distribution;

¢ an anatomic surface of a seat obtains better pro-
tection of the child body;

o the centre of gravity has to be lower in order to
obtain stability of the child body;

o the angle between the seat and the back rest has
to be in the range between 90 and 110 degrees
in order to obtain more comfortable seating.

4. DESIGN OF A BICYCLE SEAT FOR
CHILDREN TRANSPORTATION

The design process always starts with precise
definition of design requirements. In order to obtain
as much as possible information an extensive re-
view of the existed bicycle seats for children trans-
portation on the market was performed, as well as a
survey among the representatives of the recognized
target group. According to the results of the review
and the survey the most important requirements
were adopted as guidelines for the design process:

1. child safety,

2. light weight,

3. adjustable size,

4. reduced number of parts,

5. easy mounting on and removing from the bi-
cycle,

6. easy manipulation — placing of the child on
and removing it from the seat,

7. comfortable seating,
8. attractive appearance,
9. affordable price,

10. compact shape.

A) Concepts generation

The next step in the design process was gener-
ation of concepts. According to the specified guide-
lines and principles three different concepts were
proposed (Figures 12, 13, 14).

The presented concepts were evaluated with
application of the spider mesh diagram (Figure 15),
where the adopted requirements were used as eval-
uation criteria. The rating was performed with
grades between 0 and 3.
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Fig. 12.. Concept 1

Fig. 13. Concept 2

Fig. 14. Concept 3
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Fig. 15. Concepts evaluation with the spider mesh diagram

After the evaluation process of the proposed
concepts the third one was selected for further de-
velopment. The selected concept offers the best er-
gonomic and seating comfort, as well as better
safety for the children.

B) Final design of the selected concept

The selected concept of a bicycle seat for chil-
dren transportation is build of two main parts: the
seat and the leg holder. The leg holder is necessary
for obtaining of legs safety during the drive and has
to be used for the children over 12 months. The seat
could be utilized without the leg holder for the chil-
dren younger than 12 months.

The seat and the leg holder are designed as as-
sembles of four layers (Figure 16). The outside lay-
ers are responsible for the strength of the seat and
the leg holder, as well as for the children safety.
They should be produced of a strong material, for
example ABS or polypropylene. The three addi-
tional layers should be more flexible in order to ob-
tain better seating comfort during the utilization and
easy maintenance (handling) in the phase of size ad-
justment. EVA polymer is the most suitable mate-
rial for their production (Figure 17).

The layers are dimensioned and designed ac-
cording to the precise results from the phase of an-
thropometric and ergonomic survey, presented in
the chapter 3. They are responsible for size adjust-
ments for different children ages (Figure 18).
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Fig. 16. Exploded view of the final design of a bicycle seat
for child transportation

Fig. 17. Components of a bicycle seat for child transportation

Fig. 18. Visualization of the possible utilization of the seat
of the children of different ages

5. CONCLUSIONS

The presented research is based on an interdis-
ciplinary approach where the possibilities of ergo-
nomic and bionics methods were integrated. The
main goal of the research was verification of the ad-
vances and possibilities of our recently established
six-step bio-inspiration strategy for efficient of
identification of natural phenomena in order to be-
come an inspiration for solving of a specific design
problem.

At the end of this research we can confirm that
the application of the six-step bio-inspiration strat-
egy is evidently very efficient. The applied strategy
resulted with effective recognition of a natural phe-
nomena — layering, which became an inspiration for
proposing of an innovative solution for products’
size adjustment.

The efficiency and quality of the principle of
layering for products’ size adjustment were verified
on a certain design problem — a bicycle seat for chil-
dren transportation. It could be further be applied
for solving of other similar design problems where
the size adjustment is necessary: different kinds of
seats for children or adults (baby car seats, office
chairs). It could also be applied for design of other
products or devices where the topography and con-
figuration are important for obtaining of safety and
possible medical cure.

The applied anthropometric and ergonomic
analysis, especially the assessment of the seating
comfort with pressure sensors, mean valuable expe-
rience which could be further be applied for other
similar products.
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Abstract: As any transportation system, the railway system is based on significant capital and is an important
national and economic potential. In same time the economy and society need to enable efficient, massive, environmen-
tally friendly, fast and quality transport. On the other hand, is engaging directly and indirectly a significant part of the
work force in a society and an important part of national resources. Therefore, the transport by rail must be cost effec-
tive, operationally flexible and followed by reliable and high quality service in order to make the balance of the re-
quirements that arises during the planning of transportation facilities and the opportunities which are determined by the
capacities. The available capacity of the rail freight and the market demand are determining their planning and alloca-
tion. The planning and allocation is a very complex process that directly affects the efficiency and effectiveness of the
rail transport, and by that, the efficiency and effectiveness of the economy. Worldwide, despite the analytical and
graphical methods, different models based on queuing theory, special mathematical and statistical models as inputs are
using statistics. Within this paper in order to achieve the objective, which is efficient and effective operation of the
railway system, through proper planning of the capacities, a fuzzy model was designed based on the theory of artificial
intelligence, such as Model for dimensioning capacities in freight transport by using Fuzzy Logic (FL). Produced model
will alow delivering operational (capacity planning by demand for transport market) and strategic decisions (predicting
demand for transporting facilities in the future). The testing of the models is applied to the example of Macedonian
Railway Transport JSC (MRTISC) railway operator which core business is the transportation of passengers and goods
in domestic and international markets.

Key words: modeling; dimensioning; railway freight wagons; fuzzy logic

MOJEJI HA ®A3U JIOT'UKA 3A JUMEH3UOHUPAILE IIPEBO3HU KAITAIUTETH
BO KEJIEBHUYKHOT TOBAPEH TPAHCIIOPT

AncTpaxT: Kako 1 cekoj TpaHCIIOPTEH CHCTEM, U KEJIE3HHYKUOT CHCTeM ce 0a3upa Ha 3HAUUTEIICH KalluTal
U € Ba)XCH HAIMOHAJICH U €KOHOMCKHM MOTeHIHjal. VIcTOBpeMEeHO, eKOHOMHjaTa U OMIITECTBOTO MMaar morpeda ox
e(uKaceH, IIBPCT, EKOJIOLIKH, Op3 M KBaIUTETEeH TpaHcnopt. O Apyra cTpaHa, TOj JUPEKTHO U MHIMPEKTHO aHTaXHpa
3HAYMTEIICH JIel 071 pabOTHATA CHJIa BO €JHO OIIITECTBO M BAXKEH JIEN O] HALMOHAIHUTE PECYPCH. 3aT0a KENE3HUUKHOT
coobpakaj Mopa Jia Ouze peHTabuiIeH, ONepaTHBHO (GICKCUOUIICH, @ ICTOBPEMEHO CUTYPEH M BUCOKOKBAJIUTETEH Cep-
BHUC IpaBejku OanaHc Ha nobapyBamaTa LITO MPOU3JIETYBAaT OJ] INIAHUPAHETO HAa TPAHCIOPTHHUTE KAalalUTeTH U
MOXXHOCTHTE KOH C€ OJIPEJICHH O] KallaluTeTUTe. PacroNoxKIMBHOT KalayUTeT Ha XKEIe3HMYKHOT TOBAPEH TPAHCIIOPT
n nobapyBaukaTa Ha 1a3apoT IO OJpeayBaaT HETOBOTO IUIAHHpame U pacrpenentda. [Inanupamero u pacnpenenbara
IIPETCTaByBaaT MHOTY CIIOXKEH IIPOIeC KOj AMPEKTHO BIMjac HAa €(UKACHOCTa W €()eKTUBHOCTA HA JKEIE3HUYKHOT
IIPEBO3, a CO TOA ¥ Ha e(hHKAaCHOCTA M e()eKTUBHOCTA Ha eKOHOMHjaTa. Bo cBeTOT, MOKpaj aHATMTHYKHUTE U TpadyUIKUTe
METO/IY ¥ pa3HU Mozeii 6a3upaHy Ha TEOPUjaTa Ha PEOBH, CHELMjaJIHUTE MATEMAaTHYKH U CTATUCTHYKU MOJIEIIH KaKO
I10j/10BHa BPEAHOCT ja KOPHUCTAT CTaTHCTHKaTa. Bo pamkuTe Ha OBOj TPYZ, CO LEJ Ja CE NOCTUTHE e(PUKACHO U
e(eKTUBHO paboTere Ha JKEIE3HUYKUOT CUCTEM, IPEKY NPABUIIHO IUIAHUPAhE Ha KalallUTeTUTE € TU3ajHUPaH MOJEI
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0a3upaH Ha TeopHjara 3a BeIITauka MHTEINTCHIM]a, KaKOB IITO € MOJIEJNOT 3a JUMEH3HOHHUPAahe Ha KalaluTeTHTE BO
TOBapHHOT TPAHCIOPT co Kopucreme Ha ¢a3u jorumka (FL). JoOmeHHoT Monen ke OBO3MOXH JOHECYBamke Ha
OlepaTMBHM (IUIaHUpameé Ha KamaluTeTHTe 10 IOoTpeda Ha TPAHCIHOPTHHOT Ta3ap) M CTPATelIKH OJUTYKH
(mpenBuayBame Ha MoOapyBayKaTa 3a TPAHCIIOPT HA CTOKH BO MAHHMHA). TecTUpameTo Ha MOJENNUTE € IIPUMEHETO Ha
MIPUMEPOT Ha KEJNe3HUYKHOT oneparop MakenoHcku xene3Huy — Tparcnopt (MXKT), uuja ocHOBHa A€jHOCT € mpe-
BO30T Ha MATHULH ¥ CTOKH Ha IOMAIIHUOT ¥ Ha MEYHApOAHHOT Iasap.

K.]'Iy'-IHI/I 360pOBI/lZ MOJCINpamEe; TUMEH3NOHUPAKLE; JKEJIESHUYKU TOBAPHU BarOHu, (1)a3I/I JIOTUKa

1. INTRODUCTION

The railway system with its huge capital is a
significant national and economic potential, which
needs to enable efficient, massive, environmentally
friendly, fast and quality transport to the economy
and to the citizens. On the other hand, engage di-
rectly and indirectly a significant part of the work
force in a society and an important part of national
resources. Therefore, transport by rail must be cost
effective, operationally flexible and followed by re-
liable and high quality service in order to make the
balance of the requirements which are arising in the
process of planning of transportation facilities
which are directly determined by the capacities.

The transport capacites of the railway under-
taking mostly are planned based on intuition, based
on partial facts relating to the prospects of transport
in the future, based on industry trends and based on
partly outdated analytical methods which are less
used in the process of planning capacities.

Since all systems can not be modeled based on
statistical data, the use of modern techniques for
definition of specific inputs is increasing. The the-
ory of artificial intelligence is most applied. Some
of the techniques which are used are the techniques
of Fuzzy logic, Neural networks, Swarm intelli-
gence (ant colony, bee colony), CBR [1].

There is lack of established models which can
enable efficient, effective and technologically opti-
mal allocation of limited transportation facilities
and resources in the everyday functioning of a com-
pany that deals with rail transport, but also for those
companies who rent capacity of railway undertak-
ings. The establishment of that kind of model would
allow better financial and economic functioning of
the companies and would improve the services of-
fered to the market.

Rail transport is part of the logistics chain, and
therefore part of the complete logistic service. This
means that the implementation of a high quality
model for planning and allocation of the capacites
in the rail transport can directly affect the perfor-
mance and the logistics chain as a whole.

The rail freight transport and market demand
of rail transport services are determining the plan-
ning and allocation of available capacities. The
planning and allocation is a very complex process
that directly affects the efficiency and effectiveness
of rail transport, and thus the efficiency and effec-
tiveness of the economy. On the one hand, insuffi-
cient capacity of rail transport may affect the choice
of transport modality, or ultimately the inefficiency
of the economy, and on the other hand the oversized
and irregularly structured facilities affect the effi-
ciency and effectiveness of the railway undertaking
(loss of transport, costs of "tied" capital, mainte-
nance, loans, etc.).

The scope and the structure of the capacity in-
crease the complexity in the planning process. The
market claims which from day to day are more dif-
ferent and more specific in terms of the types of
cargo that would be transport, also affect the plan-
ing. Although the opinion that the use of unified
transport units would reduce the problem complex-
ity of planning capacity is increasingly govern, yet
that such transport units can not fully meet the vari-
ous requirements of the economy. Until the man and
his uniqueness are existing, there will be different
requirements for different types of products with
different sizes, color, conditions, types, etc., there-
fore the need for different types of vehicles.

According to the previous in terms of exploi-
tation of the capacity in rail transport, the problem
of (un)rational exploitation is identified exactly and
the need to be solved by quantitative and qualitative
planning and determination (dimensioning) is fore-
seen.

2. RESEARCH OBJECTIVE

In order to provide the needed level of quality
of transport services in rail transport, it is necessary
to determine the necessary facilities and to set the
correct organization. This means, above all that it is
necessary to know what transport facilities are
needed what kind of capcaities for which types of
goods as the way of organizing transport etc. will be

Mech. Eng. Sci. J., 35 (2), 105114 (2017)



Fuzzy logics model for dimensioning of transport capacities in railway freight transport 107

applied. These are a basic prerequisite for the ra-
tional use of vehicles. While forecasts and decisions
relating to the future are high risk despite its large
number of possible detailed data analyzis, that can
be made from the previous period in terms of plan-
ning and use of the structure and size of transport
facilities.

An important element in decision making and
planning is choosing [2], and the decision is a choice
of one share of the group of available alternateves
[3]. The decision must be operational, tactical and
strategic.

There are also cases when the problem can not
be solved by analytical way or that solution is too
complex. In those cases, different techniques of
simulation can be used.

Considering the types and amount of infor-
mation on which a decision for the allocation of ca-
pacity should be reached, their mutual incorsistancy
and comparison, then it is the model that would al-
low dimensioning to be based on the application of
mathematical methods and techniques. This model
should take into account the availability of capacity
and market demand for a solution that will enable
the adoption of correct and incorrect decisions.

3. PREVIOUS RESEARCH

The transport capacity of the railway systems
is directly proportional to the volume and structure
of available vehicles. For successful management of
the rail transport service, the securing enough rail
vehicles it is needed, which structure must suit the
type of goods intend to be transported. When it
comes to rail transport, this issue is not sufficiently
processed in the scientific and professional litera-
ture. As a result there is an established and widely
used scientific method for dimensioning the trans-
port capacity of the railway traffic based on multi-
dimensional involving multiple factors that deter-
mine the real needs and capacities which enable ef-
ficient and effective rail transport.

Specific planning and design capacity in the
rail transport in the available literature can find a
limited number of models, but some of them will be
presented.

Authors Etezadi and Beasley studied the prob-
lem of determining the optimal structure of the fleet
and its optimal size [4]. Given that the decision of
these tasks is the long term, they have presented a
model that is based on integer linear programming.
In the same paper the authors suggest that the prob-
lem may more accurately be solved by using simu-
lation.
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One of the first papers concerning the sizing of
the fleet but in the maritime sector is published in
1954 by the authors Dantzig and Fulkerson [5].
They have presented the problem of determining the
minimum number of tankers to carry out the timeta-
ble. While Kirby [6] in 1959 had one of the first at-
tempts concerning optimization of the fleet of the
railways. He deals with the problem of increasing
the degree of utilization of wagons owned by the
small rail system and reduces the level of rental cars
by determining the relative cost of own and leased
cars per day.

Bojovi¢ and other authors [7] in 2010 worked
out the problem of determining the optimal compo-
sition of the freight wagon fleet. The problem is di-
vided into two parts, determining the optimal mix
and determine the optimum size of freight wagon
fleet. The first part is processed through the method
multicriteria decisioning and solves the application
of Fuzzy-analytical hierarchical process. The solu-
tion of this section consists of the most appropriate
types of wagons for the carriage of goods. The sec-
ond part of the solution to the problem of the size of
the fleet is obtained through model Fuzzy multiple-
layer linear programming. Same author [8] in 2002
addressed the problem of optimizing the size of the
fleet through meeting demand and minimize the to-
tal cost.

Lima and other authors [9] in 2004 have des-
cribed a mathematical algorithm to solve the prob-
lem. This algorithm is a hybrid of genetic algorithm
and local search based on GENIUS algorithm.

Wu and other authors [10] in 2005 addressed
the problem of dimensioning fleet in road traffic.
Operational and tactical decisions for heterogene-
ous fleet explicitly designed by the model of linear
programming in order to determine the optimal size
and mix of the fleet. Demand is assumed as known
while travel time is stochastic parameter.

Choi and Tcha [11] in 2007 represent approach
based on generating columns to resolve the prob-
lem. The authors propose an integer programming
model whose LP relaxation is dealt with the method
of generating columns.

Song and Earl [12] in 2008 represent an inte-
grated model for determining the optimal manage-
ment policy of the allocation of empty wagons and
sizing the fleet in the system comprising two depots.
The times of arrival of the vehicles and the times of
travel of empty wagons accepted as stochastic vari-
ables. Under this approach the optimal strategy for
allocating vehicles in homogenous fleet is based on
the management of the limits in terms of minimizing
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the expected discount cost consisting of the cost of
maintenance, rent and moving vehicles in an empty
condition.

Sayarshad and Ghoseiri [13] in 2009 suggested
the formulation and procedure for solving optimiza-
tion of fleet size and allocation of wagons with de-
mand and travel times for freight wagons being
treated as deterministic. The authors assume that un-
fulfilled demand becomes zero at the end of the
planning period. The calculation tests on small ex-
amples can be solved with an exact procedure for a
short period of getting results, while for medium
and large instances this is not possible. For this rea-
son these authors propose an algorithm of simulated
problem solving.

Sayarshad and other authors [14] in 2010 pro-
posed formulation and procedure for solving opti-
mization size of freight wagon fleet and allocation
of wagons for the case of stochastic demand. The
authors propose a two-phase procedure based on the
algorithm of simulated problem solving.

Loxton and other authors [15] in 2012 have
considered the problem of forming a heterogeneous
fleet with the presence of stochastic demand. The
problem is based on determining the number of ve-
hicles to be purchased for each type of vehicle spe-
cifically so that the total expected cost of the fleet to
be set to minimum. These authors developed an al-
gorithm that combines the dynamic programming
method and the golden section to resolve the prob-
lem.

Models of optimization based on the behavior
of swarms (colonies) named by Teodorovi¢ "swarm
intelligence" is partly inspired by the behavior of
ants and bees in nature. They solve problems of
combinatorial organization. It is a problem that oc-
curs in the dimensioning of capacity in railway
transport [16].

Overall the models pertaining for sizing and
planning of transport facilities in railway transport
newer generation are related to the analysis and de-
termination of transport capacity on the basis of his-
torical data and predict future needs. Based on that
information, a model that can provide facilities that
will satisfy the needs of the company and customers
is defined. It is therefore necessary to take into ac-
count factors such as: types of facilities, types of
goods, industry trends, uses of facilities, costs etc.

The model should be able to include more fac-
tors commonly with different sizes and values. To
avoid mixing of different sizes and values or the lin-
guistic variables as the most appropriate method
that can measure and compare differences represent

the method of artificial intelligence — "Fuzzy logics"
(fuzzy logic). This method allows measuring, com-
paring and synthetizing different variables that are
hard to be quantified to carry more qualitative fea-
tures, as well as simplifying the uncertainty regard-
ing the input data and parameters in terms of uncer-
tainty, subjectivity, inaccuracy and ambiguity.

4. FUZZY LOGICS

Fuzzy sets, as an entirely new concept, defined
in 1965 (Lotfi Zadeh,) were introduced with the
main objective of formalized mathematical way to
present and modeled uncertainty in linguistics.

Great application of fuzzy logic (FL) is found
in the situations where there is an adequate mathe-
matical model for display in a complex process that
is necessary to use the knowledge of experts. By us-
ing different modeling techniques based on fuzzy
logic allows solving a wide range of problems and
enables making the right conclusions. Fuzzy logic
uses the experience of experts in the form of linguis-
tic rules and mechanism of aproximative reasoning
can give an appropriate decision on a particular
case.

Fuzzy logic has occurred as a result of trying
to model human thinking, experience and intuition
in the process of making decisions based on inaccu-
rate data. Suitable for expressing uncertainty, appli-
cation of fuzzy logic proved excellent in those mod-
els in which intuition and assessment are the pri-
mary elements.

It is important to recognize that the essence of
fuzzy logic is quite different from the essence of
classical logic that strengthened since Aristotle.
Conventional logic is based on clear and precise
rules established and is based on the theory of sets,
a respective element can belong or not to belong to
a specific group (set). If it mathematically present,
then the degree of belonging to that element is 1 if
it belongs to a set, or 0 if it does not belong to the
set.

5. MODEL FOR DIMENSIONING CAPACITIES
IN FREIGHT TRANSPORT USING
FUZZY LOGIC

The main problem in the process of forming
the model by applying fuzzy logic to the transport
capacity dimensioning is based on determining the
fuzzy rules and parameters of membership func-
tions. For defining the rules have been used data ob-
tained by polling experts for rail transport.
Knowledge of experts in the process of determining
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the type, the amount of transport capacity is ex-
pressed by a number of linguistic variables.

The choice of the type and the parameters of
the function of belonging is implemented on the ba-
sis of the positive experiences of certain authors and
subjective estimates of the authors. With literature
review, it was determined that the application of the
origin function with Gaussian shape achieves ut-
most precision outputs. Therefore, in this model this
type of curve is generated. Its parameters are deter-
mined on the basis of subjective evaluation. The in-
terval of size of the input and output variables are
defined on the basis of the amounts of real values
within the system Macedonian Railways Transport
JSC (MRTIJSC). Only the values of the turnover of
cars, and the level of immobilization of the same
where not taken into account. These two criteria for
each series and subseries of wagons have a different
value of these two criteria and affect only the in-
crease in capacity needs from the specified series of
wagons.

The model is based on a system of Mamdani
fuzzy logic and min-max method of direct locking,

FIS Editor: Serija E Mam2

File Edit View

while for the process of defuzzification the method
of centroids was applied. The model has been tested
for the most common series and subseries of freight
wagons in groups (open, closed, plateau and spe-
cial) that are obtained on the basis of a matrix con-
sisting of correspondence "type of goods - type of
wagon" of Macedonian Railways Transport JSC.
The observed series and subseries in groups of wag-
ons are typical in other major rail carriers (17).

6. ASE STUDY: FUZZY MODEL FOR

DIMENSIONING A GROUP OF OPEN

FREIGHT WAGONS AS TRANSPORT
CAPACITIES (MODEL FL)

The fuzzy model for dimensioning the group
of open wagons (Eas, Eanos, Fad) has five input
variables: coal / lignite, ores of nonferrous metals,
wood, scrap metal and ballast. Each variable fuzzy
model has three linguistic values. Also the output
variables for each series of open wagons has three
values (Figure 1).
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Fig. 1. Fuzzy system FL for dimensioning of open wagons of series Eas, Eanos and F

The input variable coal / lignite has the follow-
ing values: a small amount of coal (MKJ), medium
amount of coal (SKJ) and a large amount of coal
(GKJ). The values of the input variables relating to
ores of non-ferrous materials are presented as: a
small amount of ore (MKR), medium amount of ore
(SKR) and a large amount of ore (GKR). When
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questioned variables relating to wood as a commod-
ity, they have the following linguistic values: a
small amount of wood (MKD), medium amount of
wood (SKD) and a large amount of wood (GKD).
The same goes for scrap metal and ballast: a small
quantity of scrap iron (MKS), medium amount of
scrap metal (SKS) and a large amount of scrap metal
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(GKXS), and a small amount of ballast (MKT), me-
dium amount of ballast (SKT) and a large amount
of ballast (GKT).

With the fuzzyfication of the actual values that
over the last five years occurred annually, are re-
flected in the membership functions in the following
intervals (in 1000 tons) of coal / lignite [0 — 300],
ores of nonferrous metals [0 — 700], wood [0 — 100],
scrap [0 — 100], and ballast [0 — 100]. Interval all
output variables Eas, Eanos and F is [0 — 50] wag-
ons.

The input and output variables have Gaussian
membership functions defined as:

~(x—¢)’
pa(x)=e 20 (1.1)

The Gaussian stage number is described with
two parameters 4 = (o, ¢). The first number repre-
sents the left and right distribution bell curve length
of both the abscissa and the second number repre-
sents the value at which the Gaussian curve has a
value of 1 on the abscissa. While the bell curve com-
bined with dual center is described by four numbers
and in which the first two are describing the left side
of the function and the other two right side of the
function.

Functions belonging to fuzzy input variables
coal and lignite in 1000 tonnes are defined by the
following parameters: MKJ [50 — 15 50 15], SKJ
[50 125 50 175] and GKJ [50 285 50 315] for x ¢ [0,
300] (Figure 2a).

—(x-15)*
vy (x) =e 3000
—(x—125)
psky(x)=e 3000
—(x—285)
tgy(x)=e 3000 (1.2)

Membership functions of the fuzzy input vari-
ables ore for ferrous metals in 1000 tonnes are de-
fined by the following parameters: MKR [100 —35
100 35], SKR [100, 315, 100, 385] and GKR [100,
665, 100, 735] for x ¢ [0, 700] (Figure 2b):

—(x-35)?
vkr () =e 2009
~(x-315)
usgr(x)=e 2000
—(x—665)
tokr(x)=e 209 (1.3)

Membership functions of the input variables to
the tree 1000 tons are defined by the following pa-
rameters: MKD [10 =5 10 5], SKD [10 45 10 55]
and GKD [10 95 10 105] for x £ [0, 100] (Figure 2c¢):

—(x-5)°
pmgp(x)=e 200
—(x—45)*
uskp(x)=e 200
—(x-95)?
pGrp(x)=e 200 (1.4)

The functions of belonging of the input varia-
bles for scrap in 1000 tonnes are defined by the fol-
lowing parameters: MKS [10 =5 10 5], SKS [10 45
10 55], GKS [10 95 10 105] for x & [0, 100] (Figure
2d):

—(x-5)°

vk s(x) =e 200
—(x—45)?
200

Usgs(x)=e
—(x-95)?

Hoks(x)=e 200 (1.5)

The functions of the input variables belonging to

ballast in 1000 tonnes is defined by the following param-

eters: MKT [10 =5 10 5], SKT [10 45 10 55], GKT [10
95 10 105] for x € [0, 100] (Figure 2e):
—(x-5)°

uvs(x)=e 200

—(x—45)
200

Hsgs(x) =e
—(x-95)°
Hors(x)=e 200 (1.6)
The functions of the output variables belong-
ing to the series Eas, the amount of car, are defined
by the following parameters: MKEas [9 3 9 -3],
SKEas [9 9 23 28], GKEas [9 9 48 53] for x ¢ [0, 50]
(Figure 2 1):
—(x-3)°
162

UMKEas(X) =€
—(x-23)
162

USKEas(X) =€
—(x—48)°

HGKEas(X)=e 162 (1.7)

The functions of the output variables belong-
ing to the series Eanos, the amount of car, are de-
fined by the following parameters: MKEanos [9 3 9
—3], SKEanos [9 9 23 28], GKEanos [9 9 48 53] for
x € [0, 50] (Figure 2e):
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IMK EanodX) =€ 162 pvgp(x)=e 162

~(x-23)’ —(x=23)?
HSKEanodX) =e 162 psgp(x)=e 162

—(x—48)* (x=38)°
HGKEanod¥)=e 162 (1.8) tGp(x)=e 162 (1.9)

The functions of the output variables belong-
ing to the series F, the amount of car, are defined by
the following parameters: MKF [9 3 9 3], SKF [9
923 28], GKF [9 9 48 53] for x ¢ [0, 50] (Figure 2h):

On Figure 3. the presented graph is for output
variables for different batches of wagons depending
on the input variables.
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Fig. 2. Membership functions of fuzzy sets:
a) Coal / lignite; b) Ores of ferrous metals; ¢) Wood; d) Scrap metal; e) Ballast; f) Eas; g) Eanos; h) F
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RudiobeniMetal
JagleriLignit

Tolcanik RucfiOhorivtetai

Taleank StaroZelezoCalk

<)
Fig. 3. Graphic display of output variables for transport
capacities as an open group of wagons depending on:
a) Ores of colored metals and coal for Eas; b) Ballast, ores and
non-ferrous metals for Eanos; ¢) Ballast and scrap for F

7. ANALYSIS OF MODEL TESTING RESULTS

The FL model for open group of wagons has
been tested on 10 samples (10 monthly data) from
the statistical report of MRTJSC as known input
values. Big difference between the results of oper-
ating decisions and results obtained with FL model
can be noticed.

The analysis of the validity of the model FL
results for group of open wagons is runed on the ba-

sis of the average relative error of the results in com-
parison with the actual results from the real system.
Based on the testing of 10 samples of data from sta-
tistics of MRJSC obtained average relative error for
Eas wagons is 39.5%, for Eanos wagons is 27.8%,
while the F wagons 5.8%. Based on this analysis we
can conclude that the expert system for dimension-
ing of capacity using fuzzy logic shows significant
statistical error that can not be rejected.

8. SENSITIVITY ANALYSIS OF MODELS FL

One of the basic requirements in the modeling
process is achieving satisfactory sensitivity of the
model. This means that during small changes in in-
put variables, the output of the model must also have
a small change of values. It is common procedure
for verification of the models.

Sensitivity analysis of the expert system using
fuzzy pattern FL is conducted by changing the
shapes of membership functions of input and output
variables (Table 1). Instead Gaussian curve which is
applied to the base model, now triangular, trapezoi-
dal and bell curve were tested. The analysis method
used "prod" (product of array elements) operator
and method "probor" (probably) for the operator
"or". The sensitivity analysis model at this point is
shown for two series and subseries of the group of
open wagons.

Table 1
Sensitivity analysis of the fuzzy model FL
for group of open wagons (17)

FL
Membership function

Triangular Trapezoidal Bell
19 16 13
14 9 9
Eas 22 20 19
22 19 19
21 12 20
12 8 10
9 8 9
Eanos 9 8 9
9 8 9
10 8 9
9 8 8
9 8 8
Fad 9 8 8
9 8 8
9 8 8
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9. CONCLUSION

The FL model for all groups of wagons was
tested comparing to the statistical reports of
MRTIJSC, for which a significant difference be-
tween the results of operating decisions and results
obtained with FL model was noticed.

Analysis of the results in the process of verifi-
cation and validation of the model FL for all groups
of wagons regarding the higher relative error of the
results obtained from the results of the real system
derived from the data of MRTJSC often shows a
significant statistical error that cannot be rejected.
However, also noteworthy is that the application of
this model gives satisfactory results when it comes
to modeling and design of facilities where there is
no historical data or has a very small base. In this
case, the application of fuzzy logic provides very
satisfactory results.

The analysis of the sensitivity of the defined
expert system of the fuzzy model (FL), was carried
out by changing the shapes of the membership func-
tions of input and output variables. The obtained re-
sults were with the same or similar values with neg-
ligible differences and show that expert model was
shaped as it was expected.

The FL model showed it is more appropriate
for the planning of transport facilities for new types
of transport, where there are no historical data based
on which the model can be based.
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A bstract: In long-term usage of the steel antenna, masts corrosive processes occur that are especially mani-
fested at the welded joins and joins with bolts. Combined with the irregular renewal of the anticorrosive protection
these processes may become a dominant cause for disaster, especially at the sections where critical tensions stresses
occur. These constructions are exposed to wind forces that are by their nature variable in intensity and frequency. In
this paper is given an analysis of the causes for disaster of an antenna mast.

Key words: antenna mast; corrosion; welded joints; tension stress

AHAJIN3A HA IPUYUHUTE 3A MTAT'AKGE HA AHTEHCKH CTOJ1B
CO BUCHUHA O 19,5 METPH

Amcrtpax 1 IIpy HOATOroAMIIHA EKCIUIOATALM]a Ha YSTMYHH AHTEHCKH CTOJIOOBH HACTaHyBaaT KOPO3UBHHU
MIPOIIECH KOH TTOCE0HO Ce M3Pa3eHU Kaj 3aBapeHUTE BPCKU M BPCKUTE CO 3aBPTKH. Bo koMOHMHAaIMja cO HEPEJOBHOTO
00HOBYBamE Ha aHTHKOPO3MBHATA 3aITUTA, OBUE MPOLIECH MOXKAT Jla CTaHAT JOMHMHAHTHA NPHYMHA 32 XaBapHja Io-
ceOHO BO MpeceluTe KaJie MTO ce jaByBaaT KpUTHYHKTE HarmoHH. OBHE KOHCTPYKIMH CE M3JI0KEHH Ha ONTOBAPYBamba
0]1 BEeTep KOH 110 IPUPOJIa BapUPaaT 110 HHTEH3UTET U 3auecTeHOCT. Bo 0Boj Tpy[ € JajeHa aHanu3a Ha IPUYHHHUTE 3a

XaBapHja Ha eJeH aHTEHCKH CTOJIO.

Kiyunu 360poBH: ¢HTEHCKH CTOJIO; KOPO3Hja; 3aBaAPCHHU CIIOEBHU; HAIIOHCKA COCTOj0a

1. INTRODUCTION

Antenna masts and towers are often manufac-
tured in the form of steel constructions in various
shapes. One of the most common form of antenna
mast is tubular. Tubes with different or same diam-
eters are joined together via welding and combina-
tion of joint flanges with bolts in the form of seg-
ments. At certain heights of the mast, antennae are
mounted for receiving and transmitting of signals.
Antenna masts are found at various locations and
terrains on altitudes often higher than 800 meters.
At such locations dominant are significant loads by

wind. Occasionally, because of longer period of us-
age, irregular maintenance of anticorrosive protec-
tion, defects happen that are combination of the cor-
rosion of the welded joints and material fatigue.
These defects in some cases can cause minor or se-
vere disaster of the supporting structure of the mast.

2. TECHNICAL DESCRIPTION OF THE MAST

In this paper was done an analysis of the causes
of a disaster of antenna mast, manufactured with
construction tubes using welding and bolts. The out-
line of the antenna mast is on Figure 1.
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Fig. 1. Outline of the antenna mast before the disaster
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The total height of the mast is 19.5 m. The mast
is composed of four segments with diameters:
0273, D168, D168, ¥88.9 mm, and heights of 4.5,
6.0, 6.0 and 3.0 meters respectively. The mast is ad-
ditionally fastened with three guys. The point of fas-
tening of the guys is at height of 12.5 meters.

On Figure 2 is shown the joint between the first
and the second segment of the mast. The first seg-
ment of the mast is a tube with diameter of @273
mm and wall thickness of 5.0 mm. The second
segment is a tube with diameter of 3168.3 mm and
thickness of the wall of 4.0 mm. The first and sec-
ond segments of the mast are connected with flanges
having diameter of ¥403 mm and wall thickness of
10 mm. The joint between the first and second seg-
ment is of dismantling type using 6 MI16 bolts
(Figure 2).

4|7

F168x4

|
|
|
|
fh
T

[T} |95 55}

#I273x5

Fig. 2. The joint between the first and second segment
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3. ANALYSIS OF THE LOADS

The loads on the mast are from the mounted
antennae at different heights. For this mast a project
was prepared for the real condition where structural
analysis at various cases of loads was given [1]. In
the structural analysis is shown that the dominant
loads occur by the forces of wind over the antennas
and the mast. In the analyzed combinations of loads
at different sections stresses occur that are exceed-
ing the permitted.

Fig. 3. Photo of the fallen mast segments

Figure 3 shows the state of the mast after the
fall of the second, third and the fourth segment. The
calculated bending moment at the cross-section
where the break occurred in the worst case of load
is M=6.5kNm [1].

Also, the wind loads have to be taken into con-
sideration, that are with variable magnitude and dy-
namic knock effect. These conditions can easily
lead to local tension overloads in the critical sec-
tions of the mast [3] and [4].

4. ANALYSIS OF THE CRITICAL SECTION

The critical section of the mast where the
breaking happened, the welded joint was long time
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exposed to corrosion (Figure 4). The mast is in use
since 1987, which is a time frame of 30 years.

The processes of corrosion in this case are the
dominant causes of weakening of the cross section
of the welded joint. On Figure 4 torn welded con-
nections can be seen. That could not withstand the
loads acting on the mast in the moment of the disas-
ter. Likewise, at the breaking section evident are in-
sufficient weld connections.

Fig. 4. The critical section at the welded joint

The transition of the mast between the segment
number 1 to segment number 2 is made with big dif-
ference between the sections of the steel tubes (Fig-
ure 2). Namely, the first segment has diameter of
3273 mm and wall thickness of 5.0 mm, while the
second segment is a tube with diameter of ¥168.3
mm and wall thickness of 4.0 mm.

Usualy, the maintenance of these objects is ir-
regular and often is avoided because of the difficult
access to the location of the antenna mast. Anticor-
rosive protection is done relatively rare. Often prac-
tice is that the anticorrosive protection is only done
with a simple application of the protecttion paint
without thorough cleaning. Thus, the checks of the
weld connections and bolt joints are missed.

To support these comments in the following
text are given few examples of corrosion at other
antenna masts (Figures 5 to 7).

On Figure 5 evident is mature phase of corro-
sion due to many years of not maintaining the anti-
corrosive protection. Corrosion in this case is espe-
cially dangerous at the welded joints.

Fig. 6. Tensile stress crack caused by corrosion

Fig. 7. Tensile crack caused by corrosion

This condition in combination with the tension
state shown on Figure 8 clearly points that develop-
ment of the cracks in the welded joints started at the

Mech. Eng. Sci. J., 35 (2), 115-119 (2017)
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locations with the highest concentration of tensions
stresses.

Fig. 8. Computer simulation of the tension stress state
at the critical section of the mast

With these types of welded joints, it is clear to
expect the development of welded fatigue cracks to
occur in the zones of higher local concentration of
tensions stresses [2] to [6].

5. CONCLUSIONS

Over the many years of usage of the steel struc-
tures for antenna masts, occasionally happen disas-
ters of minor or severe type. In this case the analysis
of the causes of the disaster of one antenna mast
shows a mutual effect of more factors that in a given
time period superposed and lead to the breaking of
the mast in the critical section. One of the basic
causes in this case is the corrosion effect in the
welded connections of the joint between the steel
tube, reinforcing ribs and the connection flange. The
effect of corrosive weakening at the sections with
the greatest concentration of tensions stresses lead
to the critical decreasing of the loadable area of the

Mauw. unoic.nayu. ciuc., 35 (2), 115-119 (2017)

section between the first and second segment of the
mast.

As a basic conclusion from the above mentio-
ned analysis the following can be summed up:

— The antenna masts are specific objects that
often act in complex environments.

— Renewal and maintenance of the anticorrosi-
ve protection is often neglected or procrastinate to
longer time intervals.

— The negative effects of the corrosion at the
welded joints can cause disasters of the masts.

— In mountainous and rural environments the
damage is often manifested in the material damage
of the antenna systems and the antenna mast as a
whole.

— In the urban environments these disasters,
besides property damage can cause human losses.

To avoid these events, regular checks and
maintenance of the antenna masts are mandatory by
qualified teams.
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A bstra ct: Finite element modeling of a cantilever beam is presented and numerical analysis is conducted for
effect of adding collocated piezoelectric transducers to dynamic characteristic natural frequency. The beam is modeled
using the Euler-Bernoulli beam formulation. Two nodes beam element with two degrees of freedom at each node is
considered to solve the governing equation. Hybrid beam element is used to model the section where the pair of piezo-
electric transducers are bonded, one as sensor and other as actuator, and the rest of the structure is modeled by the
regular beam elements.
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JUHAMUYKA AHAJIN3A HA KOH30JIEH HOCAY CO JOJAAEHU MUE3OEJEKTPUYHUA
HOPETBOPYBAYHM CO IOMOII HA METOJOT HA KOHEYHU EJIEMEHTH

AmctpakT: IIpeTcTaBeHo e MoJenupamke Ha KOH30JIeH Hocay cO MOMOLI Ha METOOT Ha KOHEYHH eJIEMEHTH
U € CIIPOBe/IcHa HyMepuyKa aHajIn3a 3a yTBpAyBarbe Ha BIHjaHHEeTO Ha J0/Ia/ICHH TIHE30€IEeKTPUYHN IPETBOPYBAYH Ha
IHAMHYKAaTa KapaKTepHCTHKA Ha OCHOBHaTa (pekBeHIHja. [penara e Moaenmupana co oMo Ha Teopujara Ha Ojnep-
bepnyu. 3a pelraBame Ha paBeHKAaTa Ha JIBIDKEHE € 3eMEH IPEBU TPEJICH €NEMEHT CO JIBa ja3Jia CO JBa CTEIeHa Ha
cno6oaa. XuOpUIHUOT TPEJICH EJIEMEHT Ce KOPUCTH 33 MOJENUPAE Ha JISNIOT Kajle Ce 3aICINEHN MTHe30eNIeKTPHYHH
[PETBOPYBAYH, HUOT KaKO CEH30p, IPYTHOT KAKO aKTyaTop, JOJeKa IPEOCTaAHATHOT JIe OJ] CTPYKTYpaTa € MOJeIH-

paH o OCHOBHHUOT I'pC€ACH €JIEMCHT.

Kiyunu 36opoBu: Meron Ha KoHeUHH eneMeHTH; Ojnep-bepHynues Monen Ha rpena;

MMUE30CIICKTPUIHU TPETBOPYBAYN

1. INTRODUCTION

The process of transfer of energy between the
mechanical and electric domain and vice versa as
the phenomenon of piezoelectricity is useful to be
involved in a complex “smart structure” for control
dynamic responses or for structural health monitor-
ing. Piezoelectric material can be used both for sen-
sor and actuator, as it is a generalized transformer
between mechanical and electrical state. When the
forces are applied on the structures it produces volt-
age and this voltage goes to active devices and con-
trols the vibration. Also, advances in sensor and IT
technologies enable structural health monitoring to

assess damage using near real-time dynamic res-
ponses measured from structures. Electromechani-
cal interaction between a piezoelectric transducer
and a host structure is motivation for many con-
ducted researches in purposes for damage detection
as crack and delimination in metallic and composite
structural elements.

A comprehensive survey and discussion about
advances and trends in the formulations and appli-
cations of the finite elements modeling of adaptive
structural elements can be found in [1]. A piezoe-
lectric effect in thin ceramic layers using finite ele-
ments method and a model of piezoelectric bimorph
beam are presented in [2]. The beam is composed of
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two actuators loaded by opposite electric potentials
which cause the beam to bend. Further, the influ-
ence of approximation of electric potential through
the thickness has been tested on a simple piezoelec-
tric cantilever beam loaded by external tip force.
The Euler-Bernoulli beam theory and linear piezoe-
lectricity are used to model the electro-mechanical
behavior of the piezoelectric wafer in [3] and pre-
sented spectral elements method is one of alterna-
tives to finite elements method used for computing
the coupled dynamic responses since the inertia ef-
fect of the structure can be represented properly
without dense mesh refinement. In [4] two nodes
beam element with two degrees of freedom per node
is considered for solving the governing equation.
The effects of material damping (proportional
damping) on output voltage are presented and the
results are compared with that of prismatic beam.
The numerical analysis observed that nonprismatic
beam produces more voltage for a given length of
piezoelectric patch compared to prismatic beam due
to uniform distribution of strain.

This paper attempts to present finite element
modeling of a cantilever beam and numerical anal-
ysis is conducted for the effect of adding collocated
piezoelectric transducers to dynamic characteristic
natural frequency. The beam is modeled using the
Euler-Bernoulli beam formulation. Two nodes
beam element with two degrees of freedom at each
node is considered to solve the governing equations,
also hybrid beam element is introduced to model the
section where the pair of piezoelectric transducers
are bonded on cantilever beam.

2. EQUATION OF MOTION

The Euler-Bernoulli equation for beam bend-
ing is:

o*tv(x,1) o pd 0%v(x,1)
ox* or

=f(x.1), (1)

where v(x,f) is transversal displacement at location
x at time ¢, p is mass density per volume, A4 is area
cross section, f{x,f) is externally applied loading.
Boundary conditions are:
1
2

0“v [ Ov
—0 —| =0 2)
dx2 Ox

0

1
o3y _(ov
—0 — | =0. 3
dx’ [ 1 ) ®)
Because there are four nodal variables for the

two beams element, is assumed a cubic polynomial
function for v(x) to be:

0

V= +clx+czx2 +c3x3 . 4)

For boundary conditions x = 0 and x = /, fol-
lows:
v(0)=cp =w
00)=2 = =0,
ox
s 3 )
v(i)=co+cl+cyl”+c3l” =vy
oy =2 - ¢ +20yl +3c31% =6,
Ox

The displacement function along the beam el-
ement is:

V)= H (e () L+
Gxa 6)
'V
+ Hs(x)vy+HH 4 (x)—=,
ox
where Hermitian shape functions H;(x) are:
3x? 248
Hl ()C) =1- 1—2 + 1—3
2.3
Hy(x)=x— "+
[
P ™)
X X
H;(x) N
2 .3
x° x
Hy(x)=——+=
4( ) / 12

The equation (6) gives the displacement func-
tion that satisfies the fourth order partial differential
equation (1), and has constants c¢; satisfying the
boundary conditions of the equation (5).

2.1. Finite beam element

A beam element with a constant cross section
has potential energy [5]:

Mech. Eng. Sci. J., 35 (2), 121-126 (2017)
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1 Y 1 , v
£y =3t (a_J =l [ 0] P ®
and kinetic energy:
Eg=5p Aj[a V] di== P j[v(xt)] v(ox,)]dt, ©)

where E, is modulus of elasticity, /. ismoment of inertia, p. is material density, 4. is cross sectional area and

l. is length for the finite beam element (Figure 1).

A

z
F.
Fixed end - D Free end
A 4
o1 2 e 3¢ )T
: R ) N
™M, M-
Fi |« b g
Fig. 1. Finite beam element of cantilever beam
The equation of motion for this two nodes ele- 2 2H . A )
ment is obtained by using the equations (8) and (9) K¢ =E,I I ; (x) X x, i,j=1,...4
in Lagrange's equation: o 8x2
(13)

OE
d (aEijr(_pj:Zi, (10)
dt\ 0g; 0q;

and the equation of motion represented in terms of
finite elements is:

MG+ K q; = f (1), (11)

where g = [v; 0; v; 6;]" is displacement and rotation
vector of the endpoint nodes which represents the
degree of freedom of the nodes i, j of the element,

Z:is the vector of forces and moments, M (3,4 is

element mass matrix, K(e4x4) is element stiffness
matrix and f(4«1) is the force vector.
Element mass matrix is determined by:

M = pod, [ H()H ;(x)dx, ij=1,...4  (12)

e

and element stiffness matrix is:
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Then, for forces Fi, F> and bending moments
M, M> which all acting at nodes 1 and 2 of the beam
element for equation (11) follows:

[ 156 221 54 —13L 1] [
pod,d,| 221, 47 131, =317 | |6,

e

420 | 54 13, 156 —221,||¥,
131, 312 —221, 41> ||6,

(12 6l -12 6l

LBl | Ol a2 —el, 217 ||6,| |M,
Po|-12 —6l, 12 6L ||v,| | F
6, 202 —6l, 412 ||6,| |M,

w

e

(14)

2.2. Hybrid beam element

A hybrid beam element is consist of two pie-
zoelectric beam elements and a beam element, what
mean one beam element is located between two col-
located piezoelectric transducers, one as a sensor
against other as an actuator (Figure 2).
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Fig. 2. Hybrid beam element

The piezoelectric beam element can be used as
an actuator and as a sensor on cantilever beam, and
has two degrees of freedom in terms of transversal
displacement and angle of rotation, i.e. slope. The
equation of motion for piezoelectric beam element
can be obtained as:

MPG +KPq; = fP(1). (15)
where M({}, 4 is mass matrix, K/} 4 is stiffness

matrix of the piezoelectric element and f(ﬁxl) is
force vector.
The mass matrix of the piezoelectric element
is determined by:
MF=p, ij (OH ;(x)dx, i,j=1,---4 (16)
I

P

and stiffness matrix can be obtained as:

O°Hy(x) 0°H (x)
ox? 8x2

KE =E,l, |
!

P

dx, i,j=1--4

(17)

Mass and stiffness matrices of the piezoelec-
tric element are obtained in case when piezoelectric
actuator has same dimensions as piezoelectric sen-
sor, and they are collocated to each other as a pair
on both sides of the cantilever beam. Hence, for
mass and stiffness matrix of the piezolectric element
follows:

156 221, 54 -13],

2 2
b _Podly| 220, 4 13, -3

bJ 420 54 13lp 156 —221p

2 2
~13, -32 -221, 4l

12 6/ -12 6/

p p
2 2
o _Eplp| 6, 45 =61, 2L

MTR -2 -6, 12 -6,

2 2
6l, 202 -6, 4P

(18)

Once beam finite element and piezoelectric el-
ement have been defined, then for hybrid beam ele-
ment which is consist of two collocated piezoelec-
tric elements and between them one beam element,
mass matrix M" and stiffness matrix K" are [5]:

M" = (bp,t, +2bp 1) j H'()Hx)dx  (19)
1=l

P

2T 2
O*H'(x) 8 ng)dx

K"=E,+2E,I, |

120 ox

P

(20)

3. FINITE ELEMENT MODEL
OF CANTILEVER BEAM

Mass matrix M° and stiffness matrix K* for fi-
nite beam element that were previously defined and
related to Euler-Bernoulli beam theory, are assem-
bled in global matrices in order to determine the be-
havior and dynamic characteristics of the whole
structure previously discretized to N finite elements
(Figure 3).

Piezoelectric

transducers
) ; A v |
E—
Element number

Fig. 3. Model of cantilever beam by finite element

The assembly process on global matrix for

mass M€ and stiffness K¢ refers to the total ener-
gy of the system, thus for cantilever beam which is

divided into N elements, total kinetic energy Ef

and total strain energy U¢ are:
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N

Ef=YE", i=1-N 1)
i=l1
N .

Us=yESD, i=1-N (22)

i=1
where E ;(i) is kinetic and E;(i) is potential energy

for i-th element, and by connectivity of elements in
the structure, the total kinetic energy of the struc-
ture, i.e. cantilever beam can be expressed as

1. .
Ef = quf M2q,, (23)
where g, is global vector related to all the degrees of
freedom of the structure. Similarly, the total strain

energy is given by

1.7, 0.
U® =quKgqg. (24)
The assembly process is based on compatibili-
ty with respect to the displacement between two ad-
jacent elements e; and e> for common node point.
Thus, for adjacent elements e; and e»:

5v§€1) avl(ez)
Ox o

This relation of compatibility also applies to
force and moment, hence for whole structure global
vector g, can be obtained for all degrees of freedom.
For cantilever beam discretized on N finite ele-
ments, the dimension of mass and stiffness matrices
is 2(N+1) x 2(N+1), while the dimension for the
load vector is 2(N+1) x 1) [6].

Substituting (23) u (24) in Lagrange’s equa-

tion:
OE$ g
d[ 2 {ﬂ}zg 25)

vge') = vl(ez) and

dt| 0q4 044
and the equation of motion for whole structure rep-
resented in terms of finite elements is obtained as:
ngg+Kgqg:Zg(t). (26)

Presented process of discretization for the can-
tilever beam as continuous thin structure leads to the
infinite number of degrees of freedom to be actually

Table 1

reduced and a model with a finite number of ele-
ments with two degrees of freedom nodes to be ob-
tained. Thus, this procedure represents deliberately
imposition of non-natural constraints for the struc-
ture and indicates the fact that the discretized model
of the structure is stiffer than the exact one, which
consequently means a higher natural frequency,
lower deflections and transversal vibrations. By in-
creasing the number of beam elements the con-
straints are reduced and the solution obtained by the
finite elements method begins to converge to the ex-
act solution.

4. NUMERICAL RESULTS

The finite elements beam model is based of la-
boratory set-up experiment for cantilever alumin-
ium beam with following dimensional properties:
thickness 7, = 0.002 m, height » = 0.035 m, length
from fixed end /, = 0.88 m, and material properties:
Young’s modulus £ = 69 x 10° N/m?, density p=
2700 kgm®, Poisson ratio u = 0.35. Piezoelectric
transducers are with following dimensional proper-
ties: thickness #,= #,= 0.0005 m, height b= 0.035 m,
length /,= 0.061 m, and material properties: Young’s
modulus E,=23.3 x 10° N/m?, density p, = 7800
kg/m?.

In Table 1, the first four natural frequencies of
the discretized cantilever beam of 5, 15 and 50 beam
elements are given according to the Euler-Bernoulli
theory.

In Table 2, the first four natural frequencies of
the discretized cantilever beam with one pair of pi-
ezoelectric transducers in position 1 are given (Fig-
ure 3) thus the model is composed of one hybrid el-
ement (%) and 4, 14, 49 beam elements () according
to the Euler-Bernoulli beam theory.

In Table 3 are given percent errors for the first
four natural frequencies related to the number of fi-
nite elements for case when cantilever beam is with-
out piezoelectric transducers and when collocated
piezoelectric transducers are added to position 1 (Fig-
ure 3), one as a sensor against other as an actuator.

Natural frequencies (Hz) of cantilever beam finite elements model discretized
of 5, 15 and 50 beam elements

Number of beam elements 1 w2 3 w4
5 2.12431 13.31929 37.40969 73.90225
15 2.12428 1331273 37.27770 73.05991
50 2.12428 13.31264 37.27580 73.04578
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Table 2

Natural frequencies (Hz) of cantilever beam finite elements model discretized
of 1 hybrid element (h) in position 1 and 4, 14, 49 beam elements (b)

Number of elements w1 w2 w3 w4
1(h) +4(b) 2.25280 14.01376 39.16455 77.00148
1(h) +14(b) 2.25274 14.00017 38.91027 75.66573
1(h) +49(b) 2.25274 14.00007 38.90813 75.65025
Table 3

Percent errors for the first four natural frequencies without and with pair
of piezoelectric transducers at position 1

Number of finite elements w1 2 w3 w4
5 6.04 5.21 4.69 4.19
15 6.04 5.16 438 3.57
50 6.04 5.16 438 3.56

5. CONCLUSION

The present article focused on effect of adding
collocated piezoelectric transducers to dynamic
characteristic natural frequency of cantilever beam
through finite element modeling. The beam is mod-
eled using the Euler-Bernoulli beam formulation.
Two nodes beam elements with two degrees of free-
dom at each node is considered to solve the govern-
ing equation.

By increasing the number of finite elements of
cantilever beam model without and with pair of pi-
ezoelectric transducers, for each of the first four nat-
ural frequencies percent error decreases, due to
value of convergence of the natural frequencies to
exact solution by increasing the number of finite el-
ements.

For the first natural frequency, the number of
finite elements does not affect the percent error
apart from other higher natural frequencies. The
number of finite elements is more significant and in-
fluences percent error for the fourth natural freq-
uency in case when cantilever beam is without pie-
zoelectric transducers compared to case when they
are added at position 1.

The effect of adding a pair of piezoelectric
transducers on cantilever beam to dynamic charac-
teristic natural frequency is the least indicator for
the first natural frequency, which follows constant

value tendency of the percent error. By increasing
the natural frequencies, the influence of addition
pair of piezoelectric transducers to dynamic charac-
teristic natural frequency of the cantilever beam is
specified, so the percent error is not constant and
decline in relation to case without piezoelectric
transducers by increasing the number of finite ele-
ments.
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