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Dear Ladies and Gentlemen, Colleagues, Participants and Friends of IRMES 2022

The International Conference on Research and Development of Mechanical Elements and Systems -
IRMES is organized under the auspices of the Association for Design, Elements and Constructions
(ADEKO). The Conference has a long tradition of gathering scientists, researchers, academics,
engineers and industry representatives, intending to exchange and share knowledge, ideas,
experiences, innovations and research results in the field of engineering design, machine elements and
systems.

So far, there have been nine editions, organized by several universities - members of the ADEKO
association:

1995 - University of Nis, Faculty of Mechanical Engineering

1998 - University of Belgrade, Faculty of Mechanical Engineering
2000 - University of Podgorica, Faculty of Mechanical Engineering
2022 - University of East Sarajevo, Faculty of Mechanical Engineering
2004 - University of Kragujevac, Faculty of Mechanical Engineering
2006 - University of Banja Luka, Faculty of Mechanical Engineering
2011 - University of Nis, Faculty of Mechanical Engineering

2017 - University of Montenegro, Faculty of Mechanical Engineering
2019 - University of Kragujevac, Faculty of Engineering

More than a thousand authors participated in previous IRMES conferences, with more than a
thousand papers published in total. The current IRMES conference was supposed to be held in 2021.
However, due to the COVID-19 epidemic, it was postponed to 2022.

The main topic of the IRMES 2022 conference is ,Machine design in the context of Industry 4.0 -

Intelligent products”. For sociologists and philosophers of science, the question remains whether the
concept today, most commonly called Industry 4.0, is the true fourth technological revolution or the
development/continuation of the third technological revolution - through further application of
computers in production and logistics. It is indisputable that the essential question of this concept is
the following: how do we introduce intelligent production in the industry? This consequently opens up
new questions in the field of engineering design, theory and practice of technical systems and machine
elements, and innovative product development - in the environment of the now global comprehensive
Industry 4.0 concept or the Japanese answer to this concept - Society 5.0.

Teaching subjects and modules, such as Mechanical Elements, Machine Design, Innovative Product
Development and others, has been the basis and generator of previous technological revolutions.
Therefore, the question arises as to how to develop and improve the existing content of these subjects,
but, also, what the best way for knowledge transfer is to keep the listed subjects as a driving force
behind further development and improvement of philosophy and concept of Industry 4.0 (ie. how to
implement new teaching methods, lessons, exercises, student projects, laboratory work, evaluation).

Taking into account the previously described facts, it is clear why an exchange of opinions, experiences
and results between experts in the Industry 4.0 area is essential for social and industrial development.
One of the best ways to do that is via public debate at international conferences, such as IRMES 2022,
which we are very glad and proud to host and organize this year.

Belgrade, 26 May 2022

Prof. Dr. Radivoje Mitrovi¢

University of Belgrade
Faculty of Mechanical Engineering
Department of General Machine Design

President of the IRMES 2022 Scientific Committee
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Flexure
based
universal

Advancements in data
collection lead to more
sensors, higher sampling
rates

A modern fab has well
over 100K sensors
streaming data at 10Hz
(with possibilities to
dramatically increase
sampling rates)

Fully automatic data
management, curation
and mining becomes a
necessity and a challenge
Direct application of
machine learning from
computer science has not
given satisfactory results
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Landscape of Data Analytics in Industry

Operations modeling
and optimization
(evolution)

System and process
autonomy (resilience)

Modeling &
assessment of system
performance (self-
awareness)

Applications ‘

Physicéi |

https://resourcecenter.ieee-
els.org/webinars/PELSWEBO5

0917v.html (Dr. H. Hamman,

IBM Watson Research Center)

Data
Analytics

Advanced statistics,
artificial intelligence and

in computer science,
social networks)

machine learning (success

Physically inspired signal
processing & signature
extraction coupled with

advanced statistics,
artificial intelligence &
machine learning

Physically
plausible/analytically
tractable models coupled
with advanced statistics,
artificial intelligence &
machine learning

Traditional
operations research
& industrial
engineering

Traditional
estimation & control
theory

Traditional machine &
process modeling &
monitoring

Methods dominated
by first-principles
based physics &

analytic tractability
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Recent Examples of Physical Data Analytics Applied to
Modeling, Monitoring and Control of Semiconductor
Manufacturing Processes & Systems

‘ Fusion of physics and data analytics for modeling, monitoring and control of complex systems

Data Processing and Monitoring Control
Modeling + Transfer-learning based condition + Robust control of overlay
« Dynamics-inspired processing monitoring of e-beam based mask and stack-up overlay
and curation of sensor data making processes errors in photo-
from semiconductor + Hidden Markov Model (HMM) based lithography processes
manufacturing tools monitoring of plasma enhanced * Integrated maintenance
+ Advanced dynamic modeling chemical vapor deposition and production decision-
for Virtual Metrology (VM) in (PECVD) processes making in semiconductor
semiconductor manufacturing + Vibrations based monitoring of manufacturing systems
— Plasma Enhanced Chemical equipment in semiconductor
Deposition (PECVD) manufacturing
Processes — Detection of particle generating
— Critical Dimensions (CD) in features in material handling systems

etch processes — Monitoring of slit valves

_ The term “physical analytics” introduced by Dr. H. Hamman from IBM Watson Research Center https://resourcecenter.ieee-pels.org/webinars/PELSWEB050917v.html

Recent Examples of Physical Data Analytics Applied to
Modeling, Monitoring and Control of Semiconductor
Manvufacturing Processes & Systems

‘ Fusion of physics and data analytics for modeling, monitoring and control of complex systems

Data Processing and Monitoring Control
Modeling « Transfer-learning based condition + Robust control of overlay
+ Dynamics-inspired processing monitoring of e-beam based mask and stack-up overlay
and curation of sensor data making processes errors in photo-
from semiconductor » Hidden Markov Model (HMM) based lithography processes
manufacturing tools monitoring of plasma enhanced * Integrated maintenance
» Advanced dynamic modeling chemical vapor deposition and production decision-
for Virtual Metrology (VM) in (PECVD) processes making in semiconductor
semiconductor manufacturing » Vibrations based monitoring of manufacturing systems
— Plasma Enhanced Chemical equipment in semiconductor
Deposition (PECVD) manufacturing
Processes — Detection of particle generating
— Critical Dimensions (CD) in features in material handling systems

etch processes — Monitoring of slit valves

_ The term “physical analytics” introduced by Dr. H. Hamman from IBM Watson Research Center https://resourcecenter.ieee-pels.org/webinars/PELSWEB050917v.html| I




Lithography Overlay for Patterning of Integrated
Circuitry (IC)

» Lithography is the “holy grail” of
integrated circuitry (IC) manufacturing
33% of wafer manufacturing costs are
consumed by lithography

Alignment of successive layers within the

device directly determines performance of
a chip

Projection lens

b

Photomask

Alignment between successive layers is
referred to as overlay, while that between
non-adjacent layers is referred to as stack-
up overlay

Requirements on overlay accuracy keep
growing (Int’l. Technology Roadmap for
Semiconductors, 2009)

https://www.nikon.com/ab
out/technology/product/se

Wafer loader miconductor/index.htm
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Characterization of Overlay Errors
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Zernike Polynomial based ox(Xi Y xiyi) = To = ReY; + Mo X; + B.Y? —1yyi+

MyXi — txxlz — VXYt nyL? + d.’ixxi(x[? + ylz) +
Models of Overlay Errors dors(a? + Y2 + 0 Vo 1)
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Traditional Run-to-Run Control of Overlay Errors

+ Use the control command u, to counteract what we think bias terms ¢, are by setting u, =
— ¢;, where ¢, is the estimated (predicted) bias ¢, based on the previously observed
biases ¢,,¢;,€,, ..., Crq

+ After pattern on wafer number t is produced, take measurements of overlay errors o, for that wafer

« Based on those measurements, use the overlay model to estimate what actual process
parameters Z; (what actual translation 7, rotation R, magnification M and so on) were achieved.
This tells us what actual bias occurred at wafer t by ¢, = Z; — u,.

+ Estimate (predict) the bias term ¢, for the next wafer (wafer number t+1) using some prediction
method (e.g. Kalman filter or EWMA method)

Estimation Bt
Predictthe _Z;and ¢, =27 —u, I:l
. Measurements
next bias term TR M, T,
\L T,.T,. R M,_

CiGy
NeﬂibiateﬁN

- =
Uy= —C;

——p| Litho exposure [——>
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Is This Normal Independent Lithography is a Multistage
Identically Distributed (NIID)? Manufacturing Process
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) i .ﬂ. ill represents the stack-up overlay errors up to
-l el il Lol o B k" layer (Yu & Qin, 2007)
e il ALI jﬁ In our work we assume that:
s K == s » Model parameters are not perfectly known
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Sorr Lo T |Eaer Fao? s ool ar i ey Gy distribution & can be dependent

(b) In the direction of v-axis

Robust Multi-layer Overlay Control

At each layer k
» Obtain the previous overlay errors ¢.(1),0,(2)---,0.(k—1) for that wafer t

« Calculate the optimal control #. (kX based on the previous overlay error information and bias term ¢, (%)
+ Run to run control loop of k' layer (update the bias term ¢, (k) to ¢, (k)
o.(1),0.(2):-0. (k-1

-"‘------------------K--------> + A Ul Hoq&D. Drdjanovic,
H . “Robust Control of Overlay
E I Errors in Photolithography
0 k 1 - . i o (k Processes,” [EEE
Estimation ( ) Estimation ( ) Transactions on
Ty Ry M, T, T, R, .M,.T,. Manufacturing, 32/3, pp. 320-
l Tl Ry M, L T RV 333, 2019.
~ -~ * H. Zhang, T.-H. Feng & D.
a’;.f((i( ) .f‘ A(f06) Djurdjanovic, “Dynamic
Bias Term Bias Term Down-Selection of

Measurement Markers for
reaaa,,, Optimized Robust Control of
RRLETD 'S u(k) Overlay Errors in

¢ Photolithography Processes,”

IEEE Tr i
——famea) D[ tayer | >

Manufacturing, 35/2, pp. 241-
Run-to-run Control Loop for Layer k-1 Run-to-run Control Loop for Layer k 255, 2022 . P
o
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R2R control with

nominal model

Robust control

R2R control only

based control
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Performance Evaluated using Model and Data from a
Process in a 300 mm Fab

Overlay Errors
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Larger errors are
observed at the outer
regions of the wafer,
but the robust strategy
is able to reduce the
errors near the wafer
edge quite significantly.

Both the range of
stack-up errors and
their mean values are
reduced for almost all
layers and noise
levels, compared to
the traditional run-to-
run strategy
Increased
uncertainties in the
model/noise increase
the importance of
using robust control
Opportunity to
dramatically reduce
measurements while
maintaining control
of overlay errors






AUTOMOTIVE INNOVATION LAB
Marek GALINSKI, Jan DANKO, Tomas MILESICH

Automotive Innovation Lab

Moving on from car assembly towards smart mobility innovations
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Is it possible, to build a full-size
autonomous car without any research
grants, investors and carry passengers

in it here, in Slovakia?

sess cTU TaesSTU tertSTL
::::Sj}' 1-1:-1:F”T saas SvF
SLOVEMEEA TECHNICHA CLOVEMINA TECHMIERA

TLOVINIEA TECHRICKA
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FANULTA IMFORUMATINY STAVESMA FARULTA
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&
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EARLY STAGE

6 months
developement at STU

4 weeks
Testing at SlovakiaRing

5 researchers

Core development team

1—, -0 —— - - : ——

14.1 mm

Navigation accuracy

70 km/h

Driving inADAS mode

100 m

LiDar obstade detection

LTE

live connectivity

e



To advance cross
domain research on
intelligent safety &

ADAS systems in

cooperation with

industry.




To empower V2x
connectivity approaches
based on 5G & Edge
Computing to predict
potentially dangerous
situations on roads
avoiding fatalities

To equip vehicle with
set of robust and
resilient sensors to
help driver in
detecting situations
beyond human

capacity.
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SMART PRODUCTS - STATE OF THE ART
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Hardware & Software
support

Capability

Application (functions &
services)

Level 1- Digital

Basic hardware
Software for basic
operating

ITT Equipped

Data storage

Data processing &analysis
Data provision &
transmission

Predefined input and
output operations (digital
camera)

Basic settings (radio station
or alarm setting, hi-fi
system )

Entering, storing and
displaying of information
(Apply iPod)

Car digital panel

Level 2 — Connected

Basic hardware
Connectors
Sotware for
communication

"
Unique identification
Networking & Connectivity
Communication &
Information Exchange
Interaction & Cooperation

Tracking services (Smart
meter)

Dispersed funcionality
(Samsung (Philips) Hue
Lighting System)
Remote control and
monitoring (wirelees
printer)

Infotainment (Audi
connect)

Level 3 - Responsive

(2010-2020)

Basic hardware
Connectors

Sensors & Actuators
Sotware for define pre-
sensing and responding
logic (SRL) and
programmable SRL

+
Sensing
Real time context —
awarness
Reactivity & Adaptability
Automated Actuation
Functionality &
Customization

IFTTT routines (Amazon
Echo)

Rule-based skill and actions
(Gougle Home actions)
Reactive actions (car lane
assist)

Deterministic automated
action (Amazon Dash Shelf)
Location & data-based
services or navigation tasks
(route optimization)
Performance tracking
(Apple Watch)

Level 4 — Intelligent /
Industry 4.0

(after 2020)

Basic hardware
Connectors

Sensors & Actuators
Sotware for define pre-
sensing and responding
logic (SRL) and
programmable SRL

Al software for learning,
improving and anticipating

+
Reasoning & Decision
making

Autonomy & Self-
management
Proactivity

Complex context-based
servicies (NEST Learning
Thermostat)

Procative services
(anticipatory services in the
Al CON car)

Complex learning-based
and self-organizing
autonomus actions
(driverless vehicles)

Sonrce: Stefan Raff, et al, Smart Producrs: Concepfual Review, Synthesis, and Research Directions, J Prod Innov. Manag. 2020; 37(5):370-404, wivw.dpi: 10,1111/ fpim. 12544,

Levels of development of
intelligent products

INDUSTRY 4.0 IN SERBIA —RESEARCH AND PRACTICE SUPPORT OF MEF

Digital manufacturing
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support
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DESIGN
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WORKSHOP
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DESIGN OF ROBOTIC SYSTEM
FOR AUTOMATED ANIMAL HUSBANDRY AND GRAZING

Milan BANIC
Milo§ SIMONOVIC
Aleksandar MILTENOVIC

Abstract: The Industry 4.0 trend is transforming all industries, including the agricultural domain.
Agriculture is a sector in which there is a constant decrease in labour force and increase in needs for
agricultural products. RoboShepherd solution is developed according to the Industry 4.0 technologies
and represent an example of an intelligent product that can become a successful market solution.
RoboShepherd is an autonomous herding and pasturing system where a robotic shepherd takes the form
of a programmable, intelligent electric fence, which surrounds the livestock during grazing and herding
to the pasture. The system is a movable enclosure, which, by moving, directs the movement of the animals
within the enclosure and along a predefined route. In this paper are presented main aspects of an
innovative solution for easier shepherding and monitoring of animals.

Keywords: robotics; agriculture; herding; grazing

RoboShepherd robotic unit: photo on the left side, CAD model on the right



ﬁ

RME

10t International Scientific Conference

IRMES 2022

“Machine design in the context of \
Industry 4.0 - Intelligent products” ‘Q. 0

26 May 2022, Belgrade, Serbia

\  Industry

APPLICATION OF THE MATLAB TOOLBOX “SIMSCAPE MULTIBODY” IN THE
ANALYSIS OF THE MOVEMENT OF COMPLEX MECHANISMS

Radoslav TOMOVIC
Mirjana KOPRIVICA

Abstract: One of the key principles on which the machine design within the Industry 4.0 concept is based
on the simulation of the work and movement of complex mechanical systems and mechanisms. In order to
achieve this, it is necessary to use efficient software tools. This paper presents the application of the
“Simscape Multibody” toolbox developed within the Matlab software platform. Using the sofiware, an
analysis of the movement of Jansen’s eight-membered mechanism was made.

Keywords: Matlab, Simscape multibody, walking mechanism, Jansen, kinematics, robot

1. INTRODUCTION

Global market liberalization and continual energy deficit
are the basic characteristics of world economic
movements from the end of the previous century and the
beginning of this century. Global liberalization has
increased competition, which has forced manufacturers to
produce quality and cheap and to meet customer
requirements, even going to their individual desires.
Manufacturers invest huge resources in the research and
development of new and better products and technologies.
The lack of energy conditioned the need to find new
energy sources, but also the need for rationalization and
optimization of systems that produce and spend energy
[1]. Depending on the specific needs, which corresponds
to certain working conditions, certain user requirements,
the market offers a wide range of products, different types
and different quality, which require excellent
performance, high efficiency, good aesthetic and
ergonomic features. Because of the current problem of
energy shortages and protection and preservation of the
environment and safety at work, the product requires as
much energy saving (reduction of friction and power
losses), less noise, as well as more compact design
(weight reduction and material savings) [2].

The fulfillment of these requirements is conditioned by
the trend of improving the process of product design and
construction in order to increase efficiency, reducing the
time required for product development, increasing use of
modern software for design, calculation and simulation
and introduction of teamwork and group dynamics.

The general digitalization and development of IT
technology has produced a series of radical
transformations in all stages of product life, even in the

design and construction phases. Research and
development of innovation, as well as the rapid tempo of
implementation, and especially digitalization and
automation, have the main role of shaping future
industrial business, designated as the fourth industrial
revolution or industry 4.0. It is built on the foundations of
artificial intelligence (AI), storage and date processing in
the cloud (CC) and analysis of large date sets (BDA),
using machines — cyber physical systems (CPS) [3].
Industry 4.0 requires the development and design of new
products to the new rapid requirements of the market,
which seeks to reduce development and design time while
accelerating production, all with the aim of making a final
product in as soon as possible. The first technology which
has fundamentally changed the process of product
development and design was Computer Aided Design
(CAD) technology [4]. By developing modern CAD
program packages in early 1990s, among other things,
enabled designers and engineers to make realistic
representations of their ideas, but also to make various
simulations to analyse the behaviour of the system in a
real environment. CAD technologies have solved the
problem of product visualization, as well as simulations
and behavioural analysis in working conditions. Prototype
and laboratory testing of prototypes is often very
expensive and often causes many good ideas to never see
the light of day, because their creators do not have enough
funds to invest in the development of their product [5].

In this paper, the application of the “Simscape
Multibody” development tool within the Matlab software
platform, for an analysis of an eight-membered
mechanism designed by Theo Jansen in 2005. [6]. Using
the Simscape Multibody software, a model of the Jansen
mechanism was made using graphical components, by



decomposing the actual system of rigid body, fixed joints,
drives, sensors input, etc.

2. JANSEN MECHANISM

Theo Jansen designed one of the most popular walking
mechanism, which he called the Jansen mechanism. It is a
plane mechanism with one degree of freedom of
movement consisting of eight members. Members of this
mechanism are five levers, two triangles and supports [7].

Fig. 1. Jansen mechanism [8]
3. MATLAB SIMSCAPE MULTIBODY

The Simscape Multibody toolbox within the Matlab
programming language provides space to simulate
multiple interconnected bodies for 3D mechanical
systems such as robots. Using the blocks that represent
bodies, joints, restrictions and sensors, it is possible to
model a multibody system. Within this toolbox, the
simulation of movement of the mechanism is obtained

(Fig 2).

7
Fig. 2. Jansen’s mechanism within the Simscape
Multibody toolbox at Matlab

4. SIMSCAPE MULTIBODY MODEL OF
JANSEN MECHANISM

4.1. Kinematics of Jansen mechanism

The mechanism scheme is showen in Figure 3 and the
dimensions of the members are given in Table 1.

Fig. 3. The scheme of Jansen mechanism [8]

The table shows the dimensions required to model this
mechanism within Matlab’s Multibody Simscape toolbox.

Table 1. Dimensions of mechanism members

L 15 mm
I3 50 mm
Iy 41.5 mm
L' 40.1 mm
1" 55.8 mm
Is 39.4 mm
Is 61.9 mm
I, 39.3 mm
I 49 mm
ls' 65.7 mm
Is" 36.7 mm
a 38 mm
b 7.8 mm
a 33.475°
B 86.268°

In order to perform kinematic analysis by numerical
method, it is first necessary to determine the equations of
loop [8, 9, 10].

Between members 2, 3 and 4 is first loop (Fig 4). Loop
equation is:



Le™ +1,e"™ +(a+bi)=1,e" (1)

Fig. 4. First vector loop [8]

Between members 3, 4, 6 and 7 is second vector loop (Fig
5).

Fig. 5. Second vector loop [8]

Equation of second loop:

i6 0, _ 1 i, i,
lge™ +1Le™ =1e™ +1e

2)

Third loop is between the members 4°, 5, 7, 8 and 8’ (Fig
6).

Fig. 6. Third vector loop [8]

Equation of third loop:

i6 i0 1O ra) g i(G+f) i0.
le™ +1e™ +1,'e"™" =1"e +1e™

3)

When projections on real and imaginary axes of these
loop are differentiated and written in matrix form, we get
Jakobijan's matrix [8].

Lsin(6,)  I,sin(6,) 0 0 0 0
Lcos(6,) I cos(6,) 0 0 0 0
’- Lsin(6,)  I,sin(6,) 0 ~l;sin(6,) L sin(6;) 0
Lcos(6,) I cos(6,) 0 lycos(6;) I, cos(8,) 0

0 -1,'sin(6,'+a) —lsin(6;) 0 ~Lsin(6,) —sin(6;)-1;'sin(6, '+ B)

0 I,'cos(6,+a) Iscos(6) 0 Lcos(6;)  —lycos(6,)-1; "cos (6, + B)

Velocity is obtained through equation: [8]

ok
q, =4, |==1"|— 4, @
) )4 I: g :I P qp )2
Where:

q,— drive member

q,— driven members [8].

Fig. 7. Block diagram of Jansen mechanism
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By differentiating this equation over time, the acceleration = The kinematic analysis using Multibody Simscape
equation is obtained [8]: toolbox is based on creating a model via block diagram.
The block diagram is created by inserting blocks that
0 2 .2 ) . ) represent the required output data (Fig 7).
6_156_12 . q,z, +2. L ?" + 6_1; [qg } =0 ) Coordinate diagrams, velocity and acceleration of all
Oq » 0q ¢ | |4 0q paq ¢ |1 9e dq p joints of the mechanism are given in Figure 8.

Coordinate X2
60 T T T T T T T 20F T 1
Qa0 /_x / 1 qutor ]
ol 1
20 I i | n e I 1 L /
-50 (] 50 100 150 200 250 300 350 -50 0 50 100 150 200 250 300 350
TETA2 TETA2
Velocity VX2 Velocity VY2
02F T T T T T = T 3 T T T T T =
02} =
S o ‘ s i
S 021 1 s of ]
04l 1 02} //'—‘/ }
L s L . I L L L L L s L L
-50 0 50 100 150 200 250 300 350 -50 0 50 100 150 200 250 300 350
TETA2 TETA2
= Acceleration AX2 Acceleration AY2
of = e ]
& 10f 1 o &
2 of ’—‘\ ] <-f0f g
e e ) . . . . . 20 " " . . L L .
-50 0 50 100 150 200 250 300 350 -50 0 50 100 150 200 250 300 350
TETA2 TETA2
Coordinate Y3
T T T T T T T T
10F 1 4r b
2 of 1 |
101 g
20 L a5 s L L L s L L
-50 0 50 100 150 200 250 300 350 -50 [} 50 100 150 200 250 300 350
TETA2 TETA2
Velocity VX3 Velocity VY3

. h L L s L L 02 L L L L s L L
-50 0 50 100 150 200 250 300 350 -50 0 50 100 150 200 250 300 350
TETA2 TETA2
Acceleration AX3 Acceleration AY3
T T T T T T T 10 T T T T T T T
201 1
© @ —_—
10 3 L ]
z z 0
or ¥—¥‘ T
=y . . . 1 i 10 " . . . . . .
-50 0 50 100 150 200 250 300 350 -50 0 50 100 150 200 250 300 350
TETA2 TETA2
Coordinate X4 Coordinate Y4
O s T v T T T — 20 T T T v —
N 1of 1
§ \ T of ]
/ -0 1
.40 L L L L L L s L L L s L .
-50 0 50 100 150 200 250 300 350 -50 0 50 100 150 200 250 300 350
TETA2 TETA2
Velocity VX4 Velocity VY4
02 T T T =T

T T T

zo01r 1 s Or

= or \ 7 % -02f \ 4
== L L s L L AL L h L L L ]

L L
50 0 50 100 150 200 250 300 350 50 0 50 100 150 200 250 300 350

TETA2 TETA2
Acceleration AX4 Acceleration AY4
10 T T T T T T T T T T T T T T
200 1
= L - B = 10} q
3 0 —— Tt =
or i 4
10 . L . . L . . I L 1 | . B ——g
-50 0 50 100 150 200 250 300 350 50 0 50 100 150 200 250 300 350
TETA2 TETA2

Fig. 8. a) Velocity and acceleration of joints of the mechanism
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Fig. 8. b) Velocity and acceleration of joints of the mechanism
4.2. Locus 40 : . ; ; ;
. . . 65 el
The locus of Jansen mechanism is a closed curved line 7
. . o
that makes the leg of the mechanism when rotating the o 0F .
. . . . . a
drive member. The main locus vector has the beginning in £
. . . . 8151 |
support 1(Figure 2) and the end in point 7 (Figure 2). S
Vector projection on x and y axis give the locus of the > st 1
mechanism (Figure 9).
L . . . 85 L 1 Il 1 I Il 1
In addition to the path of point 7, the paths of all joints of 40 30 20 40 0 1 0 0
the mechanism are determined (Figure 10). Keooningts |}
Fig. 9. Locus of the Jansen mechanism
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Fig. 10. Movement of all Jansen's mechanism joints

5. CONCLUSION

Based on the analysis of the movement of a eight-member
Jansen’s mechanism, the following can be concluded:

e The Matlab toolbox used in this paper is suitable and
practical for a kinematic analysis of complex
mechanical systems and mechanisms.

e The analysis made in this paper showed the high
potential of the developed approach based on tools for
motion simulation and kinematics analysis of complex
mechanical systems, which is primarily reflected in
the very simple generating an equations of motion,
quick and easy obtaining relevant parameters
describing that movement (path, velocity and
acceleration of characteristic points and members of
the mechanism).

e The application of toolbox for simulation of
movement and kinematics of mechanisms contributes
to significant acceleration of the processes of new
products development, as one of the most important
elements of industry 4.0. The time available to
designers to develop new products is shortening every
day. Therefore, the application of effective software
for simulation of movement of complex mechanisms
not only a the issue of modernization, but also an
imperative of survival in a demanding global market.

® Matlab Simscape Multibody is practical for use and
provides the possibility of obtaining a large number of
different data, visual display of results and easy
correction of mechanism parameters at any time in
accordance with the needs and requirements set to the
project assignment.
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DESIGN PROCESS OF A FULLY ELECTRIC VACUUM SWEEPER

Ile MIRCHESKI

Abstract: The street sweepers are machines which are an important segment for maintaining a clean city.
The modern metropolis is under severe stress from uncontrolled human activity. The aim of this paper is
to present the design process of a fully electric vacuum sweeper equipped with revolutionary air-
recirculation system that not only increases the suction performance but also the dust filtration capacity.
The design process focuses on minimizing the negative global impact through the following guidelines:
helping customers to reduce their carbon footprint through the use of eco-friendly products with zero
emission, that minimize the pollution of public spaces from CO, NOX, PM,, noise emission, etc. The
main initial goals of the electric sweeper development are zero emission, satisfying of customer’s
requirements and low cost for manufacturing the sweeper. The design methodology for the electric
vacuum sweeper development, design and manufacturing will be presented in this paper. The design
process includes: identification of market needs, planning, developing engineering specification,
developing the concept and developing the product using CAD models, calculations, selection of
materials, making technical drawings for prototype production and defining all necessary information for
manufacturing. The overall design process for developing the electric vacuum sweeper will be presented

through illustrative photos and the prototype will be presented.

Keywords: design process, electric vacuum sweeper, zero emission.

6. INTRODUCTION

The electric street sweepers are machines which are
mainly used for cleaning of urban area such as sidewalks
and pedestrian area, streets and small roads in the city
parks, etc. Due to the fast urbanisation in recent decades,
air pollution in the metropolises and large cities has
become a big problem for the inhabitants’ health. The
high level of pollution in the cities from CO,, NOX,
PM,, noise emission, etc., in big range can be solved by
using electric vehicles (EVs) or electric machines in the
urban areas. There are many benefits of using EVs or over
conventional petrol or diesel vehicles, such as [1, 2]: 1)
cheaper to run, the cost of the electrical energy used in an
EV is cheaper for 40% compared to the use of petrol or
diesel in similar sized vehicles driving the same distance;
the cost will be lower if the EV is charged by solar
energy, 2) cheaper to maintain, the EVs has fewer moving
parts than conventional petrol or diesel vehicles.
Servicing of components in EVs is less frequent,
relatively easy, and cheaper compared to petrol or diesel
vehicles; 3) eco-friendly EV for the environment with less
air pollution when EVs are charged from the electricity
grid; zero air pollution if the EVs are charged from solar
energy (photovoltaic system-PV) during the day or from
electricity which is coming from renewable energy

sources; 4) eco-friendly EV for our health because air
pollution and noise pollution are practically zero, 5) better
for electricity network, the EV charging is managed
effectively, mainly outside from the peak electricity
periods and that help us to utilise better the electricity
network, avoid higher cost charging periods; 6) A quieter,
more enjoyable driving experience, the EV drivers notice
that an EV’s quietness which creates a more comfortable,
relaxing driving experience; 7) Fast, easy home or work
charging of an EV is cost efficient, simple and fast; etc.
Electric mobility, according to the definition of the
German government and the National Development Plan
for Electric Mobility (NEP) comprises all street vehicles
that are powered by an electric motor and primarily get
their energy from the power grid — in other words: can be
recharged externally [3]. Germany has started switching
from energy obtained from fossil to renewable energy in
2011. By 2050, at least 80 percent of the electricity power
supply and 60 percent of the total energy supply will
originate from renewable energy sources. The all nuclear
power plants are to be shut down by 2022 and then 40 to
45 percent of the electricity supply is to be stem from
renewable energies by 2025 [4]. It will be suitable for
development and applicability of EVs and electric
mobility.

The electric street sweepers are part and parcel of electric
mobility. There are three main categories of street



sweepers: mechanical, regenerative, and vacuum filters.
Each has its own set of advantages. In this paper will be
presented the design process of the electric walk-behind
sweeper GM 400ze (Green Machines — GM is company
in Republic of North Macedonia which is among the
oldest manufacturers of sweepers, dating back to 1965).
The new developed model GM 400ze is a fully electric
vacuum sweeper with zero-emission and zero-noise, the
best walk-behind sweeper equipped with revolutionary
air-recirculation system that not only increases the
suction performance but also the dust filtration capacity.

7. BACKGROUND

The design and development of street sweeper machines
and their brushes have evolved through time with
legislation [5]. Peel et al. [6] have made an initial
investigation into the dynamics of cutting brushes for
sweeping and developed pseudo-static discretized model
to investigate the deformations and forces which acting on
the brushes during ideal operation of a horizontal brush
on the flat plane. Budich et al. in the paper [7] developed
vehicle simulation of a small electrical street sweeper for
substitution analysis in the framework of the project
EBALD in the Laboratory of Electric Mobility from the
HTW Dresden. Based on collected field-data, collected
during the project a simulation tool for substitution
analysis was developed. By using this tool it’s possible to
say which conditions must be fulfilled (e.g. position of
charging stations) to realize environmentally friendly and
future-oriented cleaning concepts. This paper includes a
structural approach on such a full vehicle’s analysis.
Considering the need for automated cleaning using less
manpower, in the paper [8] Khan et al. developed solar
operated street sweeping machine that can be used for
cleaning small streets. The machines consist of solar
panels and a battery unit which can be used to power the
machine by an electric motor.

The design process focuses on minimizing the negative
impact through reducing the ambient PM, in the public
spaces in big cities. The evaluation of street sweeping and
washing to reduce ambient PM;, was considered from
authors Chou et al in the paper [9, 10]. The paper [9, 10]
presented an evaluation of street sweeping and washing
by PM,, measurements and determination of silt load
from active traffic streets. The reduction efficiency of
ambient PM;, concentration of street sweeping and
washing is determinated by measurements and it is up to
24%. The papers concluded that street sweeping and after
that washing offer a measurable reduction in TSP (total
suspended particles) emission potentials.

Yuan et al. [11] predicted and optimized the effects of
reverse-blowing flow rate, pressure drop, and traveling
speed on separation efficiency by using uniform design
and multiple regression analysis methods. The presented
results show that the dust collection performance firstly
increased and then with increasing reverse-blowing flow
rates are decreased. As pressure drop increased, there was
an increase in total dust collection efficiency. Efficiency
decreased with increasing traveling speed. The regression
model showed that the proposed approach was able to
predict the particle collection efficiency accurately.

Jin et al. [12] explored the influence law of various
influencing factors on the flow field characteristics of the
sweeper’s dust suction port, and revealed its influence
mechanism on the dust suction efficiency of the dust
suction port. The presented results show that with
increasing the width and outlet diameter will change the
flow characteristics and the dust suction efficiency will be
changed accordingly.

Xin et al. [13] presented the application of computational
fluid dynamics (CFD) into the design of a road sweeper.
The authors presented the use of CFD technology to
analyze the flow field of the road sweeper airstream
system while obtaining the characteristic parameters
before it is manufactured.

Chen et al. [14] presented an electric vehicle’s body frame
structure design method approach to design an electric
vehicle body structure based on battery arrangement. The
main concept of the approach is the development of the
parametric knowledge base to facilitate performance
driven design of body structure in the concept design
stage, including the battery designed by vehicle power
performances and modular body frame structure.

In summary, the review of the research literature relevant
to design process of a fully electric vacuum sweeper
revealed that the previously published articles failed to
address several important issues. The bigger problem is
limited knowledge about the development of fully electric
sweepers, because the electric road sweeper consists of a
several power customers such as the main electric traction
motor, the electric motor for vacuum suction system,
electric motors for brushes, electric motor for water pump
and other power customers, consists of a complex system
for dust filtration with zero-emission and zero-noise. In
this context, this paper aims to overcome the identified
deficiencies and proposes a representation of a design
process of a fully electric vacuum sweeper named as
model GM 400ze.

8. DESIGN PROCESS METHODOLOGY

The design process of a fully electric vacuum sweeper is a
complex process which consists of a several phases such
as [15]: identification of market needs, project planning,
product definition or definition of the product engineering
specifications, conceptual design and developing the
product using CAD models, calculations, selection of
materials, making technical drawings for the prototype
production and defining all necessary information for
manufacturing. This project started as a collaboration
between the company Green Machines DOO Veles and
the Faculty of mechanical engineering in Skopje in order
to improve and redesign their existing small vacuum
sweeper GM400 with a diesel engine. In accordance with
the market’s needs the company Green Machines wanted
to develop a fully electric vacuum sweeper with zero-
emission of CO,, NOx, PM,,, noise, etc. The biggest
problems with the old GM400 sweeper with a diesel
engine are the large emission of PM,, particles and
exhaust fumes. The sweeper’s driver is exposed to a large
amount of emissions and according to the new EU
directives and market requirements the driver must be
protected.



8.1. Identification of market needs, project
planning and definition of engineering
specifications

The project allotted from the company Green Machines
was very clear and defined. The project description was
defined with a set of customers’ requirements, as follows:
dimension of the new machine should be similar or
smaller than current GM400 machine with diesel engine
(see Fig. 1), design of the machine can be kept the same
or very similar, performance of a new machine should be
same or better than the GM400 machine with diesel
engine (speed, suction capacity, capacity of waste
collection, shredder function to be kept for compacting
the waste), engine to be changed with several electric
motors units (should be developed: traction axle with
electric motor, a new electric motor and system for
suction fan, a new electric motors for front brushes,
electric motor with water pump as one unit, etc.),
modification of chassis frame according requirements of
the new electrical power units, develop/choose battery
pack with integrated battery charger on machine, design
the water system of machine, redesign of suction and
collection system (extremely important dust control must
be improved compared to current model with diesel
engine), design of brake system which will be constructed
according to new mass parameters, design of safety
function, prototype building, test of prototype, etc. All
these requirements which were allotted by the company
come from market needs and their analysis.

Fig.1. Vacuum sweeper type GM400 - diesel engine [16]

Additionally, in order to understand the design problem
translation of customers’ requirements into a technical
description of what needs to be designed, was made. The
development of clear requirements is a key feature for an
effective design process. The customers’ requirements
need to be translated to engineering specifications and the
design team needs to understand the problem in order to
write a good set of engineering specifications. In
according to the market research table 1 with engineering
specifications was made. The specifications were
obtained from rival products. Engineering specifications
from the main sweeper machine GM400 with diesel
engine shown in the figure 1 are listed into table 1.

In table 1 are listed only a one small range of the
engineering specifications for walk-behind sweepers:
GM400 with diesel engine [16], Tenax Maxwind [17],

TSM TItaly 135 BT [18], NILFISK SW900 [19],
DULEVO 52 [20] and PANGOLIN 300BT [21].
Table 1. Engineering specifications of rival products
) = = o
8 'go Fg A 8 [N\ ;
Q = = ’a) 'e) =
= ) >3 on B =
‘8 < é — [75) o “©
Sl |2z % |a|d
= — 8 %) . o)
S 5|l S | 5 2|2
3 = = =) A Z
= o n = A~
& = = Z
Engfnktér{og) 114 125 127 95 87 99
SEECHERTOm | 251 186 | 200 | 139 | 132 | 205
Height [cm] 114,3 99 114 110 92 113
Mass [kg] 400 260 350 177 / 580
Autonomy
/ 6-8 8 8 / 8
[h]
Battery / AGM AGM AGM AGM | AGM
Traction Diesel Elec Elec Elec Elec Elec
motor
Dust control Yes Yes Yes Yes Yes Yes
system
Sweeping Ai Central Central Central Central Central
system 1T brush brush brush brush brush
Dust Spray Yes Yes Yes Yes Yes Yes
Nozzles
Cleaning 17 | 132 | 135 105 90 135
path [cm]
Sweeping
speed [km/h] 5-8 8 6.5 45 4.5 4.5
Travel speed
8.8 8 6.5 4.5 4.5 4.5
[km/h]
Waste 110to | 110to
hopper (L] | 200 | 130 | 139 | 60 40| 220
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In summary, after a first project description allotted from
the company Green Machines, market research and a lot
of held meetings between the engineering teams from
company Green Machines and the Faculty of mechanical
engineering in Skopje, the engineering specifications of a
new fully electric vacuum sweeper GM400ze were
defined. The approximately engineering specifications of
GM400ze machine are: width 110 [cm], length 200 [cm],
height 110 [cm], mass 450 [kg], autonomy 8 [h], type of
battery li-ion, all motors will be electric, sweeping system
to be with two front brushes, suction fan with shredder
function, waste collection system with waste trash bag
from 200 L, sweeping speed in range of 5-8 [km/h], travel
speed maximum up to 10 [km/h], maximum slope 25%,
dust spray nozzles, water tank with 70 L, dust control
system, wander hose with length from 2 [m], etc.

A project plan is a document which includes the tasks that
need to be realized during the design process and keep the
project under control. The design team and management
with help of the project plan will know how the project is
progressing during realization. The project plan consists
of the tasks, the personal requirements, the time
requirements, the schedule of tasks, cost estimates, etc.
The best way to make a good project plan is to use a
Gantt chart. On the chart each task is plotted against a
time scale, the personal requirement and schedule of
design reviews is shown.




The segment of project planning for project development
of fully electrical vacuum sweeper GM400ze is shown
onthe figure 2. Duration time for the project is 7 months

from market research to the building of prototype, testing
and finally preparation of technical documentation.

Project Nol:Development of electrical version of the GM400 series machine

Duration ime (2020/2021)

October | Movember | December| January | February| March | April
Tasks:
0. Making concept of a new machine,
identifying which components will be retained
and which compaonentswill bechanged.
Definition of the limit dimensions | volume for
new Com ponents.
1. Change current diesel engine with saveral
glectric motor units Engineers: FME
11 Develop new or adopt currenttransmission-
differential axle which will be powered by
electric motor and will provide traction of the
machine Engineers: FME
12. Develop/choose new electric motor for
suction fan Engineers: FME
1 3. Develop/choose new electric motorsfor
frontbrushes Enginesrs: FME
2. Medification of constructionchassisframe
according requirements of the new electrical
pOWET units: Engineers: FME
3. Develop/choose battery pack with integrated
battery charger on machine
= Autonomy of using with all consumptions
tumed ON, morethan & hours
= Possibility to connect external consumer
with available plug Engineers: GM
4, Design [updats) the water system of machine |Engineers: FME
5. Dresign [updats) the lights and voice
signalization of machine Engineers: FME
E. Redesign of suction and collection system Enginesrs: FME
6.1 Reducethedustduring machine work Engineers: FME
E.2. Redesign if possible the systemfor
changing of garbagebags Engineers: FME
13. Preparing technical documentstion
13.1. 30 model Enginesrs: FME
13.2. Technicaldrawings 20 for production Engineers: FME
13.3. Process notesfor assembly Engineers: FME
13.4. Datasheetsfor components Engineers: FME
13.5. Cherner's manual Enginesrs: FME
13.6. Service manual Engineers: FME
13.7. Spare parts catslog Engineers: FME

Legend: FME-Faculty of mechanical engineering, GM-Green Machines

Fig.2. Project planning with Gantt chart

8.2. Conceptual design and concept evaluation

A concept is an idea that is sufficiently developed to
evaluate the physical principles that govern its behavior
[15]. The electric vacuum sweeper machine GM400ze is
divided onto subsystems such as: traction unit, suction
unit, seat, cover plastic, water spray system, etc. Traction
unit consists: transaxle electric motor, hydraulic drum
brakes, complete waterproof design, differential,
differential lock device and double raw ball bearing.
According to [22] calculations for obtaining of traction
parameters is obtained: power of traction motor is 3 [kW],
capacity of Li-lon battery is 10 [kWh] that can last 8
hours for full work-shift autonomy, travel maximum
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speed up to 10 [km/h], maximum slope 25%, etc. The
traction calculation is general and concept for traction unit
is a very clearly and simple. The electric transaxle is
shown in the figure 3.

The suction unit is a complex system which consists of a
vacuum unit with centrifugal fan with shredder function,
flexible hose, channels, filter bag, plastic nylon bag for
garbage, etc. The main aim in this paper is zero-emission
or near to zero-emission of PM;, particles. The
conceptual design focuses on minimizing of PMi,
emission around the sweeper. Four different concepts
which are shown in the figure 4 to figure 7 were
generated.



. Traction electric motor
Hydraulic drum brakes

Differential

Fig.3. Electric transaxle

Filtering stage (the operator can
take out the filter from above)

CONCEPT 1

Garbage Clean air

Plastic bin with a
nylon trash bag

Additional water pipe
in the garbage

FILTER

FilisE carvas Plastic bin with a nylon trash bag

Hermetic connection to
the metal channel

+Removable
nylon trash bag

Springs

(oL

-

Wheels with a simple
. mechanism for
movemant

Vibrating
(movable)
platform

.
I

Contaminated air

metal sheet

Fig.4. Concept design 1

CONCEPT2 /[

Fan «—

Suction
part

Filter bag . Outlet airflow with

Plastic PM10 particles

bag nylon Water tank 30L
Garbage o

Fig.5. Concept design 2

The mechanical solution with filter canvas and springs for
removing the particles from the canvas was a first concept
design which is shown in figure 4.

12

CONCEPT 3

Flexible
hose

)

Filtered air -/ ‘
[ \"
| )
\ N

Filter bag

Plastic ) : e®g 0 : If
bag nylon ™ o %o '.'.
Garbage e e =

Fig.6. Concept design 3

Suction part

CONCEPT 4 /f :
| 7 : \ )

Fan |
Bin Cyclone filter
i for PM10
Plastic bag
nylon
1
Suction part Garbage Filtered air
a)

Inlet in cyclone filter

b)

Outlet from cyclone filter — Filtered air

N

Inlet in cyclone filter
First level of filtration

Second level of filtration

Third level of filtration

Fig.7. Concept design 4: a) concept, b) cyclone filter for
PM10, c) exploded view of cyclone filter and d) section
view of cyclone filter

The concept design 1 consists of a plastic bin with wheels
for easy garbage removal and inside the plastic bin there
is a nylon trash bag.The air flow with a lot of PM,g
participles passes across a filter canvas and filtered air
comes out from the machine. The filter canvas is
connected with springs and an actuator which vibrate and
remove particles form the filter canvas. The concept
design 2 which is shown in figure 5 consists of filter bag,
nylon bag for garbage, system for removal of bigger parts
from garbage with rotating brush and filtering system



with water for filtering PM,, particles. The air flow with a
lot of PM, participles passes across water and filtered air
comes out from the machine. The filter bag also allows
purification of bigger part form contaminated air with
PM, particles. The other part from air flow with PM;,
participles pass across filtering system with water. The
concept design 3 shown in figure 6 consists filter bag,
nylon bag for garbage and flexible hose for air-
recirculation. The air-recirculation system allows air flow
with a PM;, particles to recirculate and stay into the
sweeper in order to reduce emission of PM,, particles.
The concept design 4 shown in figure 7 consists trash bin,
nylon bag for garbage and cyclone filter for removing of
PM,, particles. The cyclone filter allows purification of
contaminated air with PM,, particles. Air flow with PM,,
participles passes across a cyclone filter and is filtered.
The cyclone filter has three levels of filtration. The first
level of filtration under centrifugal force separates the
bigger particles from the air. The big particles go to the
outlet. The second level of filtration is through a
cylindrically shaped filter canvas. The third level of
filtration is also through a conically shaped filter canvas.
All of the concept designs contain a suction system as
shown in figure 8 with an inlet flexible hose, a centrifugal
fan with shredder function and a metal channel. The outlet
of the suction system goes to the garbage bag and
filtration system. These parts are retained from the old
sweeper with a diesel engine shown in figure 1. The
arrows show directions of air and garbage traveling
through the sweeper.

'B
/',, i/' — —
| —>
| . — =
‘ Outlet
A B

o

.
Suction ,/ el
part / / e

/2 / 5

Inlet —

Fig.8. Schematic representation of suction system

The values of air velocities and pressures in the sections
A-A and B-B in the suction system shown in figure 8§ are
experimentally determined according to the old sweeper
with a diesel engine. The values were used for
determination of electric motor parameters.

The motor power P [W] is calculated by the below
equation:

— 4aP-g
== (1)
where 4F [W] represents the pressure drop, Q [m3/h]
represents air flow and # represents efficiency of
centrifugal fan. The values of pressure drop AF and air
flow Q@ are calculated according to experimentally
obtained values of velocities and pressures in section A-A
and B-B, shown in figure 8. The efficiency of the
centrifugal fan is in range 1 = 0,5-0,6.

P

13

The motor torque T [Nm] is calculated by the equation
below:

2

where P [W] represents motor power and n [rpm]
represents rotation per minutes of a centrifugal fan. The
number of rotations was experimentally determined
according to the old sweeper with diesel engine.
According to previous calculations, the electric motor was
chosen with the following parameters: fan motor power
from 5,5 [kW] and vacuum fan speed up to 2700 [rpm].
The proposed concepts were made and tested in order to
experimentally proof their functionality. In figure 9
prototypes of the concepts are shown. The concept design
3, shown schematically in figure 6 and shown as
prototype in figure 9 c), gave the best results with a very
small emission of PM;, particles practically zero-
emission.

Fig.9. Prototypes of concept: a) design 1, b) design 2, c)
design 3 and d) design 4

In order to proof the efficiency a new concept solution of
the sweeper with air recirculation system for reducing of
PM, particles and old sweeper with a diesel engine were



tested together in same conditions in according to
standards EN 481 [23], EN 482+A1 [24] and CEN/TR
15230 [25]. According to the standards measurement
equipment was used: personal sampling pump (fig. 10.
b)), analytical weighing device (fig. 10. c¢)) and conical
inhalable sampler (fig. 10. d) and e)). In figure 10 is
shown the measurement equipment for workplace
atmospheres and illustration of equipment installation
(fig.10 a). The old sweeper with a diesel engine exists on
the market more than 30 years and has international
approval according to standards EN 481 [23], EN 482+A1
[24] and CEN/TR 15230 [25]. The value for respirable
dust for the old sweeper is under 5.0 mg/m”.

b)

a)

{ fair Flow
(ELé - Sampler body
s , Filter support
/TR / Casette upper half

’Heiainmg ring
/

X
Casette lower half \

e) Filter !

Fig.10. Measurement equipment: a) installation, b)
personal sampling pump, c) analytical weighing device,
d) conical inhalable sampler and e) exploded view of
conical inhalable sampler [26]

a)

Fig.11. Filters after measurement: a) novel design with
air-recirculation system and b) old sweeper with diesel
engine

In figure 11 are shown filters after measurement for novel
design with air-recirculation system and old sweeper with
diesel engine. The obtained results show that the novel
design with an air-recirculation system is three times
better than the old sweeper with diesel engine. The novel
design collected 34 [kg] garbage (fig. 12 a) and the old
sweeper with a diesel engine collected 17 [kg] garbage
(fig. 12 b) in the same working time and same conditions.
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In summary, the novel design of revolutionary air-
recirculation system is better than the old. The new design
not only increases the suction performance but the dust
filtration capacity as well.

Fig.12. Sweepers: a) novel design with air-recirculation
system and b) old sweeper with diesel engine

8.3. Product development

The product design phase is focused on refining the
concept into a high - quality product. The product’s
design is evaluated for its performance, robustness,
quality and cost. After all the important aspects were
considered, such as performance, robustness, quality and
cost, a novel design of a fully electric vacuum sweeper
was created. The electric vacuum sweeper GM400ze was
modelled with the application of the SolidWorks
software, using modules: part, assembly, sheet metal,
surface modelling, etc. In the figure 13 the 3D assembly
model in SolidWorks of the vacuum sweeper is shown.
The assembly model consists of more than 1500 parts and
more than 35 subassemblies.

e

Fig.13. 3D assembly model in SolidWorks of a novel
design of electric vacuum sweeper

The product design in SolidWorks was an iterative
process and when finished the next step was creating
technical documentation and dxf files for production. The
technical documentation includes technical drawings for
production, process notes for assembly, datasheets for
component (BOM-BIill of materials), owner’s manual,
service manual, spare parts catalog, etc. Preparation of
technical documentation is a very difficult and travail
work for engineers. Manufacturing of metal components
is carried out using laser cutting machines for sheet metal
and pipes, bending, milling, etc. Electric and electronic
components were ordered from other manufacturers using
catalogues.



Additionally, more features were created, such as working
beacon, touchscreen tablet, flexible suction hose for hard
to reach areas, expandable chariot system that allows
more comfort, etc. In figure 14 options of a new sweeper
are shown. Significant additional features are touchscreen
tablet (fig. 14 b) and air-recirculation system (fig. 14 c).
The dimensions of the electric sweeper (2997 x 1140 x
1243 [mm]) are shown in figure 14 d) together with the
sweeper’s weight 500 [kg].

The electric sweeper was tested in real conditions and
showed that it has excellent slope performance and
overcame a slope of 25%. The maximum travel speed is
12 [km/h]. The sweeper has excellent suction
performance when centrifugal fan has speed in the range
between 1400-1800 [rpm]. The battery consumption is in
range between 1400-1800 [rpm] when fan speed is in
range between 15-18% per hour, the battery consumption
in travel speed is about 7%, the battery consumption can
satisfy a full 8 - hour work-shift autonomy with 10 [kWh]
lithium-ion battery as standard. The electric sweeper has
nearly zero-emission of PM, particles which is a result of
the revolutionary air-recirculation system which improves
the suction and dust filtration and decreases particle
exhaust three times.

Operational time and battery consumption in full work-
shift are listed in table 2. The travel mod is the operation
when sweeper goes from place of sweeper storage to
working place and opposite. In travel mod only the
electric motor from transaxle, display and electronics
work. The working mod is the operation when all
consumers work, such as the electric motor from
transaxle, suction system, front brushes, display,
electronics, etc. Operational time in working mod is 5
hours and in this mod the battery consumption is the
biggest. The rest of the time the machine is switched off.
Table 2 is obtained experimentally and it confirms that
the machine can satisfy 8 hours with full work-shift
autonomy with a battery capacity of 10 [kWh].

Table 2. Operational time and battery consumption

Operations Operational time Battery
p [hours] consumption [%]

Travel mod 1 (1 x7=7%) 7%
Working mod | 5 (5 x 17=75%) 85%
Breakfast or
lunch break 0.5 0%
Mamtengnce 0.5 0%
of machine
Throwing 025 0%
garbage
Cleaning and
washing of 0,5 0%
machine
Trash bag 025 0%
placement
Total 8 92%

9. CONCLUSION

This paper presented the design process of a fully electric
vacuum sweeper with zero-emission and zero-noise, the
best walk-behind sweeper equipped with a revolutionary
air-recirculation system that not only increases the suction
performance but also the dust filtration capacity. All
stages of the design process are described. Such stages
are: identification of market needs, project planning,
definition of the product’s engineering specifications,
conceptual design and evaluation, product development
using CAD software, testing, etc.

The project was a collaboration between the company
Green Machines DOO Veles and the Faculty of
Mechanical Engineering in Skopje in order to improve
and redesign their existing small vacuum sweeper GM400
with a diesel engine into fully electric vacuum sweeper
GM400ze.

Sweeper weight - 500kg

Fig.14. The sweeper featuré@: a) additional features, b)
touchscreen tablet, c) air-recirculation system and d)
dimensions and sweeper weight [16]

The new sweeper GM400ze was tested in real conditions
and showed excellent performance in the main aim of the
project toward reducing PM, particles in order to satisfy
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the European standards for workplace atmospheres and
protect the operator from PM;, particles. The GM400ze
performances are: fully electric sweeper, 8 hours one
work-shift autonomy, use of a 10 [kWh] lithium-ion
battery, maximum slope of 25%, the maximum travel
speed is 12 [km/h], excellent suction performance, quiet
operation, easy maneuver, digital control display,
ergonomic control handles, easy to use wander hose,
simple daily maintenance, etc. The plastic cover grants
swift access to the debris grinder and trash compacting
storage compartment so maintenance and cleaning can be
performed with ease and high efficiency, saving a lot of
time and energy.

The presented electrical sweeper GM400ze can be further
upgraded in the future with additional modules to obtain
an improved version of a sweeper such as online tracking
for aspect of maintenance, easy service, optimizing, etc.
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INNOVATIVE DESIGN SOLUTIONS OF GEAR TRANSMISSIONS
FOR INDUSTRY 4.0

Milan RACKOV

Abstract: Gear transmissions are relatively simple mechanisms whose quality, price, delivery time and
design appearance are almost equal. This is the common reason why it is very difficult for all gear
manufacturers to ensure the successful placement of their products on the market. However, regardless of
their simplicity, gear transmissions may have different design and technical solutions, and due to
different limitations of individual components, the calculation of load capacity and other technical
characteristics can be quite complicated. In accordance with the basic settings of Industry 4.0, smart
transmissions are being developed that will be able to provide a certain advantage over the competition
and thus, for sure, ensure the successful business of these innovative companies. This paper describes the
basic principles of construction using new technologies, primarily using the Internet of Things and digital
twins. The paper includes an analysis of approaches to the creation of Digital Twins. Describe why
Industry 4.0 is so different and specific, define what is Cyber-physical systems and the Internet of Things,
and what is predictive monitoring with using different sensors.

Keywords: Innovative design, Gear transmissions, Digital twin

1. INTRODUCTION

Due to the very strong competition, all gear
manufacturers are trying to create some advantage over
the competition in order to improve the placement of their
products on the market. Many manufacturers try to attract
customers by short delivery times. Other manufacturers
try to achieve this with high quality, although there are
also manufacturers who try to obtain customers with low
prices (which is achieved either with cheaper labour, a
more favourable conceptual solution, or slightly lower
quality of their gearboxes). Of course, some
manufacturers obtain customers with a high-quality level
of gear transmissions and also with a more attractive
appearance of their gearboxes. [1]

Gears, depending on their application, have different
dimensions, design, technical characteristics, as well as
different damages, failures and limited conditions under
which they are determined. They are certainly among the
most complicated mechanisms for calculation, design and
construction and have a very important and general
significance in modern mechanical engineering. [2]
Modern solutions of universal helical gearboxes are
characterized, first of all, by large torque capacity and
high values of gear ratio in the frame of relatively small
overall dimensions of the gear unit. [1]

The rapid development of information and communi-
cation technologies (ICT) has led to the development of
the fourth industrial revolution, i.e. Industry 4.0, which is

18

based on the use of information and communication
technologies (ICT) and their communication using the
Internet. This brings additional new components that are
necessary for modern power transmissions, and without
which it is impossible today to perform modern design,
production, supervision and maintenance.

2. IMPLEMENTATION OF INDUSTRY 4.0 AS
A MODERN DEVELOPMENT OF GEAR
DRIVES

Industry 4.0 offers huge potential for improvement and
success not only in the field of gear drives production but
mostly for product innovation. Efficient engineering of
the new generation of smart products and services is
appeared, as well as new business models that are used in
their marketing. In order to be able to successfully use
this potential, manufacturers are facing a great process of
transformation, i.e. cardinal changes where they have to
overcome many challenges.

The focus of these changes is mostly related to process
models, methods, IT tools and information models in the
development of smart products and services. The
development of products and services is the most
important phase of engineering since in this phase lies the
greatest innovation potential and the characteristics of
future products are determined here. [3]

The essential goal of Industry 4.0 is to make
manufacturing — and related industries such as logistics —



faster, more efficient and more customer-centric, while at
the same time going beyond automation and optimization
and detecting new business opportunities and models. In
that way, personalization and customization of gear drive
manufacturing will be established.

The fourth industrial revolution arose in the correlation
between the existing traditional industry and innovations
in the field of the Internet, i.e. in the field of information
and communication technologies (ICT).

Innovations based on ICT can be divided into five
categories (Fig.1):

o Internet (Internet of Things, Internet service, ...);
Hardware (smart devices, cloud computing,
augmented reality, ...);

Software (service-oriented architecture, semantic and
Big-Data technologies, ...);

Communication (5G, WiFi, ...);

Built-in microsystems (microprocessors, microsensors,
microactuators, ...). [3]
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Fig.1. Industry 4.0 — the digital transformation

Trends in the development of modern technical facilities
and their production largely refer to the ideology of
Industry 4.0, in which a key role is played by the
development of the sensor base and intellectualization of
machines and materials [4], the Internet of things (IoT)
and the creation of digital twins of items.

Industry 4.0 is characterized by much better automation,
the bridging of the physical and digital world through
cyber-physical systems, enabled by Industrial IoT. A
central industrial control system is shifted to one where
smart products define the production steps, there are
closed-loop data models and control systems and
personalization and customization of products are applied.
The basic structure of industrial products (BMS), in this
case, gear transmission, consists of mechanical
components (gears, shafts, bearings, etc.) (Fig.2). In
further evolutionary development, this structure was
supplemented by electronic components and software,
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thus creating mechatronic products (MP). As a result of
the development of miniature microcomputers and further
software development, mechatronic products were
equipped with artificial intelligence, so intelligent
mechatronic products (IMP) appeared. In the next
evolutionary step, products are enhanced by the ability to
communicate with other products and the Internet. These
products are called “Cyber-Physical Systems” (CPS). [3]
Cyber-physical systems form the basis of Industry 4.0
(e.g., smart machines). They use modern control systems,
have embedded software systems and dispose of an
Internet address to connect and be addressed via the
Internet of Things (IoT). [6]

The cyber-physical systems are the basis and enable new
capabilities in areas such as product design, prototyping
and development, remote control, services and diagnosis,

condition  monitoring, proactive and predictive
maintenance, track and trace, structural health and
systems health monitoring, planning, innovation

capability, agility, real-time applications and more. [6]
Looking at Industry 4.0 as the next new stage in the
organization and control of the value chain across the
lifecycle of products, this ongoing improvement in which
CPS fits started from mechanical systems and moved to
mechatronics (where controllers, sensors and actuators are
used) and adaptronics, and is now entering this stage of
the rise of cyber-physical systems.

Cyber-physical systems essentially enable us to make
industrial systems capable to communicate and network
them, which then adds to existing manufacturing
possibilities.

They result to new possibilities in areas such as structural
health monitoring, track and trace, remote diagnosis,
remote services, remote control, condition monitoring,
systems health monitoring and so forth. [6]

Characteristics of cyber-physical systems:

CPS represents an evolution in manufacturing,
mechanics and engineering because they provide digital
and physical bridging of system components, which is
possibly thanks to Internet technology, and the
bridging/convergence of Information Technology and
Operational Technology;

e CPS can communicate since they have intelligent
control systems, embedded software and communication
capabilities as they can be connected in a network of
cyber-physical systems;

e CPS can be uniquely identified because they dispose
of an IP (Internet Protocol) address which means that they
use Internet technology and are part of an Internet of
Everything in which they can be uniquely addressed (each
system has an identifier);

e CPS must have controllers, sensors and actuators (but
this was already the case in previous stages before cyber-
physical systems in mechatronics and adaptronics);

CPS are the basic building blocks of Industry 4.0 and
the enablers of additional capabilities in manufacturing
such as track and trace and remote control;

The capabilities which are possibly thanks to cyber-
physical systems enable smart factories, smart logistics
(Logistics 4.0) and other smart areas of applications.
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Fig.2. Evolution of stages from machine products (BMS) to smart products (SP) [5]

Industry 4.0 offers multiple benefits for the production of
gear transmissions. Central requirements from gear drive
production are increased productivity, flexibility, quality
and speed production (Fig.3). One of the first goals of
Industry 4.0 is productivity through optimization and
automation. In other words: saving costs, increasing
profitability, reducing waste, automating to prevent errors
and delays, speeding up production to work more in real-
time and in the function of the overall value chain, where
speed is crucial for everyone, digitizing paper-based flows,
being able to intervene faster in case of production issues.
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Fig.3. Industry 4.0 offers multiple benefits for production

Productivity increasing of gear drives can be obtained by
using a higher level of automation that reduces production
time and enables better asset utilization and inventory
management. The flexibility of gearbox manufacturing
can be realized through machines and robots that can
execute the production steps for a large number of
products. Sensors and actuators that monitor the current
production in real-time and quickly intervene in case of
errors increase gear transmission quality. Production
speed is increased by using consistent data and, e.g. new
simulation opportunities.
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There is also improvement of manufacturing conditions.
For example, occupational safety is improved through
increased automation. Ergonomically adapted
workstations offer better working conditions. Increased
collaboration in the product network is the result of
consistent data availability. Environment is better
protected by using optimized use of resources (e.g., more
energy-efficient operation of machinery). Inovative
capability is increased through new technological
possibilities in manufacturing.

New generations of automated sensors connected to the
Internet and supported by developed hardware and
software tools enable the creation of fully digitalized
factories. Industry 4.0 has already been introduced in
many countries, thus ensuring the survival of the industry
and its competitive development in modern conditions.
Modern digital technologies such as the Internet of Things
(IoT), robotics, cloud computing, cyber-physical systems
and scalable big data analytics are key to implementing
the Industry 4.0 concept. Industry 4.0 implies complete
digitalization of all production processes and application
of the mentioned digital technologies when creating an
idea about a product, product engineering, production
organization, production realization, process control and
provision of industrial services. [4]

3. INTERNET OF THINGS AND INDUSTRY
4.0 AT GEAR DRIVES DEVELOPMENT

Trends in the development of modern technical facilities
and their production largely refer to the ideology of
Industry 4.0, in which a key role is played by the
development of the sensor base and intellectualization of
machines and materials, the Internet of things (IoT) and
the creation of digital twins of items.

New generations of automated sensors connected to the
Internet and supported by developed hardware and



software tools enable the creation of fully digitalized
factories. Industry 4.0 has already been introduced in
many countries, thus ensuring the survival of the industry
and its competitive development in modern conditions.
Modern digital technologies such as the Internet of Things
(IoT), robotics, cloud computing, cyber-physical systems
and scalable big data analytics are key to implementing
the Industry 4.0 concept. Industry 4.0 implies complete
digitalization of all production processes and application
of the mentioned digital technologies when creating an
idea about a product, product engineering, production
organization, production realization, process control and
provision of industrial services. [4]

The Internet of Things (IoT) is a new type of
communication between intelligent devices. Practically, a
parallel internet is being created in which things
communicate with each other, exchange information,
manage each other, react and influence the environment in
which they find themselves, without the influence of
people. [3]

The presence of an IP address by definition means that
cyber-physical systems, as objects, are connected to the
Internet (of Things). An IP address also means that the
cyber-physical system can be uniquely identified within
the network. This is a key characteristic of the Internet of
Things as well.

Cyber-physical systems are also equipped with sensors,
actuators and all the other elements which are part of the
Internet of Things. Cyber-physical systems, just like the
Internet of Things need connectivity.

The Internet of Things consists of objects with embedded
or attached technologies that enable them to sense data,
collect them and send them for a specific purpose.
Depending on the object and goal this could be capturing
data regarding movement, location, presence of gasses,
temperature, ‘health’ conditions of devices, the list is
endless. [7]

IoT devices can also receive data and instructions, again
depending on the ‘use case’. All this applies to cyber-
physical systems as well, which are essentially connected
objects. There are more similar characteristics, but there
are already many common things.

The Internet of Things focuses on looking for all the
influences that surround a machine system to provide the

Table 1. Differences between loT and Industrial IoT [7]

right hardware and software to give this system a market
advantage. In Industry 4.0, technology is required to be
more scalable and flexible enough to respond well to
changes in the supply chain as well as the entire product
line. The main difference that makes both IoT and
Industry 4.0 technologies key components of advanced
industry transformation is connectivity. IoT seeks to
connect everything to the Internet, and Industry 4.0
describes the idea of connecting sensors, actuators,
control units, logistics services, other planning systems,
and so on. [4] Because data-intensive industries require
secure and reliable technology that is capable of storing
and processing data in the cloud for better availability.
The advanced companies that introduced Industry 4.0
strive to manage their business remotely to achieve better
results in an economical price structure. IoT allows
remote monitoring of each device in real-time. It also
keeps data secure and requires less manual work through
all of these operations.

Machine systems are required to have efficient tools or
systems that help manage big data and use it to infer
outcomes based on different situations. IoT technology
includes sensors and advanced connections of all
components that are controlled and monitored. This way
of connecting enables quick answers and better decision
making at the right time.

The Internet of Things promotes effective machine
system management strategies and improves their
performance thanks to a constant control system. This
helps to reduce their workload through manual handling
of each task and to automate the entire industrial
processing. Thus, it leads to relatively simpler
maintenance of the device and simplifies the decision-
making process.

3.1. Major Differentiators of IoT and Industrial
IoT

The term internet of things (IoT) is often used these days.
This technology is nothing but smart devices that are
having good connectivity and can communicate with each
other seamlessly. The number of IoT devices is growing
exponentially with each passing day.

Points of distinction

IoT

Industrial IoT

Security

Not critical

Is a crucial element

Scalability

Limited data processing

Support large scale network

Development focus

To improve consumer convenience

To make industrial operations
efficient and effective

Interoperability

Not much integration required

Integration with legacy Operational
Technologies

Precision

Can be close to accurate

Should be accurate




An almost identical term used is Industrial IoT (IIoT).
Although both of these terms sound almost the same,
because they are both based on the same technology and
depend on the interconnection of devices, there are
significant differences in these two concepts. [7] IoT is
usually used by consumers, and as the name suggests,
industrial IoT is for industry, such as manufacturing,
transportation, etc. Table 1 shows the basic differences
between these two terms.

In the IoT interconnected system, safety is not a huge deal
because consumer data does not require any security. The
security of industrial IoT is becoming a key element when
it comes to data entry and transmission. The disruption of
production systems that involve industrial IoT costs huge
financial resources and disrupts the economic activity of a
large number of people and processes. Therefore,
industrial IoT solutions consist of a series of advanced
security measures, using security and resilient system
architectures, encryption and authentication, specialized
chipsets and threat detection.

Industrial IoT solutions must coexist with older operating
technologies such as SCADA, M2M and other production
execution systems. It is difficult to make older operating
technologies disappear quickly. Industrial IoT will replace
them, but to do so, it must first integrate with them, so
industrial IoT solutions must support different protocols
and datasets. [7]

In the contrast to IoT solutions, the Industrial IoT
solutions must be very precise and accurate. From data
entry to analysis, accuracy and precision should not be
compromised because the automatic high-speed, high-
volume manufacturing processes are synchronized to
milliseconds. The quality assurance systems detect small
dimensional variations in the data and take an immediate
course of actions which are entirely dependent on those
measurements. In the Industrial environment, “close
enough” isn’t good enough, and can cause downtimes,
which ultimately results in lost revenues or loss of life.

4. DIGITAL TWINS - A CRITICAL
MILESTONE TOWARD THE SMART
INDUSTRY

Although the concept of a digital twin exists for quite a
time, only thanks to the Internet of Things (IoT) it has
become cost-effective for implementation.

Simply, the digital twin is a virtual model of a process,
product, or service. This pairing of the virtual and
physical worlds allows data analysis and system
monitoring to solve problems before they even occur,
prevent downtime, develop new features, and even plan
for the future using simulations. [8]

The digital twin of an item is a computer image
corresponding to a real one. It is created for each item during
the design process, and then the digital twin is detailed
during the production of the item and becomes its exact (in
the ideal case) digital copy, which allows the reproduction of
all the basic properties of the item. Then the digital twin goes
through all the stages of the life cycle of a physical object.
Since the gear transmissions are among the most difficult
mechanisms to calculate and design, the methods of their
calculation, design and diagnostics have a general
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significance in machine building. Certainly, it is
unrealistic to use a single and universal model that
describes all the properties of a technically complicated
mechanism, such as gear transmission.

Creating a digital twin based on a set of models and
methods that reflect the transmission behaviour as a
whole in functional and reliable aspects (lifetime
mechanics) is an effective way to solve the problem of
transmission design and maintenance during its life cycle.
(2]

The central concept of Industry 4.0 is a cyber-physical
system (CPS), which is characterized by a physical object,
for example, a machine, and its digital twin, in the form of
a model or a set of models that are implemented in
software simulating the behaviour of the physical object.
Fundamentally, new parts in Industry 4.0 are components
that are largely developed in mechanics. The most
important ones are the model approach and the digital
twin of the product, as well as sensor bases, wireless data
transmission, diagnostics and analytics.

Digital twins are ready to transform manufacturing
processes and offer new ways to reduce costs, monitor
assets, optimize maintenance, reduce downtime and
enable the creation of connected products.

Faults and defects of mechanical transmissions increase
costs and overload employees in the production process.
To alleviate these problems, manufacturers can use the
digital twin, as one of the Industrial IoT functions. The
digital twin replicates the mechanical transmission during
its development into digital form. By upgrading the
sensors, manufacturers collect data on the entire working
mechanism of their equipment and the expected output of
each unit. The data entered from the digital model allows
manufacturers to analyze the efficiency, effectiveness and
accuracy of the system. It also helps identify potential
congestions in the production of a mechanical
transmission, which helps the manufacturer create a better
version of the product. [9]

The digital twin can allow companies to have a complete
digital footprint of their products from design and
development through the end of the product life cycle.
This, in turn, may enable them to understand not only the
product as designed but also the system that built the
product and how the product is used in the field. With the
creation of the digital twin, companies may realize
significant value in the areas of speed to market with a
new product, improved operations, reduced defects, and
emerging new business models to drive revenue.

The digital twin may enable companies to solve physical
issues faster by detecting them sooner, predict outcomes
to a much higher degree of accuracy, design and build
better products, and, ultimately, better serve their
customers. With this type of smart architecture design,
companies may realize value and benefits iteratively and
faster than ever before. [10]

4.1. Approaches for creating digital twins

Three approaches can be distinguished when creating
digital twins.

The first approach considers general methodology for
any field of application. The main tool is the use of big



data and analytics. This approach is mainly used to
improve items that have relatively short lifetimes. At the
same time, models of workflows of items are not
considered in detail. So, in one paper [11], operational
data is used to improve the production process and
service. Another paper [12] considers the possibility of
applying operational data to the design process. Digital
twin-driven product design (DTPD) is proposed and
analyzed. DTPD is expected to be most useful for the
iterative redesign of an existing product instead of a novel
design or a completely new product.

The second approach is based on the use of universal
methods and software based on certain physical
(mechanical, etc.) models. At the same time, modelling
the workflow of an item is widely used. To simulate the
behaviour of items, the finite element method and
methods of multibody dynamics are widely used. Siemens
AG gives typical examples of the second approach.

The digital twin can be considered as the virtual copy of a
real-world asset. It integrates here with all data, models
and other structured information related to the product,
plant, infrastructure system or production process. This
data can be generated during design, engineering,
manufacturing, commissioning, operation or service. The
fast adoption of the digital twin concept builds on
advances in simulation methods, computing power,
availability of IoT data and artificial intelligence. [13]
Two key elements of the digital twin are that it is holistic
and dynamic. Holistic implies that all information is
integrated and consistently consumed at various parts of
the life cycle, connected through a digital thread.
Dynamic implies that the digital thread grows over the life
cycle, completing the system description and adding
higher levels of detail when these become available and
updating the underlying models based on the actual
product use.

At its highest level, a digital thread is a continuous,
seamless strand of data that connects each stage of the
product life cycle from design, to build, to in-the-field
usage. It provides, in effect, the channel through which
data about the product travel. Such data—their storage,
ready access, modelling, and analysis—are what create
the ability to model production and drive efficient supply
chain communications. [10]

The third approach includes special models and
methods related to specific objects. In this case, these are
gears and transmissions.

Some papers give different modern representations of
digital twins in the field of gears and transmissions. A
paper [14] describes a simulation-based model meant to
predict the fatigue endurance of tooth root. The model can
be regarded as a digital twin of performance and enables
the prediction of the fatigue behaviour of tooth roots even
for conditions which are not covered by the standards yet.
One publication [15] describes an efficient and goal-
oriented way, which presents the immense advantages of
the use of digital twins, shown in the example of spur gear
stage design, the definition of macro geometry and the
final microgeometry optimization of the tooth flank.
Another paper [16] points out that nowadays a large
number of different CAE tools are available for the design
and analysis of a gear unit and its components, each of
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which has its own strengths. A major milestone for
Industry 4.0 is the establishment of industry-wide
standards. The German Research Association for Drive
Technology (FVA e.V.), in close cooperation with
industry and research, is developing an industry-wide
standard for simple data exchange in transmission
development under the name REXS (Reusable
Engineering EXchange Standard). The REXS initiative
pursues the goal of providing a “digital twin” in
transmission development and calculation. REXS defines
uniform parametric modelling and nomenclature of gear
units and their components across standards and
industries, based on detailed terminology from FVA’s 25
project committees and 50 years of joint industrial
research.

This is meant to reduce the number of interfaces involved
in the design process. This is the vision of the REXS
initiative: a free, nonproprietary, standardized interface
for the exchange of transmission data which reduces the
complexity of data exchange in the design process
significantly (Fig.4).

detailed design

first draft design construction (CAD)

component

'analysis 4=) FE-analysis

manufacturing dynamics

simulation
customers & external partners

Fig.4. Design process with standardized interface REXS

REXS has the potential to establish itself on a large scale
as a standard model for data exchange in the field of gear
unit design and analysis. This would result in several
advantages for the software manufacturers, for the
companies using the tools and for the users:

1. Transmission designs and analyses at any level of
detail, i.e. from the overall system view via the analysis of
individual components to the individual physical
phenomena, can always be carried out based on a single
data model;

2. A simple data exchange between classic analytical
gear design programs and universal dynamic, FE and
CAD systems would be possible. Expenses for additional,
specific modelling could be greatly reduced, etc.

4.2. Vision and understanding of the “Digital
Twin”

The following aspects are essential:

e Each part of the machine is represented as a source of
information signals;

e The machine units in which it is possible and
appropriate to implement the principles of reflexive



control are allocated; procedures for the identification of
information sources, control objects and reflexive nodes
are provided, then their interdependences are determined.
The information model should be designed in such a way
as to allow the use of various sources: semantic, structural
(logical), parametric (quantitative, mathematical) models;
measurement results; expert evaluations; means of
simulating the elements and units of the machine (in slow,
accelerated and real time scales in relation to the current,
retrospective and predicted state).

Thus, the developed methodology anticipated one of the
principles of Industry 4.0: the creation and use of an
item's digital twin.

The assumption that there are possible conflicts among
the subsystems of the machine, endowed with intellectual
properties, can be considered as a forecast for the
forthcoming Industry 4.0 technologies.

Modern authors’ conception is depicted in Figure 5 [17].
This concept is presented in detail below in relation to
gears and transmissions.
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Fig.5. Evolution of the item and its digital twin
during life cycle [17]

Fortunately, software tools are rapidly rising to the
challenge of concurrently building and integrating digital
twins. As the technology evolves, those tools will grow
more powerful and sophisticated, and IoT-enabled digital
twins will become more tightly integrated into a plant’s
production processes, and far more capable.

They will also become smarter, using machine learning
programs, a type of artificial intelligence, to learn more
about a factory’s machines and improve the ability of
digital twins to simulate and predict their behaviour.

As artificial intelligence systems learn more about
specific machines, they will use their digital twins to help
engineers run plants more efficiently. If there is some
problem with a machine, artificial intelligence can
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analyze it to see what is wrong. The better the artificial
intelligence knows the machine, the more accurately it
can predict when that failure is likely to happen. [18]

The growing importance of digital twins in IoT projects
today de facto is mainly mentioned in the scope of the
manufacturing sector, the bridging of digital and physical
worlds in Industry 4.0, the digital transformation of
manufacturing and industrial markets overall, including
smart supply chain management. As written previously,
the usage of the IoT in manufacturing is the highest of all
verticals from an IoT technology investment perspective.
It’s also thanks to IoT that digital twins become
affordable and most certainly alter the face of
manufacturing technology. [6]

S. PREDICTIVE MAINTENANCE —
INCREASING UPTIME AND REDUCING
RISKS

Predictive maintenance always seemed like the perfect
use case for the Internet of Things (IoT), more
specifically for Industrial IoT (IIoT) and environments
where uptime of specific assets is critical and breakdowns
can have important consequences for several reasons.
Many of the main technologies that are mentioned in the
context of the Industry 4.0 play a role in predictive
maintenance (Maintenance 4.0, PdM 4.0) and its
evolutions: big data, artificial intelligence, machine
learning, IoT, cloud computing, data analytics and,
increasingly, edge computing and digital twins.

Sensors and actuators are transducers (Fig.6). A
transducer converts a specific signal which comes in a
specific form of energy into another signal in a different
form of energy. Sensors convert signals in areas such as
heat, humidity, pressure, presence of gases, pressure,
acceleration and so forth into a digital signal that gets sent
to a control and/or data aggregation systems such as a
sensor hub or gateway. They are the start of all IoT data
capture and thus must be accurate. The exact types of
sensors (there are over a hundred) depend on what should
be achieved. In some IoT use cases, projects or devices
there are only a few sensors (per connected device), in
others there are often thousands.
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Transmission systems of vehicles and tractors operate
under conditions of varying speeds and loads. In addition
to internal factors, external ones (the road surface, car
loading, driver skills) influence on the vibration
characteristics of transmission units. The main feature of
the developed diagnostic method is using conceptual
modelling for the oscillating process in the gear drive and
the propagation of vibrations in the transmission. It is
advisable to apply together integral diagnostic models and
predictive ones based on damage accumulation. Such a
‘two-coordinate’ approach (two points of view) ensures
higher veracity of the individual lifetime forecast. [2]

An example is a reducer of a motor wheel of a mining
dump truck. The reducer of a motor wheel with installed
sensors is shown in Figure 7, and processes in an onboard
monitoring system are in Figure 8.

Fig.7. Reducer of a motor wheel with sensors [2]
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Fig.8. Processes in the RMW and its monitoring system [2]
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Industrial IoT, in combination with predictive analytics
and machine learning, however, are the main drivers of
the more mature stage of predictive maintenance.
Actionable, often real-time, data on pre-defined factors
are gathered from smart sensors and predictive analytics
algorithms are applied to predict when something might
occur — and thus proactive maintenance, called predictive
in this case, is needed.

The idea of predictive maintenance is simple and
attractive enough and is similar to other forms of
proactive maintenance with some additional benefits (and
disadvantages): unexpected failure of equipment with all
related consequences can be avoided, and maintenance
can occur before something happens, instead of after the
facts (reactive and run-to-failure maintenance), when such
is deemed useful and possible. So, predictive maintenance
is one of the maintenance methods enabling to do this
kind of proactive maintenance and takes the most time
and skills to implement. In other words: it’s important to
use it where it makes true sense.

Typical goal statements of PdM 4.0:

maximize utilization, minimize costly downtime,
replace close to failure components only,

enable just in time estimating order dates,

discover patterns for problems,

key performance indicator of asset condition,

reduce risk.

Predictive maintenance uses machine learning engines
with these parameters of the monitored equipment being
used as a basis, but the actual difference concerning what
the machine learning and predictions say is what is likely
to occur within a specific time frame and with a specific
probability. Typically, this also means that predictive
maintenance uses more data sources and sets than the
sensor data from condition monitoring and digitally
recorded data from the previous stage, instrument
inspection. The difference might seem small, but it’s not.
Predictive maintenance uses monitoring data, but it uses
more and, most importantly, it, indeed, predicts.

Almost all industries require effective tools or systems
that help manage large data and use it to infer outcomes
based on different situations. IoT technology comprises
sensors and advanced gateway connectivity, which derive
informed insights for the managers. It enables quick
responses and better decision-making.

IoT promotes effective asset management strategies and
enhances their performance by sharing valuable
information with the managers. This helps reduce their
workload of manually operating each task and rather
automates the entire industrial processing. Hence, it leads
to comparatively lower maintenance of the assets and
simplifies the decision-making process. [19]

Keeping equipment in an operational state significantly
reduces operating costs, saving the budget for
manufacturers. Using sensors, cameras and data analytics,
managers in several different product lines are now able
to determine when a machine will break down before it
stops. IoT-enabled systems can sense warning signs by
using data that helps managers create maintenance
deadlines and schedule equipment services before any
problems occur.



Using real-time data from sensors and actuators,
operations managers can quickly access current
equipment conditions, recognize warning signs, receive
alerts about problems, and get rid of wasting time into
scheduling maintenance.

The sensor devices extract information from the assets
and transfer the same through the gateway on the
connected dashboard. This improves data storage on the
cloud-based platform and processes it further in a user-
friendly language, allowing effective productivity. The
managers find this data easy to analyze and discuss the
industrial flaws to encourage improvements in business
strategies. [19]

6. DIRECTING THE DEVELOPMENT
OF GEAR TRANSMISSIONS TO
THE POSTULATES OF INDUSTRY 4.0

The function of driving systems is realized by the joint
action of mechanics, sensors, actuators with appropriate
information processing. Mechanics in this context should
be understood as all components that directly participate
in power transmission. Sensors and actuators also consist
of mechanical components, but in this case, they represent
the connection between the mechanics and the processor
for processing information. With the help of sensors, it is
possible to know the quantity of the actual values of
individual operating parameters and transfer them to
information processing systems. Information processing
enables the successful control of power flow and work
processes by comparing the actual and set values of the
operating parameters of the system, and thus manages the
system in order to fulfil its operating function.

Therefore, modern driving systems with these
performances are in fact mechatronic systems, which in
nowadays conditions of technical development are
extremely important. The principle of driving systems
operating is usually based on rotational or rotational-
translational movement (transport mechanisms, industrial
plants).

The power transmission system basically consists of three
subsystems: driving engine, power transmission and
operating machine. These subsystems consist of
mechanical and structural elements. Gears, couplings,
shafts, seals and bearings play the most important role in
the synthesis of these subsystems.

These three subsystems form one oscillatory system,
which is exposed to different influences, i.e. alternating
loads. Vibrations negatively affect the successful
execution of the system's operational function and can, in
some cases lead to the appearance of a resonant state.
Therefore, monitoring devices have to be installed in
technical systems for monitoring the occurrence of
vibrations and critical states of the components of the
system.

There is a transmission of power and torque through the
transmissions, so different forces occur on its
components. In practice, various requirements are
required from gear transmission. Thus, for example, in
operating conditions, the direction of power flow can be
changed, and thus the input and output of power are
changed in transmission. There are often cases of
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branches aggregating or division of power. Particular
structural elements often perform several different
functions.

In practice, it happens that the constant gear ratio does not
meet the working conditions, but it is necessary to bring
power to several different places with different operating
parameters. There are also cases where a change in both
speed rotation and torque value in a wide range is
required.

Progress in power electronics has made it possible to
regulate speed electronically in some areas (for example a
washing machine). Many mechanical couplings are
replaced by the use of electronic controls, such as in
production systems.

However, in many areas, power transmissions are
irreplaceable, because they have many advantages:
branching and summation of power, stepwise or
continuous change of speed, reliable operation, energy
efficiency and compactness of construction.

Driving systems are part of almost all types of machines
and devices so the fulfilment of the work function in
various areas of the industry depends on their reliable
operation. If there is an aspiration to build smart factories,
then the priority is the development and creation of smart
driving systems. At the same time, it is a usual method
not to change the design solution in the initial phase, but
to install smart product systems in the existing solution of
drive systems.

In this view, the following points should be considered:
installation of sensors and software that enable full
self-monitoring of the state of operating regularity of
drive systems;

installation of systems with integrated logic functions
for monitoring the influential parameters of the
operating machine and operating environment that
affect the operation of drive systems;

installation of a sensor module for data transmission
and communication via 1O-link, which as a result has
a full connection with Industry 4.0.

For reliable operation of power transmission, it is very
important to avoid critical conditions during operation.
The risk of damage to the gearbox is reduced if the
failures are detected at an early stage. Also, repair costs,
as well as losses due to downtime, are avoided. For
example, thermal stability and dynamic behaviour play a
very important role in the reliable operation of the gear
unit. It is the easiest to monitor them through temperature
and vibration and to notice the exceeding of boundary
conditions promptly through appropriate systems.

6.1. Digital transformation of universal helical
gear reducers

The digitalization of helical gear reducers is transforming
the business models and the manufacturing processes
adopted by companies that operate in the industrial
automation field. Such companies must meet
requirements of more and more flexible production, in
small batches, with high customization and short time-to-
market, without giving up high technical performances
and utmost quality levels. These gear reducer companies



should make the effort of shaping a new automation era,
more open, interconnected, intuitive and user-friendly. All
this, thanks to the development of advanced products and
technologies, concretely resulted in an innovative factory
concept, called HUMANufacturing. This expression
defines its way to Industry 4.0, where robots and the other
industrial machines work in strict contact and in full
safety with the operator, who remains central in the
manufacturing process. [20]

Industry 4.0 has determined the need for a complete
rethinking of production models that, from a “make to
stock” logic, are evolving towards an “assembly to order”
approach. Besides collaborative robots and other
innovative  products  for  industrial  automation
manufacturers have to develop solutions enabling the
communication between operators and automation
systems through mobile devices, developed according to
the Industrial IoT vision. They are completed by
preventive and predictive maintenance instruments. Such
technologies are inspired by a right-sized automation
strategy, aimed at an efficient balancing between machine
use and human contribution in the productive context.

6.2. Innovative universal helical gear reducers —
sensors installation

In order to be adopted for smart factories, universal
helical gear reducer should be expected installation of
following sensors:

1. Temperature sensor, which will monitor the oil
temperature in the gearbox housing and if it reaches a
boundary limit value then the sensor will "inform" the
main processor. The system will assess whether the
temperature rise is due to rising ambient temperature, in
which the reducer is located, or due to a higher load of the
reducer, which occurred due to a change in the
technological process. The system will correct the
operation of other components in the system and, if
necessary, inform the operator, and in case of reaching a
critical value, the processor will shut down the driving
and, if necessary, the entire system in which it is installed.
2. Oil level sensor, which will monitor the oil level in the
gearbox housing. In case of reaching a certain minimum
value, the sensor signal will inform the system to add oil,
or in complex and responsible systems, register the place
of oil loss, and even performed automatic refuelling, and
informed the system. In case of reaching a critical oil

level value and loss of a large quantity of oil, the sensor
would turn off the drive and also inform the system.

3. Vibration sensor, which will monitor the vibration
level of the gearbox. If the vibration reaches the limit
value, the processor would check the condition of other
components in the system and check whether the cause of
increased vibration is some external sources (some
irregularity in the technological process) or an
announcement of the forthcoming failure of some gearbox
component. In the case the critical vibration value is
reached, the sensor would timely prepare the shutdown
system and turn off the gearbox and the entire system, if
necessary. By applying special systems for vibration
spectrum analysis, it would be possible to determine the
cause of higher vibrations (bearing damage, gear damage,
shaft bending, etc.) in responsible systems, which would
speed up the elimination of the causes of elevated
vibrations, or, if necessary, timely indicate for the
implementation of appropriate activities.

4. Rotation sensor, which will monitor the rotation
number of the output shaft (or gear). For example, in case
the engine is running, and the output shaft does not rotate,
the sensor would turn off the drive and immediately
notify the system. Of course, this sensor would monitor
the actual number of revolutions and in case of a
significant change, through the appropriate processor,
would conclude the need for a change in the transmission
process, or would adjust the number of revolutions to
adapt to new ones.

5. The operating time sensor, which will monitor the
operating time between two oil changes. When it passes
the estimated time for replacement, it will notify the
system.

6. Total operating time sensor, which monitors the total
operating time of the gearbox, in order to indicate the
performing the service, i.e. mandatory repairing the
gearbox or to indicate the period of occurrence of possible
gearbox failures.

In the future, motor gearboxes, i.e. their electric motors,
will certainly be, even more often than before, equipped
with drive control devices (usually frequency regulators)
which would automatically adjust the speed of the
gearbox output shaft to the requirements of the
technological process under full load. Electric motors will
be supplied with processors that provide the so-called soft
start so that there are no sudden impacts during the start
that significantly shorten the service life of the gearbox.

Fig.9. Innovative solution of universal single-stage helical gearbox: (1) solution of company REGAL [21],
(2) solution of company STM TEAM [22], solution of company PGR [23]
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Despite the fact that the current solutions of universal
gear reducers have very good design solutions, their
appearance will have to be paid even more attention
because all other parameters (quality, price, delivery
times, etc.) for most gear manufacturers, will be similar.
[24] Therefore, the appearance solution of gears will
greatly affect their placement. For example, today the
solutions of single-stage motor gearboxes of the company

REGAL (Fig.9-1) are especially interesting. The design of
single-stage gearboxes of companies STM TEAM (Fig.9-
2) and PGR (Fig.9-3) are also interesting. Similar
solutions can be expected from other gearbox

manufacturers in the future.

Interesting design solutions for two-stage helical gear
reducers are solutions of company SESAME (Fig.10-1),
Stober (Fig.10-2) and BEGE (Fig.10-3).

1 2

3

Fig.10. Innovative solution of universal two-stage helical gearbox: (1) solution of company SESAME [25],
(2) solution of company Stober [26], (3) solution of company BEGE [27]

Interesting design solutions for three-stage helical gear
reducers are solutions of the company Siemens (Fig.11-
1), Motive (Fig.11-2) and Rossi (Fig.11-3). Also, there
are innovative solutions in other types of gear reducer

1 2

mounting, for example, shaft-mounted gearbox with axial
mounting, but also in other types of gear transmission
(bevel, worm, harmonic, etc.).

Fig.11. Innovative solution of universal three-stage helical gearbox: (1) solution of company SIEMENS [28],
(2) solution of company Motive [29], solution of company (3) ROSSI [30]

1. CONCLUSION

The goal of Industry 4.0 is to enable autonomous
decision-making processes, monitor assets and processes
in real-time, and enable equally real-time connected value
creation networks through early involvement of
stakeholders, and vertical and horizontal integration.

Industry 4.0 represents the digital transformation of
manufacturing. Its most important benefits and potential
perspectives are enhancing productivity, automation and
the optimization of operational processes, business
processes, and manufacturing operations, followed by
(predictive) maintenance and smart maintenance services.
In order to move to intelligent manufacturing, smart
factories, or connected industries, it should bridge things
such as real things, people, standards, work processes
(man and machine) and more. Moreover, to bridge all that
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need data and networks. They must all inter-operate and
inter-connect. It should bridge IT and OT, have assets
such as machines that can connect and communicate
thanks to sensors and other equipment and connect
people, data, and machines. This is indeed mainly about
the Internet of Things and, in a broader perspective the
Internet of Services, Internet of People, Services and
Things and Internet of Everything.

The digital twin may drive tangible value for companies,
create new revenue streams, and help them answer key
strategic questions. With new technology capabilities,
flexibility, agility, and lower cost, companies may be able
to start their journeys to create a digital twin with lower
capital investment and shorter time to value than ever
before. A digital twin has many applications across the
life cycle of a product and may answer questions in real-
time that couldn’t be answered before, providing kinds of



value considered nearly inconceivable just a few years
ago. Perhaps the question is not whether one should get
started, but where one should start to get the biggest value
in the shortest amount of time, and how one can stay
ahead of the competition. What will be the first step, and
how will it get started? It can be an overwhelming task to
get there, but the journey starts with a single step. [10]
The beginning of the period of Industry 4.0 was
conditioned by using communication between cyber-
physical systems and the internet of things (IoT) and all
other parts of the production process. Having all that in
mind, it can be concluded that further development of
gear transmissions will be aimed at the greater application
of artificial intelligence and machine learning, primarily
various sensors and processors that will monitor and
regulate their work and communication with other
segments within the same technological process. These
smart gearboxes will have a nice appearance design and
high-class technical characteristics, with applied product
personalization and customization and a short delivery
time.
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FAMILY DEVELOPMENT PROCESS - ,,TYPISATION”
IN MACHINE DESIGN ON THE EXAMPLE OF CARDAN SHAFTS

Zoran STAMENIC

Abstract: Owing to the use of computer technology and increasingly advanced simulation and
optimization software, the design process has improved significantly in recent decades. In this process,
traditional methods are often neglected in the design phase, especially if it is necessary to design and
develop families of standardized products (machine parts or assemblies) which have the same shape and
material, but different dimensions and load capacity, based on the parent design. An example of the use
of typization as a traditional method of design is presented through the study of the influence of load
distribution and operating conditions on the operational ability of Cardan joints, by modifying the
geometry of the Cardan cross. For the purposes of the study, a certain number of Cardan couplings from
several different manufacturers were tested and it was noticed which manufacturer complied with all the
guidelines for the development of a typified family, where members have different geometry, dimensions

and load capacity.

Keywords: Product development; product family; geometry of Cardan joints

1. INTRODUCTION

In the research of the influence of the change in the
geometry of the Cardan cross sleeve on the load
distribution, in the experimental part and mathematical
model from several manufacturers, deviation from the law
of similarity (geometric and Cauchy) was observed in
developing the family of Cardan couplings of different
dimensions and LOAD capacities. It is shown how the
change in the geometry of the Cardan cross sleeve, in one
manufacturer affects the performance as expected, in
accordance with the typified series, and in other
manufacturer, the change is not so precise [1].

Modern machine construction must meet increasingly
stringent criteria in terms of capacity, reliability, safety
and security. In addition, the criteria from the aspect of
ecological, energy and economic efficiency are more and
more represented nowadays. Accordingly, new
calculation  procedures, materials, = manufacturing
technologies and design procedures are required, which
will meet the above criteria. The designing, testing and
machine manufacturing processes can be greatly
accelerated by applying the Geometric and Cauchy’s
similarity criterion. By applying Cauchy's similarity
criterion, families of typified design solutions, of the same
shape and material, but with different dimensions and
load capacity are developed. According to this criterion,
one designed and tested machine structure (parent design)
can be transformed into a family of similar machine
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structures, with larger or smaller dimensions and load
capacities, without further testing and designing. In order
to realize this transformation process, the physical sizes of
all members of the typified series change in proportion to
the changes of their dimensions, and the numerical values
of these sizes belong to a set of standard numbers.

2. TYPISATION IN THE DESIGN PROCESS

In mechanical engineering, there is often a need for the
design and production of a number of machine parts,
subassemblies and assemblies of uniform shapes and
materials used, but different in dimension and load
capacity, Fig. 1. Typical examples of typified components
are electric motors, gearboxes, pumps, compressors, fans,
etc. One of the basic activities within the standardization
is the products typisation. Accordingly, typisation is a
form of standardization in which the product assortment is
reduced to the most favorable range. It is carried out in
order to increase the massiveness and quality of
production while at the same time increasing the
economy, profitability and productivity. Also, typification
process facilitates the exploitation of mechanical systems,
as well as their maintenance and supply of spare parts.



(b)

Fig.1. Application of typisation process in the
development of a series of gear box housing (a) [2] and
turbochargers (b), standardized diameters of the impeller
are from the order R40/3 with the growth factor ¢ = 1,18

[3]

The typisation is based on the application of the criterion
of geometric similarity, the Cauchy’s similarity of loads
criterion and a set of standard numbers. Instead of
designing a series of machine parts, subassemblies and
assemblies of the same function and of different
capacities, only the parent machine structure, most often
the smallest member of the typified family, is designed.
Through the phases of the designing process, the shape,
dimensions, material and tolerances are defined, and, in
the end, the appropriate technical documentation is
generated. Then, the same, parent machine structure is
produced and thoroughly examined in working
conditions, in order to examine and correct possible
deficiencies. Then, without the application of the
designing process, but only on the basis of the results of
constructing and testing the parent machine structure, the
geometric quantities and the load sizes (power, flow, load,
etc.) are defined for other members of the typified family.
Bearing in mind the fact that the parent construction
leaves all its good and bad characteristics in the heritage
to its descendants, it must be a "mature construction", that
is, it must be fully constructively and productively
perfected [2, 4].

2.1. The criterion of geometric similarity

If the index "O" indicates the quantities that refer to the
model, and without the index of sizes that refer to the
actual machine part, then the geometric similarity is
expressed by the conditional constancy of length
measures — geometric similarity factor:

L 2
2 =0

Based on the of geometric similarity factor, all factors of
the geometric characteristics can be defined such as:
surface area similarity factor, volume similarity factor,
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moment of inertia similarity factor, mass similarity factor,
dynamic moments of inertia similarity factor, etc.

2.2. The criterion of geometric similarity

Cauchy's similarity condition provides a relationship
between the load of the model and the load of the object
depending on the geometric similarity factor. The
machine part and its model made of the same materials
must have the same safety factor, in order to have the
same working ability. Hence, follows corresponding
factors of: safety, critical stress, operating stress, force,
moment, acceleration, time, velocity, power, etc.

If a family of machine parts or products with m members
is formed, in the range of the operating characteristics
from Ny, to Ny then it can be defined growth factor N:

N

max

N

min

(DN = m-1

In order to be able to express the growth factors for other
physical quantities (surfaces, volumes, axial moments,
loads, mass, etc.) in the function of the growth factor of
the length measure, it is necessary that all length
dimensions (length, width, height, diameter, etc.) with the
observed typified parts have the same growth factor. All
calculated values have to be standardized by applying the
series of standard numbers or geometric progression.

3. CARDAN JOINTS

Cardan joints (Cardan shafts) have a large range of
applications in mechanical engineering because of the
capability of transferring the load and motion from one
shaft to another with different joint angle allowing,
thereby, over time relative movement. This movement
can be angular and translational. The main parts of
Cardan joint are: two forks, four bushings with needle
bearings and Cardan cross, as shown in Fig. 2. Due to
specific operational conditions, the vital parts of these
joints have a limited service life. The complex geometry,
kinematics and dynamics of these joints, contributed to
the certain number of research and papers. Service life of
Cardan coupling primarily depends on the surface
strength of the area of rolling elements contact surfaces,
i.e., their ability to oppose to different types of failure.

On the contact surfaces of gear pairs ISO standard [5]
registered over 20 different forms of fracture and damage.
Almost the same types of damage are present at the
contact surface of roller bearings and Cardan couplings.
Such a large number of failure forms and contact damage
of rolling elements surfaces is the result of a large number
of influencing factors on their surface hardness:
conditions of formation of contact surfaces, shape
tolerances of rolling parts, roughness, load distribution on
the simultaneous parts in contact; load distribution along
the contact line, surface hardness, lubrication conditions,
a burn conditions.



Fig. 2 Cardan coupling assembly

The greatest influence on the strength of the contact
surface has a load distribution along the line of contact
and load distribution of rolling parts simultaneously [6].
With increasing a degree of uneven distribution of the line
load strength, decreases the strength of contact surface,
which reflects the increasing intensity of various forms of
failure. It should be noted that one aspect of the failure
and produced particles of material, accelerate the
development of other types of damage on contact
surfaces. Compared with other machine elements, roller
bearings and gear pairs, Cardan coupling components
have the most unfavorable geometric and kinematics
conditions in terms of uniformity of load distribution
along the line of contact. Even in ideal conditions, the
geometric accuracy of parts in contact of Cardan
coupling, on the contact surfaces can not be achieved
uniform load distribution. The main reason is the
extremely unfavorable position of the contact line of
rolling parts in relation to the direction of the angular
velocity vector. The points of contact that are farthest
from the axis of rotation first come into contact [6]. These
are the points on the top of the sleeve on Cardan cross
pin. The degree of involvement of other points of contact
line depends on the geometric characteristics of bearing
rolling parts, the contact deformation and the intensity of
the service load. Theoretical and experimental studies
have shown that parts of the pin sleeve near its root
almost always remain intact, because they do not
participate in the load transfer. Thus, the central problem
in Cardan coupling is to reduce the uneven load
distribution along the line of contact of rolling parts, or to
unload parts on the top of a cross pin sleeve. According to
this, based on previous researches, the two design
solutions were formed. The first solution is based on the
correction of rolling parts contact line - the needles. This
correction involves the correction of the geometry of
needles ends. Another solution is based on the use of two
rolling parts in line - shorter needles instead of one long
needle.

3.1. Geometry and loads of Cardan joint rolling
components

In order to study the load distribution in Cardan joints
assembly, an appropriate geometric model has developed.
According to this model, the influence of geometrical
parameters of rolling parts on the linear load distribution
was analyzed. The analyses of obtained results should
identify the optimal geometry of rolling parts in terms of
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uniformity of linear load distribution. With developed
numerical model (FEM), the influence of load on the
contact stress state of rolling components in contact was
analyzed.

Cardan coupling load is in the form of tangential force F,
which is caused by torque transmitted by coupling. This
force is orthogonal directed at Cardan cross axes but
distributed not evenly along the line of contact at rolling
components. The biggest intensity of nominal load is at
points which belongs to the sleeve root, diagram in Fig. 3.
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Fig. 3. Load distribution along Cardan cross sleeve
lateral line

The lowest intensity of load is at points which belongs to
the top of the Cardan cross sleeve. The difference
between these boundary of load values depends on
Cardan cross geometry. For the purpose of define the
influence of geometrical parameters on the degree of
uneven load distribution along sleeve lateral line, the
appropriate analytical expression is formed. The load
ratio in form of tangential forces in a random point (X),
Fig. 3, on sleeve lateral line is observed according to its
maximum value:
F

tx

F,

1xmax

1

1+k-i
a

Where: k = x/I

A higher degrees of uneven load distribution corresponds
to larger values of parameter k and to the ratio //a. Lower
gradient of load decrease from the root to the top of a
Cardan cross sleeve corresponds to small values of ratio
l/a. This means that the degree of uneven load distribution
on a sleeve will be smaller, if a sleeve is more distant
from the bearing axis.

In Cardan joints rolling components in contact, length of
contact lines and degree of engagement of some of its
points, are significant function of sleeve geometrical
parameters, i.e. distance between points on contact line
from the axis of rotation. During load transfer, points of
the sleeve top first make contact. The degree of
engagement of further sleeve points depends on geometric
characteristics of rolling elements in contact, stiffness and
value of load. At the same time, points of the sleeve root
almost always remain unloaded. Because of their
unfavourable geometry and mutual position of elements
in contact, a points of the sleeve root fails to form a line
of contact. Thus, the dominant condition to achieve more



even linear load distribution is the formation of longer
contact line along a lateral line of sleeve in load free state.
The correlation between the displacement of sleeve lateral
line points and geometric characteristics of sleeve,
diameter and sleeve lenght as well as a sleeve distance
from its axis of rotation, is established. For forming this
correlation a geometrical model was observed which is
shown in Fig. 4.

In the presence radial clearance Z;, point S on the top of
the sleeve, to establish contact with the appropriate point
on the opposite part in contact - bushing, must be rotated
around the axis O for elementary angle Ay;. Correspond
to this Cardan cross turning angle, is elementary path -
elementary arch movement of point S for the value SS°,
Fig. 4. At the same time, the turning angle Ay, is equal
to elementary path — elementary arch movement of point
U for the value UU’.

Fig. 4. Geometrical model of Cardan cross parts in
contact

Point U in sleeve root, for establishing a contact with
appropriate point of the opposite rolling part in contact —
needle, has to rotate around the axis O for elementary
angle Ay, To this angle of rotation, correspondent is
elementary path - elementary arch movement of point U
for the value UU”.

Displacement of point U in a sleeve root for value of UU’,
and point S on the sleeve top for value of SS’, is the
moment of rolling parts contact. This primary contact of
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rolling parts in point S’ was achieved without load
influence. In order to achieve contact of other points on
the sleeve lateral line with the corresponding points on the
rolling part (e.g. a random point X’ with point X”), an
additional turning for appropriate angle is needed. For
point U it is angle Ay, ,», and for point X’ is angle Ay,
« The values of these rotation angles, if fact their angular
displacements U’U” and X’X” depends on the
geometrical parameters of rolling parts in contact. These
additional angular displacements of sleeve points are
provided with elastic deformation of rolling parts in
contact, under the load. The values of these deformations
are small and limited by the elastic properties of parts in
contact, with its geometry and load intensity. According
to this, the values of angular displacements U’U” and
X’X” should be as small as possible. The amount of those
displacements is dictated by the geometry of rolling parts.
Therefore, the engaging of certain sleeve points in the
load transfer primarily depends on the geometric
characteristics of rolling parts in contact. To analyze the
influence of geometrical characteristics of the rolling
parts on the linear load distribution, the angular
displacements of points on the sleeve lateral line are
observed.

Based on the geometric model in Fig. 4, for the angular
displacement of point S on the sleeve top, and some point
X on sleeve lateral line rotation for angle Ay, the
geometric factor of linear load distribution G, is
defined as:

XX, 1+ Zk(éj + kz(éjz + (S)Z
0
Where: .

d — sleeve diameter
[ — length of sleeve

b=

By varying the values of the parameter k in the interval
ke[0...1], according to expression (1), the influence of
geometry on sleeve linear load distibution can be
analysed. For example, for k=1, factor G, reaches its

maximum value @ =1,

Small values of factor G,, generates long arc length U U”
requiring extensive additional sleeve rotation, which is
providing from elastic deformation of rolling parts. Since
these deformations are relatively small, additional sleeve
rotation will not be enough to generate adequate length of
rolling parts contact line. As a result, the load linear
distribution will be very uneven, Fig. 6.
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Fig. 6. The dependence of factor G, from the
geometrical values of rolling elements in contact and the
theoretical linear load distribution for values of
factor G, <1
Increasing values of factor G,, reduces the length of the
arc U’U”. This reflects in increasing of the length of the
theoretical lines of contact and reduces the degree of
uneven load distribution. When the geometric factor of
load reaches the value G,=1, then the theoretical length of
the contact line reaches its maximum value, equal to the
length of the lateral lines of sleeve. At the same time, the
degree of uneven loading is reduced. With increasing of
load, due to contact deformations, triangular load
distribution is transformed into trapezoidal. To obtain a
better load distribution along the line of contact, it is
necessary to ensure proper compatibility between
geometric values of rolling parts and the contact

deformation due to external load.

In continuation of these research it is needed to examine
the real value of G, factor, which can be achieved based
on the geometric characteristics of rolling parts (/, b, a).
For this purpose, by varying the ratio of geometric values
of rolling parts (l/a, b/a), values of factor G, were
analyzed.

U
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In order to analyze the influence of the linear load
distribution on the operational capacity of Cardan joint
rolling elements in terms of surface load, the numerical
simulations of the contact load on the contact surfaces of
journal sleeves and bushings of the Cardan cross was
carried out. A plane model of Cardan cross sleeve and
bushings of Cardan cross assembly is considered, and
only one of four sleeves, because the same load image is
repeated on each of them.

Fig. 7 shows the inclined plane model of Cardan cross
sleeve. The elementary surface of the sleeve, which is in
contact with a corresponding surface of the bushing is
specially emphasized. It also shows the diagram of stress
value variation along the center line on the sleeve contact
surface. Presented stresses are the result of the pressure in
the contact surface, as well as the effect of sleeve
bending. Therefore, in the root of sleeve a stress values
are increased.

Fig. 7. The stress states on the contact surface of the
Cardan cross drive sleeve and bushing surface

Input data for numerical analysis of stress states and loads
of Cardan joints were obtained experimentally. Geometric
characteristics of experimentally tested Cardan couplings
were taken from production programs of different
manufacturers. Eleven Cardan shafts samples of 4 types
of different dimensions from 2 manufacturers, were
tested, Fig. 8.

(d)

Fig. 8. Four types of Cardan shafts of different
manufacturers; (a) and (b) manufacturer A; (c) and (d)
manufacturer B



Based on the analysis it can be concluded the highest
stresses (200...240 N/mm?®) are generated in the points
that belong to the top of the sleeve (k = 0,75 ... 1,0). The
minimum stress values should be at the base — the sleeve
root. However, because of the influence of stress due to
sleeve bending, the smallest stresses are generated in the
middle area of the sleeve, k =0,5.

In the contact surface upper zone the contact of rolling
elements is achieved, therefore, this is the zone with the
greatest intensity of stress. Because of the iterative
calculation procedure, contact surface is not continuous
but consists of a number of local points where stresses are
concentrated. The values of the equivalent (von Mises)
stress are shown, or strains along the contact surface of
pins and bushings.

The obtained results shows, that with the standard (the
existing) geometry of rolling parts, the engagement of
points in root of Cardan cross journal in the load transfer
is negligible due to very uneven linear load distribution.
This unfavorable distribution of the linear load can be
reduced with an appropriate combination of geometrical
parameters of rolling parts in contact. Greater
improvement of linear load distribution requires the
appropriate shape reconstruction of rolling parts.

3.2. A shape reconstruction of Cardan cross
sleeve

In order to find the geometric characteristics which will
generate of the longer contact line, an appropriate
geometric model is formed. The idea is simplify presented
on Fig. 9 [1].

Extremely uneven linear
load distribution

= More uniform linear load
distribution

Fig. 9. A geometric shape reconstruction of Cardan cross
sleeve

According to this idea, the new geometric and mechanical
model is formed, Fig. 10.

In standard Cardan coupling designs, the radial clearance
Z between the sleeve and the roller body has a constant
value in the direction of the sleeve axis. The previous
analysis showed that with the construction solution, with
the standard geometry and shape of the cross axle sleeve
(Fig. 4), simultaneous contact of its tip and root with the
contact body (needle) cannot be achieved, which is a
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basic precondition for reducing uneven distribution along
contact lines.

_ b Zi2
" i ‘
l
Y
A
a
A J

Fig. 10. A new geometrical model of Cardan cross parts
in contact

In order to improve the load distribution along the contact
line, an appropriate change in the radial clearance in the
direction of the sleeve axis should be provided, which can
be achieved by making the sleeve, or the inner surface of
the cone-shaped bushing. This design solution can ensure
simultaneous contact of the points at the top and at the
root of the sleeve with the rolling body.

The further analyses show which angle « the roller body
should be rotated, according to the model in Fig. 10, so
that point S' at the top of the sleeve and point U' at the
root of the sleeve come into contact with the roller body
at the same time. In order to get an answer to this
question, the ratio of the rotation angles of the point S to
the point S' and the point U to the point U' was observed:

Ay,
Ay,
Relations and transformations of equations from Fig. 10,

the ratio of the rotation angles of the point S to the point
S', and the point U to the point U’ is obtained:

)sina

—1gy-sina

21
- g"'tgl//u

1
Ay, _ 1 cosy,

A V/S' GrO

1
cos i/




Where: G, - is the geometric factor of load distribution.

From condition:

Ay,
Ay,

=1

>

follows an expression for determining the value of the
angle a which will, for a given geometry of the connected
parts and the size of the radial clearance, enable the
simultaneous contact of points at the root and at the top of
the sleeve with the rolling body:

k=2
I

Z —radial clearance

4. CORRELATION OF CARDAN SHAFTS
AND SIMILARITY CRITERIA

For different geometric shapes and dimensions of coupled
parts of the Cardan coupling from the production
programs of several manufacturers, and based on
expression (2), the values of the angle & were analyzed to
ensure simultaneous contact of the point at the top and the
point at the root of the sleeve with a coupled part — a
needle, for different values of radial clearances (Z).

An algorithm for analyzing expression (2) was written in
the certain software package. According to obtained
datas, the results was generated and presented on diagram,

o = arcsin ‘ ) .
Fig. 11. The results were formed on the basis of geometric
1 5 l b 1 1 characteristics of experimentally tested Cardan couplings
. AU IR i from the production programs of different manufacturers.
T, z a G, (a
b + b Cardan shafts samples 1, 2 and 3 are of the same type of
@) shaft, but with different dimensions and capacities, as
Where: well as samples 9 and 10, and are from the production
d — sleeve diameter program of manufacturer A. Samples 4-8 belong to the
[ —sleeve length roduction program of manufacturer B but with different
p prog
d dimensions and capacities. Samples 11-13 also belong to
h== P p g
) manufacturer B but are of different dimensions, Fig. 8.
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Fig. 11. Dependence of the angle o on geometric quantities (a, b and 1) and radial clearance (Z) for thirteen samples.
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Based on the results obtained, shown in Figure 11, the
following can be concluded:

Angle ¢, i.e. the angle of the cone of the contact
surface of the needle bearing bushing for a certain
geometry of the parts in contact (a, b and /) changes
linearly with increasing radial clearance of the
coupled parts;

For manufacturer A, the function of changing the
angle o depending on the radial clearance, is the
same for all family members (samples 1, 2 and 3, as
well as 9 and 10), diagram in Fig. 11, which shows
that the considered samples certainly belong to the
correctly typified families;

The second manufacturer B has two member families
(samples 4-8, as well as 11-13), in which the linear
changes do not match, which indicates that the
typifying process is not completely satisfied.

5. CONCLUSION

It is well recognized that manufacturers of consumer
goods, as well as machineries, throughout the world are
facing major new demands, including shorter product life-
cycles and increasing competition. The rapid emergence
of new, improved products of the new generation imposes
the cheapest possible production. In response, companies
are restructuring and moving away from traditional
process-centred work practices in favor of concurrent
engineering methods.Today's software for designing and
developing product families of the same shape and
material, but different dimensions and load capacity, has
built-in modules for typisation and optimization. But,
errors (minor or major) often occur in defining boundary
conditions when developing a product family based on the
parent design. Sometimes, in order to achieve as cheap
production as possible and/or shorten the time in the
design phase, it happens that not all similarity rules are
followed. Thus, often happens that all members of the
product family do not have the expected exploitation
characteristics.

It is shown in this paper, through experimental and
theoretical research, that some Cardan shaft is designed,
so that all the rules of similarity have been complied,
while the other is not, Fig. 11. Small changes of geometry
on one member of family did not entirely had expected
effect to the others members in family. This affects the
reduction of the life in exploitation and performances
from expected ones.
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THE INFLUENCE OF LUBRICANT VISCOSITY ON THE EFFICIENCY AND
POWER LOSS OF THE WORM GEAR

Blaza STOJANOV[C
Lozica IVANOVIC

Abstract: This paper presents an experimental analysis of the influence of lubricant viscosity on the
efficiency and power loss of a worm gear transmission. The tests were performed on the open circuit
power specialized testing device AT200 at the Center for testing power transmissions at the Faculty of
Engineering, University of Kragujevac. In the experiment, three oils of different viscosities were used:
220 mm’s, 460 mm*s and 680 mm’s. The efficiency was measured for three different values of input
number of rotations: 1500 min™, 2000 min™ and 2500 min™. Output torque values range from 2.2 Nm to
6 Nm. The test results showed that the efficiency of worm gear increases with increasing input shaft
speed. It was also observed that the efficiency increases with increasing oil viscosity in all test regimes.
The results of the work are a reference for researching the efficiency of worm gears and engineering
optimization, which is of great importance for the development of gears.

Keywords: Efficiency, power loss, worm gear, oil, viscosity

1. INTRODUCTION

Mechanical transmissions are used to transfer mechanical
energy from the drive machine, most often the electric
motor, to the driven machine. The power transmission can
also change the direction of rotation if necessary, [1].
Today, the following types of mechanical transmissions
are most often used: gear drives, chain drives, friction
drives, belt drives, toothed belt drives, cardan shaft, etc.
Gear transmissions have the largest application of all
power transmissions. They transmit power and torque
from one shaft to another when coupling gear teeth. The
gear pair is the simplest form of gear transmission
consisting of two gears. One gear is drive gear, while the
other is driven. Torque and power are transmitted from
the drive gear to the driven one, [1].

Worm gears have a wide range of applications due to
numerous advantages over other types of gears. A worm
gear transmission is a worm gear pair, which consists of a
worm and a worm wheel. This type of transmission is a
type of hyperboloid gear pair, that is, a gear pair whose
axes pass each other. The angle at which the axes pass is
usually 90°, but in some cases it may be smaller or larger,
although this range is limited. Worm gears are rarely used
as multipliers, and the reason is their relatively low value
of the efficiency, which is 1<0.5. The worm is smaller in
diameter than the worm gear and can have one or more
thread, so that it resembles a screw or a threaded spindle,
which is why it is usually the drive part of the gear pair.
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Depending on the number of thread, the following types
of worms are distinguished [1, 2, 3]: single-start, double-
start, triple-start and multi-start worms.

In general, the efficiency represents the ratio of input and
output power, ie. power used for work. When it comes to
worm gears, the most common problem when using them
is to achieve the optimal degree of efficiency. The
efficiency of the worm gear depends in part on the gear
ratio and can, in certain cases, range from 0.49 for the
gear ratio i = 300 to 0.9 for gear ratio i = 5. Accordingly,
it is recommended that worm gears be used for lower gear
ratios, [4].

As the relatively low efficiency is one of the main
disadvantages of the worm gear, many researchers have
worked on solving the problem, conducting experiments
and analyzing the results. B.Magyar and B.Sauer [5]
performed the calculation of the efficiency of the worm
gear transmission ZK type, lubricated with lubricant
viscosity 150 mm% at the output torque of 430 Nm.
Their experiment resulted in a value of the efficiency in
the range of 0.65+0.74. M. Turci et.al. [6] examined the
influence of axial distance, transmission ratio and type of
lubricant on the degree of efficiency. They found that at
an axial distance of 50 mm, gear ratio i=49 and various
lubricants (polyethylene glycol (PEG), a combination of
PEG + WS2 (tungsten disulfide) and synthetic oil) can
achieve an efficiency in the range of 0.572 for PEG, up to
0.637 for synthetic oil.



In his work, S. H. Kim [7] examined the influence of the
axial mismatch of the steering system due to vibrations
when moving the vehicle, on the degree of efficiency. The
results showed that in a certain short time interval, the
efficiency can reach values up to 0.93. H. Sieber [§]
determined the degree of utilization depending on
different types of lubricants at an axial distance of
63 mm, transmission ratio i = 39 and input number of
rotation 350 min '. The investigation showed a wide
range of efficiency from 0.62 for PEG oil with a viscosity
of 220 mm?, to 0.74 for PEG oil with a viscosity of 460
mm?%.

This paper analyzes the influence of lubricant viscosity on
the efficiency and power loss of the worm gearbox. The
obtained results showed that the efficiency increases with
the increase in the number of revolutions of the input
shaft of the reducer and the increase in the viscosity of the
used oils.

2. EFFICIENCY AND POWER LOSS

In practice, the efficiency of a worm gear is calculated as
the ratio of output power to input power, [2,3]:

r’=P0ut/Pin (1)

where:
P — output power, W, and
Py, — input power, W.

Output power can be calculated as:

Po=Piy—P¢ (2)

where P¢ — power loss, W.

Power loss of is also one of the challenges that arise in
solving the problem of the degree of efficiency. H.E.

Merritt [9] listed the following as one of the most
common types of power loss that occur in worm gears:

— power losses, proportional to the input power, due to
the friction that occurs between the worm teeth and the
worm gear during their contact and

— power losses in bearings, as well as due to resistance to
fluid movement, ie lubricating oil.

In the case where the worm gear is mounted on a shaft
with ball bearing, then the resistance to the movement of
the lubricating oil is the main influence on power loss
which is a function of speed and temperature, but
independent of load, [9].

The basic equation used in the calculation of power losses
that occur in the worm gear, implies power losses due to
resistance to sliding of the worm gear during movement
(Pgz), power losses that occur in bearings (P¢g) and power
losses at idle (Pg).

Mathematically, total power losses represent the sum of
all these individual values, by expression [3]:

PG=PGz+PGB+PGo (3)

3. TESTING THE EFFICIENCY OF THE
WORM GEAR TRANSMISSION

3.1. Test rig

Testing of the efficiency and power losses in the worm
gear was performed on the device AT 200, which works
on the principle of open power circuit, in the Center for
testing power transmissions at the Faculty of Engineering,
University of Kragujevac (Figure 1). Measurement of the
degree of efficiency, oil temperature as well as the
volume of noise that occurs in the operation of the worm
gear transmission was performed on this rig. [10-12].

Fig.1. AT 200 device

The open power circuit consists of an electric motor that
rests on the main frame over 2 bearings, so that it has no
contact with the stand that is below it and can rotate

around its axis. When the engine produces torque, it is
subjected to a reaction moment of the same intensity but
in the opposite direction. When the lever is placed in a



horizontal position, and the value of the force on the
dynamometer is read, the dynamometer remains locked at
the given value with the help of the screw (Figure 2).

Fig. 2. Dynamometer on an electric motor

Table 1. Characteristics of lubricants used in the tests

In addition to the electric motor, the device also has an
electromagnetic brake with a dynamometer. On the input
and output shaft there are appropriate sensors that are
connected to the amplifier bridge on which the
appropriate operating conditions are set.

3.2. Test conditions

The testing of efficiency on the AT 200 device was
performed on a worm gear with a gear ratio
i = 18, with a worm made of 42CrMo4 alloy steel and a
CuSn14 tin bronze worm gear wheel. During the test, the
values of the input number of rotations, the electric
current on the brake (ie the corresponding output torque)
were varied, and oils of different viscosities were used.
The values of the input number of rotations are
1500 min', 2000 min~! and 2500 minfl, the interval of
change of electric current is 0.025 A, in the range from
0.1 A to 0.2 A (corresponding to a torque of 2.2 Nm to 6
Nm depending on the test mode). The viscosities of the
lubricants used in the test are 220 mmz/s, 460 mm%s and
680 mm?. The basic characteristics of the lubricants used
are given in Table 1.

Oil Characteristics 'Value Unit
Viscosity on 40°C 220 mm?2/s
Viscosity on 100°C 18 mm?2/s
IPour point -15 °C
ISO VG 220 [Flash point 260 °C
Density on 15°C 896.1 kg/m3
\Viscosity on 40°C 460 mmz2/s
Viscosity on 100°C 28 mmz2/s
Pour point -12 °C
ISO VG 460 [Flash point 260 °C
Density on 15°C 896.1 kg/m3
Viscosity on 40°C 680 mmz2/s
Viscosity on 100°C 40 mmz2/s
Pour point -8 °C
ISO VG 680 IFlash point 300 °C
Density on 15°C 905 kg/m3

3.3. Test plan

The test was performed in three cycles, with three series
of five repetitions. Three cycles involve three different oil
viscosities, three series involve three different values of
the input number of rotations and five repetitions involve
different values of electric current. The value of the
electric current changed every hour, except for the first
repetition of 0.1 A, which lasted an hour and a half,

because the worm gear takes about half an hour to reach
operating temperature, and the same amount is needed for
the lubricant to form a hydrodynamic layer [13]. All
values were measured in an interval of five minutes. After
every third repetition, more precisely changes in the
strength of the electric current, a break of half an hour
was made in order for the device and the oil to cool down
to room temperature.



4. TEST RESULTS AND DISCUSSION

Based on the measured experimental results, a program
for calculating the efficiency and power loss was
developed at Microsoft Excel. Figures 3-5 show the
dependences of the efficiency of worm gears and torque.
At the same time, three values of input number of
rotations and three values of lubricant viscosity were
varied.
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In the given diagrams, it can be observed that the
increases with increasing output torque and with
increasing input number of rotations, for all three values
of lubricant viscosity.
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Figures 6-8 show the dependences of the efficiency on the
number of rotations of the input shaft for all three values
of the viscosity of the lubricant.
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The diagrams show that the efficiency increases with
increasing lubricant viscosity in all test modes, ie for
different input shaft number of rotations. The maximum
values of the efficiency are obtained by using oil with a
viscosity of 680 mm*/s and are 0.53 + 0.59.

The influence of lubricant viscosity on the degree of
power loss Pg/P; is shown in Figures 9-11. The diagrams
show that the lowest losses occur when using oils of the
highest viscosity and at the highest output torques.
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5. CONCLUSIONS

At a time when the value of electricity is growing
enormously and when there is a lack of all forms of
energy, the analysis of the efficiency and power loss of
the worm gear has become even more important. Based
on the theoretical analysis and realized experimental tests,
the following conclusions can be drawn.

- The value of the efficiency is influenced by the
viscosity of the oils used, the input shaft number of
rotations as well as the value of the output torque.

- As the number of revolutions of the input shaft
increases, the efficiency of the worm gear increases.

- With the increase of the output torque, the
efficiency of the worm gear also increases.

- From all the considered parameters, the viscosity
of the lubricant has the greatest influence on the
efficiency of worm gears. As the viscosity of the lubricant
increases, the efficiency increases.

- The highest values of the efficiency occur when
using oils with a viscosity of 680 mm?2/s and range from
0.53 to 0.59.

- The lowest power losses occur at the highest
number of rotations and with the use of the highest
viscosity oil.

The results of the research provide guidelines for
increasing the efficiency of worm gears, which is of great
importance for the field of mechanical transmissions.
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DIGITAL TRANSFORMATIONS IN MECHANICAL ENGINEERING,
TRENDS IN EDUCATION IN THE FIELD OF MACHINE ELEMENTS AND
SYSTEMS

Milan TICA
Tihomir MACKIC

Abstract: In the changes that come with Industry 4.0, the education of engineers has a very important
role. The general trend is to transform existing products into mechatronic and smart products. Within the
digital transformations in mechanical engineering, the use of digital technologies, sensors and actuators
as other elements of smart products is significant. For a mechanical engineer, it is necessary that, in
addition to a good knowledge of conventional mechanical elements and systems studied so far, such as
joining elements (screwed, riveted, welded joints) or elements for mechanical transmissions (gears,
shafts, bearings), has a good knowledge of the basics of digital technologies, sensors and actuators, as

well as other elements built into modern products.

Keywords: Industry 4.0; digital transformations; education;, machine elements

1. INTRODUCTION

Industry 4.0 has a huge impact on the entire social system.
The speed, scope and impact of the changes it brings,
have an exponential trend. The biggest impact is related to
industry and industrial development. Full digitalization
and automation is expected in the production, i.e.
networking of smart digital devices with final products,
machines, tools, robots and people. For the realization of
such complex tasks, it is necessary to have adequate
human resources. In the changes brought by Industry 4.0,
engineering of smart products and services, i.e. education
of engineer development, has a very important role. It
forms new trends in the education of development
engineers. Engineers are expected to be comprehensively
educated and possess interdisciplinary knowledge and
skills. Therefore, some adjustment is needed in the
education of engineers. Content, education and courses
within basic subjects are especially important. One of
such course is Machine Elements.

2. DIGITAL TRANSFORMATIONS IN
MECHANICAL ENGINEERING

The concept of Industry 4.0 began in 2011, based on a
"smart factory" in which all processes are automated from
communications to the production process in order to
achieve maximum profit.
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Fig.1. Industrial revolutions

The structure of employees in factories is changing.
Employees are required to have new knowledge in the
field of informatics. The concept of Industry 4.0 is
especially good for manufacturing companies that
produce large quantities of products, which can be
different, personalized, but use the same type of work
technology. High-volume production very easily becomes
mass production, and at the same time the final product is
increasingly influenced by the customers' requirements.

The Industry 4.0 concept encompasses digitization,
robotics, communication, cyber-physical systems, and the
Internet of Things. Within Industry 4.0, completely new
production systems have been created that can meet the
demands of today's market. One of the most important
requirements is a personalized product according to the
customer's wishes at a low price. This product should be



delivered to the customer in a relatively short time. This
concept includes monitoring of products during
production, during operation, as well as monitoring of
servicing. There are also some objections to the concept
of Industry 4.0 that dehumanization is carried out within
it. Due to the large increase of using the robots in
production, there is a fear that there will be a decline in
employment. Figure 3 shows the ratio of the number of
robots per 10.000 employees in correlation with the
number of unemployed for some countries.

Fig.2. Industry 4.0
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Fig. 3. Number of robots per 10000 employees in
correlation with the number of unemployed for some
countries [6]

Reality shows that new jobs are being created for man, as
well as new, more creative jobs. Recently, we are also
talking about Industry 5.0, whose focus is on the
interaction between humans and machines, i.e. between
humans and robots. This human-robot interaction
combines human creativity and skill with robot speed,
productivity and precision to create new commercial and
social values.

For industry 5.0, one can say that it is more humane,
figuratively speaking, industry 5.0 returns "human touch"
or people to production. The concept of Industry 5.0 is
more suitable for medium and small enterprises. In small

and medium-sized enterprises, full automation is not cost-
effective, and market demands for specific products at the
request of customers are increasing. Likewise, large
manufacturing companies have technological operations
that are not cost-effective to automate, where mutual
cooperation between cobots and workers is more cost-
effective. Cooperation between cobots and humans is also
possible in the field of plant maintenance.
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Fig.4. Industry 5.0

Technically and developmentally, Industry 5.0 is not a
continuation of Industry 4.0, it cannot be considered a
new, so-called fifth industrial revolution, but it is an
improvement of Industry 4.0 within it is possible to adapt
the product to each individual customer. This adaptation
requires the creativity and skills of humans, and the speed
and precision of cobots.

3. EDUCATION OF MECHANICAL
ENGINEERS

Accelerated technical and technological development of
the industry requires even faster development of
education. It all starts with education, because education
is not a consequence but a cause. Education is one of the
most important resources in the state and society. We live
in a time of rapid change and the accelerated development
of science. Total knowledge is rapidly increasing. It is
estimated that the total knowledge of mankind is now
doubling in one year. It used to last for hundreds of years,
then for tens, then for several years, and today the total
knowledge has doubled in one year (Figure 5). New
solutions must be found in education, the former classical
and inert approach in education, which was limited by the
duration of education, needs to be replaced by a new
approach, which implies constant upgrades and
improvements. Basic knowledge needs to be upgraded
with new ones. Lifelong learning becomes an imperative
of success for the individual and society as a whole.
Every individual in education needs continuous education
and mastery of new knowledge. Modernization of
teaching content, constant education of teachers,
introduction of new teaching methods, integration of
theoretical and practical teaching, participation in
projects, teamwork, are just some of the elements that
should lead to improving the educational process.
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In accordance with the transformations of mechanical
engineering, the transformation of the education of
mechanical engineers is inevitable. New technologies are
an integral part of the education of mechanical engineers.
We are witnessing that technologies are changing rapidly,
and their constant monitoring is needed. Today's
mechanical engineers, in addition to basic knowledge,
need to have more knowledge and skills about new
technologies. Mechanical engineers need to master the
knowledge and be trained to use adequate methods,
models and IT tools to solve problems in a constantly
changing inter-disciplinary environment. Therefore,
mechanical engineers must be prepared for lifelong
learning. Mechanical engineering as a science is rapidly
developing, and this requires constant monitoring of new
trends and, consequently, changes in the education of
mechanical engineers. In that sense, development
engineers should also be the initiators of the
transformation of education in this field. Faculties should
modify curricula, in which they should incorporate new
trends, so that graduates have competencies and be able to
work with advanced technologies. It is understood that the
competence is acquired at the faculty and later upgraded
in practice.
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3.1. Trends in education in the field of machine
elements and systems

Starting from the definition of a machine element, as a
machine part or assembly that performs an elementary
function within a machine system, it can be concluded
that the number and types of machine elements have
expanded with the advent of new technologies and their
application.

Taking into account the fact that machine systems and
their components, assemblies, subassemblies and machine
elements are being modernized, there is a need to
modernize the study of machine elements and systems.
Robots and cobots are the latest generation of machine
systems. Their production and application is growing
significantly. The general trend is to transform existing
products into mechatronic and smart products. Sensors
and actuators have become an integral part of machine
systems today and as such represent a very important
group of machine elements.

Figure 6 shows the car's sensors. The positions in fig. 6
indicate the following sensors: 1- white line tracking
sensor (controls the stay in the traffic lane), 2- night
driving sensors, 3- front ,,CCD*“ camera, 4 - airbag
actuators, 5- ,,ASCD*, 6- pedestrian detection sensor, 7-
driver fatigue sensor, 8- laser sensor for detecting objects
on the front, 9- ,IR“ pedestrian detection sensor, 10-
parking sensors, 11- tire pressure sensor, 12 — rear camera
control unit, 13- rear ,,CCD* camera, 14 — air curtain
sensor, 15- blind spot sensor, 16- object detection sensor
on the front, 17- central control unit, 18- object detection
sensor on the back, 19- speed sensor, 20- tire pressure
sensor, 21- auto-brake sensor, 22- side airbag sensor, 23-
adaptive cruise control, 24- steering wheel position
(angle) sensor, 25 — automatic braking actuator, 26-
wheel speed sensor.
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Fig.6. Sensors and actuators in the car [5]

Such trends require good knowledge of mechanical
engineers in the field of sensors and actuators, as
indispensable elements in today's products. Today, it is
very difficult to find a machine system that does not have
sensors and actuators. For a mechanical engineer, it is
necessary that, in addition to a good knowledge of
conventional machine elements and systems studied so
far, such as joining elements (screwed, riveted, welded
joints) or elements for mechanical transmissions (gears,
shafts, bearings), has a good knowledge of the basics of



digital technologies, sensors and actuators, as well as
other elements built into modern products.

In accordance with the changes brought by Industry 4.0,
the education of mechanical engineers of all specialties is
also changing. The education of constructors and
development engineers is especially changing. Instead of
the previous classic products, designers today need to be
able to construct complex mechatronic systems and smart
products. An integral part of the education of constructors
should be modern technologies, which are rapidly
changing and improving, and there is a need for constant
adaptation in education.

Products and Services

Competences

Processes

Methods

IT - tools

Information models
| |
Organizational structures

Fig.7. Components of the holistic engineering [2], [6]

Today, mechanical engineers need to have more
knowledge and skills, especially about new technologies.
In addition to basic knowledge, they need to possess
specific skills and competencies related to innovation.
The development of new machine, i.e. mechatronic
(smart) systems is most often based on innovations.
Designers today need to analyze a lot of data and take into
account many influential factors, and in accordance with
the available resources to optimize and come up with an
optimal solution in a short time. Late solutions are not
good solutions, even if the whole job was done without a
mistake. Nowadays, we need mechanical engineers and
constructors who are able to cope with new challenges. In
addition to classical knowledge in the field of mechanics
and machine elements, they need to have knowledge of
information technology in order to be able to solve
problems in a high-tech interdisciplinary environment,
which is constantly changing. Therefore, mechanical
engineers must be prepared for lifelong learning.

3.2. Analysis of study programs of the subject
Machine Elements

Within this research, the study programs of the subject
Machine Elements in several countries were analyzed.
The analysis shows the difference in the hours of lectures
and exercises, the number of ECTS credits, as well as the
content of the subject.

Table 1 presents comparative data for the subject Machine
Elements at domestic faculties.

Table 1. Machine elements at domestic faculties

mandato Number of Ls oss
University | Course title tory per week| ECTS
/elective | semesters
L+E
Machine
. elements 1 2 (III and
Banja Luka Machine m v) 342 6
elements 2
Machine
. elements 1 2 (IIT and
Ni§ Machine m V) #3007
elements 2
Machine
. elements 1 2 (1T and
1. Sarajevo Machine m v) 3+2 6
elements 2
Machine
. elements 1 2 (IIT and
Beograd Machine m v) 342 6
elements 2
Machine
. elements 1 2 (IIT and
Podgorica Machine m v) 342 6
elements 2
Novi Sad Machine m 1 (1D 4+4 8
elements
. Machine
Kragujevac clements m 1 (ID) 243 7
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There is a noticeable discrepancy between the number of
hours during one academic year and the number of ECTS
credits from the subject Machine Elements at domestic
faculties. Figure 8 shows the representation of teaching
hours and ECTS credits at domestic faculties. It can be
seen that the curricula from mechanical elements, at the
Faculty of Engineering of Kragujevac and the Faculty of
Technical Sciences of Novi Sad, are concentrated only on
one semester and have a larger number of ECTS credits
and a larger number of teaching hours per semester. In
addition, within the teaching module Construction
Engineering, at the Faculty of Engineering in Kragujevac,
the subjects Mechanical Elements 2 are studied.

At other domestic faculties, teaching in the field of
mechanical elements is divided into Mechanical Elements
1 and Mechanical Elements 2. At the Mechanical Faculty
of Banja Luka and the Faculty of Mechanical Engineering
of East Sarajevo, modifications were made to the
Mechanical Elements 2 course program, within which
sensors and actuators are studied.
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Fig.8. Representation of teaching hours and ECTS credits
at domestic faculties

In order to understand the quality and structure of
teaching at domestic faculties, an analysis of teaching
content and classes in the field of studying machine
elements at foreign faculties in the area was performed.
Table 2 presents comparative data for the subject Machine
Elements at foreign faculties.

Table 2. Machine elements at foreign faculties

mandato Number of Hours
University | Course title Ty per week | ECTS
. semesters
/elective L+E
Machine
Elements 1
Machine
. elements 2 30 IV 3+2 6
Munich . m 342 9
Machine and V)
242 7
elements -
production,
application
Machine
Duisbur Elements 1 m 2 (IIT and 2+2 5
WISOUTE | Machine V) 2+1 3
elements 2
Machine
Elements 1
. Machine 3110, IV
Wien elements 2 m and V) 2+ 3
Machine
elements 3
Linz Machine m 1 am 241 | 45
elements
Machine
Graz Elements 1 m 2 (IIT and 242 5
Machine V) 2+1 4
elements 2

Several faculties from Austria and Germany were
selected, due to the high level of industrial development
in those countries. Figure 9 shows the representation of
teaching hours and ECTS credits at foreign faculties.
Significant diversity is evident, when the number of
teaching hours and the number of ECTS credits are
considered.

The study of machine elements is significantly
represented at the TUM School of Engineering and
Design at Technical University of Munich. It is also
known that this university has a large number of
laboratories for testing machine elements. Therefore, at
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Fig.9. Representation of teaching hours and ECTS credits
at foreign faculties

this university, there are a very large number of classes
and ECTS credits. In Munich, the study and application of
machine elements in modern products are studied, with
reference to the use of sensors and actuators within the
subject Machine elements - production, application.

The Technical University of Vienna teaches mechanical
elements for three semesters. However, a significantly
small number of classes in each semester is evident. At
the master's study, special machine elements,
transmissions in the aviation industry and ways of
controlling special machine elements with the help of
sensors are studied.

At other foreign faculties in the area, a significantly
smaller number of classes is noticeable, as well as a small
number of ECTS credits. The curricula are mainly based
on the study of conventional machine elements.

4. CONCLUSION

Industry 4.0 has led to major changes in all spheres of
society, especially in technology. The technological leap
is so pronounced and is on a steady rise. New
technologies are removing the boundaries between
specially studied fields of science (mechanical
engineering, electrical engineering, biology, medicine,
etc.). Changes are happening very fast. Education must
accompany these changes. Universities need to update
their curricula and develop programs that should provide
students with the knowledge and skills needed to work
effectively in a new "smart" environment. The main
activity in the era of the Fourth Industrial Revolution was
the development of smart products and services. The
education of mechanical engineers should cover
multidisciplinary areas which, in addition to mechanical
engineering, must include electronics, software
engineering and new advanced technologies. The general
trend is to transform existing products into mechatronic
and smart products. Within the digital transformations in
mechanical engineering, the use of digital technologies,
sensors and actuators as other elements of smart products
is significant. For a mechanical engineer, it iS necessary
that, in addition to a good knowledge of conventional
mechanical elements and systems studied so far, such as



joining elements (screwed, riveted, welded joints) or
elements for mechanical transmissions (gears, shafts,
bearings), has a good knowledge of the basics of digital
technologies, sensors and actuators, as well as other
elements built into modern products. In line with new
trends, existing curricula need to be modified to educate
engineers for the future.
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Abstract: Smart products represent the aspect of intelligent products related to the application of the
Industry 4.0 model in production, i.e. the technological systems where they are produced. It can be
concluded that the term ‘smart product’ has the same content and meaning as the ‘intelligent product’.
However, these products nowadays obtain a new dimension that blurs the line between the product
(hardware) and the service related to it or derived from it (intelligence), so now the user has new
opportunities. For more than two decades, these products have been the subject of research around the
world, so this paper aims to provide an overview of different approaches regarding the aspects of
definition, development, design and application. In addition, an analysis of intelligent products research

and development in the Republic of Serbia is given
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1. INTRODUCTION

Smart products are transforming the manufacturing
industry, and, vice versa, creating a new framework for
the application of innovations in manufacturing, starting
with product development [1]. Today, there is no
universal definition of a ‘smart product’, but this term was
first used in the context of a product lifecycle information
system [17], and intelligent manufacturing and supply
chain [15,16]. Hence, it started with the term "intelligent
products”, and nowadays the established term is "smart
products”.

This is the same concept and model of the product. The
first systematization of terms and definitions of intelligent
products is given in [11]. Today, one of the definitions of
an intelligent product can be our contribution to these
considerations - the location of our business is the place
of use of our product, from where the customer,
consciously or unconsciously, generates and sends
information about its behaviour!

On the other hand, if a detailed analysis of references for
the last two decades is performed, it can be concluded that
researchers in this field have focused their research on: (i)
defining concepts and models of intelligent products, (ii)
application of information technology to support
intelligent products, and (iii) technological systems and
their concepts as a support for the development,
manufacturing and application of intelligent products.
Regarding the concept and model of intelligent products,
their taxonomy is presented in [3], and the levels and their
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analysis in [4,11], design principles in [5,9], research of
customer satisfaction with intelligent products in [24], and
intelligent design of these products in [30,33]. It is
important to note that Al tools and techniques, including
deep machine learning (ML), have been recently used
increasingly.

Information technologies form the basis of intelligent
products, and the most common approaches include: the
use of PLM by IoT [2], digital modelling of intelligent
products [13], smart engineering as a basis for intelligent
products [7,8,14], big data analysis [26,27 ], and machine
learning and its application in intelligent products
[28,29,32].

At the level of technological systems, intelligent products
have been researched from the following aspects:
business model of the organization [1,7,10,31], use of
agent technology in manufacturing management
[6,12,21], supply and delivery chain management [15,19],
production planning and management (MES) [16,18],
maintenance planning and management [17], product life
[22], and smart manufacturing [23].

This paper has several sections: (a) analysis of the
definition of intelligent products, (b) structure of
intelligent products and its elements, (c) the state of
development of intelligent products, (d) design of
intelligent products, and (e) levels of intelligent products
and selected examples.

The aim of this paper is to provide an overview of the
state of research and development of intelligent products
from different angles, in order to gain a comprehensive



insight into this area, especially from the aspect of the
future development and application of the Industry 4.0
model.

2. BASIC DEFINITIONS OF INTELLIGENT
PRODUCTS

In [18], the first integral definition of an intelligent
product, which has physical and information
representation, is given. The connection between the
physical product and its representation is based on
information obtained by means of a tag (QR code) and a
reader (RFID). Thus, the intelligent product acquires the
following characteristics: (i) has a unique identification,
(i1) has the ability to communicate effectively with its
environment, (iii) generates and stores information about
itself, (iv) uses language to display its characteristics,
product requirements, usage history, etc., and (v) is able
to generate or make relevant decisions about its present
and future status.

According to the previous definition, [16] two levels of
product intelligence are given: (i) information (levels i-
iii), and (ii) user (decision making), which covers all five
levels. This is a generic classification of intelligence, and
in it, for example, information can be generated and used
for the procurement of raw materials [15], as well as its
manufacturing [16], using RFID technology.

The second definition is oriented towards intelligent
products coming from SMEs [19], which are part of the
supply chain. In order to extend the connections of an
intelligent product outside the SME, it should have the
following characteristics: (a) global identification code
(during its lifetime), (b) connection to information sources
outside the SME, and (c) the ability to communicate with
the users, including proactive activities as well. This
definition is fully covered by the characteristics of an
intelligent product according to [16].

The following definition [20] is more comprehensive than
the previous two, and refers to intelligent products and
systems, which have the following characteristics: (a)
they continuously monitor their condition and
communication with the environment, (b) make decisions
about working conditions, (c) manage the optimal
performance, and (d) actively communicate with the
environment (the user, other products and systems). From
these characteristics, it could be concluded that these
products have the necessary computer support (hardware
and software).

In [24], the relationships between product intelligence and
its consumer perception were investigated. This research
provided an intelligent product model with six
dimensions: autonomy, ability to learn, reactivity, ability
to cooperate, human-like interaction, and personality. The
last two dimensions are especially relevant to the users of
these products.

A summary analysis of this point shows that intelligent
products have completely new dimensions compared to
classic products with the same purpose, which means that
their design and manufacturing require completely new
engineering knowledge and their symbiosis at all stages of
the product service life.
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3. BASIC STRUCTURE OF INTELLIGENT
PRODUCTS

In order to be able to research intelligent products from
different aspects, the following classification model is
presented [3-5,11]. The model was developed through
three dimensions: the level of intelligence, its location and
its content, Table 1.

Table 1.Dimensions of intelligent product characteristics

Level of Location of Object of
intelligence intelligence intelligence

Information Narrow .

. . information
manipulation duct)

On the Network (produc
Problem
reporting Wider
information

Decision On the product | (system)
making

Product intelligence is monitored through three levels: (a)
manipulation of information means that the product
manages information about itself, assisted by sensors,
RFID readers or other techniques. When this information
is extended with the production and supply chain
information (to the user), then the full management of this
segment of an intelligent product is established; (b)
informing the environment (users) about the problem in
the intelligent product; and (c) making decisions about
themselves, without external interventions [9].

The second dimension is intelligent content and its
location: (a) online (server or cloud), where agent
technology is used as an interface for its intelligence
[6,12,21], and (b) intelligence on the product with the
integrated  Smart Device (SD) [3,8,9], with
hardware/software support to fully realize the intelligent
function of the product.

Engineering products have complex structures, where
their components can be entities for themselves (such as a
roller bearing), so it is important to define the third
dimension of an intelligent product — an object (machine,
assembly, subassembly, part). In modern products, which
have their own intelligent processor (PLC), it is sufficient,
for example, that a part has an identifier, with the basic
functions of collecting information, which is processed
elsewhere. However, in this case, there must exist a
special communication interface for unique access to
information at all levels [8,22]. Thus, from the object
aspect, we have: (a) pieces of information managed by the
product which are related directly to themselves
(notifications and decisions), and (b) pieces of
information related to the entire system, including
components (for example, intelligent spare parts
management, when automatic ordering is performed once
that stock level is reached).



The concept of intelligent products presented above
requires the application of advanced technologies for their
upgrade, for generating, storing, processing and transfer
of information.

Smart products and their components (parts), but also raw
materials [23] used for products in smart manufacturing,
are marked and monitored with electronic devices, as
shown in Figure 1 [23].

NEC)

Near Field

Comunication
Two-way communication
between two elements
located in near distance.
NEC — RFID at the
distance of few
centimeters.

IDentification
It uses radio
transmission to collect
or write data without
contact. Power is
received from RFID
reader.

The basic characteristics of these devices are also given in
the same figure, which represents a framework for
managing intelligent products, according to the
characteristics shown in Table 1. Reuse is a property of
products / parts / materials that can be recycled or reused
in the system. It can be debated whether reuse should be
considered as a part of energy / efficiency savings or
smart products / parts / materials.

[=]

[=]

=l
n
Quick Response
Code
For following parts in
manufacturing process.
Codes are readed by
smart devices, cameras,

specialised readers with
adequate software.

the Product
Based on the ISO 15693
RFID standard. It allows
keeping of the specific
product data during the
manufacturing and other

phases of products life
(including maintenance).

Fig. 1. Support for intelligent products in Industry 4.0

If part of recycling is taken into account, then reuse can
be included in energy savings; but if it is considered a
characteristic of a material that can change its
configuration to be reused in the same or a different form,
then it is a smart material. Resistance is the ability
through which a product / part / material could retain its
original shape.

Traceability is a technology that can be used to find the
past and present location of unique objects as
information-carrying entities [12]. However, the
particular technology (sensing) which can be used to track
entities is necessary. These sensors are called smart
sensors. Advanced temperature sensors, as well as other
smart sensors (pressure, force, speed, voltage etc.) are
used today in the manufacturing of intelligent products.
Other applications include the use of antimetal radio
frequency identification (RFID) in  production
environments. When smart sensors have processors and
software for efficient data exchange, they are called smart
products / parts. Traceability is extremely important for
providing location data; and if these data are used in the
analysis, then they could be considered a part of the
subsystem in Industry 4.0 for data analysis. Traceability
can also be provided in real time, because then the
monitoring of the object location is permanent and
constant.

Smart materials can sense changes in the environment and
sensor-assisted operations, take corrective action with
actuators and provide data for analysis, which can further
lead to improved part design (deformation and stress
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concentration simulation and calculation). Since smart
materials require the use of sensors and actuators, they
should be considered an element of Industry 4.0 [23].
Smart materials can also have the ability to change
structure in response to external stimulation. Some of the
most famous are piezoelectric materials and shape
memory alloys. Therefore, a whole framework for
Industry 4.0 can be defined, which includes smart
products / parts / materials, Figure 2, which shows
different characteristics and technologies that are part of
smart products / parts / materials.

Machi
Statistical L;f_":.;e Real-time
Process Control ol Communication
GIS Simulation
A
Smart Product /
Parts / Materials
. Smart
Reusability Sensors
Smart
. Material
Resilience

Tracking

and Tracing Big Data

Fig. 2. Intelligent products and their characteristics for
the Industry 4.0 concept



Industrial companies face major challenges: broken
supply chains, shortened product life cycles, reduced time
to market, increased product diversity, and increased
scalability [23]. Introducing the concept of an intelligent
product into the Industry 4.0 model implies improving
production planning and management, greater production
flexibility and changing of product variants. The
presented analysis shows that intelligent products
increasingly require the use of intelligent materials for
their manufacturing, which gives a completely new
research dimension.

4. STATE OF DEVELOPMENT OF
INTELLIGENT PRODUCTS

Intelligent products are based on Artificial Intelligence
(AI), which implies that Big Data Analysis techniques
(BDA) and Machine Learning algorithms (ML) are used,
with appropriate computer support.

At today's level of intelligent products development, their
state can be shown by the scheme in Figure 3 [25], which
includes four phases: monitoring (environment and use),
management (connections with other devices and
communication with the environment), optimization
(BDA) and autonomy (ML and decision making).

The essence of intelligent products is their ability to
manage knowledge about themselves, in the past, in the
present, while predicting the future. For these reasons, big
data is the key technology for them [26,27], with its
following characteristics (5V): Value, Variability,
Volume, Variety, Velocity. Another key technology is the
Internet of Things (IoT) aimed at transferring, managing
and using data. A key element of the intelligent product is
the applied model of machine learning in the BDA. They
are developed for different areas: natural language
generation and speech recognition, text analysis, visual
recognition, VR / AR, decision making, process planning,
robotic process automation and deep learning, whereby
most of them are also used for intelligent products.

Current Stage Future Trend

Autonomy
. Intelligent
Optimization yecision

Automatically akier based

Control  analyze and on Big Data
. o make
onne i
- decisions
Monitor  devices and

formation of
Environmental the control
and user data
acquisition

Fig. 3. Intelligent products in the context of Industry 4.0
[25]

An overview of machine learning algorithms that support
these application areas is shown in Figure 4 [28]. For the
field of intelligent products, the following algorithms are
most often used: association rule learning, deep learning,
decision tree, clustering and ANN.

The processing capacity of the hardware unit in intelligent
products is very important, especially for data and
algorithm-based AI. Graphics Processing Units (GPU),
General Purpose Processors (GPP) and Field
Programmable Gate arrays (FPGAs) are required to
efficiently run Al-oriented computational tasks [29].
Hardware chips for intelligent products (CPU and GPU)
should be energy efficient with very low latency (real-
time operation), with quantum computing fully meeting
these requirements.

System software should be organized into system clusters,
with sets of instructions, libraries, and dedicated
functions. It could be concluded that Artificial
Intelligence (AI) and Machine Learning (ML) are the
basic framework for the future development and
application of intelligent products.
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Fig. 4. Overview of machine learning algorithms [28]
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5. DESIGN OF INTELLIGENT PRODUCTS

Today, intelligent products are researched, developed and
manufactured based on market research and customer
requirements, according to the AMC model [5]. Hence,
these products have four phases of development:
exploration period, market start-up period, high speed
development period and market maturity period. At this
time, the health care, consumer robots, domestic robots,
smart cars, UAV (Unmanned Aerial Vehicle) and AR.
The VR devices, industrial robots, wearable devices and
smart home are grouped in the stage of market start-up
[5]. This classification is market-based and shows the
development of great potential for different products. As
the chain of intelligent product industries expands to
different areas, several possible profit models and markets
will be explored in the future, Figure 5 [5].

A

UAV
Domestic Robots

Smart Cars
AR Devices

Degree of Market Reckognition

Consumer Robots

Health Care Industrial Robots

Exploration Period

Market startup

The design of intelligent products differs significantly
from the design of classic products due to: (a) their unique
structure, Figure 6 [5], which represents the integration,
most often, of MEMS components, microelectronics
(hardware) and specialized software, (b) special user
requirements, which are often not even defined, but the
manufacturers are expected to define new needs and
potentials [30], and (c) the necessary multidisciplinary
knowledge, especially from Al and ML.

The main characteristic of an intelligent product should be
its beauty (appearance) and practicality (ease) of use.
However, the biggest difference compared to classic
products are the technological factors that give them
functional characteristics, which make up the intelligent
transformation of products.

Smart Home

Wearable Devices

High speed

. Mature Period
development Period

Period

Fig. 5. The AMC curve of intelligent products (example for China - 2017) [5]

Sensor module Communication module

Operating system module
Power module Structural component Extended function
module module

Fig. 6. Basic structure (modules) of intelligent products

[5]

The main characteristic of an intelligent product should be
its beauty (appearance) and practicality (ease) of use.
However, the biggest difference compared to classic
products are the technological factors that give them
functional characteristics, which make up the intelligent
transformation of products.

The most important feature of intelligent products in the
design phase should be focus on the customer (user). This
means that methods of researching the user needs should
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be used first, in order to define their basic requirements,
and then supplemented with the expected benefits, Figure
7 [31]. Therefore, designers should be constantly
informed about the feedback on new customer
requirements, as well as their opinions on the newly
launched products.

In the future, the user-centred design will focus on
developing models for interpreting cognitive processes,
which are created by users’ thinking about an intelligent
product (when s/he already uses the product or thinks
about what the product should be like), which produces
psychological  associations and  creates  neural
mechanisms. They should compensate for the weaknesses
of explicit research on user requirements and improve the
reliability of these methods. Today, the following
methods of implicit measurement of user requirements are
used: Implicit Association Test (IAT),
Electroencephalograph (EEG) and Functional Magnetic
Resonance Imaging (FMRI) [32].



A new method that is being increasingly used in the
context of Industry 4.0 is data mining, as well as direct
user participation.

Qualitative Research

User interviewing
Field |study
Participatory design Usability testing
Eogus gratp Eye movement
Card Sorting quantitative test
Attitude Behaviour
Consumer satisfaction ;
Log analysis
A/B test
Questionnaire /

Quantitative Research

Fig. 7. Classification of user requirements research
methods [31]

Engineering design using CAD systems in this area
should be used to help the designer to enhance the
aesthetic dimensions of products and their creative
possibilities, which means that they should have the best
visualization functions. These functions are especially
important in the application of rapid prototyping
technologies, as well as in the application of virtual
approaches in the Industry 4.0 model, such as digital
twins. Another dimension of this area is the cognitive
complexity of these products, which requires additional

collaborative work with more specialties, with
consideration of: product complexity, their
multidisciplinarity (primarily in structure), domain

integration and market globalization trends [33].

Starting from the previous analyses, it is possible to
define the basic principles of intelligent product design:
technical support (a smart product that can communicate
naturally), interconnection (intelligent products form a
network) and service content, Figure 8 [5].

Service
Content

Interconnection
Data Acquisition,
Transparency Sharing

Technical Assistance
Al Empowerment, Natural interaction

Fig. 8. Basic principles of intelligent product design [5]

Technical support is related to Al technology, because
sensors with this technology and deep learning ability
(speech and image recognition, video analysis and
semantic understanding) are used in intelligent products.
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This allows intelligent products to possess visual, tactile,
auditory and other active abilities. Natural interaction
means that these products are beginning to use natural
forms of interaction, not just mouse and keyboard, but
also: touch, speech, gestures, handwriting and vision.
Image interaction is based on the application of machine
vision, through the perception and recognition of image
content. The most natural interaction is via voice, because
80% of human communication is performed in this way,
which means that intelligent products also have the
function of recognizing natural language. Behavioural
interaction is based on tracking natural movements and
physical location in order to predict the intention of the
user.

The interconnection of different intelligent products
creates a multidimensional network of intelligent
perception, whose big data are transparently collected and
stored in the cloud. Their BDA is performed on that
platform, through distributed planning and management
of interaction with network entities. Only interconnected
and interoperable data, i.e. knowledge, form a functional
system. It is a fusion of the physical and virtual world,
with the connection of sensory data with digitized models
of intelligent products, a virtual copy of the physical
world, i.e. a digital twin [6]. The communication module
is one of the most important parts of an intelligent
product, which enables the connection of objects and the
exchange of information. With the help of 10T, intelligent
products communicate with each other, cooperate with
their neighbouring "smart" components and achieve
common goals, applying unique addressing schemes. The
communication technologies used here are: RIFID, Wi-Fi,
Bluetooth, ZigBee, ultra-wideband (UWB) radio
technology and mobile communications GPRS, 3G, 4G,
and 5G technologies. In this way, intelligent products
(machines and devices), sensors and people are connected
via the IoT, IoP (Internet of People), or IoE (Internet of
Everything).

An example is the Xiaomi smartwatch, which has a built-
in three-dimensional rhythm motion sensor to collect
information on user movement, exercise data, number of
steps, sleep quality and calorie consumption. When all
these data are passed to the cloud, using the BDA and ML
model, the user receives feedback and recommendations
to improve their health. Even today, there are intelligent
products that cover various aspects of life (health care,
physical appearance and sports), traffic, housing,
manufacturing, etc.

6. LEVELS OF INTELLIGENT PRODUCTS -
A CASE STUDY

Research, development and application of intelligent
products has been going on for over two decades. This
allows the definition of the four achieved levels of
development of intelligent products (the digital,
connected, responsive and intelligent level). An important
feature is that each subsequent level contains and
encompasses all the characteristics of the previous level.
An overview of these levels is given in Table 2 [4].

This categorization of intelligent products was performed
according to 17 criteria [4], whose basic features are
included in Table 2.



Table 2. Levels of development of intelligent products (supplemented according to [4])

Level 1- Digital Level 2 —
Connected
{J 2
(to the 2000) (2000-2010)
Hardware & Basic hardware Basic hardware
Software Software for basic ~Connectors
support operating Sotware for
communication
Capability ITT Equipped +
Data storage Unique
Data processing identification
&analysis Networking &
Data provision & Connectivity
transmission Communication &
Information
Exchange
Interaction &
Cooperation
Application Predefined input Tracking services
(functions & and output (Smart meter)
services) operations (digital Dispersed
camera) funcionality
Basic settings (Samsung

(radio station or
alarm setting, hi-fi
system )

Entering, storing
and displaying of

(Philips) Hue
Lighting System)
Remote control
and monitoring
(wirelees printer)

information Infotainment
(Apply iPod) (Audi connect)
Car digital panel

Level 3 -
Responsive

I % I

(2010-2020)

Basic hardware
Connectors
Sensors &

Actuators
Sotware for define
pre-sensing and
responding logic
(SRL) and
programmable
SRL

+

Sensing

Real time context
— awarness
Reactivity &
Adaptability
Automated
Actuation
Functionality &
Customization
IFTTT routines
(Amazon Echo)
Rule-based skill
and actions
(Gougle Home
actions)
Reactive actions
(car lane assist)
Deterministic
automated action
(Amazon Dash
Shelf)

Location & data-
based services or
navigation tasks
(route
optimization)
Performance
tracking (Apple
Watch)

Level 4 —
Intelligent /
Industry 4.0

&g

(after 2020)

Basic hardware
Connectors
Sensors &
Actuators
Sotware for define
pre-sensing and
responding logic
(SRL) and
programmable
SRL
Al software for
learning,
improving and
anticipating
=+
Reasoning &
Decision making
Autonomy &
Self- management
Proactivity

Complex context-
based servicies
(NEST Learning
Thermostat)
Procative services
(anticipatory
services in the Al
CON car)
Complex
learning-based
and self-
organizing
autonomus actions
(driverless
vehicles)

This categorization of intelligent products was performed
according to 17 criteria [4], whose basic features are
included in Table 2. This classification is supplemented in
Table 2 by the time dimension, which should be
understood conditionally, but in the context of
development and application of Industry 4.0. Another
important feature of these levels is that these products
also include service as an integral part of the product,
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which represents a new direction of research and
development of intelligent products.

Starting from the definition of CPS in Industry 4.0, it
could be concluded that the difference between the
essential definition of CPS and intelligent product is
slowly but surely being erased, so it could be expected
that they will become the same thing in the next (fifth)
level of intelligent products.



It should also be noted that the given examples of the
levels of intelligent products from Table 2 refer, in most
cases, to the automotive industry. It should be said that
other examples can be found in the medical-
pharmaceutical field, production of computers, personal
medical-entertainment devices for everyday use, mobile
phones, home appliances and devices and public services.
For other industries, the concept of intelligent products is
at the beginning of development and application.

The digital product is supported by hardware and IT
elements (storage, processing, display and data transfer).
These elements improve the characteristics of the product
through its additional features (digital cameras, MP3
players, hi-fi systems, digital panels in cars) [4].

A connected product has the following features: original
identification, networking and connectivity,
communication and exchange of information, interaction
with the user and other entities and cooperation with them
[4]. In order to realize these functions, it must have basic
computer support and connectors, as well as
communication software for connection to the entity
network using IoT. Entities receive and send data, and
hence, by interacting with other products, they create
added value, increasing their functional characteristics.
The original digital entity identification enables automatic
detection, location and tracking of entities during their
lifetime, as well as their activities. Technically,
communication is achieved through a range of available
network technologies: wireless internet technologies,
Bluetooth or high-frequency RFID tags. By exchanging
information with each other and working together, this
level of products creates sets of IoEs (Internet of
Everything). The examples of this level of products
include [4]: automatic ordering (Amazon Dash), the smart
lighting system (Philips Hue), smartphone, the music
system or the smart home assistant, via voice-control. In
this way, different interconnected products and agents
jointly create value.

A responsive product has the following features: sensing,
working in real-time, reactivity and adaptability,
automated actuation, functionality and customization [4].
This level of intelligent products has basic hardware
support, connectors, sensors and actuators. As far as
software is concerned, it supports software for defined
pre-sensing and responding logic (SRL) and
programmable SRL, which allows it to work in feedback
logic. This means that sensors are the key technology that
characterizes these products, such as: the Audi A8 with
central driver assistance control (zFAS), or the Audi
"active lane assist" or the brake assistant "pre sense 360"
[4]. These features allow these products to gain real-time
environmental awareness (location, humidity, sound,
temperature or weight), which means they are subject to
the BDA analysis to maintain and monitor performance,
as well as generate new reactivity and adaptability actions
(safe braking distance for different conditions, etc.). All
this implies that this level of products not only feels and
observes, but also follows (re)actions based on
observations, through actuators. Actuator actions can be
physical (robot vacuum cleaner) or virtual (Amazon Dash
Shelf), where the process of informing the customer is
virtually started and the order proposal is activated. These

58

automated actions use IF-This-Then-That-Type (IFTTT)
operations, which give the product autonomy from the
user's point of view. Thus, this type of product works
within the defined sets of operational parameters, where
two types of functional products could be distinguished:
(a) those that follow a predefined detection and response
logic (SRL), and (b) programmable SRL. The product that
follows the predefined SRL works on the basis of one-
dimensional operating parameters (Amazon Dash Shelf).
In contrast, products that follow programmable SRLs are
based on more versatile functionality and can be
programmed using ideas and skills (Google and Amazon
allow their users to customize their Google Home or
Amazon Echo) or also provide platforms for developers,
allowing users to program the IFTTT routines. Hence, we
get the "tailoring of products according to buyers' and
consumers' needs and affects”, creating a highly
personalized product through the provision of customized
functions and services [4]. A real example are ski boots
Atomic Connected [4], which have motion and
acceleration sensors, where the system monitors ski
performance: slope and speed, path length, turns,
distances and altitude, and also registers how well
someone stands on the skis. The device in the shoe
generates feedback and informs the user via mobile phone
how to improve skiing in terms of smarter, safer and
better skiing. Another example [4] is Amazon Dash Shelf,
which uses virtual actuators to initiate orders, with
demand forecasting, and BDA-based delivery analysis.
Finally, the last level refers to intelligent products in the
context of Industry 4.0, which means that they have the
following characteristics: reasoning and decision making,
autonomy and self-management and proactivity [4].
These features allow products to be able to learn,
anticipate and act independently, while the products are
supported by appropriate hardware and complex Al
software (networking, responding to changes in the
environment, reasoning and learning). The ability to
reason and make decisions, about itself and in interaction
with external entities, makes these products intelligent.
They are supported by tools and techniques of Al for deep
machine learning (for example ANN), which allows
products to think reactively and make conclusions while
learning from new situations, which leads to new
adaptation and increased autonomy. BDA analyses are
used for all this, which adds a dimension of predictive
analytics (early warning system or failure detection) to
these products. The best examples of this product level
are: AlphaGo Zero - Al DeepMind (Al integration and
decision making), autonomous vehicles (Audi, Mercedes),
or NEST Learning Thermostat, which develops intuition
about its users and predicts habits through predictive
BDA, managing climate parameters at home according to
the habits of the tenants (for example when no one is at
home, some devices are turned off and the temperature is
reduced) [4]. The latest example, which comes from the
company ZF (Germany), is the minibus e.Go Mover. This
intelligent product uses sensors and software support
based on Al and ML, which monitor the vehicle, driving
and infrastructure, generate responses from the
environment and develop its cognition and adaptation, in
order to achieve independent driving [4].



7. CONCLUSION

Smart product is a concept that is developing rapidly,
primarily due to the rapid development of the IT industry.
As the analysis shows, smart products require knowledge
from various fields of engineering and informatics. Levels
of intelligent products provide an overview of their
development and directions for future research in this
area. In this context, it is important to emphasize that
Industry 4.0 is the best framework for research and
development of intelligent products nowadays. As far as
Serbia is concerned, research in this area is still at the
development stage, and it has two directions: (a)
industrial applications and development that is parallel to
the application of this concept in the organizations (such
as Servotech, Inmold), and (b) scientific research at
faculties and institutes. So far, Faculty of Mechanical
Engineering at the University of Belgrade has
significantly contributed to the development and
implementation of the national program for Industry 4.0
in Serbia. This work should also be understood as a new
effort towards spreading the scientific-research culture of
smart products in the Republic of Serbia.

REFERENCES

[1] Holler, M., et al., Understanding the Business Value
of Intelligent Products for Product Development in
Manufacturing Industries, ICIME 2016: Proceedings
of the 2016, 8th International Conference on
Information = Management and  Engineering,
November 2016, Pages 18-24.
https://doi.org/10.1145/3012258.3012266.

Dimitris Kiritsis, Closed-loop PLM for intelligent
products in the era of the Internet of things,
Computer-Aided Design 43 (2011) 479-501,
www.doi:10.1016/j.cad.2010.03.002.

Tomads Sanchez Ldpez, et al., Taxonomy, technology
and applications of smart objects, Inf Syst Front
(2011) 13:281-300, www.doi:10.1007/s10796-009-
9218-4.

Stefan Raff, et al, Smart Products: Conceptual
Review, Synthesis, and Research Directions, J Prod
Innov Manag 2020; 37(5):379-404,
www.doi:10.1111/jpim.12544.

Jiarui Wang, et al., Research on the Design Principles
for Intelligent Products, Springer Nature Switzerland
AG 2019, A. Marcus and W. Wang (Eds.): HCII
2019, LNCS 11583, pp. 351-367, 2019.
https://doi.org/10.1007/978-3-030-23570-3_26.

Ilya Kovalenko, et al., The model-based product
agent: A control oriented architecture for intelligent
products in multi-agent manufacturing systems,
Control Engineering Practice 86 (2019) 105-117,
https://doi.org/10.1016/j.conengprac.2019.03.009.
Julia Hofmeister Kahle, et al., Smart Products value
creation in SMEs innovation ecosystems,
Technological Forecasting & Social Change 156
(2020) 120024, https://doi.org/10.1016/j.techfore.
2020. 120024.

(2]

(3]

(4]

(5]

(6]

(7]

59

[8] Dharmendra Kumar Mishra, et al.. Towards
Realizing the Smart Product Traceability System. 9th
IEEE International Conference on Software,
Knowledge, Information Management &
Applications (SKIMA 2015), Dec 2015, Kathmandu,
Nepal. https://doi.org/10.48550/arXiv.1811.09693.
Andreas Riel, et al., An architectural approach to the
integration of safety and security requirements in
smart products and systems design. CIRP Annals -
Manufacturing Technology, Elsevier, 2018, 67 (1),
pp-173-176. www.doi:10.1016/j.cirp.2018.04.022.
[10]Dawid, H., et al. Management science in the era of
smart consumer products: challenges and research
perspectives. Cent Eur J Oper Res 25, 203-230
(2017). https://doi.org/10.1007/s10100-016-0436-9.

[11]Gerben G.Meyer, et al., Intelligent Products: A
survey, Computers in Industry, Volume 60, Issue 3,
April 2009, Pages 137-148, https://doi.org/10.1016/
j-compind.2008.12.005.

[12]Paul Valckenaers, Hendrik Van Brusse, Intelligent
products: Intelligent beings or agents?, IFIP
International Federation for Information Processing,
Volume 266, Innovation in Manufacturing Networks;
ed. A. Azevedo; (Boston: Springer), pp. 295-302,
201.

[13]Thorsten Wuest, et al., Digital Representations of
Intelligent Products: Product Avatar 2.0, Proceedings
Abramovici, M., & Stark, R. (Eds.). (2013). Smart
Product Engineering. Lecture Notes in Production
Engineering. www.doi:10.1007/978-3-642-30817-8.

[14]Reiner Anderl, et al., Smart Engineering for Smart
Products, Proceedings Abramovici, M., & Stark, R.
(Eds.). (2013). Smart Product Engineering. Lecture
Notes in Production Engineering. www.doi:10.
1007/978-3-642-30817-8.

[15]Chien Yaw Wong, et al., The intelligent product
driven supply chain, IEEE International Conference
on Systems, Man and Cybernetics, 2002, volume 4,
pages 6 pp. www.doi:10.1109/ICSMC.2002.
1173319.

[16]McFarlane, Duncan, et al., (2002), The Intelligent
Product in Manufacturing Control and Management.
IFAC  Proceedings Volumes, 35(1), 49-54.
www.doi:10.3182/20020721-6-es-1901.00011.

[17]Blake Ives, Michael R. Vitale, After the Sale:
Leveraging Maintenance with Information
Technology, MIS Quarterly, Vol. 12, No. 1 (Mar.,
1988), pp. 7-21, http://www.jstor.org/stable/248797.
Accessed March 2022.

[18]Duncan McFarlane, Auto ID systems and intelligent
manufacturing control, Engineering Applications of
Artificial Intelligence, 16(4):365 376, 2003.
www.doi:10.1016/S0952-976(03)00077-0.

[19]M. Kirkkdinen, et al., Intelligent products - a step
towards a more effective project delivery chain.
Computers in Industry, Vol. 50:141-151, 2003.
https://citeseerx.ist.psu.edu/viewdoc/download ?doi=1
0.1.1.64.4722&rep=rep1 &type=pdf. Accessed March
2022.

(9]



[20]Olli Ventd, Intelligent products and systems,
Technical report, VTT, 2007.
https://cris.vtt.fi/en/publications/intelligent-products-
and-systems-technology-theme-final-report.
Accessed March 2022.

[21]Carabelea, C., et al.,, (2003), Benefits and
Requirements of Using Multi-agent Systems on
Smart Devices, Lecture Notes in Computer Science,
1091-1098. www.doi:10.1007/978-3-540-45209-6.

[22]Kary Framling and Jan Holmstrom. Design patterns
for managing product life cycle information. In
Proceedings of 18th International Conference on
Production Research (ICPR), 31 July to 4 August
2005, Salerno, Italy, 2005. http://www.cs.hut.fi/
~framling/Publications/ICPR2005articleKF.pdf.
Accessed March 2022.

[23]Sameer Mittal, et al., Smart manufacturing:
Characteristics, technologies and enabling factors,
Proc IMechE Part B: J Engineering Manufacture,
2019, Vol. 233(5) 1342-1361, www.doi:10.1177/
0954405417736547.

[24]Rijsdijk, S.A., et al., Product intelligence: its
conceptualization, measurement and impact on
consumer satisfaction. J. of the Acad. Mark. Sci. 35,
340-356 (2007). https://doi.org/10.1007.

[25]IResearch, China Business Intelligence Industry
Research Report (2021). http://report.iresearch.cn/
report/202106/3010.shtml. Accessed March 2022.

[26] Amir Gandomi, Murtaza Haider, Beyond the hype:
Big data concepts, methods, and analytics,
International Journal of Information Management,
Volume 35, Issue 2, 2015,

Pages 137-144, https://doi.org/10.1016/j.ijinfomgt.
2014.10.007.

[27]Fan, Wei, and Albert Bifet. "Mining big data: current
status, and forecast to the future." ACM sigkdd
explorations  newsletter 142 (2013): 1-5.
https://doi.org/10.1145/2481244.2481246.

[28]Sarker, 1. H. (2021). Machine Learning: Algorithms,
Real-World Applications and Research Directions.
SN Computer Science, 2(3). www.doi:10.1007/
$42979-021-00592-x.

[29]Lu, H., et al. Brain Intelligence: Go beyond Artificial
Intelligence. Mobile Netw Appl 23, 368375 (2018).
https://doi.org/10.1007/s11036-017-0932-8.

[30] Wenjin Yang, et al., Intelligent Design of Product
Forms Based on Design Cognitive
Dynamics and a Cobweb Structure, Computational
Intelligence and Neuroscience, Volume 2021, 17
pages, https://doi.org/10.1155/2021/6654717.

[31]Zawadzki, P., Zywicki, K. (2016), Smart Product
Design and Production Control for Effective Mass
Customization in the Industry 4.0 Concept,
Management and Production Engineering Review, 7
(3). www.doi:10.1515/mper-2016-0030.

60

[32]Bin Zhou, Li Lin, Research on Cognitive Matching
of Biological Morphological Features and Images for
Profiling, Design, E3S Web of Conferences 179,
01015 (2020), EWRE 2020,
https://doi.org/10.1051/e3sconf/202017901015.

[33]Senthil K. Chandrasegaran, et al., The evolution,
challenges, and future of knowledge representation in
product design systems, Computer-Aided Design,
Volume 45, Issue 2, 2013, Pages 204-228,
https://doi.org/10.1016/j.cad.2012.08.006.

CORRESPONDENCE

Vidosav D. MAJSTOROVIC, Ph.D.
Full professor

Faculty of Mechanical Engineering at
the University of Belgrade

Kraljice Marije 16

11120 Belgrade, Serbia
vidosav.majstorovic @ gmail.com

Zarko MISKOVIC, Ph.D.

Assistant professor

Faculty of Mechanical Engineering at
the University of Belgrade

Kraljice Marije 16

11120 Belgrade, Serbia
zmiskovic@mas.bg.ac.rs

Radivoje MITROVIC, Ph.D.

Full professor

Faculty of Mechanical Engineering at
the University of Belgrade

Kraljice Marije 16

11120 Belgrade, Serbia

rmitrovic @mas.bg.ac.rs

Tatjana LAZOVIC, Ph.D.

Full professor

Faculty of Mechanical Engineering at
the University of Belgrade

Kraljice Marije 16

11120 Belgrade, Serbia
tlazovic@mas.bg.ac.rs



mailto:vidosav.majstorovic@gmail.com
mailto:zmiskovic@mas.bg.ac.rs
mailto:rmitrovic@mas.bg.ac.rs
mailto:tlazovic@mas.bg.ac.rs

10t International Scientific Conference

IRMES 2022

“Machine design in the contextof | ...,
Industry 4.0 - Intelligent products” 'ﬂ_ 0

26 May 2022, Belgrade, Serbia

RMVIE

SENSORY TECHNOLOGY IS ONE OF THE BASIC TECHNOLOGIES OF INDUSTRY

4.0 AND THE FOURTH INDUSTRIAL REVOLUTION

Isak KARABEGOVIC

Abstract: Digital transformation of the production process or the entire value chain, from component to
system and from supplier to customer, is the key to hidden value that can contribute to the company’s
productivity, compliance, profitability, and quality of the finished product. Connected production
processes in the company are realized by converging information technology (IT) and operational
technology into a single one, which results in the introduction of flexible industrial automation of
production processes. These technologies connect the physical and virtual worlds with the Internet of
Things (IoT) in order to better collect and analyze data, turning it into information that reach the
decision-makers. All of the above cannot be achieved without the implementation of smart sensors that
provide information at all times. Industry 4.0 can be implemented in production processes only by using
smart sensors, and they, along with other technologies, are responsible for fully flexible automation of
production processes, which brings a number of advantages such as shortening product development time
and reducing manufacturing costs. The application of smart sensors makes production processes more
efficient, and we have the ability to optimize them. The paper presents the basics of smart sensors, their

role in Industry 4.0 as well as examples of their implementation in production processes.

Keywords: smart sensors, Industry 4.0, implementation, production system

1. INTRODUCTION

All companies in the world as facing global competition,
and in order to keep up with the competition and meet the
growing demands of the market, it is necessary to use new
technologies in production processes, i.e. implement
Industry 4.0. In other words, digital transformation is
needed to make a connected company that enables
production processes to discover new ways to increase
productivity and improve overall business performance.
Industry 4.0 helps to increase productivity as well as
improve the company’s overall business performance
[1,2,3]. To ensure this, it is necessary to have a secure
connection between the various production systems and
processes throughout the company. The new way of
managing production processes aims to improve
performance, make better use of data that already exist,
and use a combination of tools that can improve the
system or production process. The digitalization
performed throughout the company, integration of
processes, serial and discrete, drives, and movement into
one connected infrastructure increases efficiency and
productivity in all segments of companies. The access to
production data in the production process at any time in
real time allows us to monitor and improve the
performance of the production process itself. Many
companies around the world have developed different
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sensor designs to measure different physical sizes
[1,7,8,9]. Currently, great changes are happening every
day in all industries, including the transformation of
production processes, increasing flexible automation of
production processes, new form of delivery of finished
products, and a new way of consumption, all thanks to the
implementation of Industry 4.0. The basic technologies on
which Industry 4.0 is based are: robotics and automation,
smart sensors, Big Data, Internet of Things (IoT), 3D
printing, radio frequency identification (RFID), virtual
and augmented reality (AR), artificial intelligence (Al),
advanced security systems, etc. [10-13]. The application
of Industry 4.0 brings a number of advantages such as
flexible automation, and bridging the physical and digital
world through cyber physical systems (CPS). Greater and
more open integration in manufacturing companies is
enabled by cyber physical system (CPS) and Internet of
Things (IoT) through horizontal integration (reflected in
the exchange of information and data, networking of
production  processes, communication integration:
procurement-production-logistics, and inclusion of
customers in the production process), and vertical
integration (connectivity in the company from the
operational level to the production itself). The
implementation of base technologies can optimize the
following: equipment in the production process so that we
have greater safety, improved problem-solving,



equipment safety, improved maintenance, self-production
so that we improve the use of tools, proactive diagnostics,
collaboration and management machines, and lower total
costs [14-19]. The goal of implementation of Industry 4.0
core technologies is smart manufacturing where we have
real-time operational information, reduce supply chain
risk, reduce inventory, achieve the efficient production
(Figure 1.a), as well as growth of GDP (Figure 1.b). It is
necessary to build a set of skills both inside and out. An
illustration of how to achieve smart manufacturing using
Industry 4.0 implementation in companies is shown in
Figure 1.
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Fig. 1. Implementation of base technologies of Industry
4.0 -a, and their impact on GDP growth — b [6]

A graphical representation of the implementation of base
technologies in Industry 4.0, their impact on technological
change and inequality over the centuries, and GDP
growth are shown in Figure 1. The analysis of Figure 1.b)
has shown that the biggest jump in living standards due to
investment in research, development and the
implementation of advanced technologies happened in the
last fifty years. Worldwide, many leading companies are
investing and implementing advanced technologies that
are key Industry 4.0 technologies. These companies have
made significant progress thanks to artificial intelligence,
machine learning, and an increase in available data
growing exponentially, as well as the improvement of
statistical methods and advanced data analysis in
digitization and automation in production processes. All
this has been happening in the last ten years.The
accelerated implementation of advanced technologies in

62

Industry 4.0 has been significant since 2016, when the
Fourth industrial revolution was announced at the World
Economic Forum. In order to survive and be present in
the global market, it is necessary for companies to
optimize equipment, which must be reliable and safe,
minimize equipment downtime, and improve problem
solving. It is necessary to optimize the production
processes (as shown in Figure 1-a) that are active in
companies through improving the use of devices and
machines, collaborative management of machines,
proactive diagnostics, and reduction of overall costs. By
introducing the technologies that form the foundation of
Industry 4.0, we have real-time operational information
and can act instantly which makes production efficient,
reduces risk and supply chain variability, thus reducing
inventory. The implementation of advanced Industry 4.0
technologies would not be possible without the use of
smart sensors, defined by the IEEE 1451 Standard. The
enhanced development of robotic and sensor technology,
supported by information and communication
technologies, is moving in the direction of communication
between robots and humans, and the machines
themselves.

2. SMART SENSORS AND THEIR
CAPABILITIES IN PRODUCTION
PROCESSES

Companies in the world engaged in the research,
development and production of sensors for measuring
different physical quantities have developed different
sensor designs. Today, companies are in the phase of
transformation of production processes, because they
want to achieve greater automation of production
processes with greater flexibility due to the higher
customer requirements and survival in the global market.
The implementation of advanced Industry 4.0
technologies such as: Internet of Things (IoT), Big Data,
3D printing, robotics, smart sensors, artificial intelligence
(AD), virtual and augmented reality (AR), etc., provided a
new way of consumption and a new form of delivery to
the customer, since the customer wants to be involved in
the production process. The implementation of Industry
4.0 cannot be achieved without the implementation of all
the above mentioned advanced technologies. However,
we must single out the basic sensor technology, because
without the implementation of various smart sensors we
could not monitored parameters in real time
[1,3,17,18,20,21,22].Since there has been a development
in all segments of society in all technologies, there has
also been a historical development of sensors. The
schematic representation of the development of sensor
technology over time is given in Figure 2. Based on
Figure 2, we can conclude that sensor technology has had
continuous development from the first mechanical
sensors, electrical sensors, and electronic sensors. Today
smart sensors are being researched, developed and
implemented to support the implementation of Industry
4.0 in production processes. By implementing smart
sensors in all processes, as well as in production
processes, we can monitor and obtain a large amount of
data on the basis of which we make decisions.
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sensor technology over time

Given that the world's leading companies are in the
process of implementing Industry 4.0, and they are trying
to follow other companies in the world to remain in the
global market, the possibility of increasing the use of
sensors, and thus improving the manufacture of products
is reflected in the following [1,3]:

o Sensors help to detect defects, allowing quick
adjustment of settings and change of parameters
to prevent downtime in future production
processes.

Based on data provided by smart sensors and
insights gained from production to the delivery
process, the entire supply chain is managed much
more efficiently.

Scheduled  machine  maintenance  allows
companies to more effectively plan downtime
and prevent downtime or breakdowns during the
manufacturing process.

Increases efficiency and productivity by
integrating smart sensors.

We are able to quickly change the production
process of one product to the production of
another product.

Adaptation of the production process for another
product is simulated practically before it is
physically implemented in order to adequately
assess the impact and reduce the chances of
errors.

Implementation of smart sensors leads to smart
machines and devices.

Analysis of data obtained through smart sensors
helps to identify and prevent dangerous
situations, and thus improves the health and
safety of workers.

Their ~ implementation  ensures
maintenance and quality control.
Energy consumption can be optimized by using
advanced analytics, because we can monitor
energy consumption and make decisions by
using smart sensors.

We can maintain optimal productivity and efficiency at all
times if we have information about what is happening on
machines that are installed in production processes minute
by minute. We are also able to avoid unplanned downtime
and losses that occur in the production process. The

planned
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integration of smart sensors provides us with all the
necessary data to create a comprehensive image of the
production processat every moment. The implementation
of smart sensors enables the introduction and operation of
smart machines that increase the productivity and
efficiency of the production process. Their installation in
the production process enables all possible parameter:
temperature, pressure, flow level, movement to distance,
control of the accuracy of the performed operation,
monitoring of the production process, and many other
parameters that we have not listed. We are able to have a
comprehensive overview of the production process. By
knowing the current situation in the production system
and the state of the sensor, we can ensure and timely
identify any type of potential malfunction in the
production process, as well as the sensor itself. The
installation of smart sensors in the production process
with other necessary equipment is shown in Figure 3 [3]

[Networked Company /Industry 4.0]

e —

Fig.3. Scheme of installation of smart sensors in the
production process with accompanying equipment

The continuous flow of valuable process and diagnostic
data, and the visualization system are enabled by smart
sensors with informative software and programmable
controllers, as shown in the configuration diagram in
Figure 1. In this way, the company is connected, which
provides efficiency and other advantages. Creating a
connected company using smart sensors and smart
machines reduces the complexity of production processes
and errors [23,24,25].

They simplify access to available data that can help
achieve overall equipment efficiency and average time
between failures. Real-time diagnostics optimizes
preventive maintenance and problem-solving that arises in
the production process, which enables us to reduce the
solution time by about 90 % [28]. The change time for
each sensor is reduced, and there is the possibility of
automatic device configuration to reduce the error when
replacing the sensor. Within each production process
there are many operations such as: material handling,
material transport, execution of certain operations,
assembly, packaging, varnishing, sorting, etc., which
require smart sensor so that we can have data on the
smooth performance of the operation.

When implementing sensors, we must identify key
operations within the production system and define the
area of focus in which we need to verify the conditions.



We need to know what the system is doing or what we i.e., the transition from the production of one product to
want it to do, such as counting products, performing the production of another is very simple, as shown in
quality checks, orienting parts, etc.[28,29,30]. We need to  Figure 5.

know what the feedback is for each function, as well as  If the production process is set to manufacture one
what conditions must be met after each function to  product, e.g., product (A) which we monitor using smart
confirm that the function was performed correctly. When  sensors, the setting of all parametersis defined for product
we have identified the areas in which the action takes  (A), as shown in Figures 5.a and b). If we want to stop the
place in the production process, it is necessary to make an  product (A) and switch to the production of the product
analysis of whether each area is so important from the (B), we must give the command for that product on the
point of view of automation of the production process and  mobile device, as shown in Figure 5.c).

monitoring data important in the production process.

As we have seen, the application of smart sensors can
occur in any production process. We need to choose the
parameters to be monitored, make the right decision to
install the appropriate smart sensor with other selected
technology and continue to monitor the performance of
appropriate tasks in the production process on mobile
devices, as shown in the example in Figure 4.

Fig.5. Adjusting the production process to manufacture
another product using smart sensors

The production of product (B) is initiated (Figure 5.d))
and profiles for four sensors that monitor the parameters
in the production process (Figure 5.e) are downloaded.
Smart sensors set new parameters for product (B) so that
the machine is ready to manufacture another product. By
implementing smart sensors in the production process, we

Fig.4. Implementation of smart sensors for collecting can supervise, monitor, and control certain parameters
information in the production process when performing tasksat any time, all depending on
which parameters are necessary for the production of the
As Figure 4 shows, we are able to obtain information finished product to run smoothly. For the sake of
about performing operations on a mobile device. For the  illustration, an example is given in Figure 6.a). If we want
sake of illustration, Figure 4 shows the production process ~ to have information on which product is currently on the
in which real-time data is monitored. The machine works ~ production line,we can obtain this information by
normally (Figure 4.a)) and is monitored by mobile implementing a radio frequency identification RFID
devices using smart sensors. Data is processed and  Sensor, since it is connected to PLC Logix controllers
monitored including activated output and measured data, ~(Figure 6.b)) through a set network [30,31,32]. The
the accuracy of the sensor, the state of communications, control, information and monitoring of the current product
as well as data flow. It is observed that the sensor detects ~ Packaging on the packaging section is shown in Figure 6.
dust accumulation (Figure 4.b)). The operator has ¢, d), whereas the monitoring of products and raw
information about the type of sensor and where it is Mmaterials at each stage from entry, production and
placed in the production process (Figure 4.c)). He shipment to the end customer isshown in Figure 6.e, f).
provides information for maintenance, which act in a ~ We can achieve increased productivity and production
timely manner and eliminate the malfunction (Figure efficiency by implementing smart sensors. We can also
4.d)), thus returning safe operating parameters (Figure achieve detailed monitoring of products, as well as the
4.e)). Therefore, the monitoring of the production process  Visibility of the supply chain in order to make the right
can continue (Figure 4.f)). In this way, we can monitor decisions on time. An example of monitoring certain
the operation of all parameters of the production process  Positions in the production process by implementing
that are important for that process at any time, so that we ~ Smart sensors is shown in Figure 7. Depending on the
can take necessary measures and eliminate the Pproduction process, there are different positions for the
shortcomings and allow the production process to work application of smart sensors. In addition, the choice of
without errors. By implementing smart sensors in the information we are interested inwill influence the choice
production process, we are able to quickly adjust the of smart sensor that will be placed to monitor and obtain
production process for the production of another product, ~ information [31,32].
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Fig. 6. Monitoring of certain parameters with smart
sensors in the production process

Figure 7 shows an illustrative example in which the
temperature is monitored in the production process. There
is a sensor that shows that the temperature is 45 °C, while
the second position displays the application of pressure
sensor which shows a pressure of 50 bars. In the third
position, there is a proximity sensor that registers the
positioning of the product on the 750 mm conveyor belt,
while the power signal is 500 units. At the end of the
production process, a sensor for counting parts was
installed, which is now active and providing information
that there are 1284 units of elements.
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Fig.7. Mobile monitoring of production process
parameters using smart Sensors

Monitoring of the production process can take place on
different devices, static screen or mobile device. In this
particular example on the mobile device we have
information about the problem on three sensors that we
need to eliminate. The sensor in zone 1 is loaded on the
conveyor belt, the second sensor needs cleaning, and the
third sensor shows a warning that we have to change the
sensor profile, i.e., we have to adjust the new sensor
profile. When we have complete information given to us
by smart sensors from the production process, we can act
in time and eliminate errors so that the production process
works normally. As we have seen in the concrete example
on mobile devices in Figure 7, we can monitor the
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information in the production process, as well as
problems on sensors that we need to eliminate. After
analyzing the obtained information, we can make a
decision on what actions need to be performed, such as
cleaning or changing the sensor profile. In other words,
we need to adjust the new sensor profile. When we have
complete information given to us by smart sensors from
the production process, we can act in time and eliminate
errors so that the production process works normally.

3. CONCLUSION

Industry 4.0 is the one that provides relevant answers to
the fourth industrial revolution. It is already present in all
industries, from production to sales of finished products.
By introducing technologies that form the basis of the
fourth industrial revolution or Industry 4.0 such as: smart
sensors, robotics and automation, big data (Big Data),
Internet of Things (IoT), 3D printing, radio frequency
identification (RFID), virtual and augmented reality,
artificial intelligence (AI), advanced security systems,
etc., we can change processes and technologies as well as
the organization of production and sales. The fourth
industrial revolution brings disruption to almost every
industry in the world, because it has a greater impact than
we think. The impact is reflected on all sectors and
companies, including large, medium and small
companies. Industry 4.0 relies on advances in the use and
sharing of information, and has such potential to connect
almost anything and everything on the web, thus
drastically  improving the company's  business
performance. Small and medium enterprises can benefit
from what Industry 4.0 has to offer, because by using the
technologies mentioned in this chapter, they can more
efficiently process and store data, and improve the way
they design, manufacture and deliver their products.
Currently, small companies can compete with big
companies in a way they never could before. It is
impossible to implement Industry 4.0 without smart
sensors. They are the ones that give the first information
about monitoring parameters in the production process.
Their implementation provides the company with
advantages, some of which are:

o lower operating costs
improved business communication processes
increased productivity of companies
access to the world economic market
expanding (wide user base)
provides companies of all sizes with greater
outsourcing opportunities (external associates)
thanks to the availability of new communication
tools the cooperation of company departments
and individuals is easier
advanced achievements, such as blockchain
technology, greatly increase the security of
business and personal data
reduced downtime in the production process,
rapid adaptation of the production process to the
production of another product
As we have seen, advanced technologies that include: IoT
(Internet of Things), robotics, cloud computing, smart
sensors, radio frequency identification, cyber-physical
systems and big data, are key in the application of the
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Industry 4.0 concept, because they imply full
digitalization of all production processes, as well as
creating an idea about a product, product engineering,
production organization, process control, and the
provision of industrial services. Based on all this, we can
conclude that new constructions of smart sensors will be
developed in the future, and their implementation in
production processes, as well as in all segments of the
human environment, will increase on a daily basis.
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Abstract: This paper gives a critical discussion of new trends in the field of Machine safety demanded by
Industry 4.0. Industry 4.0 brings digitalization and robotization as ubiquity trend in the machinery, thus
affecting all spheres of human life and work. These processes dictate the needs for fast adaptation, as
well as the opening of a new field to which special attention should be paid, concerning the impact of
Industry 4.0 on machine safety and human-machine interaction, so-called Safety 4.0. Safety 4.0 could be
on one side considered as a task to keep worker safety, as well as to improve accident prediction and
prevention. On the other side, the new devices and technologies, favorized by Industry 4.0, give new
possibilities to significantly improve health and safety within human-machine relationship. In accordance
with the already established system of standardization, adjustment is inevitable in this area in order to
cover all of these aspects of Safety 4.0. The review of the current standardization in the national and EU
level in this field, as well as the ongoing procedures for standards under development and amendment

related with the Machine safety in the framework of Industry 4.0 is discussed in this paper.

Keywords: safety 4.0; Industry 4.0; standardization; machine safety

1. INTRODUCTION

In recent years, a growing number of scientists and
engineers have devoted their attention to research into the
impact of Industry 4.0 paradigm on various spheres of
human life and work. Although Industry 4.0 started as an
idea of a new industrial revolution [1], which is primarily
based on the robotization and digitalization in
manufacturing and all processes that accompany it, the
concept of Industry 4.0 has extended its impact to all
spheres of human work and life [2, 3]. The latest articles
published about Industry 4.0 are dedicated to its
transformation from a new industrial revolution to a new
human working and living environment, lead to the
conclusion that it is necessary to study all of the aspects
of the human life from the viewpoint of the development
of new industry concepts. Vaidya et al. [4] concluded that
“The manufacturing industries are currently changing
from mass production to customized production, while the
rapid advancements in manufacturing technologies and
applications in the industries help in increasing
productivity.” Gorecky et al. [5] recognized the new
challenges brought by Industry 4.0, and concluded that:
“The development of Industry 4.0 will be accompanied by
changing tasks and demands for the human in the factory.
As the most flexible entity in cyber-physical production
systems, workers will be faced with a large variety of jobs
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ranging from specification and monitoring to verification
of production strategies. Through technological support it
is guaranteed that workers can realize their full potential
and adopt the role of strategic decision-makers and
flexible problem-solvers.” Badri et al. [6] expressed their
major concern about the impact of Industry 4.0 as the
predominant reality on the management of occupational
health and safety (OHS). They presented the following
questions: “In the midst of this new and accelerating
industrial trend, are we giving due consideration to
changes in OHS imperatives? Are the OHS consequences
of Industry 4.0 being evaluated properly? Do we stand to
lose any of the gains made through proactive approaches?
Are there rational grounds for major concerns?” In this
article [6], Badri et al. actually opened the problem of
new viewpoint on Industry 4.0 and increased productivity
it brings, by considering the important changes in human
and working environment. Braganca et al. give a brief
overview [7] for the part of this problem, and consider
how the collaborative robots can be used to support
human workers in Industry 4.0 manufacturing
environments. Also, they highlighted that, although the
collaborative robots bring many advantages and enable
more efficient product systems by supporting workers
with both physical and cognitive tasks, on the other hand,
human-robot interaction might also have some risks if
human factors considerations are not well thought
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throughout the process. They concluded that the role that
humans have been playing so far in a manufacturing
environment is rapidly changing. In new conditions,
human workers will have to adapt to these new systems
by acquiring and improving a set of skills that have
sometime been neglected until nowadays.

In this framework, in addition to social challenges and
adjusting of the education programs, it is also necessary to
implement changes in the Environmental Health and
Safety (EHS) management. Safety could be recognized as
one of the main challenges within Industry 4.0
development and implementation [8, 9]. Consequently, a
complete set of measures needs to be taken in order to
adapt the existing regulations and standards in the field of
machine safety. This paper deals with this issue, and
discusses the aspects of Safety 4.0 that are opening up
within the application of Industry 4.0, as well as the
necessary development of new and adaptation of existing
technical standards in order to fulfill the safety
requirements in the conditions of inevitable changes
carried by new industrialization.

2. SAFETY 4.0 - MACHINE SAFETY IN
INDUSTRY 4.0

2.1. Basics of EHS 4.0 management

The Environment, Health and Safety (EHS) management
has a main role to ensure people and the environment stay
safe, while the manufacturing processes work smoothly.
The EHS management is faced with new challenges
during last years as a result of the processes caused by
Industry 4.0 implementation. Industry 4.0 wuse of
computer-cyber systems and set the people connections,
machines, and data on new level. Key technology

RISK-BASED

Closed-Loop
Management

advances including the contemporary technologies such
as sensor-equipped devices, cloud computing, mobile
apps, and Big Data analytics, enable the overarching trend
of the Industrial Internet of Things (IIoT) [10]. But,
Industry 4.0 also generate certain disruptions in the
industries, as companies transform business models,
processes, and performance. Along with new
opportunities to optimize performances, this resulted on
new business and operational risks. These circumstances
demand certain changes and adjustments in EHS
management, which can be defined as EHS 4.0.

The EHS 4.0 can be defined as [11]: “EHS 4.0 is a term
which defines the current state of safety technology and
processes and the specific ways it is advancing with the
help of digitalization. Bussey [10] deals with the
definition of the Environmental Health and Safety 4.0
(EHS 4.0). He explains the basics of the EHS 4.0 as
follows: “EHS 4.0 provides the means to harness today’s
technology to enable fresh approaches to EHS
management. EHS 4.0 is not a technology per se but
rather is enabled by technology innovations. It’s a
framework of capabilities that can help organizations go
beyond traditional EHS management to transform how
they manage performance improvement.”

The EHS 4.0 can be presented and described over seven
dimensions, Fig.1 [10]:

Strategic;

Systematic;

Risk-based;

Connected;

Smart;

Agile;

Engaged.

Although this is not a new technology, it is clear that the
role of EHS 4.0 is very important in building a safety
working and living environment, which aims healthy and
happy individuals.

R A N

EHOS 4.0

TRADITIONAL
EHS

Fig.1. The seven EHS 4.0 dimensions, [10]

69


https://blog.lnsresearch.com/author/peter-s-bussey

2.2. Safety 4.0 — main postulates

One of the main parts of the EHS 4.0 is Safety 4.0. Some
authors start with the standpoint that the EHS 4.0 can be
defined also as Safety 4.0 [11], considering that safety is
the basic and most important part of the Environment,
Health and Safety concept.

The driver of the 4™ industrial revolution is technology,
but it is obvious that the implications go much deeper
[12]. As early as 2013 Titus [13] noticed new trends in the
industry development and asked a question “Is machine
safety included?”. He recognized that: “The industry
experts believe that we could well be in the midst of the
fourth industrial revolution, and that the basis for this
belief is a smart industrial intranet able to connect
machines and products using technologies like wireless
and radio frequency identification (RFID) to gain
knowledge and improve efficiency without human
intervention.” He also had the fears about the new
industrial revolution impact on the machine safety: “It’s
only just recently that machine safety was allowed to
leave hard wired guarding applications and re-join the
automation curve that began in the 1970s. Now, machine
safety is a part of electronics and IT arena of the third
industrial revolution. Otherwise, machine safety would
still be relegated to the second stage. But, since machine
safety for many applications is now part of the platform
for launching into the fourth industrial revolution, is it
included? Or, will machine safety be left behind again,
such as in the transition to the third industrial revolution?”
From that time until today, in less than 10 years, this has
become a reality, and we face almost every day the
challenge of the 4™ industrial revolution.

In nowadays industry progress, we need to recognize the
fact that the changes in technology without accompanying
strategic and cultural changes can cause more problems
than they solve. So, the changes in the processes and
legislative that define measurements for providing high
level of safety need to be changed and improved.

Some of the conclusions of the recent Campbell Institute
Symposium of the National Safety Council [12] is that
“The first step is to become more familiar with emerging
technologies for safety and more generally for other
purposes that may support safety efforts. New products
are being developed at an incredible pace and safety
professionals will find they need either more time,
exposure (conferences and workshops, etc.), professional
help from the IT department or even a dedicated safety
technician. New digital equipment ranges from drones
and robots to wearables for workers, proximity sensors
for vehicles and even smart PPE.”

3. STANDARDIZATION IN INDUSTRY 4.0
AND SAFETY 4.0

3.1. Standardization in Machine safety

Many authors and national institutions all over the world
already deal with the problem of standardization in
Industry 4.0 and Safety 4.0. Although they have analyzed
different standpoints within this problem, all agree that it
is necessary and important to pay special attention to this
problem.
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The following initiatives are already underway at the
international level within the process for improving
standardization in this field [14]:

ISO/TMBG/SMCC Smart Manufacturing
Coordinating Committee. The highest decision-
making body of the ISO, the Technical Management
Board (TMB), has convened an expert group to shape
a response to the use of Standards across the ISO,
including around an agreed scope of what constitutes
smart manufacturing.

The International Electrotechnical Commission (IEC)
has established a Systems Committee on Smart
Manufacturing. This seeks to “provide coordination
and advice in the domain of Smart Manufacturing to
harmonize and advance Smart Manufacturing
activities in the IEC.”

Joint Technical Committee JTC) 1, which
coordinates key ICT-related standardization activities
between the ISO and IEC, has already turned its mind
to these issues. One key area is 3-D printing and
scanning, which is underpinning advances in
everything from med-tech to construction. Working
Group 12, within JTC 1, is currently exploring 3-D
Printing and Scanning, with experts nominated from
member countries to shape future standards in these
areas.

There are also a range of other Committees responsible
for Standards development in specific discrete areas
relevant to powering Industry 4.0. These include ISO/TC
299 (Robotics) and ISO/TC 184 (Automation systems and
integration), for example.

The interesting analysis in this area from the aspect of
functional safety, which can be defined as a part of safety
is introduced by Tom Meany [15], dealing with
confidence that a system will carry out its safety related
task when required to do so. He based his analysis and
discussion on the IEC serial of standards [16, 17], started
with the basic functional safety standard - IEC 61508.
Also, he has given a discussion how the IEC standards are
relating with complementary ISO standards, in first place
through the consideration of the changes and adjustments
to Industry 4.0 demands of ISO 10218 [18], standard
covering the safety requirements for industrial robots
including cobots, as well as ISO 13849, which considers
the safety requirements of the safety-related parts of
control systems.

3.2. Ongoing standardization in Safety 4.0

The processes connected with the development new
standards and modifications of the existing standards,
which is related with different aspects and
implementations of Industry 4.0, are very intensive at the
level of the international standardization, Fig.2.

The field of machinery safety, which are already a subject
of the special attention during last few decades, need to be
considered as an important aspect in these processes. The
holders of the mandatory safety rules, which have been
incorporated into a large number of national regulations,
including Serbian one, have noticed in recent years the
urgency for appropriate modifications of the current
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Directive on machinery (Directive 2006/42/EC of the
European Parliament and of the Council of 17 May 2006)
in the context of Safety 4.0. The amending the Directive
on machinery by the TC199 Machine Safety Technical
Committee within the ISO (the International Organization
for Standardization) is underway [19, 20] Also, Technical
Committee TC199 is working to adopt new standards of
critical importance for safety in Industry 4.0 [21], such as
ISO/DIS 21260 "Safety of machinery - Mechanical safety
data for physical contacts between moving machinery or
moving parts of machinery and persons" [22], which is
adopted in collaboration with ISO/TC299 (Robotics).

Directive 89/391/EEC
Framework Directive of the
European Parliament and of the
Council
For occupational safety and
health

Systems

Technical Comity ISO/TC199 has also issued technical
report IS/TR 22100-4 "Safety of machinery - Relationship
with ISO 12100. Part 4: Guidance to machinery
manufacturers for consideration of related IT security
(cyber security) aspects" [23]. In accordance with the
discussion given in the previous part of this article, the
basic requirements and standards related with the
European Framework Directive on Safety and Health at
Work (Directive 89/391 EEC) must also be considered
within the possible implications of the application of
Industry 4.0 to occupational safety and health [20].

Directive 2006/42/EC
of the European Parliament and
of the Council
The Machinery Directive

ISO/IEC 62443 All Parts, Security
for Industrial Automation and Control

- [EC 61508 All Parts, Functional
Safety of Electrical/Electronic/
Programmable Electronic Safety-
Related Systems, 2010

- IEC 61511 All Parts, Functional
Safety—Safety Instrumented
Systems for the Process Industry
Sector, 2016

- IEC 61131-6 Programmable
Controllers—Part 6: Functional
Safety, 2012

- IEC 62061—Safety of
Machinery—Functional Safety of
Safety-Related Electrical,
Electronic, and Programmable
Electronic Control Systems, 2005

- ISO/DIS 21260: 2018 "Safety of
machinery - Mechanical safety
data for physical contacts between
moving machinery or moving
parts of machinery and persons

- ISO/TR 22100-4: 2018, Safety
of machinery — Relationship with
ISO 12100. Part 4: Guidance to
machinery manufacturers for
consideration of related IT-
security (cyber security) aspects

- dnaSRPS CEN ISO/TR 22100-
5:2022. Safety of machinery -
Relationship with ISO 12100 -
Part 5: Implications of artificial

intelligence machine learning
(ISO/TR 22100-5:2021)
- ISO 13849 All Parts, Safety of

Machinery—Safety-Related Parts

of Control Systems, 2015

Fig.2. The Ongoing standardization in Safety 4.0
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Some of the standards, analysed and mentioned by
authors during last few years, are already adopted for
implementation.  The  processes of  standards’
modifications are ongoing in different technical groups of
the international standardization associations. The
Institute for standardization of Serbia is involved in these
processes, with a role of a member of The European
Committee for Standardisation (CEN). This institution
works actively on adopting of new ISO, IEC and EN
standards at the national level, through few technical
committees (TCs). One of these technical committees is
TC Safety of machinery, which scope is: Safety machine
and ergonomics, defined by the basic principles of
machinery safety, terminology, methodology, and security
aspects of the machines from different areas of production
[24].

One of the newest standards adopted from the discussed
group at the national level is dnaSRPS CEN ISO/TR
22100-5:2022. Safety of machinery - Relationship with
ISO 12100 - Part 5: Implications of artificial intelligence
machine learning (ISO/TR 22100-5:2021) [25] In
accordance with the given scope of this standard: “This
document addresses how artificial intelligence machine
learning can impact the safety of machinery and
machinery systems. This document describes how
hazards being associated with artificial intelligence (Al)
applications machine learning in machinery or machinery
systems, and designed to act within specific limits, can be
considered in the risk assessment process. This document
is not applicable to machinery or machinery systems with
Al applications machine learning designed to act beyond
specified limits that can result in unpredictable effects.
This document does not address safety systems with Al,
for example, safety-related sensors and other safety-
related parts of control systems.”

4. CONCLUSION

Industry 4.0 is in nowadays the leading technology and
philosophy. Its main characteristics are implementation of
smart technologies, in first place the internet and artificial
intelligence. The primarily aims are to advance
productivity, efficiency, and cost reduction. Although this
technology revolution has the improving of worker health
and safety as one of the main goals, the impacts that
Industry 4.0 produces at the human and working
environment, as well as at the all spheres of the people
life, demands comprehensive actions. These include the
changes necessary to create a safe, connected workforce,
mitigating risks while improving work processes, full
integration and real-time connectivity  between
management, operations, and the individual worker. That
defined the main goals of the Safety 4.0, discussed in this
paper. One of the main parts of this activity is the
development of appropriate international standardization
framework. The initiatives for this process are already
initiated at all standardization institutions and levels. The
analysis presented in this paper discusses the main current
steps and flows in this framework, as well as highlights
the necessity of new efforts within Safety 4.0
development.
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MICRO AND NANO TECHNOLOGIES (MNTs) IN INDUSTRY 4.0
COMMUNICATION SYSTEMS

Nemanja PAJIC
Nikola KOTORCEVIC
Nenad GRUJOVIC
Fatima ZIVIC

Abstract: This paper presents some solutions used in communication systems of Industry 4.0 context that
are based on micro- and nano-technologies. There is a significant need for miniaturized multifunctional
components that can be incorporated within different system elements in an existing industrial production
system, without altering the basic system function. A range of micro- and nano-devices have been studied
to serve as the foundation for development and deployment of sensor network that simultaneously can
provide some other functions, like sensing, actuation and/or energy harvesting. However, no high amount
of such devices has been incorporated in real industrial systems so far. Big data in Industry 4.0 strongly
relies on a possibility for real-time data collection, which is based on sensor network. Physical
positioning of such network throughout the production facilities can be a very challenging task for
companies. Advanced multifunctioning sensors are usually based on utilization of advanced materials
very often incorporating micro- and/or nano-materials. Fiber-optic sensors are widely used and
commercialized components used in quality control in civil engineering structures, quantitative chemical
processes, health and safety monitoring of composite materials or structural health monitoring.
Advantages of miniaturized fiber-optics sensors are: smaller size, lower power consumption, higher

sensitivity and faster response.

Keywords: microsensors; nano-enabled sensors; fiber-optic sensors; energy harvesting; quality control

1. INTRODUCTION

Industry 4.0 can be considered as digitalization of
production, managerial, and administrative processes and
it is based on 4 principles: interconnectivity, information
transparency, technical support, decentralized decision
making [1]. Interconnectivity is based on connecting
production  equipment, measurement equipment,
sensor/monitoring  systems, support systems with
computing systems and smart devices [1]. This way all
collected information can be software processed and
available to the system users in a form of simple, precise
and real-time information[1].

For some quality processes sensing equipment can be
expensive, but even bigger challenge can be sensor
integration. For some processes conventional sensors
cannot be integrated due to its size (for small systems like
proton-exchange membrane (PEM) they are too big), or
because they cannot withstand the environment
(temperature, acidity, moisture, pressure, etc.). Micro and
nano technologies (MNTs) provide wide range of sensors
on micro and nano level which can be less pricy and more
precise than conventional sensors. Micro and nano
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sensors have advanced in the recent years and are capable
of sensing/monitoring many different characteristics,
harvesting energy, and interacting with micro and nano
environment. This paper presents micro and nano-based
sensors which can be applied to sense:

Different gasses,

pH value,

Moisture content,

Humidity,

Shape changes,

Strain,

Acoustics,

Temperature,

Pressure,

Vibration characteristics,

Voltage,

Current,

Flow distribution,

Tons.

Large number of micro and nano sensors can be produced
relatively inexpensively. This means that a number of
these small sensors can be deployed to provide



measurement data for a single process. Human brain can
process and understand only limited amount of data [2].
To understand large amount of measurement data 'Big
data' analytics can be applied. Big data analytics is a
method of collecting, sorting, understanding and
processing large amount of data [2]. Chaotic systems are
often unpredictable and sensitive to initial conditions, so
when there is a lot of data, unlike human brain, Big data
analytic system can process them and predict the outcome
[2]. Big data analytics can be successfully paired with
MNT sensing systems for the purpose of industrial
monitoring of parameters and predicting of the outcome
in the production, maintenance, health and safety, and
quality control processes.

Optic systems are superior in comparison to metal
components regarding the data transfer and infrastructure
longevity [3]. Optic systems are not prone to oxidation,
they have low attenuation, and electromagnetic forces do
not interfere with data transfer [3].

2. IMPLEMENTATION CHALLENGES OF
INDUSTRIAL INTERNET OF THINGS
(IIoT)

MNT sensors can be very successfully applied as a part of
industrial monitoring systems. Industrial equipment
generates a lot of data, second by second, measurement
by measurement. Industry 4.0 steers the industry leaders
to strive for the great level of data availability and
accessibility [2]. Industrial Internet of Things is a term
which describes interconnection of industrial equipment
and cyber systems [4]. In order to provide all of the
needed information in a real time manner, regardless of
the location of the person which requires data, IIoT must
be utilized [5]. Sometimes the amount of measurement
data is so large that it would be impossible for an expert
to understand the meaning behind the data set. Number of
methods have been studied in relation to Big data
analytics and its structures that would enable
comprehensible and usable information [5]—[7]. In case of
industrial production process, like welding operation, one
could use MNT sensors to track changes in temperature,
voltage, arc current, pressure, welding head speed and
position, welded object shape changes and many more.
Every tenth of a second (or faster) a measurement can be
updated, meaning that Big Data can be used to structure
the data and IloT approach can provide data storage,
accessibility and availability. However, for a prediction of
welding defects, only comprehensive description of the
process parameters, within the specification limits, can be
currently used. If the process parameters are within the
specification limits and some defects still occur, artificial
intelligence can be applied to find the link between the
process parameters and the outcome [1]. In order to apply
this kind of solution, data is required. Available data can
be characterized based on the following criteria [8]:
Amount of available data,

Dynamics of data creation and upload,

Diversity of the data,

Data accuracy,

Form of the data.
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In case of insufficient amount of data, Al predictive
system cannot be calibrated for all of the possible
variations and defects. This will lower the accuracy of the
Al algorithm [9]. If measurement data is created very fast,
one after another, but uploading to the system takes a lot
of time, or the system waits until it reaches 100
measurements to upload the data, AI might not have
enough time to make a decision before releasing the part
to the next station. If data input is done from multiple
sources or data is in different forms, such as: different file
extensions; one measurement is in millimeters and the
other in microns; a part of measurement data is written in
paper only; some of the data is only manually
downloadable from the machine or via USB drive
transferred to the system, many difficulties can occur, or
additional steps in data preparation might be required.
Sometimes the laboratory tests results are only written in
paper, stored in the self-files, this making the Al
integration more difficult. Sometimes, it is impossible to
match the process parameter data with test result data.
There must be a link between the two, like a serial
number or similar, which might not be collected during
the laboratory test, or the equipment is not saving
historical data, and process parameters have only a time
label but are not linked to the serial number.

Significant challenge of the 4th industrial revolution is
lack of skilled experts for integration of Al solutions.
Another challenge in the application of Al solutions is a
choice of the appropriate algorithm [10]. To have a
functional system, Al method must be matched with the
used data, and the desired task. There are many methods
which can be applied in predictive Al systems, such as
[9]:

Taguchi method,

Response surface method (RSM),

Artificial neural network (ANN),

Genetic algorithm (GA),
Fuzzy logic systems,
Adaptive  neuro-fuzzy
(ANFIS),

Particle swarm optimization (PSO).

For the small and medium enterprises (SMEs) it is not
economically viable to employ Data Analyst or an Al
expert. Researchers have analyzed a solution which can
be used by non-experts. The idea is to choose one of the
of-the-shelf solutions and make the process faster and
easier [10].

Another challenge in the Industry 4.0 transformation for
the SMEs, especially if the company is old and already
equipped with the machinery, besides the IT knowledge,
willingness and readiness for the Industry 4.0, is the
advanced technology, which can be very expensive. Some
recent studies proved that integration of inexpensive
sensors in the older machine systems can provide very
positive results [11], [12]. For the improvement of safety
and maintenance performance within SMEs, together with
their transformation to smart factory, researchers applied
sensor network, IIoT, combined it with a deep learning
algorithm and digital twin approach [11]. Even though the
investment resources, and the implementation time were
very limited, it was proved that it is possible to retrofit an
old plant and make it a smart one [11].

inference  systems



3. OPTIC SYSTEMS

In order to meet the requirements of time sensitive
applications (for Industry 4.0 and 5G fronthauling),
networks must be trustable, highly reactive and jitter free
[13]. The goal of fifth generation (5G) networks is to
cover wide range of networking cases: from ultra-low
latency applications used in sensor networks (or the
Internet of Things in general) to standard mobile access
[13]. To decrease the latency due to physical propagation
of the signals, new end-to-end architecture is required
[13].

Since the light is one of the main carriers of information
in communication, aim of many studies is to improve its
efficiency. Orbital angular momentum (OAM) has
recently become researched as degree of freedom for
multiplexing data in free space, at nanoscale and optical
fibers [14]. Downside of optical free-space
communication using OAM multiplexing is that it suffers
from scattering caused by microparticles in the
atmosphere [14]. Gong et al. demonstrated transmission
of color and grey images where scattering conditions were
at error rate of <0.08%, which may be step forward in
high-performance optical communication [14].

Modern large-scale networks rely on fiber optic networks,
mainly due their big transmission capacity [3]. Present-
day local computer networks use optical fiber and radio-
link as dominant medium, while networks based on
copper cabling are decreasing [3]. This is due to a lower
security, since copper cables can radiate energy in an
unpredictable manner [3]. Radio-links provide signals
radiated by means of antennas which results in better
secured information [3]. However, interference still
presents problems. With fiber-optic transmission such
problems are solved since there is no unwanted emission
which would be easy to capture [3]. On the other hand,
one of the issues is connection between fiber-optic cables
and fiber optics systems and devices [3].

Microwave (MW) components and Reconfigurable and
tunable radio frequency (RF) are also studied. For
multifunctional tasks in wireless communication systems,
reconfigurable microstrip filter—antenna combinations
were developed. In order to reduce cost of wireless
system and number of components, those devices can be
used [15]. It achieves changes in the performance with
electronic tuning techniques and such structures are in
high demand with development of 4G and 5G
applications [15]. Tu et al. demonstrated that antennas
with integrated reconfigurable filters can provide
radiation properties of antenna while suppressing
interference [15].

Miniaturization of optical systems (for imaging and
sensing) have become very popular trend, especially in
biomedical application, like endoscopic and wearable
medical devices [16]. New development of bio-optical
systems is achieved through a metasurface-based flat lens
(metalens) [16]. MBBs (meta building blocks) have
function of subwavelength-spaced scatterers [16]. When
MBBs’ size, position and shape are tuned, lot of lights
basic properties (like: polarization, focal points, phase)
can be controlled in high-resolution imaging and sensing
[16]. For example, conventional refractive lenses (e.g. in
telescopes and microscopes) are usually designed in
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different shapes, more expensive and bulkier, and require
sophisticated fabrication processes (molding, polishing,
diamond turning) [16]. On the other hand, phase profile of
meta-lens can by modified with MBBs, and with
advanced micro-machining processes can be mass
produced [16].

Fiber-optic sensors are widely used and commercialized
components in areas like: large civil engineering
structures, quantitative chemical processes, health and
safety monitoring of composite materials and structural
health monitoring [17]. Micro-structured optical fiber
sensors represent micro-machined and micro-manipulated
fiber sensors or microfibers such as tapered fiber
structures [17]. Advantages of miniaturized fiber-optics
sensors are: smaller size, lower power consumption,
higher sensitivity and faster response [17]. There are
many different fabrication methods, but one of the
frequently used is heating and stretching technique for
creation of long fiber taper [17]. Section of standard
single mode fiber (SMF) is stretched two linear
translation stages while small sector of the fiber is heated
by hydrogen gas flame [17]. Whole process is precisely
controlled by the computer on the submicron level [17].
Fiber-optic sensors are also often implemented into smart
materials as a sensing technology. They can be embedded
during the liquid phase of the composite smart material
manufacturing process. In polymeric materials or
concrete, temperatures rarely exceed 100°C, but in
metallic materials, it can reach values above 1000°C-
which creates risk of damaging sensor [18]. To avoid such
thing, number of methods rely on deployment of metallic
coatings which can protect optical fiber during embedding
process [18]. Grandal et al. proved that advanced
manufacturing brazing process can be used for embedding
fiber optic sensor into Tin alloy (SnSb8Cu4) coated ST52
steel metals. Metallic coating for optical fiber protection,
used in this technique, could be Ni or Cu. Coating can be
300 pm thin for 2000W laser brazing power and 300 pm
for 1500W-1800W (although coatings up to 237 um were
embedded with minimal transmission loss on the fiber)
[18]. Other techniques can be based on ultrasonic
welding, selective laser melting, manual TIG method etc.
[18].

Gallium arsenide (GaAs) is material widely used in the
fields of optoelectronics and microelectronics for devices
in fiber-optic communication, cable television, vehicle
navigation, smart devices in telecommunication and
semiconductor  light-emitting diodes [19]. It s
semiconductor material with advantages, in comparison to
silicon, like higher electron mobility, higher temperature
resistance, wider bandgap [19]. On the other hand, it has
lower values of fracture toughness and elastic modulus
which makes it much harder to machine [19]. One of the
solutions is implementation of Atomic Force Microscope
(AFM) tip-based nanomachining [19]. It is low-cost
solution to perform flexible direct writing on a nano-level
in single pass in different conditions, like ultra-vacuum,
liquid and low temperature or high temperature [19]. This
method is applied in creation of nanodots, nano lines,
two-dimensional and three-dimensional nanostructures
like, for example, hemisphere cavity for light —emitting
diodes quantum devices on the GaAs substrate [19].
Sapphire (0-Al203) is monocrystalline material with



excellent optical, chemical, physical and thermal
properties [20]. This makes it good material for LED
substrates, laser amplifiers, optical fiber sensors, windows
fields. On the other hand, its limited fracture toughness,
high hardness and high brittleness are rising prize of
production of low-damage sapphire surface [20]. Micro
cutting with assistance of ultrasonic elliptical vibrations is
technique proven to be effective in processing such
material [20]. Degree of cutting groove damage as well as
subsurface cracks have lower values for ultrasonic
assisted micro cutting, in comparison with conventional
cutting [20]. Wang et al. demonstrated in their experiment
that width of defects in vibrational micro cutting is 53 um
and in traditional cutting 81 pum [20]. At the same time,
average cutting speed is higher and cutting force lower for
ultrasonic assisted process [20].

4. POSSIBILITIES OF MICRO AND NANO
TECHNOLOGY IN INDUSTRY 4.0

Industry 4.0 concept of the distributed condition
monitoring in manufacturing plants is based on the sensor
network located throughout the factory and incorporated
within the IIoT communication architecture (usually
supported by wireless and cloud technologies), as shown
in Fig. 1. Advanced communication network is usually
based on optic fiber technology. Optic fibers are
multifunctional components, with wide application
potentials. Their most common industrial applications are
data transfer and sensing/ monitoring [17]. Fiber-optic
sensors are small, reliable, long lasting (low oxidation),
low attenuation, optical signal is not influenced by
electromagnetic waves, and they can transmit signals over
a great distance [17]. These features open wide variety of
possibilities for industrial application. They can be
integrated into many processes for continuous monitoring
and quality control. Some of the sensing applications
provided by Xu et al., 2017 are: detection of hazardous
materials, volatile gases, pH value, ions, humidity, and
many more Xu et al., 2017. Combination of the precise,
continuous measurement in industrial process with Big
Data analytics and AI algorithms can constitute very
reliable quality control system and predictive system.

For the sensing applications, where the shape change
detection of some object is required, such as aircraft
wings, robotic joints, critical springs, fiber-optic sensors
could provide a great solution. Solution based on helical
twisted structure shows very promising results [21]. Its
structure allows it to detect directional torsion and vector
bending, with the possibility to eliminate influence of
strain and temperature comparing wavelength change in
the side and the central core [21]. This can be applied on
both micro and macro level, and it presents great
application potential for the equipment health monitoring
and maintenance risks. It is possible to incorporate this
solution also in the quality control for many different
processes.

One of possible solutions in the Carbon Capture and
Utilisation Systems (CCUS) is storage of collected CO, in
the dried oil wells. Many potential risks were analysed
due to potential of seismic changes. In order to avoid
potential risks, researchers analysed application of fiber-
optic sensor that, over its entire length, could detect
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changes like: strain, acoustics, temperature, pressure and
many more [22]. Monitoring of these parameters could be
applied to many industrial processes, such as gas and
liquid storages, filling, pressing/stamping, compressed air
production, and many more.

Successful experiment was done with the helicopter rotor
blade, and monitoring of the blade dynamics. Optical
fiber Bragg grating, and direct fiber optic shape sensing
monitoring systems proved to be capable of detecting the
blade shape change, frequency and vibration
characteristics [23]. Same method could be applied for
quality control tests during production of rotors, turbines,
wipers, wings, spoilers, etc.

Sensing changes in humidity and temperature can be
crucial for solid wood furniture industry i.e., solid wood
components can vary in length a couple of centimeters per
1 meter when ambient humidity change. Food processing
and storing is also very sensitive to temperature and
humidity changes [24]. It was proved that changeable
length and diameter (CLD) solution are very capable of
sensing temperature and humidity changes [24]. If lumber
is cut in one building, planks shaped in the second, sanded
in the third, and assembled in the fourth facility,
significant dimensional discrepancies may occur if the
humidity/temperature changes. Network of sensors can be
linked to IoT with a protocol that starts water spraying if
humidity is low, or heating if it is high.

Rayleigh scattering based optical-fiber sensors are
successfully used in lithium-ion battery internal
temperature measurement since they can operate even
when submerged in electrolyte [25]. Their small size and
robust design makes them suitable candidates for the task
[25]. Batteries are one of the components with the highest
risk in the electric vehicles (EVs). With EVs on the path
to become the primary mean of transportation, battery
management systems have become very important
research topic.

Micro electro mechanical system (MEMS) was utilized in
order to produce integrated sensor for lithium ion batteries
[26] that can monitor voltage, current, and temperature,
with short response time.

Industrial waste water management and mitigation is one
of the most important topics for the Health and Safety
representatives. Detection of toxic or hazardous
substances in the released waste water is very important,
such as presence of the arsenic in the water [27]. Many
possibilities have been enlightened with the advances in
the field of micro motors, and more recently nano motors
[28]. Their application possibilities are not investigated
nearly enough. They are most usually propelled by some
electrical or chemical energy source. Recent researches
show that there is a great potential to use renewables to
power micro and nano motors, such as wind, solar, light
and sound as an external energy source [28].

Batteries are one of the components with the highest risk
in the electric vehicles (EVs). With EVs on the path to
become the primary mean of transportation, battery
management systems have become very important
research topic.

Micro electro mechanical system (MEMS) was utilized in
order to produce integrated sensor for lithium ion batteries
[26] that can monitor voltage, current, and temperature,
with short response time.
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Figure 1 Schematic view of the sensor network role in distributed condition monitoring within the IloT
communication architecture supported by the wireless and cloud technologies

Industrial waste water management and mitigation is one
of the most important topics for the Health and Safety
representatives. Detection of toxic or hazardous
substances in the released waste water is very important,
such as presence of the arsenic in the water [27]. Many
possibilities have been enlightened with the advances in
the field of micro motors, and more recently nano motors
[28]. Their application possibilities are not investigated
nearly enough. They are most usually propelled by some
electrical or chemical energy source. Recent researches
show that there is a great potential to use renewables to
power micro and nano motors, such as wind, solar, light
and sound as an external energy source [28].

Zinc oxide (ZnO) semiconductors can be used in a wide
range of sensing applications, including environmental
monitoring, biomedical testing (glucose, urea, DNA,
PSA, etc.), optical sensing [29], as previously mentioned.

Fuel cell electric vehicles are increasing in popularity day
by day. Fuel cells are relatively efficient devices, but the
production of hydrogen has many losses with the current
state of technology [30]. Water electrolysis can be done in
many ways, one being proton exchange membrane (PEM)
electrolysis [30]. Advantages of this system are low
operating temperature, absence of non-wanted by-
products, capability to produce limited amounts of
hydrogen, saving on the production costs [30]. This
method works in the opposite way compared to fuel cell
energy production. Reaction environment is critical for
the efficiency and effectiveness of the process [30]. In
order to monitor and control the reaction thin film flexible
integrated microsensor can be installed in PEM, providing
real time measurements of: temperature, current, voltage
and flow distribution [30]. Similar sensing technique can
be applied to fuel cells, in the process of electricity
production.

Oil changes are most common maintenance activities. If
oil is not changed regularly many unwanted effects could
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be caused. When the oil moisture content is increased its
permittivity changes, oil ageing can be accelerated,
acidity increased and many undesired conditions can
occur. These unwanted effects can be avoided by using an
interdigitated impedance microsensor [31]. Micro sensor
presented in this research could detect moisture content
changes in the engine oil and alert the maintenance
department to change the oil [31]. This can cut costs on
the unwanted maintenance, breakdown line stoppage,
delivery delays, or even costs of the oil. If the oil is used
while it is good, and not changed preventively this can for
sure make some savings.

For pneumatic devices, pressure control is one of the most
important characteristics. For plastic bottles blowing,
vacuum presses, sheet metal stamping, leak tests,
dosing/filling operations pressure control is crucial factor.
Novel design based on dual-gate graphene field-effect
transistor with a vertically movable top-gate was analyzed
by the team of researchers proving high potential for wide
industrial application [32]. This type of sensor can be
integrated into many processes as a mean of quality
control, or in the product to enhance its longevity or
features.

Many quality instructions or even standards require
certain type and level of illumination for visual control
areas. Widely used lighting solution is LED, but even
though very efficient devices, LEDs dissipate some of the
energy through heat [33]. This heat is then being
conducted to the soldered joints and can cause
malfunction, flickering, or even delamination of the joint
[33]. An integrated microsensor for real-time
measurement of temperature in the area of the soldered
joint was presented and proved capable [33]. This sensor
can detect changes in the temperature of the surface
mounted LEDs and engage the control unit to act
accordingly. When the temperature is higher, thermal
resistance is higher so the efficiency of the unit decreases.



This microsensor can be used in many industrial
equipment monitoring or maintenance systems. It could
be also applied to many different types of products to
improve product quality, energy efficiency and durability.
Micro and nano scale devices can also harvest energy
[34]. Small devices based on the piezo-electric effect,
capable of energy harvesting and sensing, are
multifunctional, durable, and reliable [34], [35].
Triboelectric nanogenerators could provide energy
harvesting, power themselves, sense and monitor
environment changes, and interact with the environment
[34], [35]. These self-powered devices are currently
mostly used in medicine for drugs distribution, cell
removal or bacteria and cancer cells killing. This
technology is fairly new and a lot of advances are to be
expected. There would be many industrial applications for
micro and nano motors/robots in health and safety,
maintenance, security and quality control. Applications in
these areas are yet to be seen.

5. CONCLUSION

Research reviewed in this paper has shown that, although
the industrial application of micro and nano technologies
(MNTs) in the communication and monitoring processes
is still relatively new, there is a great potential. Advances
in technologies, Big Data, artificial intelligence (Al),
Industrial Internet of Things (IIoT) create necessity for
multifunctional, small, reliable, and inexpensive sensors.
Combining MNT sensing, Big Data analytics and
artificial intelligence can provide game changing systems
for monitoring and controlling in terms of production,
maintenance, health and safety, and quality control
processes.

Fiber-optic sensors are widely used and commercialized
components in areas like: large civil engineering
structures, quantitative chemical processes, health and
safety monitoring of composite materials and structural
health monitoring. Optic systems are superior to metallic
copper conductors when comparing: data transfer speed
and quality, infrastructure longevity, attenuation level,
electromagnetic wave interference and many more.
Optical fiber, micro, and nano-enabled sensors are highly
capable of providing precise, real time, measurements and
sensing of: different gasses, pH value, moisture content,
humidity, shape changes, strain, acoustics, temperature,
pressure, vibration characteristics, voltage, current, flow
distribution, ions, and many more. Micro and nano
enabled devices are also capable of energy harvesting
from renewable sources, such as: wind, vibration, solar,
light and sound. Micro and nano motors can harvest
energy for the self-powering, but they can also interact
with their environment and power up other components.
Micro and nano motors have been proven capable to
realise different advanced tasks such as: drug distribution
in human body, bad cells removal, killing bacteria and
cancer cells, and much more. Different focused research
in high advanced areas like bioengineering also pointed
out that similar concept can be successfully applied in
traditional manufacturing industries as well.

The advantage of MNT-based sensors is that once they
are developed they can be applied in almost every
possible industrial sector, for wider purposes, like quality
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control. There are strong indications that future research
should be focused on retrofitting older industrial
equipment to Industry 4.0 by utilizing micro and nano
sensors and components, for improved maintenance,
quality control, production management, process
parameters monitoring, and more through Al predictive
systems that uses MNTs.
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EDUCATIONAL KNOWLEDGE GAPS IN THE CONTEXT OF INDUSTRY 4.0:
ACADEMICS’ AND COMPANIES’ PERSPECTIVE
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Abstract: Recent developments in the industry has resulted in the new requirements for the needed knowledge of
employees. Companies, as well as higher education institutions, are becoming aware of the necessity to prepare
employees to adapt to the working principles of new industrial paradigm called Industry 4.0. The aim of this paper is to
present the results of the conducted research on the sample of 54 Serbian companies and 34 academics from the
University of Novi Sad, Faculty of Technical Sciences, Department of Industrial Engineering and Management that
indicate the knowledge gap for specific knowledge from the perspective of Industry 4.0. The results of the research
indicate that there is a greater demand than the current offer for specific knowledge related to the implementation of
the Industry 4.0 concept. These results could serve as an input for the development of study programs which will be
more oriented towards the Industry 4.0 knowledge and competencies.

Keywords: Industry 4.0; education; study programs; knowledge gap

1. INTRODUCTION

Companies need a new strategic approach in human
resource management, in order to adequately deal with
the challenges posed by the implementation of digital
technologies and the concept of Industry 4.0 in the
business environment. As the complexity of the processes
increase, there is a need for a growing number of
employees with higher education and specific knowledge
and skills [1]. One of the key necessities in order to
realize the transition to modern trends in production and
service systems in the best possible way is to provide as
much as possible skilled workforce [2]. The new situation
on the market has led the academic community to be
interested and get actively involved in creating solutions
that include improvement of current study programs to
produce new generation of workforce which in turn could
easily respond to different market needs resulting from
the introduction of Industry 4.0 [3].

This topic is extremely important in the field of industrial
engineering and management, which is a combination of
social and engineering competencies, given that within
Industry 4.0 knowledge in both fields are required [4]. For
this reason, it is necessary to investigate what
competencies employees need in the context of Industry
4.0, as well as the current representation of these
competencies in trainings organized by companies and
study programs in higher education institutions where
programs related to industrial engineering and
management are present [5].
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This paper will present the results of the research that
indicate the current offer and expected demand for
specific knowledge from the perspective of Industry 4.0,
in the study programs of master's academic studies in
Industrial Engineering and Engineering Management
from the perspective of the academics that are working in
this field and employees form manufacturing and service
companies. Moreover, the results obtained from these two
groups will be compared and analysed.

The rest of the paper is organized in the following way.
The next section describes data gathering procedure as
well as the structure of the instruments used, coupled with
same basic sample descriptions. Methods that are used for
the purpose of this paper are briefly mentioned as well.
This is followed by the results and discussion section
which constitutes the main and most important part of the
paper. The last section is reserved for conclusions of the
paper, with stated limitations of the study and
consequently propositions for further research avenues.

2. METHODS AND DATA

For the purpose of this research the data was gathered
through the quantitative survey. More specifically, the
questionaries were designed and distributed among
stakeholder groups (i.e., companies and academics). The
main parts of the questionnaire that will be in the focus of
the analysis in this paper are related to the following
topics for both companies and academics:

Knowledge, skills and competencies

o Problem Solving and Decision Making



Team Working
Strategic Management
Entrepreneurial Mindset and Skills
Investment and Finance
Industrial Organization
Industrial Marketing
Communication Skills
Logistics
Innovation and Change Management
Leadership Issues
Project Management
Operations Management
Quality Management
Ergonomics
Safety of Work
Operational tools
Computer-based Statistic Competencies
Management Software Tools (e.g., ERP, CRP,
etc.)
Cyber Security Competencies
Big Data Analysis
IoT Monitoring Competencies
Sensor-based Monitoring Competencies
Machine Learning/Al Competencies
Augmented/VR Competencies
o 3D Printing Competencies
Furthermore, two additional topics were covered only for
academics:
e Knowledge transfer methodology
Traditional Face-to-Face Lectures
Seminars/Tutorials
Workshop
Field Trips (factories/companies)
Web-based: Synchronous Learning on the Web
o  Web-based: Asynchronous Learning on the Web
Learning activities
o Theoretical
materials, ...)
Seminars/Exercises
Case-based Learning
Individual Projects
Group Projects
University Physical Labs
University Virtual/Computer Labs
Experiential Learning

O 00O O0OO0OOO0OO0OO0OO0OO0OO0oOO0OO0OO0

o O

o O O O O O

O O O O O

Studies (books, educational

O O 0O O O O

o

In order to make as easy as possible the distribution and
completion of the questionnaires, they were coded in MS
Forms. This allowed us to automatically collect answers
and to monitor the number of answers received on a daily
basis, so as to implement corrective actions in order to
reach a significant number of answers. During the
collection period (01/11/2021-15/12/2021), an invitation
to complete the questionnaires was sent to the
stakeholders, providing them with a brief overview of the
research aims together with the link to the corresponding
questionnaire.

At the end of the collection period, we have acquired 87
properly completed questionnaires, 54 from companies
and 33 from academics. Each question presented in the
questionnaire reflected a certain competency for which it
was required from the respondent to assess the frequency
of adoption (i.e., offer) and the frequency of the expected
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adoption (i.e., demand). For both offer and demand, the
respondent could select one out of five possible choices:
not offered/required, low, medium, high, and don’t know.
The complete answers are then used to evaluate the gap
between offer and demand. In order to enable quantitative
analysis, a numerical value was linked to each of the
possible answers as shown in Table 1.

Table 1. Numerical values adopted for each answer in the
analysis of questionnaires’ results

Answer Value
“not offered/required” 0
"low" 1
"medium" 2
"high" 3
“don’t know” null

All analysis presented in this paper are based on the
statistics. More precisely, for the purpose of this paper we
used descriptive statistics and comparative analysis. This
includes clustering of the data obtained by each
stakeholder, as well as comparative analysis of the data
obtained from different stakeholders (i.e., companies and
academics).

In order to better understand the structure of the sample,
some basic descriptive statistics will be presented in the
following figures. Figures 1 and 2 present some general
information (i.e., company size and production processes)
about the companies that participated in the research.
From Figure 1 we can see that companies of all sizes are
represented in the sample. Furthermore, companies that
are oriented to services are equally represented in the
sample as the ones that are oriented towards both
manufacturing by parts or process manufacturing, as it is
shown in Figure 2.

As far as academics that participated in the research, all of
them are professors in the field of industrial engineering
and management. Figures 3 and 4 provide same insight
about the study programs and size of the universities at
which these professors are employed. Mainly, the
professors are working in the study programs related to
industrial engineering or engineering management, but
other study programs in the field are represented in the
sample in minor percentage of cases as it is presented in
Figure 3. Finally, from Figure 4 we can see that
professors who participated in the research are employed
at universities with various number of students enrolled.

3. RESULTS AND DISCUSSION

Results will be presented from the perspective of
companies and academics. Furthermore, the comparison
between these two groups will be carried out on some
important issues.

3.1. The companies’ perspective

An overview of the results obtained from the analysis of
answers gathered from companies are presented in Figure
5. These results are showing the offer, the demand, and
the gap for each of the observed competencies.



= Small (staff 10 or more but
less than 50)

m Large (staff 250 or more)

® Medium (staff 50 or more
but less than 250)
. = Micro (no more than 10 staff)

Fig. 1. Size of the companies which completed the questionnaire

B Manufacturing by Parts
B Process Manufacturing
W Service

Fig. 2. Production processes of the companies which completed the questionnaire

3.33%

_\ 1.67%

3.33% = Engineering Innovation

= Engineering Management

= Engineering management Industrial
engineering

= Industrial Engineering

= Industrial Engineering and management

= Mechanical Engineering

m Mechatronics

D

Fig. 3. Study programs of the universities at which participating professors are employed
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= Lessthan 10,000 students

= More than 10,000 students
and less than 20,000
students

= More than 20,000 students
and less than 40,000
students

= More than 40,000 students

Fig. 4. Size of the universities at which participating professors are employed
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Fig. 5. Offer, demand, and gap for each of the observed competencies from the companies’ perspective

Overall analysis shows that there is a net positive gap for
each of the competencies observed, which means that
there is a higher demand than the offer in all cases. If we
analyse the knowledge, skills and competencies, we can
see that the highest gap is present for Problem solving and
decision making, Team working, and Strategic
management. The lowest gap is linked with Ergonomics
and Safety of work. Furthermore, considering operational
tools the highest difference is noticed for Management
software tools, Computer-based statistic competencies,
and Cyber security competencies. The lowest gap is
linked with Augmented/VR competencies.

One interesting point of view is looking at the differences
in answers received, between service companies and
manufacturing companies, which are characterized by
different production processes. For the purpose of these
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analyses, answers received were clustered by companies’
sectors. Two clusters have been considered, as detailed in

Table 2.

Table 2. Clustering of companies which responded to

questionnaire
Cluster Production process #
. Manufacturing by Parts
Manufacturing Process Manufacturing 2
Service Service 29

Figure 6 presents the differences between service and

manufacturing

demand for each of the competencies.

companies considering the average
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Observing the results presented in Figure 6, it is obvious
that competencies required by companies are affected by
their production process type. Looking at manufacturing
cluster, knowledge, skills and competencies with high
demand values are Quality management, Safety of work,
Team working, Logistics, and Problem solving and
decision making. Interestingly, the service cluster also

Entrepreneurial mindset and skills and Leadership issues.

By analysing the answers on operational tools grouped in
service and manufacturing clusters, significant differences
were observed. The most obvious difference is higher
demand in the service cluster compared to the
manufacturing cluster for each of the competencies. The
highest difference is noticed in competencies such as

showed high demand in Team working and Problem Cyber security and Machine learning/Artificial
solving and decision making. Furthermore, companies intelligence.
belonging to the Service cluster showed high demand for
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Fig. 7. Offer, demand, and gap for each of the observed competencies from the academics’ perspective
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3.2. The academics’ perspective

An overview of the results obtained from the analysis of
answers gathered from academics are presented in Figure
7. These results are showing the offer, the demand, and
the gap for each of the observed competencies.
Concerning knowledge, skills and competencies, the
following competencies with high demand are identified:
Project management, Quality management, Operations
management, Logistics, Problem solving and decision
making, and Team working. Furthermore, the highest gap
is noted in Problem solving and decision making and
Team working. Safety at work and Industrial marketing
also have high gap between demand and offer, but with

the lowest gap is present in competencies such as
Leadership issues and ergonomics.

Analysing the operational tools investigated, a high
demand is noticed in both analytical competencies (i.e.,
Machine learning/Artificial intelligence competencies and
Management software tools) and digital competencies
(i.e., IoT monitoring, Sensor-based monitoring, and Cyber
security). Highest gap score values are present in digital
competencies such as Cyber security and Sensor-based
monitoring. For all the operational tools investigated, a
net positive gap is obtained, meaning that there is a higher
demand than the current offer in all cases.

Figure 8 is oriented towards the results focused on
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Fig. 8. Offer, demand, and gap values for knowledge transfer methodologies and learning activities expressed by
academics

Considering knowledge transfer methodologies, for most
of the methodologies investigated a positive gap is
obtained. Only in case of the Traditional face-to-face
lectures, the demand score is lower than the offer. The
highest gap score value is obtained for Field trips which
shows that academics are aware of the importance of
improving the interaction of students with the industrial
environment. Among web-based knowledge transfer
methodologies, asynchronous modality is preferred to
synchronous one.

In case of learning activities, academics expressed the
highest demand for Experiential learning and Case-based
learning; they are followed by Group projects, University
physical labs, and Seminar/Exercises. The highest gap
values are observed in the case of Experiential learning
and University virtual/computer labs. Only in the case of
traditional Theoretical studies, demand score value is
lower than the offer value, thus indicating negative gap
value.
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In this part of the questionnaire, two further questions
were asked to academics. They were both intended to
investigate the role of industry in study programs. Results
of the answers’ analysis are presented in Figures 9 and 10.
Figure 9 shows that in the majority of the study programs
there is an internship offered. Length of this internship
varies, and in more than half of the cases is between 1-4
weeks. Nevertheless, the internal demand expressed by
academics stresses out the need to increase the presence
of longer internships (4-8 weeks) in study programs.

As far as the presence of industry professors in study
program courses, in less than 15% of cases industry
professors hold 4 or more courses, while in 35% of cases
they are not present at all. More than half of the
academics interviewed expressed the need for the
presence of industry professors in study programs in at
least 2 courses as presented in Figure 10.
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Fig. 9. Results of the academics’ survey on internship length in study programs
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Fig. 10. Results of the academics’ survey on the presence of courses held by industry professors in study programs

By comparing the knowledge demand expressed by
companies and the offer expressed by academics in the
area of knowledge, skills and competencies, it is possible
to identify one major inconsistency. It concerns the
competencies characterized by a high value of both
companies’ demand and gap. The gap here is evaluated as
the difference between companies’ demand and HEIs’
offer. Among these competencies, the highest gap
between what is required by companies and what is
offered by HEIs is noticed in Team working, Problem
solving and decision making, and Safety of work. These
are the competencies that should definitely be more
present in HEIs offer in order to meet companies’
requirements.

With reference to operational tools investigated, again
similar inconsistency is observed. Computer-based
statistical competencies, Management software tools,
Cyber security competencies, and Big data analysis in
which a gap is observed between companies’ demand and
HEIs’ offer. Therefore, the focus of HEIs’ offer should be
on increasing the offer of these competencies in study
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programs.
Finally, the knowledge demand expressed by companies
has been compared with the demand expressed by
academics working in HEIs. The results are presented in
Figure 12.

Knowledge demand expressed by HEIs is based on the
knowledge of academics of the job market. It is
interesting noting how demand expressed by academics is
higher than the demand expressed by companies for each
competency, thus denoting a good knowledge of
academics of companies’ knowledge needs. This is
confirmed also by the low values observed in the
differences between HEI’s demand and companies’
demand. The high values of gap between HEI’s demand
and companies’ demand are noted for the following
competencies: Project management, Logistics, Operations
management, and Ergonomics. The same line of
reasoning applies to operational tools. The high values of
gap between HEI’s demand and companies’ demand are
noted for practically all of the competencies observed.
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Fig. 12. Offer and demand expressed by companies compared with demand expressed by academics

4. CONCLUSION

This paper presents the results of a study in which two
different groups of respondents (i.e., companies and
professors) participated in order to determine the current
offer and expected demand for specific knowledge from
the perspective of Industry 4.0, in the study programs in
the field of industrial engineering and management, as
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well as the opinion of employees in manufacturing and
service companies on these issues. For these purposes,
data were collected using questionnaires, and the results
were presented using descriptive statistics.

The results of the research show that all respondents are
aware of the upcoming trend in production and service
systems based on digitalization and that in this sense,
adjustments and improvements are necessary.



Improvement of the existing study programs in the field
of industrial engineering and management based on the
information obtained from companies is one of the
possible ways to respond to rapid and frequent changes in
market demands.

This research is based on the data collected in the
Republic of Serbia, and for that reason is limited to this
region. Further research could include companies and
higher education institutions from other regions,
especially those considered more developed in industrial
terms. In this way, a comparative analysis could be made
between the results collected in developing countries and
those that are more deeply involved in this transformation
process.
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Abstract: Universities and faculties are some of the key players in ensuring the dissemination of
knowledge and the development of skills related to Industry 4.0. This industry will increasingly require
professionals to perform complex and indirect tasks in many areas, including production engineering.
The emergence of Industry 4.0 is leading to a change in the way production engineers are educated at
university. The aim of this paper is to provide an overview of possible ways to improve the education of
production engineers in the regions of Vojvodina and Republic of Srpska in light of the requirements of

Industry 4.0.

Keywords: : Industry 4.0, production engineering, education

1. INTRODUCTION

The term Industry 4.0 stands for the fourth industrial
revolution, which is defined as a new level of
organization and control across the entire value chain of
the product lifecycle, and is focused on increasingly
individualized customer requirements. 14.0 refers to the
integration of people into production in order to
continuously improve the production process while
reducing costs and production time. It is clear that training
as we know it today will have to change its character
significantly. In line with new technologies, changes in
modern education, especially higher education, are
needed to effectively train employees to meet the
challenges of the new era of industrialization.

Education 4.0 is a new education system focused on the
application of digital technologies through personalized
education and intelligent connection of machines,
electronics and software. Therefore, in these integrated
engineering fields, it is necessary to define new ways of
working and thinking, which includes the application of
new approaches in education. Technologies associated
with the "Revolution 4.0" include Big Data (Data
Analytics), Internet of Things (IoT), Cyber-Physical
Systems (CPS) Artificial Intelligence, Cloud Computing,
Machine Learning, Virtual Reality, Augmented Reality,
etc. These technologies are the fundamental paradigms of
14.0 and represent the pillars for the transformation from a
traditional enterprise to a digital enterprise.

The rapid changes resulting from the development of
communication technologies cannot be clearly predicted,
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and therefore the questions of how and what to train
become fundamental issues. For this reason, the research
content of this paper aims to analyse and identify areas in
which the university education of production engineers
should be directed in the future according to the
requirements of 14.0.

2. UNIVERSITY 4.0 - EDUCATION OF
PRODUCTION ENGINEERS

Industry 4.0 is a term for the further development of
production and value creation systems that connect the
real and digital worlds. It is widely understood as a new
phase of the industrial revolution that, after
mechanization, electrification and computerization of
industry, is now leading to Cyber-Physical Systems - CPS
- with the Internet of Things, smarter networking of
machines around the world, storage and resource systems,
making extensive use of the industrial Internet and
alternative connections that enable networking of
dispersed devices. CPSs are combined with a whole range
of other achievements, such as 3D printing, adaptive
robotics, machine-to-machine (M2M), cloud computing,
business model innovation, smart factory, mobile devices,
etc. 14.0 aims to develop a completely new concept of
production automation.

The question is no longer "Is Industry 4.0 coming?", but
"How fast is it coming?". Ten years ago, the term
"Industry 4.0" might have seemed fashionable, like 3D
printing and generative product design. Today, we can say
with certainty that Industry 4.0 is becoming our near



reality, and we urgently need to adapt to it. It is clear that
the concept of Industry 4.0 will affect all entities, both the
economy and other segments of society (e.g., education),
but it is not clear what steps we can and must take. The
transition to Industry 4.0 is not limited to specific
production sectors or to specific companies.

There is currently a shortage of professionals capable of
taking on Industry 4.0 tasks, and unfortunately many
schools and universities are still educating students who
are not up to the demands of this 14.0 concept. Today's
universities were founded from the perspective of three
previous industrial revolutions that do not offer
competencies for Industry 4.0. For this reason,
universities and higher education systems must be
adapted to educate and prepare students for the industry
of the future. Traditional teaching methods have limited
effectiveness in developing students' competencies for
future manufacturing environments. Production as a
subject cannot be effectively treated in the classroom
alone. New learning approaches are needed that: provide
training in real production environments, modernize the

Industrial revolutions

INDUSTRY 1.0
_Limitud production characterized
by the use of the steam engine

and coal mining

INDUSTRY 2.0
Mass production with oil amd
electricity as an energy source to
power machines

INDUSTRY 3.0
Task automation with the
integration of elecironic
components (transistor and
mtegrated circuit)

1 INDUSTRY 4.0
Digitalisation and automation of J :Lg?
manufagturing processes  with .:?
advanced technologies (loTs, i
Robots, Artificial Intelligence,

etc. ).

w
n

learning process and bring it closer to industrial practice,
leverage industrial practice by adopting new production
skills and technologies, etc.

Figure 1 shows the different industrial and academic
revolutions and the analogy of their common
characteristics. The first university revolution (University
1.0) is characterised by learning limited to a small number
of privileged students. The second university revolution
(University 2.0) is characterised by the massification of
education and the democratisation of access to
knowledge. The third university revolution (University
3.0) represents an era of integration of digital devices as a
means of teaching and learning. The concept of the fourth
university revolution (University 4.0) must answer the
following questions: "How can students be prepared to
succeed in the global information economy?", "What
skills should students acquire before they graduate?",
"What is the best way to acquire these skills?" In
Germany, for example, more than 80 occupations have
been modified or created since 2010 to meet industry
demands for necessary business and social change
(source: http://www.bibb.de/).

Educational revolutions

UNIVERSITY 1.0
Limited to a few privileged
peaple,

UNIWVERSITY 2.0
Massification of education
with the democratization of
access to education

UNIVERSITY 3.0
Integration of digital
technologies as teaching and
learning tools.

Learmners
Generations

Fig.1 Analogy between the different industrial and university revolutions [1]

Qualification through education or training does not
necessarily mean that a person is competent. Competence
means successfully demonstrating the competencies
required to qualify 14.0 topics. In the context of future
trends in education and training for Industry 4.0,
qualifications should be distinguished from competencies.
Qualifications for Industry 4.0 are objectively describable,
teachable and learnable knowledge and skills that are
functional, while the concept of competencies for Industry
4.0 encompasses individual aspects of personality that are
geared toward (professional) usefulness. In this respect,
the main goal of competence development is the
formation of personality structures for coping with the
requirements of change in Industry 4.0 as part of the
transformation process and the further development of
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economic and social life. The new technologies of
intelligent production or advanced production involve
fundamental changes in the division of labor between
humans and machines. This will have a significant impact
on the tasks, quality of work and skills of workers.
Workers will be confronted with changed work processes
and business models as well as new technologies. The
transformation of the work environment will change job
profiles and thus demand a broad range of competencies
from employees. Experts and production specialists will
have to answer many technical questions and
organizational problems.

To turn our engineers into "Engineers 4.0" ready for the
next round of innovation, universities and faculties must
research, adapt, and modernize their programs of study.


http://www.bibb.de/

What knowledge and technologies will be needed to put
the 14.0 concept into practice in manufacturing is critical.
The moment we research (identify) and recognize areas of
new knowledge, we as faculties must begin to adapt
quickly. In order for our manufacturing engineers to be at
the "top of the game" called Industry 4.0, we as faculties
must adopt new paradigms early or risk the future taking
place on the margins of education.

2.1. Competencies and skills for Industry 4.0

To ensure the successful transition of traditional Serbian
industry to Industry 4.0, highly qualified engineers and
employees are needed. It is clear that engineering
education needs to change and be redesigned. An
estimated 35% of skills and competencies have changed
[2], and traditional formal education does not meet the
requirements to provide a workforce for the demands of
the Industry 4.0 concept. Analytical thinking and
innovation, active learning, and creativity are declared the
three most important skills needed for the future of
employees. To find an answer to the question of what
direction the future university education of production
engineers should take, it is important to listen to the
suggestions of manufacturing companies about what skills
industry needs and what it expects from its engineers in
the future. Higher education institutions need to work
closely with industry, government agencies, and student/
alumni organizations to stay abreast of emerging
competency requirements. The adoption of Industry 4.0 at
higher education institutions depends on many factors.
These include staff readiness, student understanding,
infrastructure, availability of skilled workers, training
programs, access to the Internet, collaboration with
industry, etc.

Industry 4.0 promotes the idea that workers will
increasingly focus on creative, innovative and
communicative activities. Routine and supervisory

activities will be replaced in whole or in part by
automated systems. To achieve these goals, the key skills
required for I4.0 professionals are categorised into 3
broad groups, as shown in Table 1: personal, social and
professional competencies. Personal competence can be
understood as the ability to act reflectively and
autonomously, which includes the ability to learn
independently (develop cognitive skills) and to carry a
system of ethical values. It also includes the competence
to generate new knowledge and to be constantly alert in
terms of innovation and creativity. In addition, managers
must be able to change their leadership style, as the teams
of the future will be very diverse in terms of culture,
education and geographic location.

Social competence refers to the fact that an individual is
placed in a social context that requires the ability to
communicate, cooperate, and build connections and social
structures with other individuals and groups. Full digital
integration implies the automation of communication and
collaboration, especially in connection with standard
processes.

Professional competence refers to the range of different
technologies, including IT tools, production, and
automation. The worker is responsible for the larger scope
of the process and must understand the relationships

between processes and information flows. Automation
concepts and technologies must be well understood, as
well as digital thinking. Knowledge of computer
information processing logic and how to translate
qualitative information into quantitative form is required.

Table 1. Skills and competencies required for the 14.0
professional [7]

Skills and competencies

e Ability to learn

¢ Ability to act in an autonomous
way

oCreativity/Competence of
innovation generation

¢ Ability to interact with modern
interfaces

e Adaptability / Ability to change

PERSONAL
COMPETENCIES

¢ Continuous Improvement

e Personal responsibility

e Holistic thinking / strong
analytical thinking

¢ Organization

¢ Judgement

e Communication skills

e Cooperate

e Establish social connections

e Ability to take individual or
socially constructed ideas to
action

¢ Thinking in an organizational
level

e Teamwork abilities /
heterogeneous interdisciplinary
and interorganizational teams

e Leadership skills

SOCIAL
COMPETENCIES

e Competence of computer
programming / IT knowledge

e Competence of digital
thinking/digital skills

e A skill of highly-intellectual
activities

e Ability to use domain knowledge
(methodologies, languages, and
tools) for a job or specific task

e Deep understanding of
interrelations among electrical,
mechanical, and computational
components will be a vital ability /
Interdisciplinary knowledge

¢ Organizational and processual
understanding (relations between
processes and information flows,
possible disruptions as well as
potential solutions)

e Problem solving

e Widely spread expertise

PROFESSIONAL
COMPETENCIES
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The list of skills and competencies required in 14.0 is
extensive and therefore training should promote lifelong
learning.




Excellence in education must be achieved through
interdisciplinarity, because without interdisciplinarity
there is no innovation. The development of complex
socio-technical systems requires the collaboration of
different academic disciplines. Future engineers need
skills that enable them to "think outside the box" and
adapt quickly to rapid innovation cycles. In times of
industrial revolutions, such as 14.0, revolutionary
innovations that are characterized by something "truly
new" dominate, with a strong impact on society on a
global scale. Innovation comes from fresh minds.

It is obvious that the half-life of the knowledge sector is
getting shorter and shorter and that students do not need
knowledge with specialized content so much as the ability
to learn for life. They need to acquire the skills to adapt to
change. Regardless of specialization, production
mechanical engineers in manufacturing must have a basic
knowledge of multidisciplinary areas. The future of
industry, especially in the context of 14.0, is closely linked
to IT technologies at all levels of production. The survival
of future engineers in Industry 4.0 will require above all
the possession of IT skills, as IT is a key driver of
innovation in future industrial contexts. Future engineers
must be able to "speak code" because we already live in a
world where everything and everyone is networked (Big

(Mechanical) Engineering
Virtual Production

Product Design

E-Engineering
Digital Machine Construction

Integration

The Employee of

Industm 4.0

_—

Date and Cyber Physical Systems). Training in
information and communication technologies is necessary
to ensure knowledge and skills development in future
generations of engineers. The skill of analytical learning
is also very important, which provides a new
understanding of the learning process. Only Big Data can
produce ‘"intelligence." So, by applying analytical
thinking, intelligent (meaningful) data is obtained from a
large amount of data, based on which intelligence is
accumulated from information segments, which is the
starting point for artificial intelligence. Scientific
programming is increasingly becoming part of mechanical
engineering or, as many say, the "new Latin for
engineers," Figure 2.

Future engineers should also be trained in new business
thinking so that, in addition to the basic skills for
managing development projects, they acquire additional
skills, especially in management and decision making.
They need to know how to communicate business ideas to
various stakeholders, i.e., they need to know how to
collaborate in the "global village". Future engineers need
to be fearless and able to adapt quickly to change through
comprehensive skills. They need the ability to critically
assess problems and develop sound, responsible and
creative solutions.

Major Part of ME Il

Web-Based Solutions

Decentralization

Digital Trial & Error
No Language/Time Barriers
Internet of Things
Cyber-physical Systems
System Security

Smart Data/Big Data

Scientific Programming

Fig. 2 Mechanical engineering and scientific programming [3]

3. WAYS TO ACQUIRE THE SKILLS
NEEDED FOR INDUSTRY 4.0

Of particular interest is the question, "What is the best
way to acquire the skills needed for Industry 4.0?" In
recent years, a large number of papers have been
published on education in the context of Industry 4.0.
Some of the papers focus on new qualification
requirements, others emphasize specific areas that should
be included in curricula, the third group focuses on
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transforming education itself in ways similar to industry,
and the fourth group focuses on developing new
laboratory concepts that allow students to experience an
Industrie 4.0 like manufacturing environment [4].

The new qualification requirements in the age of Industry
4.0 include: interdisciplinary thinking, decision-making
and problem-solving, cultural and intercultural
competencies, and lifelong learning. The biggest
challenge is to train employees to successfully implement
a Cyber-Physical System. Cyber-Physical Systems and



"Industry 4.0" require future engineers to deal with Big
Data and complex, multidisciplinary problems, as well as
to collaborate with machines in "hybrid teams." To meet
these requirements, future production engineers, as well
as their professors, must acquire new skills and
qualifications. The increased need for flexibility,
cooperation between universities and industry, and open
learning systems (online learning platforms, freely
accessible courses - "open university") was highlighted.
Universities around the world are already using various
teaching methods to educate engineering students for
Industry 4.0, including: Learning Factory, Project-Based
Learning, University-industry partnership, Problem-
Oriented Scenarios, Scenario-Based Learning, Simulation
Game, Problem-Based Based Learning, Work-based
learning, Flipped Classroom, e-learning / m-learning [5].
Papers discussing which areas are of great importance for
Industry 4.0 and which should be included in the
curricula, the important role of artificial intelligence is
highlighted in particular. In addition to this area, the
importance of mathematics, computer science, natural
sciences and technology is also highlighted. It is
necessary to introduce new courses composed of
programming languages, statistical analysis methods,
database systems, machine learning, control and security
systems, and industrial robotics. Universities and
professors must be open to new curricula and have the
skills to implement them.

Numerous papers deal with ways to reshape education
itself according to the principles of Industry 4.0. They
emphasize the role of digital media and the
individualization of education, especially in the area of
vocational training. Engineering education in the age of
Industry 4.0 is inconceivable without its connection to
practice and practical work. Curricula must be flexible to
allow, for example, their shortening or extension
according to the individual needs of the student.
Education must be designed intelligently and individually.
Big Data technology is the gateway to a new way of
supporting individualized learning processes for all. The
challenges of future teaching and learning must be turned
into opportunities for change [6].

A particularly interesting way to adapt education to the
vision of Industry 4.0 is to develop new laboratory
concepts for engineering students. It is very important to
develop such laboratory concepts for students who do not
come from the IT field, such as students of production
engineering, using "simulation games." By incorporating
real industrial technologies such as ERP systems and
barcodes / RFID chips, an environment can be created
that is roughly equivalent to Industry 4.0. Traditional labs
need to be upgraded with visualization software tools,
simulators and other equipment needed to implement
Industry 4.0 in the real world.

One of the concepts involves the development of
laboratories called "Learning Factories".

3.1. Learning Factory
The Learning Factory is a form of collaboration between

industry and education whose goal is to improve the
educational process and produce world-class engineers.
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The learning factory emerged from the needs of those
involved in the educational process (industry, universities,
students) and integrates hands-on curricula and factories
where products are manufactured. The term "learning
factory" is often used together with the term "teaching
factory" by researchers and practitioners, so these two
terms can be considered synonymous. The essence of the
learning factory is that students from different
engineering disciplines work on projects for industry
customers to find a comprehensive solution to a problem
or to implement specific innovations. Through project
work and real-world problem solving, students apply the
knowledge, methods, and tools they have acquired during

their previous education, and direct contact with
customers helps them develop their leadership,
management, and communication skills. Improving

students' competencies and providing hands-on access to
education is what stands out as the main goal of the
Learning Factory. The aim of the learning factory is to
create an environment for learning and transferring
theoretical and analytical knowledge and practical
experience, as well as to facilitate the learning process
itself through a strong connection with practical problems.
Because they significantly reduce the gap between the
competencies required by the manufacturing sector and
the profile of engineers resulting from academic training,
learning factories are considered a very successful model
of collaboration between industry and academia, with a
very positive impact on student performance through
traditional ~ ex-lectures. = Learning  factories  are
environments that realistically replicate certain aspects of
the real factory, but at the same time remove elements
that may burden students in acquiring knowledge and
gaining experience in product planning, production,
logistics and process management [7].

Learning factories are an important way to practice the
technical knowledge associated with the development of
the concept of Education 4.0. Education 4.0 takes into
account, on the one hand, the use of developed
technologies (e.g., advanced visualization techniques that
integrate virtual reality) to facilitate the teaching process
and, on the other hand, methods and workshops that
introduce ambitious engineers to these technologies, such
as working in Industry 4.0. With the technological
progress, this educational concept becomes more and
more a necessity. More specifically, faculties are trying to
find new ways to combine theoretical knowledge in their
faculties with real cases and implementation of CPS in
industry, creating a situation where both sides will win.

4. CONCLUSIONS

The working world of 14.0 is looking for engineers who
are interdisciplinarily trained and practise-oriented. Future
engineers will increasingly have to deal with an
automated, virtualized, more networked and flexible
world. It is therefore very important to adapt engineering
curricula to these requirements. Engineering education
must be continuously developed in line with current and
future industry requirements. Companies are looking for
engineers with practical experience in industrial
environments who can apply theoretical knowledge to
real industrial problems.



The effective involvement of mechanical engineers in
Industry 4.0 requires that they have the following
competencies: knowledge and competencies related to
computational and simulation technologies, understanding
of product lifecycle phases, understanding and
competencies related to planning and project
management, and competencies related to teamwork.
Skills for 4.0 include not only technical / engineering and
specific knowledge and competence areas, but also meta-
skills independent of knowledge areas, such as critical
thinking, creativity, communication and intercultural
collaboration. Future production engineers must
demonstrate competencies in the technical, professional
and global fields.
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INTELLIGENT WELDING IN CONTEXT OF INDUSTRY 4.0

Aleksandar SEDMAK
Aleksandar MILIVOJEVIC
Mihajlo ARANDJELOVIC

Simon SEDMAK

Abstract: Welding is analyzed here as an intelligent process in the context of Industry 4.0, with a focus
on two aspects: automatization and machine learning. In the case of automatization, starting from the
first industrial robots as applied in spot welding in car industry 50 years ago, advances in other welding
processes like Gas Shielded Arc Welding (GSAW) and Laser Beam Welding (LBW) are presented. As for
the machine learning, starting from the early efforts to use neural networks to correlate input welding
parameters with a shape of a welded joint in early nineties, advances in modern machine learning
technologies to predict mechanical properties and microstructure are presented.

Keywords: welding; industry 4.0, machine learning, neural network, automatization

1. INTRODUCTION

Modern technological advancement leads to a need to
develop more accurate and efficient means of achieving
optimal welding parameters, for the purpose of
monitoring and improving welded joint quality, without
any welding defects [1-4]. The very concept of Industry
4.0 enables this approach to the welding process, through
the automation of the process itself and the introduction
of the concept of machine learning. Today people are in
the latest age the fourth industrial revolution that is, in age
Industries 4.0. Industry 4.0 based on the interrelationship
of people and the latest technology. In the last few years,
the world has been developing and implementing
advanced technologies, especially digital technologies in
the production processes of industry, and companies that
want to stay in the market must monitor the development
and modernize and automate their production processes to
compete in the global market. Fundamental changes are
brought about by digital technologies such as:
introduction of the Internet, including open software
platforms, open communications, open databases with
powerful built-in  processors, so that networked
production in the industry becomes more flexible and
efficient. Digital transformation represents the foundation
of Industry 4.0 that characterizes transition to production-
driven digital computers. Without digital transformation it
would not have come to automated processes that are the
foundation of Industry 4.0 thus gaining new insights and
ways of managing production. The fourth industrial
revolution is based on innovative technological solutions
whose implementation in the field of development of
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production processes contributes to the evolution of
technology. Continuous digitalization of production
functions and processes in the field of welding influences
decision makers to proactively and strategically consider
the possibilities of innovative solutions and guided by
cost-benefit analysis to make timely and correct decisions
that affect the efficiency of the process.

This idea will present the application of neural networks
as one of the most popular techniques of artificial
intelligence to semi-automatic welding of structural
steels. Based on a neural network, developed the Neural
Network Soft Sensor (in future text NNSS) application
will define the expected mechanical properties of a
welded joint, based on the input process parameters, this
methodology was successfully applied to melting
production and casting progresses [5, 6]. Constant
improvement of this concept, based on neural networks,
resulted in the possibility of implementation, i.e., this
software based on neural network can independently
provide optimal parameters for a given welded joint,
based on previous input data. The input data for the
software will be based on the welding parameters (such as
current, voltage, weld speed, etc.), and the output will be
the desired mechanical properties of the welded joint
(Figure 1).

The goal of this study is to initially provide a
technological solution, wherein Neural Network Soft
Sensor (NNSS) would enable a quicker and easier way of
adopting the adequate welding technologies for structural
steels. By using the application which would utilize
Neural network soft sensor software for the purpose of
establishing the relation between mechanical properties of
used materials (in this specific case structural steels) and



welding parameters, along with providing maintenance
and update services, which will allow companies from
this part of Europe to be competitive both in the regional
and the global market.

In this way, the welding process itself would be
significantly quicker, and the need for test welding, which
represents the standard way of validating the parameters,
would decrease due to the fact that neural networks would
enable the software to obtain optimal parameters in a
more effective and efficient manner, thus saving material
costs and time.

This will also decrease the workload of the welders, who
are currently in high demand, but low on numbers on our
market. While similar technologies exist in the global
market, there are no such solutions in the regional market.

2. TECHNOLOGY

Realization of this project idea will consist of five stages,
which will improve the quality and efficiency of welded
joints, with special focus on saving time, money, energy
and materials [7-10].

Implementation of the first stage will result in the
development of numerical models of test specimens,
which will be performed with varied input parameters
(mechanical properties of materials in the welded joints),
followed by welding of plates made of structural steel
S355J2 [11] (due to the wide application of such
structural steels in mechanical and civil engineering
industry, and the fact the welding is one of the best and
most efficient ways of joining such materials), which will
then be tested in order to verify the numerical results and
define the input parameters for the Neural network soft
sensor (NNSS). These numerical analyses will involve
simulating heat input (which is directly influenced by
other welding parameters) to a welded joint, and creating
a database of results for various parameter combinations)
Input for the numerical simulations will be obtained from
gathered pWPSs (preliminary welding procedure
specifications — documents which define all of the
necessary parameters for welding a specific work piece
under specific conditions, using a specific combination of
base and filler material and a specific procedure). A total
of 108 pWPSs will be used for this purpose which will
define the combination of relevant parameters: Current
((100-140A; 120-160A; 160-200A), voltage (18-22V;20-
22V;22-26V) and weld speed (40-180 mm/min; 60-200
mm/min; 150-350 mm/min).

Following to the previously defined first stage, the second
stage will include welding of plates, using Metal Active
Gas welding procedure (denoted as 135) [12]. Electrode
of commercial name VAC 60 [13] will be used as filler
material, and the diameter of the electrode made of this
material will be 1.2 mm. Parameter ranges (current,
voltage and weld speed) were adopted in a way that
ensures that heat input (which depends on all three) is
always between 0.5 and 2.0 kJ/mm, a standard range of
values for structural steels. Welding will be performed for
on a total of 30 plates (24 of which will be used in the
experiment, whereas the remaining 6 will be used as a
reserve, in the case something is wrong with the first
group) which will provide 12 welded joints (along with 3
spare ones), for the purpose of experimental testing which
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will verify the numerical simulations, since this number
of plates will provide sufficiently accurate results.

The third stage would include the cutting of a total of 84
specimens from the 12 welded plates, for testing purposes
— 7 specimens will be obtained from a single plate, 3 of
which will be used for tensile tests, 2 for hardness and 2
for bending tests, in order to verify the numerical results,
and thus obtain the input parameters for the software.

The fourth stage will include testing of these specimens,
using both destructive (tensile, hardness bending) and
non-destructive methods (radiography). Non-destructive
testing will determine if there are any defects in the
welded joint which may not be allowed in accordance
with the standards, whereas destructive tests will provide
the results for mechanical properties of the welded joint,
which will be compared with the numerically obtained
ones. If the comparison is favourable, i.e. the difference
between the experiment and the simulation is sufficiently
accurate (within 15% of each other) the corresponding
combination of welding parameters will be used as input
data for the NNSS application.

The fifth stage will involve the development of the
software platform NNSS (intelligent soft sensor), whose
core is a neural network. A neural network tasks consists
of using the input values of welding process parameters to
predict the expected mechanical properties, such as tensile
strength, toughness and hardness. The developed NNSS
will enable the user to input various combination of input
parameters (welding parameters) and use them to
determine the optimal mechanical properties for the
welded joint in question (depending on its material,
exploitation condition, etc.) shown on figure 1.

Current( ¥ 7 e =
P — 7
Voltag o & Z .
FHEEDN s & : C—=> Mechanical
Speed (¥ N\\N o v = properties
\ 9

==

Figure 1:The input and output data for NNSS

Also, fifth stage will involve testing of NNSS using sets
of experimental data which were not used in its
development. Results obtained by NNSS prediction will
be compared to the results which were obtained by
experimental tests within the previously defined stages.
This testing will be expanded by comparing the results
obtained by NNSS software and finite elements method,
which will be performed in ABAQUS software, using the
finite element method, which have wide usage in
modelling and calculating welded joints [14].

An additional benefit resulting from this project idea is
reflected in its contribution to the relevant scientific fields
— results obtained during its realization will be published



in scientific papers. What makes this contribution
particularly important is the fact that this specific
application of neural networks in welding is a very new
field which is still largely unexplored. In addition, this
type of solution is a new concept in the region and is
likely to inspire other local companies and teams to get
involved in application of neural networks in welding
industries.

3. MARKET ASSESSMENT

Solutions based on neural networks are being developed
and used in certain parts of the world, e.g. Sweden, India
and Japan, however this concept is still rather new and
unknown in Serbia and the region. In that sense, Neural
Network Soft Sensor (NNSS) has the potential to
establish itself as a groundbreaking technology in the
regional market. It should be taken into account that
foreign companies are also present in the aforementioned
market, thus there is a strong possibility of expanding our
business on the global market, which is our intention in
the later projects which could result from this initial
project idea. This project idea will provide customers with
a very simple and user-friendly way of searching and
selecting of adequate parameters, while saving
considerable amounts of time and materials for the
company which is using our software.

Welding is widely used in various industrial fields,
particularly in mechanical and civil engineering. The most
important aspects of these industries in the regional
market include energy production, thus our focus will be
on storage tanks, pipelines, hydropower and thermal plant
equipment and various structural elements related to
them.

Ideal customers for this innovative method include small,
medium and large entrepreneurships which are involved
in various fields of work and provide the basis for
constant improvement of welding technologies.

An important part of project idea is implementation of its
ability to generate profit in the future. The authors of this
project idea thoroughly reassessed the possibilities of
profit generation and concluded that the implementation
of a breakthrough technology gives strong possibilities to
improve market position and revenue potential. New
technology puts the company in a favorable position
compared to its competitors. Use of intelligent software
eliminates the necessity for the following activities:

e Welding engineer analysis required a
preliminary welding procedure specification
(pWPS), which usually takes 40 work hours (the
average cost being 20 euros per work hour);

Base material, 3 sets of 2 plates (material cost for
this steel and dimensions is 20 euros);

Welding time, including the filler material,
shielding gas and electric energy (around 5 work
hours, with the rate of 10 euros/ hour);

Welder’s time (around 5 work hours, with the
rate of 10 euros/hour);

Non-destructive tests BW (VT, PT/MT, RT/UT -
42.55 euros)
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e Destructive tests BW (Tensile and bending tests
— at least one specimen per test, total of 51.91
€uros).

Given that there are operating welding machines in any
givenr company in Serbia, this software saves
approximately about 50 hours of working time for the
development of one pWPS.

In Serbia, a typical welding project last 3-6 months,
wherein each new project requires defining and qualifying
of new procedures, and one company has an average of
four procedures per year. Taking into account that during
these procedures, a typical amount of costs resulting from
presence of defects is around 8000 EUR. This technology
will significantly decrease these costs, while also saving
the time of everyone involved, thus improving the
efficiency.

4. CHALLENGE AND THE INNOVATIVE
SOLUTION ADDRESSING IT

Problems which occur during welding of new materials
require a lot of time and material in order to determine the
optimal welding parameters, taking into account that
every parameter combination requires the manufacturing
and welding of its own test specimens. In addition,
welders are subjected to excessive radiation, there is
unnecessarily high power consumption, and significant
amounts of waste materials are produced. This is a
commonly encountered problem in the industry, which we
determined from personal experience.

In addition, the processes described above are time-
consuming and costly, which is another factor which can
be significantly improved by this solution.

Another advantage of this solution is that it can use
predefined welding parameters to determine if their
combination will provide satisfying results, in other
words it could prevent the applications of welding
technologies which could require additional repairs
(resources, time and effort). In the figure 2 below is given
a SWOT (Strengths, Weaknesses, Opportunities, and
Threats) analysis, done as part of identifying strengths,
weaknesses, opportunities, and threats related to
development this project idea. Strengths and weaknesses
are usually considered internal, while opportunities and
threats are usually considered external factor.

Another challenge is to protect all intellectual property
resulting from this study, mainly the software which will
rely on neural networks, via patent, in accordance with
the intellectual property protection laws and regulations.
According to these regulations, it is possible to patent
software in the case it is a part of an innovative solution
which has industrial application, and NNSS falls into this
category. All IP resulting from this project belongs to the
project team, NNSS weld, and the project does not require
the use of third-party intellectual property. The initial plan
for this project idea is to submit an application for a
national patent, which should be a simple procedure, due
to lack of competition in the local market. As for the
International patent, additional state-of-the-art analysis
will be required, since some slightly similar solutions
already exist in other regions, such as North Europe and
Asia.
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5. DISCUSION AND CONCLUSION

Development of the Neural Network Soft Sensor for the
purpose of automatic selection of optimal process
parameters, this solution will provide increased welded
joint quality, and welding processes optimized in this way
would lead to lower electricity consumption and better
protection of the environment and welders alike. All of
this will result in buyers achieving significant savings in
terms of materials, energy and time consumed during the
new welding technology adoption process, thus providing
financial, practical and health benefits to all parties
involved.

Advantage in the regional market is the fact that there are
no existing solutions related to the same problem as the
one this study imply for solving, since no companies in
the region are involved in using Neural Networks as a
means of improving of welding procedures.

Estimate is that it will take about a year to properly
develop this study develop in project, wherein the first
stages will be focused on the development of the
prototype, which should provide the initial, basic version
of the software. The next stages will focus on
improvements in order to obtain the final, working
version. The refunding should start from the moment it
enters the market, since there is no competition in the

region. In order to break even, it will be necessary to get
around fifty companies in the region and abroad as
customers. It is expected to find between ten and fifteen
companies every year.

The initial version resulting from the project will
represent a working prototype which will be additionally
improved, hence it is expected that our product will start
generating profit after 5 years.

An important part of this project’s idea is development
the possibility to achieve profit in the future. After a
detailed analysis of the current state of the regional
market, it was concluded that the application of the
innovative technology like this would provide competitive
advantage over other companies, since none of them offer
this kind of service. This results in increased stocks
values, increased income and the possibility of further
development within the welding industry. The use of
Neural network soft sensor Weld application will achieve
considerable savings, i.e. it reduces the need for adopting
new technologies by using the trial and error method,
since optimal welding parameters can be determined with
a single test. The traditional system can be time-
consuming (over 50 working hours), and with the material
used, can exceed 1025 euros in costs. Each time another
error is made, the next attempt will cost an additional
1025 euros.
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In conclusion, this solution will save at least 1025 euros
and 50 work hours whenever a new technology is being
adopted. Additionally, welding technologies are widely
used in various industries, but there is a shortage of
available welders. This solution will allow them to work
more efficiently and productively, due to time saved by
eliminating the need to test every welding parameter
combination.
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IMPLEMENTATION OF CLOUD TECHNOLOGY IN THE FIELD OF
PREDICTIVE MAINTENANCE 4.0
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Abstract: According to the Industry 4.0 concept (I4-concept), the main carrier of production processes is
"smart" production, which is located in a "smart" factory. This production is characterized by complete
digitalization of all production processes as well as a very high degree of automation and robotization.
Hence, the structure of "smart" production is quite complex. The basic parts of its structure are: Internet
of Things (IoT), cyber-physical systems (CPS), the necessary supporting infrastructure that ensures the
smooth operation of all elements of "smart" production and the necessary technologies that manage,
monitor and control all processes. (Network Technology and Protocols, sensor networks, Cloud
Computing and Big Data). In order for "smart"” production as a highly automated system to be constantly
operational, it is necessary to introduce "smart” maintenance as an accompanying segment, which will
monitor the operation of the system and keep it operational all the time. For this reason, this paper will
present the practical implementation of Cloud technology in the field of monitoring the state of machine
systems. The Optime device, manufactured by Schaeffler from Germany, is treated as a practical
example. This device is one of the intelligent devices that are an integral part of the infrastructure in the

implementation of Cloud Computing in the field of monitoring the state of machine systems.

Keywords: Smart production; Cloud computing; Predictive Maintenance,; Optime

1. INTRODUCTION

The fourth industrial revolution (Industry 4.0) represents
the general digitalization of business processes, and
maintenance is one of them [1,2]. The concept of the
fourth industrial revolution affects not only business
processes, but also the overall way of life. More precisely,
Industry 4.0 is a paradigm that unites all segments of
human life.

The paradigm itself, as the main carrier of production
processes, proclaims a "smart" factory that is becoming a
general synonym for value creation. The main
characteristics of the "smart" factory are the digitalization
of production processes as well as a high degree of
automation and robotics. By synthesizing the mentioned
characteristics, "smart" factory ("smart" production)
becomes a very complex ecosystem whose main
structural elements become: Internet of Things (IoT),
Cyber-Physical Systems (CPS), Virtual Reality (VR),
Augmented Reality (AR). Extremely high precision,
flexibility, high quality and reliability are expected from
all the mentioned structural elements. All these
requirements are controlled and monitored in real time, so
it is necessary that the entire system has adequate
infrastructure, which in addition to networking and
connecting elements of the ecosystem will have the task

to ensure proper and smooth operation of all structural
parts. For this reason, appropriate technologies are being
introduced, such as: network technologies and protocols,
sensor networks, Cloud Computing and Big Data.

Taking into account the very serious requirements that the
I4-concept places on the "smart" factory, it can be
concluded that it is necessary to introduce another
accompanying but very important part into the Industry
4.0 paradigm, and that is the maintenance of machine
(production) systems. Since all production processes take
place in real time, this future maintenance must be
permanent and must give results also in real time, because
any greater delay in feedback (status) information could
cause a major error that would be due to the high degree
of process automation. spread at high speed throughout
the system.

Maintenance is necessary because it prolongs the life of
the device. The most common forms of maintenance of
machine systems are corrective and preventive.
Corrective maintenance is a maintenance approach that is
performed when there is already a loss of functionality of
a machine element. This type of maintenance can often
lead to emergency delays that cause a large loss of time to
repair the fault, but also significant financial losses due to
downtime of one part of the production system.
Preventive maintenance means planned downtime of
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machine systems activities that will keep the system in
working order, which increases the availability of the
system., maintenance should be planned in advance with
an accurate estimate of the period of failure of the
machine to reduce the risk of accidents, financial losses
and casualties. Paradigm Industry 4.0 envisages
permanent monitoring of the state of the system on the
basis of which it is possible to accurately determine
whether there is any damage and if there is, its impact on
the functionality of the system can be monitored over
time. This type of maintenance, which involves 24/7
monitoring of the system, which is supported by
extremely sophisticated hardware and software, is called
Predictive Maintenance 4.0 (PdM 4.0). Predictive
maintenance (PdM) is commonly used in various sectors,
such as manufacturing [3], automotive [4] and aerospace
[5]. Predictive maintenance can detect equipment failures
and predict failure times in advance using data analysis
tools and statistical inference approaches [6]. Moreover,
with PdM, the time of the next failure can be predicted in
a precise way [7,8]. The main goal of PdM is to identify
initial failures and subsequent deterioration of component
development using previously acquired information.
Therefore, previous activities are considered in
determining further maintenance procedures [9].

2. THEORETICAL BACKGROUND
2.1. Predictive maintenance

Predictive maintenance is a modern type of maintenance
that is a combination of different techniques and methods
with the aim of detecting various defects of machine
elements at the earliest possible stage. The best example
of this is the predictive maintenance of rotating machine
elements. A roller bearing can be used as a representative.
Rolling bearings are transmission machine elements that
are in the structure of almost every machine system. Due
to their construction, but also the nature of the function
they perform, they represent one of the most sensitive
parts of the machine system. In a large number of cases,
bearing damage occurs as a result of damage to another
machine element (e.g. shaft misalignment, imbalance,
excessive belt tension, loose machine stand, poor
lubrication, etc.). The initial damage that occurs on the
roller bearing is most common in the form of microcracks
that are difficult to see with the naked eye. In addition, the
location of roller bearings is usually such that they are
more difficult to access. For this reason, predictive
maintenance is very suitable for monitoring the condition
of roller bearings, which has the ability to detect damage
at an early stage. In addition, the condition of the roller
bearing is designed so that it is not necessary to open the
machine, but the measuring instruments can be placed on
the housing itself, which greatly facilitates the installation
of the necessary measuring devices.

The installed measuring equipment is now in a certain
way connected to the computer on which the obtained
results are processed and visualized through certain
software. In addition, predictive maintenance includes
special expert programs that can use data processing to
determine the exact condition of the observed roller
bearing as well as monitor the progress of the identified

damage. Special software tools enable the speed of
progression and spread of damage as well as the
assessment of the moment when the damage will become
so great that it will cause the loss of operational function,
based on the results or measurements performed
permanently.

In short, this type of maintenance provides the possibility
of predicting the moment of failure of a machine element,
which further allows a timely planned shutdown of the
machine system to repair or replace the damaged part.
This completely eliminates the possibility of an

emergency stop, which is the main advantage of this type
of maintenance. In fig. 1 shows the appearance of the
roller bearing vibration measuring device.

Fig.1. Vibration measuring devices for roller bearings:
Offline measurement (left)[10]; Online measurement
(right) [11]

The traditional way of measuring the vibrations of roller
bearings is usually focused on the so-called. offline
measurement (Fig. 1-left). This type of measurement is
not so reliable because it is carried out periodically, so it
leaves the possibility that potential damage will progress
over time and cause an emergency stop. In that case, a
pre-made measurement plan is desirable, which should
contain an evenly distributed sufficient number of
predicted measurements in order for the obtained results
to be as authoritative as possible, thus obtaining a more
realistic picture of the observed machine element (e.g.
roller bearing).

On the other hand, there is the so-called online vibration
measurement (Fig. 1 - right) which takes place
permanently 24/7. This is the option chosen as the future
way of measuring the vibrations of machine elements.
The main feature of this method of measurement is that
the data is recorded all the time in real time and the same
through a certain infrastructure can be sent to the place
where with the help of expert software will be processed
and visualized results. Also, this method of measurement
gives the possibility to be relatively easily implemented in
an automated measurement system so as to expand the
possibilities of monitoring the state of the machine
element in the sense that through certain components, e.g.
PLCs can set alarm thresholds that will be activated by
maintenance personnel. With the activation of the I4-
concept, it went a step further where, for example.
machine learning used for fast training of vibration
measuring devices, so that the measuring device, when
installed on a machine system, first learns, i.e.
"remembers" the operating parameters of the system and
then sets the alarm thresholds that are far simpler for
communication between machine and man (meaning
alarms).
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2.2. Cloud computing

Paradigm Industry 4.0 and with it the I4- concept are
based on process digitization. Undoubtedly, therefore, a
greater focus will be on infrastructure as well as
technologies that will have to be created to meet all the
upcoming requirements of the I4-concept, such as. high
speed, significantly higher network power, significantly
higher IP addresses, system stability and reliability,
system security, etc. In accordance with the requirements
set, the IT industry began to design and create new
technologies that can meet the required performance.
Over time, certain technologies develop to the extent that
they become the subject of research for themselves, such
as: Cloud Computing, mobile technologies, sensor
networks, etc. In addition, there is a new concept in the
field of mass data processing, the so-called. Big Data.

In this paper, the focus is on Cloud Computing as well as
its implementation in the field of predictive maintenance.
As it is known, Cloud Computing is the provision of
services to a heterogeneous group of end users through
the delivery of stored capacity and computing resources.
The physical interpretation of Cloud Computing can be
formulated as the sharing of resources over a network
(usually the Internet). The principle of Cloud Computing
is based on the use of data and software located on servers
in a remote location that are accessed through browsers or
mobile applications. Based on this, it can be
unequivocally concluded that Cloud technology offers a
great deal of flexibility and mobility during operation.
These benefits have been successfully used for the
practical implementation of predictive maintenance in
"smart" factories.

The technology itself gives the end user options that he
can combine and thus optimizes the resources necessary
for his business activities. For this reason, Cloud
Computing offers three options: Software as a Service
(SaaS), Platform as a Service (PaaS) and Infrastructure as
a Service (IaaS). Taking into account the above models, it
is possible to implement Cloud technology in predictive
maintenance. The technical solution for this
implementation was patented and published by the
German manufacturer Schaeffler under the name
"Optime".

2.3. Communication (Machine to Machine
M2M)

One of the basic conditions of the I4- concept is the
highest possible degree of process automation. This
condition also applies to the automation of
communication between devices or "intelligent" things.
As a mechanism for fulfilling this condition, the so-called
M2M communication. This communication is a network
of "intelligent" things that can communicate with each
other or communicate with the global network without
human help.

M2M communication is performed using M2M networks
which are divided into: full IP (Internet Protocol) and
hybrid networks. For the implementation of Cloud
Computing in predictive maintenance, hybrid networks
are more suitable, which are the basis of the technical

solution of the mentioned "Optime" device. By definition,
hybrid networks consist of several integrated nodes that
communicate with each other. A typical representative of
a hybrid network is the so-called MESH network (Fig.2).
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Fig.2. MESH network [12]

In fig. 2 it can be seen that the MESH network consists of
several integrated nodes that are wirelessly interconnected
with each other. Each node represents a Wi-Fi access
point. The main feature of this network is that it maintains
connectivity even in the event of a failure of one of the
nodes in the network. This feature is wused for
implementation in predictive maintenance because it
provides additional stability of the Optime device. In
addition to nodes, an integral element of the MESH
network is the gateway. The function of the gateway is to
consolidate the signal to the IP network. In addition, it can
filter, store and process them before sending them to the
network [13].

3. IMPLEMENTATION OF CLOUD
COMPUTING IN PREDICTIVE
MAINTENANCE

3.1. Optime device

The implementation of Cloud Computing in predictive
maintenance was in practice performed using a new
generation device "Optime", of the German manufacturer
Schaeffler. The device itself is a highly sophisticated
product that is simple in construction and easy to place on
the measuring point. It should be noted that it is one of the
intelligent devices that are designed to monitor the state
of the system (elements) by monitoring vibrations. It is
specifically intended for measuring and monitoring the
vibrations of rotating elements such as e.g. roller
bearings, shafts, rotors, etc.

The device itself is a combination of existing instruments
(sensor and vibration meter) that are connected by
additional elements that ensure communication of the
device with another similar device but also with the
gateway through which the device has an Internet
connection. The principle of operation of this device is
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based on the MESH network. In the physical
interpretation of "Optime", the device is one of the nodes
of the MESH network. The appearance of the "Optime"
device is given in Fig.3.

Fig.3. OPTIME device [14]

The basic components as well as the principle of
operation of the device are given in Fig. 4.
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Fig.4. Basic components of "Optime" device [15]: I- sensors;

2- Gateway (receiver / transmitter); 3- digital service

The principle of operation of the device consists in the
fact that the sensors located at the measuring points of the
device under monitoring, collect information on the
magnitude of vibrations.

The collected data will be transferred via the MESH
network to a gateway that consolidates the signals
received from the sensor and then sends them to a digital
service located in the cloud. This way of working is a
typical example of the implementation of Cloud
technology in the process of monitoring the state of the
machine system.

3.2. Predictive maintenance system architecture

Based on Fig. 4, the architecture of the system for
monitoring the state of the machine system in which
Cloud technology is implemented can be set. For easier
explanation in fig. 5. a simplified presentation of the
architecture of the predictive maintenance system using
the intelligent device "Optime" and Cloud technology is
given.

In fig. 5 it can be immediately concluded that the
predictive system based on Cloud technology of the
modular type. Basically, four modules can be
distinguished, which are interconnected and function as
one whole. The basic module is level with sensors. It is
also the level that is related to production processes, i.e.
the level that is an accompanying part of production
processes. For the specific case that is the subject of this
paper, this level consists of sensors for measuring the
vibration of rotating elements. However, for the context
of predictive maintenance (PdM 4.0) in the I4-concept,
the mentioned sensors were transformed into intelligent
devices (things), so their networking resulted in a network
of intelligent things (IoT), which is one of the main
features of the Industry 4.0 paradigm. Transformation of
the sensor into an intelligent device is achieved by adding
the necessary electronic components that allow the sensor
to communicate with other sensors with which it is
networked, but also with the gateway, which is actually a
connection between the sensor and the Internet or Cloud.

Predictive maintenance system with implemented Cloud technology

Application

Event management

management

=
2
4
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&
&

E Prediction of the state of the machine system {element)

Decision management

Transmission network: 3G, 4G, 5G, LTE, Satellite ...

Access network: Wi-H, MESH, M2M

Optime sensors

Fig.5. Predictive maintenance system architecture with implemented Cloud technology
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The next level in the structure of predictive maintenance
is transmission. It can be conditionally said that this level
has its two sub-levels: access network and transmission
network. In order for the IoT, i.e. for the observed case
"Optime" sensors to be able to communicate with each
other but also with the gateway, an access network is
needed. For the observed case, it is a MESH network that
combines sensors and a gateway. When the gateway
receives signals from the sensor, it consolidates them and
then sends them to the Cloud. Consolidated data is sent
via the transmission network. The transmission network is
actually a global network (Internet) which, depending on
the case, can be 2G, 3G, 4G, and in the near future, 5G
network is increasingly used, but also satellite
transmission, etc.

The next level in the structure of predictive maintenance
systems is data management. This level in physical
interpretation belongs to the Cloud and actually represents
the point of contact through which the implementation of
Cloud technology in the predictive maintenance process
was performed. At this level, two subsystems can be
distinguished [16]:

- event management

- decision management.

Each of these subsystems has its own components that
will be explained separately.
The event management
following components [16]:
- data fusion

- data analysis.

Data fusion means merging and combining the data
obtained from the sensor. Since there is a continuous
monitoring of machine systems (elements), an extremely
large amount of data can be collected in one hour, which
needs to be combined into a whole for further processing.
For this reason, the predictive maintenance system not
only enters the domain of Cloud technology but also the
Big Data concept. The collected data on the condition of
an element can not only be used for predictive purposes in
terms of maintenance, but their proper consideration and
additional processing and analysis can provide additional
very important information regarding the performance of
the machine element and / or system. in this way it can
perform additional optimization and even innovation of
the machine element / system, which is also one of the
very important directives of the Industry 4.0 paradigm.
Once the data has been merged, it is possible to perform
an analysis of the data. Since the sensors are mounted on
different machines, it is necessary to perform analysis and
classification of which data group belongs to which
machine, which is important for further processing.

The data prepared in this way is ready for the second
subsystem - decision management. The constituent
components of this subsystem are:

- data processing

- data storage.

According to the above components, it can be
unequivocally concluded that this system contains expert
systems (software) for data processing (vibration signals)
as well as stored systems (e.g. databases). Expert systems
have the task of processing the obtained data using
various software tools that have the ability to process the
vibro-signal and its visualization in the time, frequency or

subsystem consists of the

time-frequency (time-scale) domain. Therefore, the basis
of this component of the subsystem consists of software
tools  for:  time-synchronized averaging (Time
synchronous average), fast Fourier Transform (FFT),
Short-Time  Fourier Transform (STFT), Wavelet
transformation, Wigner — Ville distribution, etc. The
output of this phase of data processing is the visualization
of the obtained results which are ready to be stored in the
database but also transferred to the end user. If damage to
the element is identified, further monitoring will be
carried out and it will be followed the impact on the
proper functioning of the element (system) and also
generates a trend which can be used for prediction of the
moment of failure of the monitored element (system).

The final level in the structure of predictive maintenance
systems consists of applications. In the Industry 4.0
paradigm, one of the technologies is the so-called mobile
technology. This technology involves the use of mobile
applications. Mobile applications are software designed to
run on tablets, smartphones, or other mobile devices. For
this reason, they are located in the last level (module) of
the predictive maintenance system, because they represent
a link between machine and man. Through them, the end
user (responsible person in the maintenance service) has
the ability to monitor the operation process and the state
of the system. The application has the ability to visualize
the results obtained, but also to display certain text
messages that briefly generate the status of the monitored
element (system). Through a message or a graphic
display, the application conveys to the user accurate
information in a language he understands whether the
system is operational, whether any damage has been
identified and where, to what extent the damage has
progressed, when the necessary element overhaul needs to
be performed (system) as well as system status alarms
(correct operation status, pre-alarm and alarm).

In short, all the expertise needed to predict the state of
the system is now housed in the Cloud, which provides
real-time system monitoring, which is of great importance
in the context of the I4- concept. In addition, this method
of supervision is simpler, more efficient and cheaper
compared to the classic method of monitoring, which
requires the necessary equipment for data acquisition and
trained staff, which certainly requires increased financial
expenditures.

4. CONCLUSION

An important segment for the proper functioning of a
smart factory is the maintenance of the machine system.
In accordance with the principles of the 14- concept, it is
necessary that the maintenance process be continuous and
very precise in order to maximize the availability of
machine systems at any time. For this reason, a new
concept was introduced - predictive maintenance (PdM
4.0), which means the introduction and implementation of
sophisticated technologies in the maintenance process. In
support of this, this paper presents a technical solution of
the German manufacturer Schaeffler, which allows
condition monitoring of the rotating machine elements.
The concept of this solution implies the implementation
of Cloud technology, which is one of the leading
technologies of the Industry 4.0 paradigm.
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The paper focuses on the architecture of the new
predictive maintenance system, which provides multiple
benefits, of which the following can be distinguished:
simple construction of the device, simple installation of
the device on the measuring point, continuous monitoring
of the -element (system) 24/7, real-time results.
significantly increased availability of machine systems,
prevention of accidents, significant savings in terms of
personnel and technical equipment (up to 50%), the
ability to monitor systems remotely and hard to reach
places, no prior knowledge required to install and use
devices, Cloud technology offers digital service of
professional diagnostics based on expert algorithms and
machine learning that is available 24/7 through the
appropriate application so that the right decision can
always be made, easy expansion of the network of
intelligent devices (sensors) for different users and needs,
the device can use staff at initial or advanced level, use of
expertise, etc.
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THE ROLE 4.0 REVOLUTION: COMPETITIVENESS AND SUSTAINABLE
DEVELOPMENT

Brankica TODOROVIC

Abstract: The fourth industrial revolution is aimed at creating smart products and overall production. In
a dynamic business environment, businesses strive to use advanced materials, oil and gas exploration and
renewable energy, which affects competitiveness and encourages sustainable development.

The goals of the research in the paper are: analysis of the Global Competitiveness Index 4.0, the impact
of Revolution 4.0 on sustainable production and economic development and policies and measures to
encourage competitiveness and 4.0 revolution in Serbia.
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1. INTRODUCTION

Industrial revolutions have economic, social and political
changes in the environment and economic development.
The “Industry 4.0” concept was first published in an
article by the German government in November 2011, as
a high-tech strategy for 2020” (Zhou et al. 2015, p.1).
Opportunities for sustainable production at the macro
level indicated positive implications of new business
models and closed-loop product life cycles on the
reduction of negative impacts on the environment and
society, while micro perspective gave an insight into the
potential of Industry 4.0 for the labor market and
customer well-being (Stock & Selinger, 2016). Industry
4.0 represents a new and powerful industrial wave with an
orientation toward digital and virtual technologies and
customer service (Lopez de Sousa Jabbour et al., 2018).
The industrial revolution can boost the competitiveness of
national economies by increasing innovation and the use
of ICT. The fourth industrial revolution represents
potential but also brings certain problems in the context of
sustainable economic development. Sustainable economic
development includes a number of priorities and goals
based on the development of a knowledge-based
economy, increasing social welfare and sustainable use of
resources. New national development priorities relate on
rethink competition and anti-trust frameworks needed in
the Fourth Industrial Revolution, ensuring market access,
both locally and internationally.

2. INDICATORS OF THE COMPETIVENESS

Competitiveness is a complex and multidimensional
category that can be encouraged by the activities of
different sectors, which is especially important in the
conditions of dynamic and accelerated development in the

conditions of the fourth technological revolution. One of
the indicators of competitiveness is the Global
Competitiveness Index, as well as the Global Innovation
Index. The level of competitiveness expresses the
capacity of the national economy to generate sustainable
economic growth at the current level of development in
the medium term. The Global Competitiveness Index
shows the competitiveness of national economies as well
as the potential for long-term economic growth. Based on
the ranked 141 countries, Serbia took 72 positions in
2019. The best ranked countries according to global
competitiveness are: Singapore, USA, Hong Kong SAR,
Netherlands and Switzerland. This year, the value of the
index is calculated by the new methodology IGK 4.0, the
value of the index is 60.9, IGK is calculated based on 12
pillars of competitiveness and 98 indicators: institutions,
infrastructure, ICT adoption, macroeconomic stability,
health, skills, goods market, labor market, financial
system, market size, business dynamics and ability to
innovate (Table 1).

In 2021, according to the Global Innovation Index, the
five most developed countries in the world were:
Switzerland, Sweden, the United States, the United
Kingdom and The value of the index of the most
innovatively developed country, Switzerland, is 65.5;
Sweden 63.1; USA 61.3; Great Britain 59.8 and Korea
59.3. Korea. Serbia took the 54th place out of 132
observed countries, with the value of the innovation index
of 35 index points. The analysis of rank movements by
year shows an improvement in the position compared to
2010 (101), and especially since 2018, when the rank is
below 60 positions (Figure 1).
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Table 1. The Global Competitiveness Index 4.0
framework

Enabling Rank Market Rank
Environment | Serbia Serbia
Institutions 75 Product 73
Infrastructure 51 market
ICT adoption 77 Labor 54
Macroeconomic | 64 market
stability Financial 82
system
Market size | 74
Human Rank | Innovation | Rank
Capital Serbia | Ecosystem | Serbia
Health 76 Business 54
Skills 55 dynamism | 59
Innovation
Capability
Source: WEF, 2019.
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Fig. 1. Serbia's rank and score trends from the aspect of
competitiveness

The Global Innovation Index includes seven pillars:
institutions, human capital and research, infrastructure,
market sophistication, knowledge and technology,
business sophistication, creative results. The pillars that
contribute the most to innovation in Serbia are:
institutions (score 69.3, position 50), infrastructure (48.7;
44) and knowledge and technology (29.1; 43). Creativity
has the lowest rank of all the pillars (76; 21.4) (WIPO,
2021).

Considering that Industry 4.0 represents a new and
powerful industrial wave with an orientation toward
digital and virtual technologies and customer service
(Lopez de Sousa Jabbour et al., 2018), potentials for the
progress of the 4.0 revolution in Serbia, in terms of
competitiveness and innovation (technological
backwardness) should be at a higher level.

3. OBJECTIVES OF SUSTAINABLE
ECONOMIC DEVELOPMENT

There is more than one definition of economic
development that is viewed in the context of sustainable
development as a form of social and structural social
transformation that respects the relationship between
economic growth and non-renewable resources (Pearce &
et al., 1989). A similar definition was given by the World
Commission on Environment and Development, which
defines sustainable development as "development that
meets the needs of the present without compromising the
ability of future generations to meet their own needs"

(World Commission on Environment and Development,
1987).

The definition of sustainable economic development has
emerged from the need for the international community to
intervene to find ways to prevent the emerging ecological
crisis. The United Nations General Assembly is therefore
also addressing the issue of sustainable development and
environmental protection. Thanks to the initiatives of this
organization, conferences were held to discuss the issue
of environmental protection and sustainable economic
development.

The first UN Environment Conference was held in
Stockholm from 12 to 16 June 1972. The Conference
adopted the Environmental Declaration and the Action
Plan for the Development of Environmental Activities. In
the this documents, development is defined as a complex
category that should provide conditions for well-being
and preservation of the environment, while the goal of
development is not only to improve material living
conditions but also to attain moral and cultural values.
The adopted Declaration on the environment outlines the
principles: our planet has abundant and inexhaustible
resources (Declaration of the Environment, 1972). The
inexhaustible riches during the production cycles must be
restored, and the exhaustive ones must be used in a way
that will not threaten to exhaust them (Principles 3 and 5);
for the social and economic development of man on earth,
appropriate conditions must be provided for the quality
improvement of his life (Principle 8), and during
production it is necessary to use the achievements of
science and technology in order to detect, avoid or limit
environmental hazards (Principle 18).

In addition to these documents, the United Nations
established the Human Environment Program (UNEP) in
1972 with the aim of directing public awareness of the
growing threat to humanity from environmental
degradation. The program should enable the prevention of
air, water and the rational use of natural resources. In the
following period, the following declarations and programs
were adopted: the Declaration on Education and the
Environment; Declaration and Recommendations for
International Cooperation to Improve Living Conditions
in Settlements; the Only One Earth program and more.

In 1987, the World Commission on Environment and
Development submitted a report entitled "Our Future"
which contributed to the conception of a new economic
and environmental policy that would enable "sustainable
development".

The European Charter for the Environment and Health
was signed in 1989 by the Ministers of Environment and
Health and the World Health Organization. With this
Charter, the signatory states have committed themselves
to strive to take the necessary activities to address
environmental problems. These problems are related to
ozone depletion and climate change, safe and adequate
supply of drinking water in accordance with existing
standards, chemical safety of food, environmental and
health consequences of the impact of various sources of
energy, traffic, the consequences of usage chemical of
agricultural production, air quality, dangerous waste,

biotechnology (especially genetically  modified
organisms) and clean technologies as preventative
measures.

109



The United Nations Conference on Development and the
Environment was held in Rio de Janeiro from 3 to 14 June
1992, at which the pursuit of sustainable development
poses a new challenge and prerequisite for achieving
global security. Environmental degradation is a kind of
discrimination against man and restriction of his
freedoms, and therefore solving environmental problems
is becoming increasingly important as an essential issue
for eliminating the unequal differences that exist in the
world and within individual countries.

The Sustainable Development Goals (SDGs) were defined
at the United Nations Conference on Sustainable
Development in Rio de Janeiro in 2012. The objective
was to produce a set of universal goals that meet the
environmental, political and economic challenges which
facing the world economies. Agreed by the United
Nations, seventeen Sustainable Development Goals set
the framework for addressing the most significant social,
economic and environmental challenges by 2030. The
Sustainable Development Goals of the 2030 Agenda
officially entered into force on 1 January 2016, following
the adoption of the UN Summit Resolution in September
2015. The 2030 Agenda is a global development Agenda
beyond 2015. In the next 15 years, states parties are
expected to mobilize all resources to would eradicate
poverty, fight inequality and find answers to climate
change. The Sustainable Development Goals, also known
as the Global Goals, are derived from the Millennium
Development Goals and address a number of societal
needs including health, education, social protection and a
healthy environment and climate resilient communities.
The United Nations Millennium Declaration (2000)
defined the fundamental values on which international
relations in the 21st century should rest: freedom,
equality, solidarity, tolerance, environmental protection
and shared responsibility. The Millennium Development
Goals are derived from this declaration. Since 2010,
sustainable development has been built into the Europe
2020 strategy and is based on three pillars: "smart
growth" with a focus on education and innovation;
"sustainable growth" with low carbon emissions,
resilience to climate change and environmental impact,
and "inclusive growth" through job creation and poverty
reduction. In addition to sustainable development goals, it
is important for companies to be part of the digital
economy, transforming their businesses in terms of
digitization and innovation.

The 2030 Agenda with 17 Sustainable Development
Goals and 169 targets covers a wider reach than the
Millennium Goals and includes all three key dimensions
of sustainable development: economic growth, social
inclusion and environmental protection. Institutional
development and cooperation which should ensure the
rule of law and peace are also covered by appropriate
goals and objectives. The Sustainable Development Goals
are (United Nations, 2015):

Goal 1 No Poverty

* Under Goal 1, the new agenda implies the eradication of
poverty in all its forms all over the world.

Goal 2 Zero Hunger

* Goal 2 has broad implications, which include ending
hunger, enabling food security, improving nutrition, and
promoting sustainable agriculture.

Goal 3 Good Health and Well-Being

* Ensuring healthy living and promoting overall well-
being without regard to the age or place is what is meant
by the formulation of Goal 3.

Goal 4 Quality Education

* The promotion of lifelong learning and providing
opportunities for it, together with ensuring inclusive and
equitable education for all, are the critical elements of
Goal 4.

Goal 5 Gender Equality

* Due to the existing gender gap, stepping toward gender
equality and the empowerment of all women and girls is
the main direction of Goal 5.

Goal 6 Clean Water and Sanitation

» Making sure that water and sanitation are available to all
and ensuring sustainable management of it is the core of
Goal 6.

Goal 7 Affordable and Clean Energy

* In the light of climate change, resource scarcity Goal 7
places priority on providing access to modern energy,
which is affordable, reliable and comes from sustainable
sources.

Goal 8 Decent Work and Economic Growth

* Sustainable economic growth, employment at full
capacity, and high productivity and insurance of decent
working conditions for all are the key elements for Goal
8.

Goal 9 Industry, Innovation, and Infrastructure

* Establishment of resilient and supportive infrastructure,
promotion of sustainable and inclusive industrialization
and support system for fostering innovation is the
cornerstone of the Goal 9.

Goal 10 Reduced Inequalities

* Inequality is, and it will be a big problem for the world,
both on the international and national levels.

Goal 11 Sustainable Cities and Communities

» Adapting and creating more inclusive and safer cities
and settlements and improving their resilience and
sustainability is the foundation of Goal 11.

Goal 12 Responsible Consumption and Production

* Enabling and establishing the system for improving
sustainability in production and consumption is the basis
for Goal 12.

Goal 13 Climate Action

* The urgency to deal with climate change and its impacts
are rising daily.

Goal 14 Life Below Water

* Oceans, seas, and marine resources were highly
disregarded in terms of their preservation. Through Goal
14 UN is aiming to improve its sustainability.

Goal 15 Life on Land

* Stopping the negative impact of human actions on the
terrestrial ~ ecosystems, reversing the process of
deforestation, and halting biodiversity loss are the primary
elements of the Goal 15 actions.

Goal 16 Peace, Justice and Strong Institutions

» Establishment and insurance of the competent,
accountable, and inclusive institutions at all levels,
promotion of peace and inclusive societies, and extending
the access to justice for all are the main concerns for Goal
16.

Goal 17 Partnership for the Goals
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* Improving the process and means for implementation of
the Sustainability Agenda and revitalization of the global
partnership, and higher participation in the realization of
the SDG are essential segments for Goal 17.

The Sustainable Development Goals Report 2018 reviews
progress in the third year of implementation of the 2030
Agenda for Sustainable Development (United Nations,
2018).

Goal 1: Only 45 per cent of the world’s population are
covered by at least one social protection cash benefit.
Goal 2: World hunger is on the rise again, wasting and
overweight still affected millions of children under age 5.
Goal 3: Births attended by skilled health personnel
increased globally.

Goal 4: More than half of children and adolescents are not
achieving minimum proficiency in reading and
mathematics.

Goal 5: Women spend about three times as many hours in
unpaid domestic and care work as men.

Goal 6: 3 in 10 people lack access to safely managed
drinking water service, 6 in 10 people lack access to
safely managed sanitation facilities.

Goal 7: 4 in 10 people still lack access to clean cooking
fuels and technologies.

Goal 8: Earning inequalities are still pervasive: men
earned 12.5 per cent more than women, youth were three
times more likely to be unemployed than adults.

Goal 9: Global carbon intensity decreased by 19 per cent
between 2000 and 2015.

Goal 10: Remittances to low- and middle-income
countries represented over 75 per cent of total global
remittances.

Goal 11: Damage to housing due to natural disasters
showed a statistically significant rise.

Goal 12: Globally by 2018, 108 countries had national
policies on sustainable consumption and production, 93
per cent of the world’s 250 largest companies are now
reporting on sustainability.

Goal 13: The majority of countries have ratified the Paris
Agreement and provided nationally determined
contributions.

Goal 14: Open ocean sites show current levels of acidity
have increased by 26 per cent since the start of the
Industrial Revolution.

Goal 15: Land degradation threatens the security and
development of all countries, The Red List Index shows
alarming trend in biodiversity decline for mammals, birds,
amphibians, corals and cycads.

Goal 16: The proportion of prisoners held in detention
without being sentenced for a crime remained almost
constant in the last decade: from 32 per cent in 2003—
2005 to 31 per cent in 2014-2016.

Goal 17: Securing a strong and well-resourced under the
next MFF ultimately depends on the role and place of
development policy vis-a-vis other EU policies.

The report also shows that progress is insufficient to meet
the Agenda’s goals and targets by 2030. This is especially
true for the most disadvantaged and marginalized groups.
Some forms of discrimination against women and girls
are declining gender inequality continues to hold women
back and deprives them of basic rights and opportunities.

4. GOALS OF SUSTAINABLE ECONOMIC
DEVELOPMENT IN THE REPUBLIC OF
SERBIA

Sustainable economic development is an integral part of
the macroeconomic policy of modern economies.
Building an effective institutional framework at all levels
is the basis for achieving the Sustainable Development
Goals. Institutional mechanisms for implementing
sustainable economic development are reflected in the
definition of Strategies that contain key principles and
goals of sustainable economic development, as well as,
measures and mechanisms for its implementation. The
implementation of the Strategies is handled by the
competent ministries as well as by the Office for
Sustainable Development.

Excessive institutional and procedural frameworks, can
adversely affect the implementation of the concept, as
well as, the lack of interest of all parties. Many countries
have been creative in the formation of new institutions,
but the barriers that have emerged have diminished their
effectiveness, so that the necessary strategic participation
requires the active participation of high-level key
ministries and strong political support. Ministries do not
always have a complete or identical understanding of the
sustainable development process, and it is the
responsibility of the Sustainable Development Office to
address all issues in a comprehensive manner. It is also
important that the costs/benefits to society of
implementing sustainable development are clearly
expressed and that citizens are informed about it. In
addition, it is necessary to build a modern and efficient
public administration as a system of institutions that
jointly lead to sustainable development while improving
cooperation and coordination between the sector, as well
as, the public administration and the private and civil
sectors.

In addition to developing Sustainable Development
Strategies, national economies also develop an action plan
for implementing the Strategy. The National Sustainable
Development Action Plan is a key mechanism for the
implementation of the Strategy as it develops the
objectives set out in the Strategy into activities.
Sustainable  development indicators are defined
internationally for monitoring the measures taken. The
choice of indicators reflects a link to the key proposed
instruments. The selected indicators are in line with the
revised list of UN Sustainable Development Indicators,
which also includes indicators of the implementation of
the Millennium Development Goals. All indicators are
gender-supported.

Achieving sustainable development in the Republic of
Serbia is related to the introduction and application of
EU-dominant principles, as well as, to enhancing
competitiveness based on knowledge, innovation and
entrepreneurship based on the principles contained in the
Sustainable Development Declaration, the Millennium
Development Goals and the EU Sustainable Development
Strategy. Based on the above guidelines, the Sustainable
Development Goals of the Republic of Serbia (RS
Sustainable Economic Development Strategy) have been
defined:
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1) Intergenerational solidarity and intra - generation
solidarity

2) Open and democratic society - citizen participation in
decision making

3) Knowledge as a carrier of development

4) Involvement in social processes

5) Integration of environmental issues into other sector
policies

6) Precaution

7) The polluter/user pays and

8) Sustainable production and consumption.

Principles 6, 7 and 8 are directly related to environmental
protection and sustainable economic development. Thus,
the precautionary principle requires maintaining a natural
balance when there is no reliable information on a
particular problem. Each activity must be planned and
implemented in such a way as to cause the least possible
change in the environment and preventive action must be
taken to prevent possible negative impacts on the
environment, especially if the welfare of humans and
animals is threatened. Principle 7 relates to the
incorporation of environmental costs into the price of a
product (internalize environmental costs). Principle 8 is
about respecting balanced relationships in the exploitation
of natural resources and ensuring a high level of
protection and improvement of the quality of the
environment. The principle also relates to environmental
pollution and the promotion of sustainable consumption
and production, as well as, economic growth, which must
not cause a proportional increase in environmental
degradation.

Sustainable economic development is one of Serbia's key
national priorities. Key national priorities have been
defined with the aim of achieving a vision for sustainable

development by 2017  (Sustainable = Economic
Development Strategy). They cover the following
priorities:

* EU membership

The Republic of Serbia has to fulfill numerous obligations
and conditions, among which the harmonization with the
procedures and taking over the obligations arising from
that membership take an important place.

* Developing a competitive market economy and balanced
economic growth, fostering innovation, creating better
links between science, technology and entrepreneurship,
increasing R&D capacity.

In order to achieve this priority, conditions for attracting
foreign direct investment and macroeconomic stability
need to be improved. In addition, it is necessary to
encourage innovation and promote entrepreneurship, as
well as promote the information society.

*Developing and  educating people, increasing
employment and social inclusion, creating more jobs,
attracting professionals, improving the quality and
adaptability of the workforce, increasing investment in
human resources.

Achieving this priority requires the creation of better
working conditions that will prevent the outflow of
experts, as well as, investing in people's knowledge and
skills through quality, effective and practically applicable
education and continuous improvement of equal
opportunities for members of all social groups. In
addition, it is necessary to achieve greater social inclusion

of young people, women and members of marginalized
groups and to invest in public health, especially in
primary health care and prevention.

* Infrastructure development and balanced regional
development, improving the attractiveness of the country
and ensuring adequate quality and level of services.
Achieving this priority requires the expansion and
improvement of transport infrastructure, the development
of communal infrastructure and the reduction of regional
inequalities and poverty. It is also important to raise
regional competitiveness and foster even regional
development.

* Protection and improvement of the environment and
rational use of natural resources, conservation and
improvement of the environmental protection system,
reduction of pollution and environmental pressures, use of
natural resources so that they remain available for future
generations.

In order to achieve this priority, it is necessary to establish
a system of protection and sustainable use of natural
resources, (air, water, land, minerals, forests, fish, wild
flora and fauna) and the inclusion of environmental
policies in the development policies of other sectors. In
addition, the importance of investing in reducing
environmental pollution and developing cleaner
technologies, encouraging the use of renewable energy
sources, protecting and conserving biodiversity is also
emphasized.

The strategic framework of the Republic of Serbia is
dedicated to achieving the goals of sustainable
development. Serbia is also making additional efforts to
harmonize regulations in the EU accession process. The
Sustainable Development Goals are divided into four
groups:

- economic growth (Sustainable Development Goals 8
and 9)

- development of human resources
Development Goals 1,2,3,4,5 and 10)

- environment and climate (Sustainable Development
Goals 6,7,11,12,13 and 15) and
-institutions, finance and cooperation
Development Goals 16 and 17).

(Sustainable

(Sustainable

Table 2. Milleniums goals and sustainable development
goals in Serbia

Sustainable Sustainable Development
development Goals
goals in
Serbia
Promote sustained, inclusive and
sustainable economic growth, full
and productive employment and
Economic decent work for all
growth

Build resilient infrastructure,
promote inclusive and sustainable
industrialization and foster
innovation

End poverty in all its forms
everywhere

End hunger, achieve food security
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and improved nutrition and
promote sustainable agriculture

Development
of human
resources

Ensure healthy lives and promote
well-being for all at all ages

Ensure inclusive and equitable
quality education and promote
lifelong learning opportunities for
all

Achieve gender equality and
empower all women and girls

Reduce inequality within and
among countries

Ensure availability and sustainable
management of water and
sanitation for all

Ensure access to affordable,
reliable, sustainable and modern
energy for all

Make cities and human settlements
inclusive, safe, resilient and
sustainable

Environment
and climate

Ensure sustainable consumption
and production patterns

Take urgent action to combat
climate change and its impacts

Protect, restore and promote
sustainable use of terrestrial
ecosystems, sustainably manage
forests, combat desertification, and
halt and reverse land degradation
and halt biodiversity loss

Promote peaceful and inclusive
societies for sustainable
development, provide access to
justice for all and build effective,

Institutions, accountable and inclusive
finance and institutions at all levels
cooperation

Strengthen the means of
implementation and revitalize the
Global Partnership for Sustainable
Development

4.1. Sustainable development goals and 4.0
revolution

In 2020, they are defined the 11 emerging priorities for
countries to achieve economic transformation: moving
towards a full integration of social, environmental and
institutional targets into their economic systems (The
Global Competitiveness Report Special Edition 2020:

How Countries are Performing on the Road to Recovery,

2020):

1. Ensure public institutions embed strong governance
principles and a long-term vision and build trust by
serving their citizens

The preparedness of countries on this priority area is

measured here using metrics on judicial independence,

corruption perception, digital media trustworthiness and a

composite index reflecting the ability of citizens to

exercise formal rights and liberties.

2. Upgrade infrastructure to accelerate the energy
transition and broaden access to electricity and ICT

The transition to a greener and more inclusive economy

will have to be underpinned by significant investments in

infrastructure, including an expansion of digital networks.

Infrastructure upgrades should comprise the expansion of

digital capacity to match the benefit of digitalization with

universal access to opportunities.

3. Shift to more progressive taxation, rethinking how
corporations, wealth and labor are taxed, nationally
and in an international cooperative framework

The assessment of countries’ readiness is based on an
aggregate measures of the progressivity of personal,
corporate and value added tax; an inheritance tax
indicator; a tax productivity indicator (taxes collected
relative to the tax base) and a metric that measures the
impact of taxation on inequality.

4. Update education curricula and expand
investment in the skills needed for the jobs and
“markets of tomorrow”

The education systems should be upgraded to provide

digital skills and critical thinking skills through schools

and universities, as well as, ongoing learning and skilling
through public and private life-long learning programs.

5. Rethink labor laws and social protection for the
new economy and the new needs of the
workforce

Examples of these protections include social protection
coverage, guaranteed minimum income benefits,
accessibility of healthcare services, inequality adjusted
access to education, expenditure for housing allowances,
active labor market policies, enforcement of minimum
wage, adequate overtime regulation, workers' rights,
impact of the online gig economy on working conditions,
and employment opportunities for the low-skilled.

6. Expand eldercare, childcare and healthcare
infrastructure, access and innovation for the
benefit of people and the economy

Examples of these protections include social protection
coverage, guaranteed minimum income benefits,
accessibility of healthcare services, inequality adjusted
access to education, expenditure for housing allowances,
active labor market policies, enforcement of minimum
wage, adequate overtime regulation, workers' rights,
impact of the online gig economy on working conditions,
and employment opportunities for the low-skilled.

7. Increase incentives to direct financial resources
towards long-term investments, strengthen
stability and expand inclusion

More effective and stringent measures on rewards to

executives, dividends, share buybacks, cash holdings and

financial investments by non-financial corporations could
also help channel resources towards the investments
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needed to increase productivity, protect people and the
environment, and avoid practices that aim for short-term
increases in market valuation.

8. Rethink competition and anti-trust frameworks
needed in the Fourth Industrial Revolution,
ensuring market access, both locally and
internationally

The data points included to assess countries readiness in
this area consist of effective taxation for new economy,
transnational firms; the extent of market dominance; the
growth of innovative companies; financing of SMEs;
venture capital availability, as well as, proxies of local
opportunities (state of cluster development, ratio of
unemployment between rural and urban population).

9. Facilitate the creation of “markets of tomorrow”,
especially in areas that require public-private
collaboration

To measure countries’ readiness on these aspects,
available data include trade-adjusted emission levels to
provide a measure of overall sustainability of
consumption patterns within the country, as well as buyer
sophistication, the role of the public sector in fostering
demand for new technologies, consumer uptake of new

technologies, pledges relative to overall patenting activity,
and perception within the business community of the
adequacy of existing regulation of emerging technologies.

10. Incentivize and expand patient investments in
research, innovation and invention that can
create new “markets of tomorrow”

To measure these aspects would require data on aspects
such as investments in long-term science and research
projects, availability of patient capital for targeted
development of new technologies, governments’ capacity
to act as a de facto venture capitalist, time-horizon of
research and the amount of development spending across
countries.

11. Incentivize firms to embrace diversity, equity
and inclusion to enhance creativity.

Progress of countries on promoting diversity, equity and
inclusion in their workforce has been measured by the
gender diversity of the workforce, the propensity of
companies to rely on professional management rather
than friends and the presence of women in tech roles and
in ownership structures.

The analysis of these priorities shows that priority two
refers to sustainable development and that priority eight
refers to the 4.0 revolution.

4.2. Sustainable development and DESI

Economic policy under conditions of competitive
relations at the global and regional level assumes a
knowledge-based economy. Knowledge economy implies
a positive and stimulating influence on the whole network
of economic and development factors. The knowledge
economy model is based on information and knowledge
that is shared and shared. The very application of the
knowledge-based economy model presupposes certain
structural macroeconomic changes and the construction of
a system of sustainable production and consumption. The
concept is based on the production of as much additional
value as possible, with the lowest consumption of
materials and energy and with the least negative

environmental impact (waste management, reduction of
harmful emissions, green packaging, recycling of existing
by-products). Today's globally applicable product
lifecycle concept refers to sustainable production and
consumption that includes environmental, material and
energy efficiency at every stage of production of goods
and services. At every moment of the product's existence,
its manufacturers, distributors and consumers must be
aware of and accountable for all its environmental, socio-
cultural and other consequences.

Perspectives of sustainable development of the
macroeconomic environment in the Republic of Serbia
can be viewed using the model of small open economy,
which should build its position and competitiveness by
accepting theoretical postulates of macroeconomics and
experience of successful small knowledge-based
economies. These are countries with up to 10 million
inhabitants and a national income of about $ 5,000 per
capita, exporting at least 50% of GDP and where
knowledge is a key resource. To achieve sustainable
growth based on the knowledge economy, better
economic growth and qualitative development effects:
technological progress, structural change, productive
employment and increased competition. Measures to
achieve this goal should be oriented towards stimulating
domestic and  foreign investment, accelerating
privatization and restructuring the public sector in a
consistent and socially responsible way,

The basic prerequisite for increasing employment and
reducing unemployment is the growth of the economy,
especially in the services sector, but based on the
application of knowledge and new technology, i.e. an
economy that is competitive in international contexts.

The development of the digital economy as part of the
knowledge economy is driven by technological
innovation, the emergence of new products and services,
changing needs and demands of clients, as well as,
changes in the education, habits and lifestyle of the
population.

The application of new technologies has enabled the
development of new products and services, as well as,
changes in the volume and structure of demand in the
market of products and services. New technologies have
led to multiple benefits in terms of reducing business
costs, enhancing customer awareness of products and
services, innovating in business, and offering standard
and non-standard products. Given the importance of
developing the digital economy and monitoring
development, it is calculated the Digital Economy and
Society Index (DESI). DESI is a complex index that
summarizes relevant digital performance indicators and
tracks the development of EU countries in digital
competitiveness (DESI, 2020).

DESI has been calculated for EU countries since 2014,
while for Serbia it is calculated for the first time in 2017,
which enables Serbia to be positioned on the European
digital performance map. The index for Serbia is
calculated according to the May 2018 methodology of the
European Commission. The most advanced digital
economies in the European Union in 2018 are Finland,
Sweden and the Netherlands, with Bulgaria, Romania and
Greece at the top. Serbia has ranks 25th in the list of
European countries, up from 28th last year. This result
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still places Serbia in a cluster of relatively low-performing
countries, comprising Romania, Greece, Bulgaria, Italy,
Poland, Hungary, Croatia, Cyprus and Slovakia (Ratel,
2019).

5. CONCLUSION

In modern economies, all considerations of economic
development are in the context of sustainable
development. The Sustainable Development Goals are a
complex category whose achievement should contribute
to a better quality of life for all citizens and social well-
being. The 2030 Agenda and the Sustainable
Development Goals are of great importance as they
represent practical guidelines that should be pursued by
macro-economies. Sustainable economic development is
realized in the conditions of the fourth industrial
revolution. The paper points out that the context of
sustainable development includes the fourth industrial
revolution in terms of goals and priorities. In addition, the
development of this revolution will foster the
competitiveness and innovation of national economies.
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Abstract: A two-carrier planetary gear train (PGT) developed for a specific purpose is discussed in this
paper. This PGT is suitable for applications which require negative transmission ratios in the range from
-3 up to -143. The mechanical and dimensional characteristics of the planetary gear train for nominal
negative transmission ratios of -30 and -40 have been considered. Many combinations of ideal torque
ratios of the PGT were obtained for the mentioned transmission ratios, from which only the combinations
providing the minimum radial dimensions of the planetary gear units were selected. It was found that the
minimum radial dimensions of the PGT will be obtained when the ratio of the reference diameters of the
planetary unit ring gears of is close to unity, i.e., when the PGT housing is cylindrical rather than
stepped. An introduction to single speed two-carrier planetary gear trains is given, in addition to an
overview of the application of the DVOBRZ software package used to synthesize different gearboxes for
the required transmission ratio. Acceptable gearboxes were selected from all PGTs according to the
criteria of minimum dimensions and acceptable efficiency, and their construction concepts were created.

Keywords: Two-Carrier planetary gear train, transmission ratio, efficiency

1. INTRODUCTION

All machines require some form of mechanical power
transmission, as it enables the transfer of mechanical
energy from the driving machine to the driven machine.
Besides that, the transmission provides other useful
functions, such as changing the direction, frequency or
magnitude of forces or torques acting on the driven
machine [1].

Geared transmissions are some of the most used forms of
power transmission, and planetary gear trains (PGTs) are
a special variant of geared transmission which offers
several advantages in relation to conventional gear trains.
The most notable advantage is a compact design and
improved durability and reliability due to the beneficial
effect of power being split over several planet gears,
which may be even further enhanced by vibration analysis
and customized bearing solutions [2]. This has enabled
the design of PGTs having high power ratings combined
with a wide range of transmission ratios. However, a large
diversity of kinematic schemes and the need for relatively
complex calculations in comparison to conventional
gearboxes, means that systematic research must be
undertaken to realize the full potential of planetary
gearboxes.

Current research shows that industrial applications use
transmission with ratios in the range from 18 to 90 [3]. A
basic type of PGT designated as 1Al is usually used for
transmission ratios in the range from 3 to 8 and may be
exceptionally used up to 12. This means that compound
PGTs, created by combining two PGTs of basic type must
be used to achieve the required transmission ratios
[4,5,6,7.8].

Gearboxes using such compound PGTs have found a
range of applications in cranes and transportation
technology in general. Machine tool gearboxes are also an
important area of application and optimization of two-
carrier two-speed PGTs with brakes on coupled shafts
which was covered in [9]. The possibility of optimization
of two-carrier two-speed PGTs with brakes on single
shafts for fishing boat main propulsion gearboxes is
covered in [10].

Planetary gear trains have been widely used in the
aviation industry, due to their small size and weight,
quiet, smooth running, high loading capacity and long
service life. A method for predicting the reliability of
planetary gear train in partial load state was presented in
[11].

The application of PGTs in the automobile and
automation industries is also important, notably in

117



automatic transmissions containing any number of simple,
compound or complex-compound planetary gear sets
[12]. New concepts for the calculation of internal power
flows such as the split-power ratio and the virtual split-
power ratio have been introduced and presented in [13].
PGTs are also used in electric vehicles because of their
high power density and ability to be designed and
operated as a multi speed transmission. A hybrid dynamic
model for helical PGTs that operate in conditions of high
and variable input speed was proposed in [14].

There has been relatively little research into two-carrier
PGTs, mostly sporadic, however some systematic
research into multi-carrier PGTs has been carried out in
the last decade or so. The structures or means of
connection between the component gear trains have been
systematically researched in [15] and methodology has
been provided to determine the transmission ratios and
efficiency by means of lever analogy.

The kinematic properties of the structures have been
extensively researched in [16,17] as well as the
efficiencies of single and two-speed PGTs by means of
the torque method from [18,19].

Furthermore, within the research carried out in [3] the
DVOBRZ software was developed, enabling the
synthesis, analysis, and optimal selection of two-carrier
PGTs. Some of the results obtained by means of this
software package have been used in this paper. The
mechanical and dimensional characteristics of the
planetary gear train for nominal negative transmission
ratios of -30 and -40 have been considered. Several
combinations of ideal torque ratios of the PGT were
obtained, from which the combinations providing the
minimum radial dimensions of the planetary gear units
were selected. The best gearboxes were selected
according to the criteria of minimum dimensions and
acceptable efficiency, and their construction concepts
were created.

2. THE RESEARCHED TWO-CARRIER,
SINGLE SPEED PLANETARY GEAR
TRAIN

The subject of this paper is a single speed two-carrier
PGT. The application constraints require a kinematically
negative transmission ratio of -30 and -40, with the
component PGTs being of similar size. This will result in
the casing having the simplest possible shape, which will
in turn reduce manufacturing costs.

This type of casing can be achieved if the relation of
maximum and minimal values of the ring gear diameters
is close to one, and it is for this reason that the relation
with ring gear diameters is considered.

Both component gear trains are the most commonly used
simple PGT, 1AI, which is shown in Fig. 1 together with
the specific torques on its shafts and its Wolf-Arnaudov
symbol [7]. It is of relatively simple construction, its parts
being the sun gear 1, the planet gears 2, the ring gear
(annulus) 3 and planet carrier S.

The Wolf-Arnaudov symbol simplifies the representation
of PGTs as the train shafts are represented by lines of
different thickness and a circle. The sun gear shaft 1 is
represented by a thin line, the ring gear shaft 3 by a thick

line and the carrier shaft S by two parallel lines. The
carrier shaft is the summary element because a negative
transmission ratio is obtained by locking the planet
carrier.

SHSs:

N

Fig 1. 1AI, the most used simple PGT with the specific
torques on its shafts and its Wolf-Arnaudov symbol

It should be noted that the ideal torque ratio ¢ of the PGT
is given by Eq. (1), while the shaft torque ratio is given by
Eq. (2), where z; is the number of teeth of the sun gear, z3
is the number of teeth of the ring gear, 7; is the torque
acting on the sun gear shaft, 73 is the torque acting on the
ring gear shaft, 7s is the torque acting on the planet carrier
shaft, and Tp is the differential torque:

Z
t=£= TDmaX=H>+1 (l)
Tl TDmm Zl
T,:T,:T,=+1:+t:- (1+¢t) 2)

Multi-carrier PGTs are created by connecting the shafts of
simple PGTs (1AI) [6]. As two-carrier PGTs are the
subject of this paper, we shall consider one-speed, two-
carrier PGTs with three external shafts composed of two
simple basic PGTs. Two of the three external shafts are
single shafts and the third one is a compound shaft, as
indicated in Fig. 2.

External compound shaft

Coupled Component
External  shafts planetary gear
single shaft train 11
Component External
planetary gear - Internal  single shaft
train | —— compound
Ty shaft

Fig.2. Two-carrier PGT symbol with shafts and respective
torques marked

The torque markings of the external shaft torques (7w, T~
and 7g) follow the cardinal directions (W, N, E), and are
ordered from power input to power output. The symbol
contains the markings of the ideal torque ratio (# and #y)
and efficiency (nor and #on) for every basic component
PGT [10].

An overview of possible structures of two-carrier single
speed PGTs has been given in Table 1 [7]. It shows that
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the simple component PGTs can be combined in 36
possible ways, giving 36 different PGT symbols. As some
layouts are isomorphous, this is reduced to 21 practical
layouts. Every PGT can provide six different operating
modes, as the stationary member may be any of three
external shafts, with the remaining two external shafts
acting as input and output.

Table 1. Existing PGT layout
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Therefore, it is possible to achieve a total of 126 different
transmission variants [7]. The scheme and operating mode
are noted with a matrix type designation (e. g. S15 — line
I, column 5), while the power input and output are
marked by cardinal directions, the stationary element
being placed in parentheses. Therefore, SISWN(E) points
to layout 15 with power input being in the west, power
output being in the north, and the eastern shaft being
locked. However, as we explicitly state that the PGT has
three external shafts, it is enough to write just SISWN to
fully designate a PGT.

3. DVOBRZ SOFTWARE PACKAGE

Since the DVOBRZ software was used to identify
variable solutions under application constraints, the
principle of operation of the software is explained in
detail in [20] and will be briefly presented in this paper.
The DVOBRZ program was originally developed to
identify the variants of two-carrier PGTs and their
parameters that fulfil the kinematic requirements, and list
them in order of priority according to the selection
criterion, e.g., maximal efficiency, minimal weight, or
size. The program can provide solutions for two-speed
and single-speed gearboxes, depending on whether the
actual gearbox will have a fixed transmission ratio or a
user operated shifting mechanism.

The program operates by checking the ideal torque ratios
of every possible combination of simple component gear
trains and discards those that cannot provide the required
transmission ratios. The transmission ratio for both gears
is calculated for every possible combination of ideal
torque ratios and is checked whether it is within the
tolerance range for the desired transmission ratios. The
ideal torque ratios are represented using the numbers of
teeth on sun and ring gears for both component gear trains
(Eq. 3 and Eq. 4):

A
t=— 3
= 3)
_ 2l
b= z, “)

The tooth numbers of the sun gears z;; and zi;; must be set
on program initialization. The program will then enlarge
one ring gear (usually z31) by one tooth and check whether
the ideal torque ratio is valid, which is achieved if the
simple component gear train satisfies the assembly
conditions. If it does not, the ideal torque ratio is
discarded, and the ring gear enlarged by one more tooth.
This procedure is repeated until a valid ideal torque ratio
is found or the maximum allowable ideal torque ratio for
that component gear train is reached. The same procedure
will then be carried out for the second simple component
gear train.

The program calculates and stores the values of different
parameters for each valid member of the set of ratios
(basic geometry of component gear trains, component
efficiency, transmission ratios, overall efficiency for each
transmission ratio etc.) as a function of the ideal torque
ratios of the component gear trains # and #;. The resulting
database is then used to select the best gearbox variant for
the application, whether according to a single criterion
(overall efficiency, minimal ratio of ring gear reference
diameters, reference diameter of the largest ring gear
etc.), or by multi-criteria optimization. In the case of
multi-criteria optimization, the weighting coefficients for
each optimization criteria must be determined according
to the application conditions, depending on how important
each criterion is for the application demand.

However, a kinematic scheme must be created for any
selected layout variant to check out whether the solution
is kinematically valid, and that it meets the relevant
design and technological criteria.

3.1. Application of the DVOBRZ Software Package

Example 1
The DVOBRZ software package was used to determine
the basic parameters of transmissions fulfilling the
application demands. The most important input data is
summarized as follows:
» Overall transmission ratio i=-30,
» Number of teeth of the first sun gear z;; =
21(selected value),
» Number of teeth of the second sun gear zi; = 21
(selected value),

» Number of planets per PGT k£ = 3 (application
demand),

» Gear material 16MnCr4 steel (application
demand),

» Average value of planet bearing losses
coefficient &, = 0,065 [3,5],

» Average value of seal frictional losses coefficient
ks =0,05 [3,5],

»  Average value of churning losses coefficient k. =
0,125 [3,5],

» Gear width to diameter ratio b / di = 0,7
(selected value),
» Efficiency 5 > 0,93 (application demand).
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The design parameters required to manufacture the PGT
were determined from constraints suggested in the
literature, although it is expected that all gears will be
made from the same material.

The analysis module finds 16 variants of transmissions
which require demands, however due to isomorphy there
are only 10 different variants. The schematic review of
these variants is shown in Fig. 3.

stnw 1

s13wn ! 1l

s22ng ! !

Fig.3. Single speed transmission variants

Analysis of the program results shows that the optimal
solution in accordance with the criteria of maximum
efficiency provides a borderline increase in efficiency in
relation to the solution for minimal dimensions, however
the component PGTs will have different outside
diameters. Therefore, it can be concluded that the better
solution is to optimise for equal outside diameters, as the
decrease in overall efficiency will be negligible. The
indicator of approximately equal outside diameters is the
relation of maximal and minimal values of outside
diameters of the two component gear trains which has to
be close to unity.

The research results are condensed in Table 2 taking into
consideration the following criteria: housing shape,
efficiency and maximum transmission diameter.

Table 2. Research results in Example 1

Variant | # fm Z:‘::/ dmax | 7 mi | mu
S66NE | 4 3,83 1,043 | 216 0,52 |3 3
S55NE | 3,17 | 3,67 1,081 | 231 0,77 | 3,75 1 3,5
S26WN | 6,5 3 1,020 | 234 0,97 | 2 4,25
SI6WE | 6,83 | 3,33 1,025 | 246 0,97 | 2 4
S44NE | 3,67 | 3,17 1,022 | 247,5 | 0,77 | 3,75 | 4,25
S23WE | 7,33 | 3,5 1,014 | 267,7 1 097 | 2 4,25
S33NE | 5,17 | 5 1,033 | 279 0,50 | 3 3
SI3WN | 7,83 | 3,83 1,022 | 282 0,97 | 2 4
SONE |4 | 417 | 1,008 | 378 | 052 | 5.25 | 5
STINW | 5 | 483 | 1,017 | 435 | 050 | 475 | 5

The variant SI3WN shown in Fig. 4 is chosen as the
optimal transmission, even though it has internal power
circulation. However, it is insignificant [21], and the
internal power flow may be seen in Fig. 5. The reason for
such a decision is the fact that this variant is easy for
manufacturing and it has been already studied in literature
[22].

This gear train layout is composed of component gear
trains I and II. Input A is connected to sun gear I, while
planet carriers I and II are connected to a common shaft
leading to output B. Ring gear I is connected to hollow
sun gear II, through which the shaft connecting planet
carriers I and II is passing. A large rolling bearing
supports the rotation of ring gear I, while ring gear II is
locked to the gear train casing.

NE

|
7

| II

Fig. 4. Schematic overview of the two-carrier, single speed
planetary gear train SI3WN
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Fig.5. Torque method PGT analysis -ideal and real
specific torques on all PGT shafis.

The analysis module finds possible solutions or
combinations of ideal torque ratios for layout variants
which provide the required transmission ratio. This data
enables the creation of graphic representations of
dependencies of different parameters.

The first graph is shown in Fig. 6. A considerable
connection of values at x- and y-axes can be seen to exist.
This makes sense since it is about maximum of ring gear
diameter and relation of maximum and minimum of ring
diameter: an increase at the y-axis implicates an increase
at the x-axis, and the points (X, y) form a cloud in the x-y
plane. The other dependencies from the analysis module
are given in Figs. 7, 8 and 9.

Every point in the domain (horizontal x-y plane) presents
a pair of ideal torque ratios enabling an overall torque
ratio in the desired range. The vertical (z) axis on Fig. 7
presents the size ratio of the larger and smaller PGT ring
gear diameters. The chart shows that this ratio can variate
between 1 and more than 4. Further analysis of the results
has shown that PGTs with z - axis values equal or close to
one will have minimal radial dimensions.
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Fig.6. Correlation between maximal diameter of
transmission and relation of ring gear reference
diameters
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Fig.7. The influence of ideal torque ratios on the size
ratio of of the larger and smaller ring gears diameters
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Fig.8. The influence of ideal torque ratios on maximal
diameter of transmission in Example 1

Every point in the x-y plane of Fig. 8 also presents a pair
of ideal torque ratios, while the z - axis presents the
maximal diameter of the transmission.

The z — axis in Fig. 9 is used to represent the overall
efficiency of the PGT in relation to the combination of
ideal torque ratios. The chart shows that for torque ratios
in the 2 to 10 range, efficiencies ranging from 0,944 to
0,969 can be achieved.

Fig.9. The influence of ideal torque ratios on overall
efficiency

Example 2

In this example of application of the DVOBRZ software,
only the overall transmission ratio is different, i = -40.
The other input data is the same as in Example 1. The
analysis module has also found 16 variants of
transmissions which are in accordance with application
demands. Due to isomorphy, there are only 10 different
variants which is identical to Example 1.

The research results were processed in the same way as in
Example 1 and are condensed in Table 3, taking into
consideration all the criteria: housing shape, efficiency
and maximum transmission diameter.

Table 3. Research results in Example 2

Variant | @ t ZZ:/ dinax n mi mi
S26WN | 7,67 | 3,67 1,016 | 280,51 097 | 2 4,25
S1I6WE | 7,83 | 4 1,021 288 097 | 2 4
S66NE | 5,83 | 5,67 1,03 288,71 0,49 | 2,75 | 2,75
S55NE | 3,83 | 4,33 1,06 29251097 | 4 3,75
S44NE | 4,33 | 3,83 1,064 | 312 0,76 | 4 4,25
S23WE | 8,83 | 4 1,039 | 318 097 | 2 4,25
S13WN | 8,67 | 4,67 1,077 | 336 0,50 | 2 4
S33NE | 6,83 | 6,67 1,025 | 338,2 | 097 | 2,75 | 2,75
S22NE | 5,67 | 5,83 1,029 | 5512 ] 0,52 | 5,25 | 5,25
S33NE | 6,67 | 6,83 1,025 | 615 047 | 5 5

The variant SI3WN was chosen in Example 2, for the
same reasons as in Example 1.

There are 71 combinations of ideal torque ratios
combination which satisfy the demands for i =-40, and
they enable different dependencies between design
parameters to be shown in Figs. 10, 11, 12, and 13.

First, the relation of the maximum transmission diameter
and maximum to minimum ring gear diameter ratio is
given in Fig. 10. The graph resembles Fig. 6, as the
increase on y-axis implicates an increase on x-axis, and
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the points (x, y) form a cloud in the x-y plane. The
difference is in the values at the x-axis and y-axis. The
maximum value on the y-axis is higher than the value in
Fig. 6, and the value at the x-axis is smaller than the value
in Fig. 6.
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Fig.10. Correlation between maximal diameter of
transmission and relation of ring gear reference
diameters

Fig.11. The influence of ideal torque ratios on the size
ratio of of the larger and smaller ring gears diameters

Fig. 11 presents the size ratio of the larger and smaller
PGT ring gear at the z-axis, while the horizontal x-y plane
presents a pair of ideal torque ratios of the component
gear trains. The chart shows that this ratio can variate
between 1 and 4, and that the ideal torque ratios are in the
range from 3 to 10.

Further analysis of the results has shown that PGTs with z
- axis values equal or close to one will have minimal
radial dimensions.

In Fig. 12, every point in the x-y plane presents a pair of
ideal torque ratios (range from 3 to 10), while the z-axis
presents the maximal diameter of transmission. The graph
has a shape similar to the graph in Fig. 8, with slightly
larger values at the z-axis.

Also, the ideal torque ratios are in relation with the
overall efficiency of the PGT which is presented in Fig.
13. The z — axis in Fig. 13 is used to represent efficiency,
while the x-axis and y-axis are used to represent the
horizontal plane. The chart shows that for torque ratios in

the 3 to 10 range, efficiencies ranging up to 0,972 can be
achieved, which is a slightly larger value in comparision
with the value in Example 1.

3max’

mm

Fig.12. The influence of ideal torque ratios on maximal
diameter of transmission in the example 2
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Fig.13. The influence of ideal torque ratios on overall
efficiency

It is possible to determine the relation of the transmission
efficiency to the overall transmission ratio, as visible in
Fig. 14. It has been determined that the efficiency
increases with the transmission ratio for this PGT type.
Furthermore, it can be concluded from the diagram in Fig.
14 that PGTs with transmission ratios in the interval from
-30 to -40 interval have very small variations in
efficiency. The efficiency variations at transmission ratio
of -40 are less pronounced than at transmission ratio of -
30. This indicates that there is a very small window for
PGT maximum efficiency optimization.

Also, there is a slight increase in maximal diameter of the
transmission at transmission ratio of -40 in comparison to
the maximal diameter of transmission at transmission
ratio of -30. The curves change in the same way in the
both examples.

Based on the analysis provided in the paper it can be
concluded that more two variants provide necessary
conditions, but detailed analyse is required. It is about
variants S26WN and S16WE, shown in Fig. 15.
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Fig.15. Schematic overview of the two-carrier, single

speed planetary gear trains SI6WE and S26WN (the

original output located as in Fig. 3 has been added in
dashed red lines for clarity)

Variant SI6WE having the input and output shafts on
opposite sides, while variant S26WN in an alternative
configuration using the connecting outer ring gear shaft as
the output. Variant SI6WE is commonly used for marine
propulsion and industrial applications, as the calculations
for both component PGTs of SI6WE are relatively simple
and can be performed independently of each other. On the
other hand, variant S26WN, in particular the alternate
configuration described above, has recently found use as a
replacement for elevator worm gear drives due to its high
efficiency [23].

By comparing the parameters of variant SI3WN and the
other possible solutions, S26WN and S16WE it can be
seen that solutions S26WN and SI6WE have better values
of maximal transmission diameters, while the efficiency
remains in the same range of values. The relations of ring
gear reference diameters are equal for the transmission
ratio of -30, while solutions S26WN and S16WE have
values closer to one for the transmission ratio of -40,
providing a better solution than SI3WN. However,
S13WN remains the better solution if the selection criteria
are limited to technological demands.

4. CONCLUSION

This paper deals with the analysis of a two-carrier PGT
developed for a specific application, having a
transmission ratio of -30 and -40. The application
conditions request demand the type SI3WN PGT to be

used. The DVOBRZ software package was used to
determine the variants and basic parameters of two-carrier
drives within the application constraints, while taking into
consideration the design parameters such as gear
geometry of the component gear trains, overall
transmission ratio, average value of internal losses, gear
material and overall efficiency.

The values of different parameters for all valid PGTs
were calculated and stored as a function of the ideal
torque ratios of the component gear trains, and the
resulting database was used to select the best gearbox
variant for the application according to two criteria. The
first criterion was minimization of the PGT dimensions,
while the second was maximization of PGTefficiency.
Analysis has shown that the efficiency of a PGT
optimised for minimum size will be borderline smaller
than of a PGT optimised for maximum efficiency, but the
PGT optimised for minimum size will be considerably
easier to manufacture, due to both ring gears being of the
same size.

Further analysis and comparison to all the other
kinematically equivalent PGTs has shown that SI3WN
does not present the best solution according to either
criterion. It has been determined that both SI6WE and
S26WN provide valid solutions according to both the
criteria of minimum size and maximum efficiency. It
must be also considered that those variants have no
internal power circulation, resulting in a considerably
lighter build in relation to S13WN. However, variant
SI3WN still retains precedence due to technological
demands and the fact that this variant is thoroughly
examined in literature.
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GEAR TOOTH DAMAGE QUANTIFICATION OF PLANETARY GEARBOX

Ljupco TRAJCEVSKI
Monika LUTOVSKA

Abstract: The purpose of this paper is to create a scheme for measuring damage to the tooth of the gears
based on the analysis of the WVD energy components. The WVD's analysis in this paper is based on
image processing techniques, especially on the moments of the images.

First, we begin by calculating the moments used to describe the geometry of a picture. Based on the
analysis of the presented examples, only a few features of all possible moments of the images are easily
analyzed for analysis. It has also been shown that the joint probability density of two Gaussian arbitrary
variables can be used to approximate the energy distributions most commonly encountered in WVD
images. In particular, the WVD image can be presented with acceptable accuracy through a set of
Gaussian functions of a common probability.

In order to analyze the individual energy components of the WVD, this paper created a method for
extracting the energy components from the WVD image.

Each WVD component can then be analyzed according to the features of the moment and be classified
either as an error component or as a component without ervor. The sum of the energy contained in all
components of the fault of the WVD images can be used to measure the extent of damage to the gears.
Finally, we will test the error detection and quantification procedures for the experimental vibration data
of the BREVINI EM1010 reducers.

Keywords: Vibration; WVD distribution; image processing, Fast Fourier Transformation, gear; damage.

1. INTRODUCTION

The gearbox health monitoring is a particular example of
the problem where the solution has been intensively
sought by the industry. Even small fault in the gear
transmission system can quickly develop into a dangerous
failure mode. Current on-board condition monitoring
system for gear transmission system often fail to provide
sufficient time between warning and failure in order to
implement the safety procedures. On the other hand,
inaccurate interpretation of operational conditions may
result in false alarms and unnecessary re-pairs and
downtime. The desired improvements in the machinery
safety necessitate the technological advancement of
health-monitoring systems and procedure.

The advancements in the past research aimed to find a
reliable monitoring strategy for the gear transmission
system. For the last two decades, various fault detection
procedures have been used. Visual inspections of the
gearbox have been found to be mostly impractical.
Microfaults cannot be easily detected visually unless
costly, specialized equipment is used, and it is practically
impossible to examine gear transmission during
operation. Currently, visual inspection is used mainly
after machine failure has already been experienced.

Another widely used approach is the analysis of fluid
lubricant for debris particles and changes in chemical
content. Although this method can provide some use-full
information about the current gear transmission
conditions, it might not indicate the locations and modes
of failure of the gears. One of the most promising
procedures for detecting incipient faults in gears is the
vibration analysis. Vibration analysis does not re-quire a
shutdown of the rotating machinery, thus, it can be carried
out on-line by a computer-based machine health
monitoring system. Usually, the acquired vibration
measurements are processed by a selected method in
order to detect the gear fault or failure. The interpretation
of the processed vibration data, in some cases, may
require the extensive past experience of a re-searcher or
maintenance engineer. The difficulty in the interpretation
of the processed vibration data has impeded the
widespread application of such the health monitoring
methods in practice.

The primary goal of the signal processing for the machine
health monitoring is to aid the fault detection and
classification. The signal processing methods for machine
health monitoring can be classified into time domain
analysis, frequency domain analysis and joint time-
frequency  domain  analysis. The  Wigner-Ville
Distribution (WVD), wavelet transform (WT) and short
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time Fourier transform (STFT) are examples of the joint
time-frequency signal representations. The major
difference among these transforms is their resolution
properties along time and frequency scales. The joint
time-frequency analysis provides the information about
the vibration energy changes in the system under the
given operation conditions. The joint time-frequency
distribution of the faulty fear shows the vibration energy
dispersion at times when damaged gear tooth is in mesh.
Such energy changes in time can be detected by
conventional FFT power spectrum analysis as the
appearance of sidebands near the gear mesh frequency
only at the advanced stage of damage in the system. The
joint time-frequency distribution provides an interactive
relationship between time and frequency during the
period of the time data window, which reveals the damage
at a much earlier stage. The WVD is the most general
time-frequency analysis techniques as it provides
qualitatively the best resolution along both time and
frequency scales in comparison with other transforms
(WT, STFT). The WVD is a non-linear transform (a
quadratic type), and therefore generates interference terms
between signal components [5]. The interference terms
often obscure the details of the WVD structure and make
the interpretation of the WVD difficult. Many researchers
of the WVD for gear diagnostics introduced the
techniques (windowing function) to increase the WVD
resolution and improve its gear fault detection capabilities

[4].

2. WIGNER-VILLE DISTRIBUTION
AND GEAR FAULT DETECTION
PARAMETERS

The Wigner-Ville Distribution (WVD) is a general time-
frequency analysis technique that provides good
resolution along both time and frequency scales in
comparison with other joint time-frequency transforms
such as short time Fourier Transform (STFT) and wavelet
transforms. However, the direct application of the WVD
to the analysis of the vibration signals is not as
straightforward as it may seem. The extensive studies in
signal processing have been made to address the problems
associated with the computation of the WVD. To avoid
the aliasing the problem arising in the computation of the
WVD, the original real signal is transformed into a
complex analytic signal [6].

Another major obstacle in the application of the WVD is
due to its non-linear behavior. The non-linearity of the
WVD causes the interference between different signal
components. As a result, the appearance of the
interference terms in the WVD greatly complicates its
interpretation [2].

The WVD can be written as

W_(t,f)= j x(t+7/2)x"(t-7/2)e 7 dr, (1)

—00

where W (tf) is the Wigner-Ville distribution of a
complex continuous time analytic signal x(t), t is a time
variable and f is a frequency variable. In order to suppress

the interference terms in the WVD, a weighting function
is added to calculation of the WVD kernel. In the
continuous case, the WVD with the added weighting
function p(t) is

W (t,f)= Tx(t +7/2)x (t—7/2)u(r)e > dr,

—00

o-fih()

h(r) = Cexp(—o°7?) )

where, C and o are real positive constants. Although
process may decrease the resolution of the distribution, it
reduces the repetition of the WVD in the time domain,
and, thus makes the interpretation of the WVD easier.

The Wigner-Ville distribution satisfies the frequency
marginal condition

2 1
X(o) = - j Wt f)dt. 3)

where ‘ X(a))‘zis the energy density spectrum and o is the

circular frequency.

This equation means that the integral of the WVD over
the time variable at a certain frequency o yields the
energy density spectrum of x(t) at this frequency. The
WVD also satisfies the time marginal condition

()| = i [[7. plde. @)

This means that the integral of the WVD over the
frequency variable at a certain time t yields the
instantaneous signal power at that time. These properties
indicate that the WVD can be interpreted as the energy
distribution of signal x(t) in time and frequency.

The problem with using this energy distribution is that the
WYVD is not necessary a positive function at each point on
the time-frequency domain. From the energy concept, it
would be more convenient to work with a positive
function as in the case of the magnitude of FFT. The
WVD can be artificially made positive by simply
calculating its absolute value at each point. Practical
experience shows that the use of absolute values of WVD
function simplifies the analysis and display of the
distribution. It also allows the common interpretation of
the WVD as an energy density or intensity of a signal
simultaneously in time and frequency. From this point on,
the absolute value of the WVD function is referred to
simply as the WVD.

Using the energy density interpretation of WVD, the
signal energy at time t and frequency f contained in cell dt
by df can be found as ‘Wn(z, f )‘dtdf . Thus, the total

energy of the signal is defined here through the WVD by
integration of the WVD over the time-frequency plane as
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E= H W, f)didf 5)

Other important signal characteristics that can be defined
from the WVD include the instantaneous energy of the
signal, or signal power

P(t) = [ (¢, /)ldr. (©)

When a single gear tooth develops a significant defect, a
peak appears in the vibration signal. A statistical
parameter called kurtosis is used to detect the presence of
a major peak in the vibration signal. Kurtosis is a 4™ order
statistical moment, which measures the peak or flatness of
the distribution. The normalized kurtosis for a distribution
y(t) given its N values yi, .....yn measured at times t;....tx
can defined as

—\4

L[ vi—y
NK (y(0) = — Y| —= | =3, 7
(r(®) NZ . (7)

i=1

where ) is mean value, and ¢ is the standard deviation of
y(®.

Kurtosis defined by equation (7) is zero for a normal
distribution and -1.5 for pure sine wave. Kurtosis is often
defined without the term -3 in equation (7), and, in that
case, is 3 for normal distribution. Kurtosis is a non-
dimensional quantity. It is positive for a distribution
consisting of a sharp single peak and is increasing with an
increase in peak of a distribution. This property of the
kurtosis was employed in construction of the gear fault
detection parameter (NP4).

To utilize the sensitivity of the WVD to signal changes let
us define a parameter NP4 as a normalized kurtosis of
signal power P(t) given by Equation (8) as

—\4
N[ P(t)-P
lZL_T,,

NS o

NP4 = (8)

where o is the standard deviation of P(t). NP4 is a non-
dimensional parameter. The parameter NP4 depends only
on the shape of the power distribution P(t). Rescaling of
the original vibration signal x(t) by multiplying it by a
constant does not affect the value of NP4. The same
statement is true for any scaling of the signal power P(t).
Multiplication of the signal power by a constant does not
change the value of the parameter NP4. In short, the
parameter NP4 is invariant to scale transformation. The
scale invariance property of this fault detection parameter
greatly simplifies its practical utility as can be seen later
on numerical examples. Most of the rotating machinery
components including gearboxes produce complex
vibration signal. Some of these vibration components
might indicate faulty conditions if they are viewed on the
appropriate signal energy scale without being attenuated
by the signal components with a higher energy content.
Let us introduced a possible fault detection strategy with
NP4 parameter [1].

Table 1. Strategy for fault detection

1. Calculate NP4(0)

2. If NP4(0)>0, set a fault alarm.

3. If NP4(0)<0 but NP4(0)>-1, a multiple gear teeth
fault condition possible.

4. Calculate NP4(1) for confirmation of NP4(0).

5. If NP4(1)>0 and NP4(0)>0, a fault alarm is
confirmed for gear tooth damage

6. If NP4(1)<0 and NP4(0)<0, do not set a fault alarm.

7. If NP4(1)>1 and NP4(0)<0, set a fault alarm for
possible multiple gear teeth damage. This fault alarm is
not confirmed by both NP4(0) and NP4(1).

The primary goal of the parameter NP4 is to detect a gear
tooth damage. It is expected that NP4 can provide a
warning before the multiple gear teeth become damaged.
This strategy can be refined by calculating the residual
signal of higher order, setting the thresholds other than 0
and -1, etc.

3. EXPERIMENTAL SETUP

The experiment is illustration on Figure 1. The test
gearbox is planetary gearbox of BREVINI gear units-
standard series. The planetary gear units shown in this test
rig have one stage consists of an internal gear meshing
with 3 planetary gears mounted on the planet carrier and
have the ring gear fixed to the stationary housing. The
planet carrier is connected to the output shaft of the gear
unit.

Vibrometer

Transducer VM13

Signalogic
A/D card

Fig.1 Test rig

Two identical series of the experiments were carried out
the gear test rig under various loading conditions: 750W
and 3000W [1]. First two experiments used a tail gear
transmission in perfect, undemaged conditions, and other
two experiments used a tail gear with a single damaged
gear tooth as shown in Figure 2.

Fig.2 Damage gear tooth

127



The test gearbox operates at a nominal pinion speed of
1500 rpm (25Hz), thus the meshing frequency is 340Hz.
The measurement was taken with one transducer mounted
in stationary housing of planetary gearbox. The vibration
signals were sampled at 8000Hz. The signal used in this
study were recorded with Hypersignal acoustic DSP
Software ver.4.31.

4. ANALYSIS THE EXPERIMENTAL DATA

A gear vibration signal for all presented cases was
processed in the following manner. First, the WVD of the
vibration signal was obtained and displayed. Then, a
parameter NP4(0) was calculated for the signal power
distribution. Secondly, the WVD for the 1-st order
residual vibration signal was calculated as well as a
corresponding parameter NP4(1).
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Fig.3 WVD of the original and 1-st order residual gear
vibration signal

It was expects that NP4(1) would confirm the result of
NP4(0) in the case of the single gear tooth damage. The
results of the calculations for the gear in good condition
are presented in Figures 3 and Figures 4.

From Figure 4 we have the fault detection parameter NP4
was negative in both cases for the gear load 3000W. The
WVD in Figure 4 does not detect any large area of the
vibration energy concentration . The parameter NP4 is:
NP4(0)=-3.064 and NP4(1)=-3.923. The fault detection
strategy based only on the results of the parameter NP4(0)
is do not set a fault alarm (rule 6 of Table 1).
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Fig.4 WVD of the original and 1-st order residual gear
vibration signal

The results of the calculations for the gear with a single
damaged gear tooth are presented in Figures 5 and
Figures 6. In figure 5 the parameter NP4(0) accepted
small positive number 0.0233 for the nominal power from
motor of 750W. Parameter NP4(1) for residual signal is
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0.12. If we used the fault detection strategy we have
NP4(0)>0 set a fault alarm (role 2 of Table 1) and
because NP4(1)>0 the result is fault alarm is confirmed
for gear tooth damage.
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Fig.5 WVD of the original and 1-st order residual gear
vibration signal

As shown in Figure 5, a faulty gear tooth produced energy
concentration around gear mesh frequency at the location
of damage between 150° and 280° revolution of the gear.
In figure 6 the parameter NP4(0) accepted positive
number 0.1152 for the nominal power from motor of
3000W. Parameter NP4(1) for residual signal is 1.1224. If
we used the fault detection strategy we have NP4(0)>0
set a fault alarm (role 2 of Table 1) and because NP4(1)>0
the result is fault alarm is confirmed for gear tooth
damage.

The parameter NP4(1) in figure 6 was increasing with the
progression of single gear tooth damage. The location of
damage is between 100° and 180°.

5. CONCLUSION

This steady has documented the results of the application
of WVD to experimental vibration data obtained from
gears with various degrees of damage as well as under

various loading conditions. The fault detection strategy
based on statistical parameter NP4 was tested on the
experimental data. It has been shown that the gear fault
detection parameter NP4 is sensitive to a single gear tooth
damage and can use to detect the gearbox faults or
abnormalities in the performance of the rotating
machinery.
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Fig.6 WVD of the original and 1-st order residual gear
vibration signal

The reliability of the fault detection parameter NP4 is
increased by applying it to both the original and 1-st order
residual vibration signal. The distinct features of the fault
detection parameter NP4 from other fault detection
parameters, such as figures of merit are: It does not
compare a measured gear vibration signal with an ideal
one. Thus, the parameter NP4 can work without a long
recorded vibration history of the gear; It can possibly the
severity of the damage, and it untilizes the information
content about the vibration energy distribution given by
time-frequency domain analysis.
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EXPERIMENTAL AND NUMERICAL ANALYSIS OF MECHANICAL PROPERTIES OF
CARBON FIBER-REINFORCED POLYMER GEARS

Fatih KARPAT
Fatmagiil DEDE
Tufan Giirkan YILMAZ
Onur Can KALAY

Abstract: Composite materials emerge as better alternatives for replacing metallic gears in gear drive
applications. Because composites have better mechanical properties, such as resistance to abrasion, don’t
require lubrication, produce less noise, and have high strength/weight ratios. It is considered that using
composites in gears, which are an important machine element, will be extremely advantageous. This research
aims to identify the mechanical properties of carbon fiber-reinforced polymer (CFRP) gears. To this end, a
composite plate was created by vacuum infusion employing twill woven carbon fiber cloth as a reinforcing
element and epoxy resin as a matrix element. This manufactured plate was used to cut the gear profile, which
was then put through its paces. The tensile test was carried out to determine the strength of the samples cut from
the plate. After the strength tests, numerical analysis of the gear sample produced by the finite element method
was performed. The results showed that composite gears would offer a good alternative to metal gears.

Keywords: CFRP gears; composite materials; vacuum infusion, finite element method; mechanical testing

1. INTRODUCTION

The increasing need for rigid and lightweight structures
has led researchers and industry to composite materials.
Composite materials have gained momentum in recent
years as a viable alternative to traditional materials such
as steel or aluminium alloys, in aerospace, automotive and
other industrial applications. However, due to its
advantages over metal gears, the use of polymer materials
in gear transmissions is increasing. Polymer gears have
been widely used in recent years, where the use of metal
gears would not be very economical and typically with
lower load requirements. Polymer gear transmissions are
significantly less in weight than metal gears because the
material properties of composites are very attractive for
weight improvements. In addition, polymer materials
have better noise, vibration, and stiffness (NVH)
behaviour due to good damping effects.

New environmental regulations have mandated different
designs that focus on the global efficiency of the system
to reduce greenhouse gas emissions and fuel
consumption. One of the strategies developed due to such
constraints is to reduce gear transmissions. High-speed
fatigue behaviour of autoclave-cured carbon fiber
reinforced polymer (CFRP) composite gears researched
by “The mechanical properties of fiber-reinforced
polymer composites are highly dependent on the strength

of the fibers and the matrix and the adhesion between the
two.” It is important to investigate the performance of
woven CFRP gears because of their potential to further
increase load bearing capacity and wear resistance
compared to short fiber reinforced polymer gears [1-2].
The thermal and mechanical properties of laminated
CFRP composites are affected by the properties of their
key components, such as the polymer matrix and
reinforcing fibers, as well as the method of preparation of
the laminate. Zhang et al (2016) performed quasi-static
and dynamic tensile tests on unidirectional woven CFRP
samples. While a characteristic effect of strain rate on
tensile modulus and strength was observed in dynamic
load tests, the significance of this correlation decreased in
quasi-static tests [3].

Gear performance depends on the tribological behaviour
of the gear pair at the contact interface. Bijwe and Sharma
studied the effect of carbon fiber (CF) content ratio on the
mechanical and tribological properties of CFRP with
polyetherimide (PEI) thermoplastic matrix. With a fiber
content of 65%, it has reached optimum results in
mechanical and tribological properties [4].

As noted above, many possibilities exist to further
improve the thermomechanical and tribological properties
of composite gears. CFRPs can provide high mechanical
strength, good thermal stability, high thermal conductivity
and favourable tribological properties if a suitable
manufacturing technique is used. This makes them ideal
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candidates for gears and other power transmission
components.

The purpose of this study is to make a comparison
between metal and CFRP gears. It is aimed to fill the gap
between the two gear types by using vacuum infusion
cured, laminated CFRP gears. It is known that the use of
polymer materials in gear transmissions is increasing due
to their advantages over metal gears. Nevertheless, the
subject contains gaps that are worth investigating and
examining.

2. MATERIAL AND METHOD

In this section, design of spur gear is realized with
programming mathematical equations. The parameters of
rack cutter that generates spur gear are illustrated in
Figure 1.

Fig.1. Parameters of rack

The equation of rack regions is given as matrix form in
the following expressions;
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Where, m is the module, z is the teeth number, o> is the
pressure angle on sides, hr is the dedendum, h, is the
addendum, p;, are the tip radii, 123 is the design
parameter of cutter, b, is half thickness of rack on pitch
line.

.

7 K

O]'i

=13 (7)

Where k, unit normal vector of Z direction.

According to the gearing theory, direction of sliding
velocity vector between pinion and gear is parallel with
tangent vector of common meshing point. Of course, it is
always perpendicular to common normal vector. This
expression is presented in Eq. (8).
nil-vrelaﬁ\'ezo i=1-3 ()
During the generating process, the rack cutter makes a
linear motion as rpix¢; whilst the gear as workpiece
revolves as @;. Si(Xi, Y1) is the coordinate system of
workpiece. Relationship between cutter and workpiece is
shown in Figure 2.

X, X
I S =14 !

LA A Ao

cutter
y <N\
J

n n

¥
¢ ‘

l 0, O, = "p1

workpiece -

Fig.2. Relation between cutter and gear

Coordinate transformation matrix between rack cutter and
workpiece is presented in the following equations.
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Where My, is the coordinate transformation matrix and R,
is matrix of involute spur gear, 1y is pitch diameter.

With programming Eq. (1-10) in MATLAB program, the
design points of involute spur gears are obtained. These
points are exported to CAD to generate FE model. In
Figure 3, design phases are given.
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y 4
=

Fig.3. Design phases

First, sample plates were produced using epoxy resin with
the fiber planned to be used. The carbon fiber fabric used
in the study was 3K twill woven with a density of 245
gr/cm? and the epoxy used had the Duratek brand DTE
1200/DTS 2110 code. After determining the fabrics, resin,
and vacuum values to be used, sample plates of 45*50 cm
were produced by applying the steps of the vacuum
infusion method. Glass plate was used as a mold during
production. The composite sheet was removed from the
mold after the infusion process and the necessary curing
time, and the sample was cut in line with the TS EN ISO
527-4 tensile test standard. End-tab was adhered to the cut
samples with epoxy adhesive and made ready for the
tensile test (Fig. 4).

Fig. 4. CFRP samples prepared for tensile testing

After the above-mentioned processes, tensile tests were
applied. These tests were carried out on the Besmak
universal tensile/compression test device. According to
the results obtained, the modulus of elasticity was 62.85
GPa and the tensile strength was 616,085 MPa for the
CFRP sample.

3. FINITE ELEMENT ANALYSIS
In this section, finite element analyses were conducted for
specific gear parameters. In Table 1, the parameter of case

studies is illustrated.

Table 1. Gear parameters

Parameters Case I Case IT Case 11
Module-m 5 5 5
(mm)
Teeth
number(z) 20 20 20
Pressure
angle-0, (%) 20 20 20
Addendum-ha

1 1 1
(xm)
Dedendum-he | ;5 1.25 1.25
(xm)
Cutter tip
radius- p12 | 0.38 0.38 0.38
(xm)
Face width- b

1 1 1
(mm)
Rim status Solid Thin Solid
Material Steel Steel CFRP

Three gear teeth models prepared for finite element
analyses. Meshing force (100 N) was applied at tip of
tooth. Fixed support was given lateral sides and shaft
hole. Boundary condition and mesh structure are
presented in Figure 5.
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A: Static Structural
Fixed Support

Time: 1, s

5.05.2022 12:23

B Force: 100, N
I8 Fired support

Fig.
5. Mesh and boundary conditions

Hexahedral mesh type is used for discrete FE body with
0.2 mm edge length. For Case I and II, Young’s modulus
and Poisson’s ratio of material is taken as 210 GPa and
0.3, respectively. For Case I1I, CFRP material is modelled
as isotropic material. Young’s’s modulus of CFRP is
obtained as 62.85 GPa in the tensile test. For this reason,
this value is taken as directly in numerical modelling. In
Figure 6, the root stress results are given.

A: irmes
Equivalent Stress 2
Type: Equivalent (von-Mises) Stress (Scoped to Elements)
Unit: MPa
Time: 1
4.05.2022 1512

. 186,96 Max

168,92
150,88
132,84
am 1148
B 96,76
== 18712
60,679
l 42,638
24,598 Min
a) Casel
A:irmes
[(|HI\‘-1\<‘=|T Stress 3
Type: Cquivalent (von-Mises) Stress (Scoped to Clements)
Unit: MPa
Time: 1
4.05.2022 1518
. 238,15 Max
214,17
190,19
166,21
mm 14223
I 46,314
22,334 Min
b) Case Il

A: irmes
Equivalent Stress 2
Type: Equivalent (von-Mises) Stress (Scoped to Elements)
Unit: MPa
Time: 1
4.05.2022 15:11

. 187,27 Max
169,18

- 15109
=133

ma 149

5= 96814

— /8722

60,631
I 42,539
24,447 Min

¢) Case I1I
Fig.6. Root stress results

According to results, the material change slightly makes
differences in root stress when the root stress results is
examined for Case I and Case II (<1%). On the other side
root stress of thin rimmed steel spur gear is approximately
30% higher than CFRP gear.

Tooth deformation is another key parameter for spur gear
performance. For this reason, tooth deformation values
should be investigated. In Figure 7, deformation results
are given for each case

A:irmes

Total Deformation
Type: Total Deformation
Unit: mm
Time: 1
4052022 1513

. 0,0094345 Max

0,0083862

== 0, 79

—  0,0062896

g 00052414
0,0041931
0,0031448

0,0020965
I 0,0010483
0 Min

a) Case I

A:irmes

Total Deformation
Type: Total Deformation
Unit: mm

Time: 1
4052022 15:19

- 0,014101 Max
0,012535

0, 68

0,009401
o 0,0078341
B 0,0062673
= 0,0047005

0,0031337
I 0,0015668
0 Min

b) Case I1
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A:irmes
Total

4052022 15:14

0,030046 Max
0026708

c) Case 111

Fig.7. Tooth deformation results

According to results, the Case I is found as the best option
in terms of tooth deformation. CFRP gear deformation
value is double of thin rimmed lightweight steel gear.
Deformation is closely related with Young’s modulus.
For this reason, these results are expected.

4. CONCLUSION

In this study, the CFRP gear was compared with steel and
light steel gear in terms of stress and deformation. For this
aim, the 3D gear model was prepared for finite element
analyses. To obtain the Young’s modulus of composite
material, tensile test was conducted. According to finite
element analyses, the following points were obtained.

e CFRP gear is better than thin rimmed lightweight steel
gear in terms of root stress. The root stress difference
between solid rim steel gear and CFRP gear is found
as rather low.

e CFRP gear is found as worst option in view of tooth
deformation. Yet, when taken into consideration of the
whole gear weight status, CFRP gear (1.40 gr) can be
more advantageous than steel (6.6 gr) and lightweight
steel gear (5 gr). Based on this fact, the tooth
deformation of CFRP gear can be decreased with
increase the face width.
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INTERFERENCE ANALYSIS OF INTERNAL INVOLUTE SPUR GEAR PAIR

Milo§ SEDAK
Aleksandar DIMIC
Bozidar ROSIC
Mileta RISTIVOJEVIC

Abstract: In this paper, we have considered tip interference and radial interference of internal involute
spur gears. Equations of tooth profiles are provided and operating constraints for internal gears are
defined. The undercutting and interference of the teeth profiles are the main problems for the practical
application of internal gears in planetary gear trains, which requires particular attention in the design of
planetary gear trains. The problem of avoiding interference of internal involute spur gears is especially
challenging. Therefore, it is necessary to create the corresponding geometric models and express the
above requirements by the corresponding functional constraints to verify the engagement condition. The
developed geometrical model of the tooth surfaces is most helpful in the analysis of meshing interference,
contact, and stress analyzing, manufacturing, measuring, and optimizing internal gear sets. The
numerical results are tested by computerized simulation of the meshing of internal involute spur gears.

Keywords: internal gear, pinion, interference, design.

1. INTRODUCTION

Internal gears are a vital part of most transmission
systems, especially in planetary gear trains, heavy-duty
machines, and mechanisms because of their advantages,
such as high gear ratio, high efficiency, and compact
structure.

In comparison with an external spur gear, the center
distance of an internal spur gear, with the same gear ratio,
is much shorter, and thus the constructions are more
compact.

Planetary gear trains have a number of advantages as
compared to the transmission with fixed shafts. Under
similar operating conditions, the planetary transmissions
serve longer and produce less noise compared to the fixed
shaft transmission. In recent years, many researchers have
successfully investigated the surface geometry of spatial
conjugate gear pairs [1,2]. The kinematics and geometric
relation between the gear and the cutting tool during the
profile generation process is the same relation as that
developed when a gear meshes with a rack [3]. These
analyses have greatly extended our understanding of
surface geometry and contact kinematics. In this paper, a
geometrical model of the tooth surfaces for the internal
gear set is developed, such as the equations of tooth
profiles, based on the cutting design parameters of the
pinion cutter form. In order to ensure the mounting as
well as the correct meshing of the gears, it is necessary to
fulfill the requirements regarding their alignment and the

clearance between the gears. The undercutting and
interference of the teeth profiles can occur during the
meshing. Therefore, the above requirements by the
corresponding functional constraints, and based upon
them, have largely been investigated to identify all
relevant values together with the areas of their practical
applications [4,5,6].

The main objective of this work is to investigate the
operating constraints for internal gears as a function of
gear pair parameters.

2. INTERFERENCE ANALYSIS
2.1. Interference type

Interference may occur between internal and external
tooth tips of the considered gear pair. According to this,
Figure 1 illustrates the mesh of an internal gear and
external gear when tip interference is non-existent. As can
be seen from the illustration in Fig. 1, the critical point
can be considered when the pinion tip intersects the
internal gear tip circle.

Condition for the actual clearance angles between the
profiles of a tooth pair measured on the addendum circle
of the tooth pair must be satisfied.
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Figure 1. Analysis of tip interference.

Therefore, in order to avoid the tip interference, the
following condition is formulated:

S=¢,—p. >0. &)

From the geometrical relationships represented in Figure
2. the following equation can be derived:

T =l +a’ =2-a-1,-cosp,, )
where 7,,, 7,, denote the tip radii of the pinion and gear,
respectively.

The gear ratio gives the relation between the twist angles
where the corresponding rotation of the internal gear is
given by:

zZ
P, =—0. 3)

Z

The angles ¢, and @, are then calculated as follows:

2 2 2

r,—r,—a
¢, =arccos“2—4—— “4)
T, a
D=0, =Py Q)
where
O =inva, —inve,,,, (6)
Oy =inva, —inva , @)

and «,, o, denote the pressure angles at the pinion

and gear tooth tips, respectively.

Figure 2. The effect of the rotation of angle @, upon the
space requirements.

Tooth profiles of two coupled gears are depicted in Figure
3, where the profile of the pinion gear is shown in the
concave area of the internal involute spur gear.

y
o P
P |
= =
— \
\} b
\\A /
Av‘/ N
. N LY
2 A
/ 3 &
@1 (g
~
) N
FA>2 Lt
1
Q2
®©
X
2 0.
+2

Figure 3. The appropriate radius vector of the tool tips of
the pinion and internal gear.

As shown in Figure 3, the radius vector Ar between the
points on the tips of the corresponding gear profiles of the
considered gear-pair, can be written as follows
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ArerZ—rAlerx-iJrAry-j, (8)
where
Ar, =r,-sing,'-r,-sing,’', 9)

— \J 1
Ary =7, cos@,'—(r, -cosg '+a),

(10)

In connection with that, Figure 4 represents the change of
the functional constraint as the function of the rotation of
angle, with a different tooth number difference.
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The rotation of angle of pinion ¢,

Figure 4. Tooth profile tips distance between coupled
gears of the internal gear pair.

Based upon the graphic representation of the results
obtained, it follows that the given functional constraint is
exceptionally sensitive to the change rotation angle of the
external gear-pinion cutter. The tooth number difference
is the major influential factor on the clearance angle.

From the required conditions finding the extremum of the

expression

o(Ar
oAr 1 Arxa(Arx)+Ary (Ar) _0. A
op' Ar op' op'

We can determine the angle ¢,' for which we can

observe the minimum distance between tooth profile tips
between coupled gears of the internal gear pair.
Geometrical interpretation of the Eq. (11) is shown in
Figure 5, where the plot is represented as the function of
the difference in the teeth of the considered internal gear-
pair, for constant increase of profile shift coefficients of
internal gears relative to the gear with external gearing.
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Difference in the teeth numer of the considered internal gear pair

Figure 5. Minimal coupled gears tooth profile tips
distance.

Based on the results presented in Figure 5 it can be
concluded that the formulated constraint is very sensitive
to the increase of profile shift coefficients of internal
gears relative to the gear with external gearing, as well as
to the difference in the teeth of the considered internal
gear pair.
These effects are especially noticeable when:
— the difference in the teeth of the considered
internal gear pair is low, i.e., Az <6, and
— when the increase in profile shift coefficient is
Ax<3.

2.2. Radial interference

This type of interference can occur in the process of
cutting an internal gear with a pinion cutter as shown in
Figure 6.

X:(6,) y

Figure 6. The radial approach of the pinion cutter
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The coordinate of the tip of the tooth profile of the pinion
cutter on the x-axis can be determined according to the
expression

(12)

X =Ta -sin(&l ‘H//Al)’

where the coordinate on the X -ais of the tip of the tooth
profile of the internal gear is determined according to

X =rp,-sin(6,+7,,).

(13)

The functional constraint for the radial interference can be

expressed as

A =x,(0)-x,(6)>0. (14)

After substituting equations (12) and (13) into the
expression (14), we can determine the distance between
tooth profile tips of pinion and internal gear along the x-
axis, according to

Ax=ra2-sin(t92+rA2)—ra1-sin(91 +1//A1), (15)

where

0, =210, (16)
Z

Then, by substituting angle &, into the equation (15), the
following expression for the distance between tooth
profile tips of pinion and internal gear along the x -axis
can be written as follows

A =71, -sin(i-ﬁ1 +1A2J—ral -sin(6 +y ). (A7)

Zy

The minimal distance between tooth profile tips of pinion
and internal gear can be determined from the condition of
determining the minimum of the expression (17). After
taking the first partial derivative of the expression (17),

with respect to the variable &, we can obtain

r

A(6) =

2 - (18)
=—L.r,-co8| -0 +17,, |1, -cos(6 +yw )

Z Z

The results for the formulated functional constraint as the
function of the profile shift coefficients and the difference
in the teeth of the considered internal gear pair are
presented in Figure 7.

3
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Figure 7. Tooth profile tips distance between coupled
gears of the internal gear pair.

Based on the graphical interpretation of the obtained
results shown in Figure 7, it follows that the formulated
functional constraint is very sensitive to the increase of
the profile shift coefficients and the difference in the teeth
of the considered internal gear pair. Therefore, the radial
interference does not occur if the following conditions are
satisfied:

— the difference in the number of teeth of the
considered internal gear pair is greater than 15

— the difference in the profile shift coefficient of the
internal gear pair is greater than 0.2 and the
difference in the number of teeth of the considered
gear pair is greater than 10.

— the difference in the profile shift coefficient of the
internal gear pair is greater than 0.88 for the
difference in the number of teeth of the considered
gear pair greater than five.

3. SIMULATION OF MESHING

The kinematics and geometric relation between the gear
and the cutting tool during the profile generation process
is the same relation as that developed when a gear meshes
with a rack. Based on the basic law of conjugate action,
the common normal of the surfaces at the contact point
must pass through the instantaneous contact points on the
surface of the cutting tool.

In order to simulate the conditions of meshing, the

coordinate system QOkx,;y, and Ox,y, that are rigidly

connected to pinion 1 and gear 2, respectively as shown in
Figure 4. The meshing of the gear tooth surfaces is
considered in the fixed coordinate system Cxy that is

rigidly connected to the housing.
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Figure 8. Coordinates systems for the generation of
pinion tooth space.

Transforming the coordinate system Ox;y, which is

attached to the pinion a cutter to fixed coordinate system
Cxy , we can described by:

{il} {COS(pl singol}{i}
i sing;  cosg, ||

At the point of contact, due to the tangency of two
contacting gear tooth surfaces, the position vectors and
their unit normal of both gear tooth surfaces should be the

same.
Therefore, the following equations must be observed [5]:

(19)

oY =,

(20)
=n'¢). 1)

The shape of the pinion tooth is represented in the
coordinate system Cx)y by the vector equation. Thus

P:C—Q"'Pl:_’”mj"')ﬂi"'%ja (22)

where 7,, denotes the kinematic circle of the pinion
cutter.

We transfer the pinion tooth shape to a fixed coordinate
system Cxy , using the matrix equation:

P, :(JCCOS(/)2 —ysing, —r,, Sin%)iz

(23)
+(xsingo2 +ycos, +r,, COS(Pz)jz
where
-, -COSQ, -COS”
—r-sing, -(1-0,5- ¢, -sin2a)
i r-@,-cosQ, -cos’ a
Y= g 1 - 24
. —r-smgol(l—O,S-(pl-nga)
1
1

The position vector from (), to the cutting point,
expressed in a fixed coordinate system is given by:

p,=0,C+p=r,j+xi+yj. (25)
By applying the coordinate transformations, the equation

of gear tooth surface can be represented in the coordinate
system O,x,), as follows:

P, :(xcosq)2 —ysing, —r,, Sin(”z)iz

. (26)
+(xsm @, +YCosQ, +7,, COS(Pz)jz
where
{i} _ {COS% sin g, } {iz} @)
j sing, cos, ||j,

It is practically impossible to present in this paper all the
relations between the gear and the cutting tool during the
profile generation process.

4. CONCLUSION

In this work, the tip and radial interference of the
internal gear pair are investigated. The developed
geometrical model of internal gear pair is most helpful in
designing, contact and stress analyzing, manufacturing,
measuring and optimizing internal gear sets. The
numerical results are tested by computerized simulation
of the meshing of internal involute spur gears with pinion
cutters to demonstrate the developed model.

140



ACKNOWLEDGMENT

The research of M. Sedak was supported by the Serbian
Ministry of Education and Science under Grant No.
TR35006. The research of B. Rosi¢, M. Ristivojevi¢ and
A. Dimi¢ was supported by the Serbian Ministry of
Education and Science under Grant TR35029.

REFERENCES

[1] Z. Ou, A. Seireg: Analysis and Synthesis of Circular
Arc Gears by Interactive Graphics, ASME Journal
of Mechanisms, Transmissions, and Automation in
Design, MARCH 1986, Vol. 108, pp 65-71.

[2] Colbrune, J. R.: The geometry of Involute gears,
Springer—Verlag, 1990.

[3] F. L. Litvin, J. Zhang, R. F. Handschuh: Crowned
Spur Gears: Methods for Generation and Tooth
Contact Analysis — Part I: Basic Concepts,
Generation of the Pinion Tooth Surface by a Plane,
Journal of Mechanisms, Transmissions, and
Automation in Design, September 1988, Vol. 110, pp
337-342.

[4] F. L. Litvin, J. Zhang, R. F. Handschuh: Crowned
Spur Gears: Methods for Generation and Tooth
Contact Analysis — Part 2: Generation of the Pinion
Tooth  Surface of Revolution, Journal of
Mechanisms, Transmissions, and Automation in
Design, September 1988, Vol. 110, pp 343-347.

[5] F.L. Litvin, R. N. Goldrich, J.J. Coy, Z. B. Zaretsky:
Kinematic Precision of Gear Trains, ASME Journal
of Mechanisms, Transmissions, and Automation in
Design, SEPTEMBER 1983, Vol. 105, No.pp 317-
326.

141

[6] Bai Hefeng, Michael Savage, Raymond James Knorr:

Computer Modeling of Rack—Generating spur gears,
Mechanism and Machine Theory, Volume 20 no 4,
pp 351-360, 1985.

CORRESPONDENCE

Bozidar ROSIC, Prof. D.Sc. Eng.
University of Belgrade

Faculty of Mechanical Engineering
Kraljice Marije 16

11120 Belgrade, Serbia
brosic@mas.bg.ac.rs

Milos SEDAK, D.Sc. Eng.
University of Belgrade

Faculty of Mechanical Engineering
Kraljice Marije 16

11120 Belgrade, Serbia
msedak@mas.bg.ac.rs

Aleksandar DIMIC, D.Sc. Eng.
University of Belgrade

Faculty of Mechanical Engineering
Kraljice Marije 16

11120 Belgrade, Serbia
adimic@mas.bg.ac.rs

Mileta RISTIVOJEVIC,

Prof. D.Sc. Eng.

University of Belgrade

Faculty of Mechanical Engineering
Kraljice Marije 16

11120 Belgrade, Serbia
mrsitivojevic@mas.bg.ac.rs



[ )

RVIE

10th International Scientific Conference

IRMES 2022

“Machine design in the context of
Industry 4.0 - Intelligent products”

26 May 2022, Belgrade, Serbia

WORKING PERFORMANCES OF
SELF-LUBRICATING SLIDING BEARINGS

Aleksandar MARINKOVIC
Ivan SIMONOVIC

Abstract: Self-lubricating sliding bearings are widely used in numerous industrial applications, primarily
regarding their specific lubrication mechanism. This lubrication mechanism is the main advantage
compared with classical sliding bearings because their production is not complex and makes lower prices.
According to the bearing material and type of exploitation, self-lubricating sliding bearings could operate
with oil (grease) in their material structure or even without any amount of lubricant. This paper is dealing
with the working performances of this kind of bearings, including their experimental investigation aimed
to make a proper choice for a particular Engineering application and corresponding operating conditions.

Keywords: self-lubricating bearings, working performances, experimental investigation

1. INTRODUCTION

Most machine and equipment manufacturers are trying to
reduce friction loss and make the simplest possible
lubrication to settle production costs preserving most
machine performances during their working life.
According to significant investigations, more than 50% of
bearing failures are lubrication related (Figure 1) which
makes huge annual losses due to downtime and repairs to
equipment damaged by poor lubrication [1].

17.7% o

bearing
installation '.°“"<'f or
34.4% errors justified
inadequate ermors
lubrication — 2 8°o

19.9%

contamination

Fig.1.Bearing failures related to tribology performances

There are well-known groups of self-lubricating sliding
bearings based on lubrication type, which determines their
load capacity such as all other performances relevant for
different applications:

> Sliding bearings that work without using any
amount of oil or grease. These bearings are made of
special plastics, graphite, or some ceramics materials.

> Sliding bearings contain a lubricant, either in
special storage or in their material structure. The best
known in this group are porous metal bearings made
by the sintering process and they are the product of
powder metallurgy [2].

2. BEARING PERFORMANCES

The mechanism of the self-lubrication in porous metal
bearings improves the lubrication process better, but the
coefficient of friction still takes values in a wide interval.
That can be understood if we know that bearing life works
in regimes from boundary to hydrodynamics lubrication.
Lubrication quality and kind of regime are been defined
due to all tribology parameters which have an impact on
friction and wear process. Besides bearing temperature,
quality, and quantity of oil supply, a significant impact
has doubtless a coefficient of friction value under
particular load capacity and sliding velocity. There are
also several common applicated bearing materials, where
most physical performances depending on the type of the
production, such as bearing-shaft assembly performances,
are very important for their use and exploitation in the life
cycle.

Those important bearing performances for different most
common in use self-lubricating bearing groups of
materials were determined by experiments, where an
overview from one of the significant manufacturers is
presented in Table 1 [3].
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Table 1. Overview of common self-lubricating materials
including their main physical performances with limits [3

i c" [ % f e ’
@aWalle U, £
Solid Sintered Wrapped PTFE POM
bronze bronze bronze composite composite
Temperature range, °C —£0. 250 -10..+90 —40.,+350 -200.+250 —£0.-110
Friction coefficient, g 08, 015 0,05..0,10 08 .. 0,15 0.03..025 0,02.0.20
Permissibie load, N/mm?
I~ dymamic 25 10 40 80 =002 120 jv=002)
I static 45 20 120 250 250
Permissible
sfiding velocity, m/s 05 025,15 10 20{p=1,0) 25{p<10)
Shaft tolerance o7 -e8 fr-f8 o7 -8 7 —h8 A7-h2
Housing tolerance H7 HY H7 H7 H?
Shaft roughness R, pm 0.10 02.08 04..08 0..04 0.08
Shaft handness, HE 165 400 200- 300 150- 400 300- 600 150 600

2.1. Coefficient of friction

Parameters determine the quality of friction in surface
contact, define lubrication regime, and at the same time
have an influence on the coefficient of friction value.
Talking about the influence of constructive parameters on
coefficient of friction value, many investigations showed
that higher bearing wall thickness decreases the
coefficient of friction. The same effect on friction has an
increase in bearing length or clearance. The coefficient of
friction value also depends on contact surface quality.
Because of that great care used to be done in bearing
calibration, selection, control, and fine shaft scraping.
Calculated values of Summerfield’s number (S) and
design variable (y) were calculated and placed as points
in a diagram that separate areas of hydrodynamics and
boundary lubrication [3]. One could observe that
lubrication is at least very near hydrodynamic on higher
sliding velocity values. On the other side, on lower
velocities and higher loads we can talk about boundary
lubrication (BL), where lubrication film thickness value is
the lowest (Fig. 2).

o CuSn10 o
e + grafit

/s

o1+t .

T
0.001 . 0,0
design parameter

Fig.2. Lubrication regime line with working points

The coefficient of friction based on hydrodynamic
lubrication theory in combination with values from
already mentioned investigations and calculation of
relative oil film thickness could indicate what kind of
lubrication we could expect for corresponding working

regimes. According to data in Fig.2, one could conclude
that during the experimental investigations porous
bearings of both materials were mostly working under a
regime of boundary lubrication. Just for the highest values
of sliding velocity (regimes 8 and 9), where the design
parameter approaches higher values, we could talk about
mixed lubrication, while under other regimes conditions
were far from hydrodynamic lubrication.

2.2. Bearing temperature

By specific sort of bearing such as porous metal bearing,
the temperature problem is very important and interesting
to analyze with an aim to develop theoretical investigation
in this field and so for exploitation of this sort of bearing.
The working temperature of the bearing represents the
temperature value that becomes constant after some time
from start. Friction on the contact surface produces heat
which is taken off only through the housing surface
because there is a small amount of oil in porous bearing
material. That's a reason for higher work temperature
values for this sort of bearing in working life.

Working temperature is very important and it represents
the temperature value that becomes constant after some
time from start. The friction-produced heat is taken off
only through the housing surface because there is a small
amount of oil, at work temperature too, in a porous
material. That is the reason for higher work temperature
value for this sort of bearing in working life. The
exploitation of this sort of bearing and many experiments
show that working temperature becomes constant after a
certain time from the start and its change in that time can
be approximate with polynomial (1), which going to be
explained and completed in a chapter of experimental
investigations.

T(t) = Cy +C it +C,ot* +Cyt° +C,yt* (1)

Also, complex phenomena of nonuniform temperature
distribution on sliding bearing volume are very interesting
to explore, by analyzing the mathematical model of
porous metal bearing, starting from Reynolds differential
equation (2) for temperature distribution of isotropic and
homogeneous material in cylindrical coordinates:

ot lat 1 0°t ot

—t——t——F+—= 2

o ror o0 of ©
On the inside surface of the bearing, we have boundary
conditions of the second sort, while thermal flux produces
heat in the shaft-bearing system. Boundary conditions of
the third sort are on outside (noncylindrical) surfaces of
the bearing, while we have an environmental temperature
(T}) and relation for heat exchange between the surface of

bearing and outside air (3):

q,=+k|[I,-T,] 3)
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The Chapter on experimental investigations going to
present also several results of temperature problem
investigations on porous metal bearing samples, covering
above mentioned theoretical basics.

2.3. Bearing load capacity

Possible the most important performance of sliding
bearing for selection crucial for their exploitation is
bearing operating range, known as "PV-characteristics".
In the relevant literature, there are a few different methods
to determine the limiting value of the PV range, but three
of them are the most common (Fig 4).

B
—

P N/mm?
(@]

V m/s
Fig.4. Methods for PV range determination

Method A means rising bearing load at the same velocity,
B same load with rising speed, or method C, where the
load is reducing on the same applied bearing operating
speed.

This performance defines its bearing load capacity
determined by experiments. It is a crucial parameter in the
aim to make a proper choice of sliding bearing for the
particular application. This characteristic shows operating
ranges for sliding bearing, which means limits of bearing
load p in correlation with operating sliding speed v.
Authors have numerous results of operating range
achieved by own experimental investigations, where only
some of them will be presented and explained under the
experimental investigations chapter in this paper.

It is also possible to find a lot of data for operating range,
those are results published in catalogs from bearing
manufacturers as shown example in Fig. 5, for PTFE
composite bearing material [4].

pv operating ranges for PTFE composite plain bearings
P
N/mm?

200
100 4

50
20 1
10 1

0,2 1

0,1 1 "
0,0001 0,002 0,01 0050102 05 1 2
0,001 0,005 0,02 vm/s

Fig.5. Bearing operating range for PTFE

3. EXPERIMENTAL INVESTIGATION

The expansion of technology, electronics, and home
appliances has led to the mass use of sliding bearings
primarily due to the positive properties related to shock
absorption, overload, and less noise in operation. The
experiments were performed to validate numerous
theoretical research, test the properties of the bearing, and
give guidelines to the exploitation and maintenance.
Improvement of the properties of the tested sliding
bearing is primarily dealing with their tribological
characteristics. A complete performance overview could
be obtained by combining experimental results with
experiences from exploitation.

3.1. Test devices for experiments

Experimental investigations of sliding bearings used to be
conducted into three different groups, up to the purpose:
- Experimental study of mechanical and tribological
characteristics for just bearing materials;
- Investigation of oil or grease behavior for the bearing

lubrication aimed to improve their operating;
- Experimental study of sliding bearing working
performances.

The authors of this paper are presenting results, just a part
of experimental investigations dealing with the study of
above mentioned bearing working performances.
Depending on the methodology of the experiment,
devices are used that observe direct contact between the
surfaces of the shaft sleeve and the bearing, devices that
simply simulate the operating conditions in which the
bearing will work and can be tested in the working
environment, ie directly on the machine where it is
installed. The choice of testing device depends on the
technical conditions and the possibility of using the
obtained data. The basic idea is to measure the value of
the coefficient of friction over the magnitude of the
sliding friction moments on the contact surface of the
shaft sleeves and the bearing. The radial load is entered
via the loaders of various levers with a fixed-length ratio
of 1:10. Applying such a loading system, only constant
loads can be set, ie. testing is performed in static
conditions during the exploitation (Fig. 6). This type of
load is most suitable for real working conditions,
especially for self-lubricating sliding bearings.

Fig.6. Application load system for sliding bearing
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This testing machine is located in Laboratory for Machine
elements at Department for Machine Design, belongs to
Mechanical Engineering Faculty at the University of
Belgrade, and is permanently in use for teaching and
research purpose. The machine is powered by an electric
motor of P = 1.1kW with a maximum speed of
n=2770min"!. Desired rotation speed for bearing can be
changed continuously via the AEG frequency regulator,
which allows variation of sliding speeds, depending on a
different kind of research but also for more precise setting
and control of the set speed during the experiments.

Test rig for this investigation used for testing sliding self-
lubricating bearings USL 5-30 (Fig.7.) was developed in
cooperation with Sinter doo company from UZice in mid-
Serbia.

Fig.7. Test rig USL 5-30 in laboratory

Using this test rig system for experiments it is possible to
apply a portable NI DAQ system [5]. The main reason for
DAQ applying in this measurement is the need to
continue following two channels for friction torque by
DNS and bearing temperature simultaneously. Even not
necessary to have a high sample rate for this kind of
experiment, the advantages of getting results and its
disposal for further analyses are evident (Fig. §).

Fig.8. DAQ system for experimental investigations
3.2. Bearing samples

Here are presented just a part of experimental
investigations attended to study sliding bearing working
performances [6]. Samples for testing, made in sintered
Bronze have dimensions ®20/®30x20mm, as a common
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dimension for some household and agriculture machines
purposes. (Fig. 9.).

Fig.9. Samples of porous metal bearing made in Bronze

The bearing manufacturer was the same as for the testing
machine Sinter doo company, porous metal bearing
samples made in sintered bronze (CuSn10). Before testing
realization, complete physical and metallographic analysis
and sample selection have been conducted. Obtained
physical characteristics for this porous metal-bearing
material are shown in 7able 2.

Table 2. Physical characteristics of bearing samples

Material unit CuSnl10
density g/cm? 6,4.....6,5
open porosity % 2245....... 23,17
radial fracture force F 3500....... 3600
hardness HB 33,26....... 36,24

All selected and measured bearings are controlled and
mounted, where shaft/bearing mounting clearance takes
value (18...21)um. During the introduction phase of every
experimental investigation, samples were worked out for
a couple of hours, just to be prepared aim to simulate real
exploitation conditions. Experiments are been conducted
under the common external environmental conditions in
the Laboratory, which means a temperature of about
20£3°C and the air humidity range (40...70)%.

3.3. Selected results of experiments

The dependence of temperature upon a time has been
followed on the working regime with parameters: the
radial load of F = 170 N and rotation speed of n = 4780
rpm (for boundary value of PV characteristics) [6].
Temperature values were measured every 2,5 minutes
from the start until these parameters become constant and
the result of this measurement is shown in Fig. /0.

80‘

| T=1829+2635t-502¢+0,53 - 0,034 ¢

70

60 M)__O_O,o—o—o—o—o—o—o—o—o-o_o_o_o_(

>
= f/
g F=170N
g n=4780 rpm
j="
E 40 /
g
30 [
20 : : : : :
0 0 20 30 40 50 60

working time t min

Fig. 10. Bearing temperature due to working time



The temperature distribution on bearing volume has been
done on working regime determinate with radial load F =
550 N and rotation speed of n = 1350 rpm. In eight
different points outside around the bearing are measured
temperature values, analogously tester (Fig.11).

Fig.11. Temperature distribution on bearing volume

Investigation results, made on different operating
conditions show that the maximum measured value of

operating temperature was T = (76..84)°C. The
coefficient of friction values, measured at start of
operating, were ug = (0,135...0,180), and the values of

stationary friction coefficient were 4= (0,029...0,060).
The experimental investigation aimed to determine the
bearing PV operating range for selected material and
sample dimensions is conducted using method A (shown
in Fig.4). Results of those experiments could be presented
in form of Table 3. where limiting values of load and
sliding speed are grouped in five working regimes.

Table 3. Results of pv - range determination

regime v, W, p, pv,
no. m/s N N/mm2 W/mm2
1 1,25 1400 3,5 4,375
2 2,0 900 2,25 4,50
3 3,0 500 1,25 3,75
4 4,0 300 0,75 3,0
5 5,0 210 0,525 2,625

Based on those results it is possible to present a diagram
of the limiting PV operating range for this kind of bearing
and explained material, with five selected working
regimes represented with points in the PV diagram shown
in Fig. 12. Observing all presented experimental results,
those mostly were focused on porous metal bearings,
where the lubricant is in material volume. But current
trends in new ecological and low energy efficiency
bearings lead us to think in direction of using new trends
in polymer-based or different composite materials for
particular bearing applications. Current and future studies
of those bearing materials are conducted aimed to
compare them with porous metal bearings and find
possible advantages in the particular industry use.
Regarding their advantages, plastic bearings are a good
solution for many applications in machinery that require a
clean and oil-free operation, corrosion resistance, high

damping characteristics for vibrations, ability to reliably
work under static or dynamic loads in dry conditions [8].
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Fig.12. PV operating range due to regime points

Sliding bearings made of composite materials with
polymer matrix, which are also subject to our research last
years, belong to the group of self-lubricating bearings
operating without oil or grease. There is a filler added to
the base material whose purpose is to reduce the
coefficient of friction of the base material and therefore to
eliminate the need for additional lubrication. PTFE-based
composite bearing, with the cross-section shown in Fig
13. are dry bearings designed to operate without lubricant
and it is particularly suitable for high loads and medium
speed applications. Its operating temperature is up to 250
°C and the best using sliding velocity is up to 2 m/s. Some
typical applications of these bearings are in the
automotive industry, materials handling equipment, home
appliances, consumer goods, textile machinery, etc. On
another side, in the same group is the POM composite
sliding bearing, specially designed to operate with
boundary lubrication. This kind of bearing requires only a
trace of lubricant to operate satisfactorily for long periods,
so they are considered pre-lubricated bearings. The
sliding surface has a highly effective grease retention
system with lubrication pockets, which serve as "lubricant
reservoirs". This POM Composite consists of three
bonded layers: a copper-plated steel backing strip and a
sintered porous tin bronze matrix covered with acetyl
(POM), Fig 13.
___—— PTFE

L [ ——tin bronze
w .
E ; i « S
— Al ~—  copper ___ copper

layer layer

- POM

__ tin bronze

sheet steel
backing

~———— sheet steel
backing

copper Copper layer

layer ]
__—— tin layer
—tin layer ——

Fig.13. Cross-section of PTFE and POM composites

Several investigations conducted last year were subjected
to composite bearing research, using the same equipment
for experimental investigations, in Laboratory for
Machine Design at Mechanical Engineering Faculty,
University of Belgrade. Experiments with this group of
bearings aim to get more results that are going to

146



designers easier to select the exact self-lubricating bearing
which fits the best for a particular industrial application
[9]. Dimensions of examined composite bearing samples
are selected due to a possibility of comparison with
properties of porous metal bearings and taking into
account constructive performances of the own test rig
used for experiments. Examined selected samples for
testing have dimensions of 20 / 23 x 20mm, as a
common size for some of their typical applications. In
combination with shafts made of steel 16MnCr5
(Hardness: 60 HRC), loose fit in the shaft-bearing
interface was defined by 20 H7/f7, where an operating
clearance in testing belongs to the range 20-62 pm.
Similar trends in results of operating performance
investigations with this kind of bearings give us practical
guidelines, that could be very useful in comparison with
other bearings, which is partly mentioned in the
conclusion chapter.

4. CONCLUSION

Investigations presented in this paper show that the
temperature of porous metal bearing becomes constant
after (30...50) minutes from the working start and its
dependence on time can be the best polynomial
approximate (Fig.10). The results presented in this paper
also show that temperature distribution around porous
metal bearing (Fig./1), made by experiments This
distribution is very similar to the pressure distribution
given by hydrodynamic lubrication theory. That means
that maximum temperature values are in the area near
load and rotating direction and for a minimum situation is
the opposite. Comparing those experimental results with
the numerical solution of bearing temperature distribution
are in progress and going to be published soon in papers
and Conferences. Friction coefficient measured at start of
testing were 1,=(0,135...0,180), but the wvalues of

stationary friction coefficient have significant lower
values = (0,029...0,060).

Similar trends and results are observed in experiments
with composite bearings, where both temperature and
coefficient of friction values of tested bearing become
constant till 1 hour of operating, and their dependence
from time could be polynomial approximate.

Presented results overview with bearing study represent
an introduction in further researches of plastic bearings
subjected to make simpler machine maintenance and
better energy efficiency. Great expansion and clearly
explained advantages of polymer and composite bearings
application in several branches of industry, encourage us
not only in the investigation of new materials but also for
new qualitative bearing behavior analysis in dry,
maintenance-free conditions under different lubricants
during exploitation life.
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FAULT DIAGNOSIS OF ROLLING BEARING UNDER VARIABLE
OPERATING CONDITIONS BASED ON DEEP LEARNING
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Abstract: Rolling bearings are commonly used in automotive, machinery, aviation, and wind turbine
fields due to low power consumption, high interchangeability, and high transmission efficiency. Fatigue,
elevated temperature, contamination, etc., can cause damage to the bearings, and this may lead to
unscheduled shutdowns and significant economic losses or even human casualties. From this standpoint,
timely and accurate monitoring and diagnosis of bearing faults is essential to assure the safe and reliable
operation of industrial systems. The industry has become more data-driven with the wide availability of
sensors and ever-increasing computation power. In this regard, deep learning (DL) is increasingly
popular due to its ability to capture sensitive fault information without expert knowledge. This paper
deals with a bearing fault diagnosis method based on DL by utilizing vibration data. A multi-class
classification problem was solved by examining variable working conditions (i.e., shaft speed and loads)
and three health classes. The performance of the developed DL-based approach was evaluated through
prominent benchmark datasets: (i) Case Western Reserve University and (ii) Paderborn University
datasets. The results indicate that the proposed DL-based method was suitable for identifying different
bearing faults under variable operating conditions and can optimize maintenance costs by early fault

detection.

Keywords: rolling bearing, condition monitoring; deep learning; fault diagnosis, vibration

1. INTRODUCTION

With the upgrading of industrial capacity, the relationship
between mechanical equipment has become increasingly
inseparable [1]. An unexpected failure in a machine can
indirectly affect the reliability of other linked mechanical
equipment [2]. To ensure a safe and orderly operation, the
rotating machinery plays an irreplaceable role in
industrial production. In this regard, the rolling-element
bearings are considered a vital component of rotating
machinery as they reduce friction between the different
elements, take the load, and support the shaft [3, 4]. Their
health condition is also essential for the safe operation
and thus uninterrupted availability of mechanical systems.
However, bearings are among the most error-prone
machine elements in modern industry. For example,
approximately 45-55% of rotary machinery failures are
due to rolling bearing errors [5]. A lack of prompt and
accurate diagnosis of bearing faults may lead to financial
loss and severe health risks [6]. To manage the potential
failure of mechanical systems, the automatic and timely
monitoring of rolling-element bearing faults is essential.

In the current industrial era called “Industry 4.0,” the
manufacturers are increasingly relying on data collected
through the sensors altogether with the boosted
computation power [4]. The sensor data collected from an
industrial system may be, for example, vibration, motor
current, thermal image, or acoustic data. Among them, the
vibration data are frequently utilized to achieve
diagnostics tasks due to its advantages, for instance, low
cost and rapid measurement [7]. Diagnosis of rolling
bearing faults is generally based on data-driven
approaches. In general, three main steps are defined with
regard to traditional intelligent fault diagnosis methods:
(1) data acquisition, (2) feature extraction and selection,
and (3) pattern recognition/fault classification [8, 9].
Following this, two crucial shortcomings arise. First,
advanced signal processing knowledge is required for
feature extraction due to vibration signals’ nonlinear and
non-stationary nature. Second is the necessity to extract
many features in different domains to reflect the bearing
characteristics [5-10]. To apply classical data-driven
techniques, the feature extraction and selection processes
need prior expertise and knowledge; this is a labour-
oriented task. Vibration signals collected from industrial
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systems are often exposed to background noises that do
not contain information regarding fault [11]. In this
regard, it is hard for shallow structures to learn
complicated nonlinear relationships [12]. As a result,
there is an urgent necessity to develop new intelligent
techniques that can automatically achieve rolling-element
bearing fault diagnosis tasks.

As an emerging research field, Deep Learning (DL) is
increasingly popular due to its ability to capture sensitive
fault information without expert knowledge. In this
regard, DL is a powerful tool in order to extract the
representative features from the sensor data [1, 13]. One
of the significant contributions of DL is that it can
automatically learn discriminative features to classify
faults and eliminates the necessity of prior knowledge
(i.e., human involvement) required for manual feature
extraction. He et al. [1] endeavoured to develop an
intelligent diagnosis approach based on ensemble sparse
auto-encoders, considering the shortcomings of traditional
methods. The study utilized the Case Western Reserve
University (CWRU) dataset to assess the proposed
method’s performance. In addition, the robustness of the
developed DL method was evaluated against different
background noises. Later, Chen et al. [3] proposed a deep
transfer Convolutional Neural Network (CNN) to classify
various rolling bearing faults. The study converted the
raw vibration data into time-frequency images to achieve
this end. Two experimental datasets (i.e., CWRU and
centrifugal pump test rigs) were employed to validate the
proposed method; consequently, an overall classification
accuracy of near 100% was achieved. To diagnose
different bearing faults, Liu et al. [8] developed a new
DL-based method, namely, hierarchical multitask CNN.
Their study benefited from the experimental dataset
collected through the test setup of Paderborn University
(PU) in Germany. As a result, the proposed hierarchical
multitask CNN method showed superior performance
against other methods considered within the scope of the
research work. Shao et al. [9] proposed a bearing fault
diagnosis method, namely, deep ensemble auto-encoders.
The developed method was utilized to analyse vibration
signals collected through the CWRU test setup. It was
revealed that the proposed method could remove the
dependency on manual feature extraction. Karpat et al.
[10] developed a six-degrees-of-freedom dynamic model
of a single-stage gearbox and collected simulated
vibration data for healthy and cracked involute spur gears.
Their study developed a 1D CNN architecture to classify
different crack degrees, considering diverse tooth profiles.
As a result, an overall classification accuracy of 93.07%
was obtained.

Rolling bearings are commonly used in diverse industrial
systems owing to low power consumption, high
interchangeability, and high transmission efficiency. A
fault can develop in bearings due to variable operating
conditions, elevated temperature, insufficient lubrication,
or fatigue [14]. The recognition accuracy of artificial
intelligence algorithms may reduce due to variable
operation conditions (e.g., shaft speed and loads),
resulting in misclassification [5, 15]. Hence, the influence
of different shaft speeds and loads on the prediction
accuracy of DL-based methods needs to be well-
addressed. To detect various bearing faults (outer raceway

and combined defects), Tayyab et al. [4] proposed an
approach based on CNN and order maps. The prediction
accuracy of the proposed method was compared with the
performances of other algorithms in the literature,
considering variable shaft speeds and loads. Karpat et al.
[5] developed a 1D CNN structure and classified different
bearing faults (i.e., inner and outer raceway faults),
considering multiple shaft speeds and loads. Their study
benefited from the PU experimental dataset to validate the
proposed method. Consequently, an overall classification
accuracy of 93.97% was obtained. Rostaghi et al. [6]
proposed a DL-based approach and considered three
different fault types (rolling element, inner and outer
raceway) and shaft speeds (1730, 1750, and 1772 RPM).
CWRU dataset was employed in order to achieve
diagnostics tasks. Hao et al. [12] developed an intelligent
diagnosis method based on deep residual networks. The
effectiveness of the method was evaluated through the
CWRU experimental dataset. The research concluded that
the prediction accuracy could be improved up to 99.83%,
utilizing the developed method. Sabir et al. [16] used the
long-short term memory algorithm to classify various
rolling bearing faults. They employed the PU dataset and
considered variable shaft speeds, radial forces, and
torques. As a result, the proposed method performed fault
classification with an overall accuracy of nearly 96%.
This paper developed a 1D CNN structure to classify
different rolling bearing faults under variable operating
conditions (i.e., shaft speeds and loads). To this end, a
multi-class classification problem was solved in the
presence of rolling elements and inner and outer raceway
faults. The performance of the developed DL-based
approach was evaluated through prominent benchmark
datasets: (i) CWRU and (ii) PU datasets. As a result, the
proposed 1D CNN method classified different bearing
faults with an overall accuracy of 99.37% and 96.67%
with regard to datasets, respectively. The findings indicate
that the proposed DL-based method was suitable for
identifying different bearing faults under variable
operating conditions and can optimize maintenance costs
by early fault detection.

2. MATERIAL AND METHOD

This section addresses the typical bearing structure and
fault signature of rolling-element bearings, details of
employed benchmark (i.e., CWRU and PU) datasets, and
the structure of the developed 1D CNN method,
respectively.

Fig. 1 depicts a representative image of a rolling-element
bearing layout that includes outer and inner raceways,
rolling elements, and the cage that holds these elements.
As above-discussed, bearings are among the most
significant and useful machine elements used in rotating
machinery. Their health status also affects mechanical
systems’ safety, reliability, and overall performance [12].
In real-life scenarios, a malfunction may occur to rolling-
element bearings due to the harsh operating conditions,
incorrect size selection, wear, etc. [5, 14]. Bearings’
vibration signals generally exhibit a nonlinear behavior
due to the friction, nonlinear and coupling interactions,
and stiffness [6]. Further, the signal complexity is affected
by faults at various signal scales. Altogether, the sensor
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data collected from an industrial system starts to produce
abnormal system responses whose magnitudes rely on
fault type, size, and location in the presence of a fault.

Outer Raceway

Cage

Rolling Element

Inner Raceway

Fig.1. Typical rolling bearing structure

The time-frequency characteristics of the faults may also
differ according to the fault degree and orientation [17].
Early diagnosis of faults in mechanical systems operating
under variable working conditions (e.g., shaft speeds and
loads) is critical where high reliability is required, such as
in the aviation and wind turbine fields. Otherwise, many
losses are inevitable, from finance to human casualties. In
this regard, DL-based approaches have gained a lot of
attention over the past decade due to their ability to
capture sensitive fault information without expert
knowledge.

2.1. Experimental setups

The present study employed CWRU and PU datasets to
evaluate the performance of the developed DL-based
method [18, 19]. The sub-section will explain the details
of two prominent benchmark datasets as well as the health
statuses (i.e., classes) and operating conditions (i.e., shaft
speeds and loads) considered within the scope of the
research work.

First, the CWRU bearing test rig consists of a 2 HP
electric motor, a torque transducer/encoder, and the load
(i.e., dynamometer) [18]. Different single-point faults
(from 0.007 to 0.040 inches in diameter) were introduced
with Electro-Discharge Machining (EDM) to the 6205-
2RS SKF test bearings supporting the motor shaft. Faulty
bearings were then remounted on the test motor, and
vibration data were collected through the accelerometers
attached to the housing. The test setup was run under four
different shaft speeds (from 1797 to 1720 RPM) and loads
(from 0 to 3 HP). The schematic diagram of the CWRU
experimental test rig is illustrated in Fig. 2.

The present study selected 6 cases from the CWRU
dataset and evaluated the proposed 1D CNN model’s
performance under variable shaft speeds and loads. To
this end, three health conditions (i.e., healthy, inner
raceway, and rolling element faults) were considered, and
the robustness of the DL-based was assessed under
variable working conditions (1 HP and 1772 rpm, and 2
HP and 1750 rpm). Further, the faults introduced at 0.014
inches (i.e., approximately 0.36 mm) in diameter were
used in the present study. The operating conditions of test
bearings and the classes identified are detailed in Table 1.

Motor Accelerometer

\ 7

Load

/

Drive End Bearing

i

W]
Fig.2. Experimental setup of CWRU

Table 1. Operation conditions of test bearings (CWRU)

Fault Type | Load (HP) | Speed (RPM) | Label
Healthy 1 1772 H 1
Healthy 2 1750 H 2

Inner 1 1772 F 1
Raceway -
Inner 2 1750 F 2
Raceway -
Rolling
Flement 1 1772 F3
Rolling
Element 2 1750 F 4

Second, the PU bearing test rig consists of a test motor, a
measuring shaft, a bearing module, a flywheel, and a load
motor [19]. The dataset includes 32 vibration signals (i.e.,
healthy, artificially damaged, and accelerated lifetime
tests) for three health conditions (i.e., healthy, inner, and
outer raceway faults). Artificial damages are introduced to
the 6203 grooved ball bearings in three ways: (1) EDM,
(2) electric engraver machine, and (3) drilling. The
schematic diagram of the PU experimental test rig is
depicted in Fig. 3.

Measuring Bearing
Test Motor Shafi Module Flywheel Load Motor

ST EES

Fig.3. Experimental setup of PU

The present study selected 6 cases from the PU dataset to
assess the proposed DL-based method’s performance
under variable load torques (0.1 and 0.7 Nm). To this end,
the signals collected due to artificial damages introduced
by EDM (trench of 0.25 mm length in rolling direction
and depth of 1-2 mm) were given as input data to the 1D
CNN algorithm, considering three health conditions (i.e.,
healthy, inner, and outer raceway faults). To examine the
influence of load torques, the shaft speed was kept
constant at 1500 RPM, and the radial force at 1000 N.
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The operating conditions of test bearings and the classes
identified are detailed in Table 2.

Table 2. Operation condition of test bearings (PU)

Fault Shaft Speed

Type Torque (Nm) (RPM) Label
Healthy 0.7 1500 N 1
Healthy 0.1 1500 N2

Inner 0.7 1500 IR 1
Raceway -

Inner 0.1 1500 IR 2
Raceway -

Outer 0.7 1500 OR_1
Raceway -

Outer 0.1 1500 OR 1
Raceway -

2.2. Convolutional neural network

CNN is a feed-forward multi-stage neural network that
mainly contains three layers, namely, (1) convolution
layer, (2) pooling layer, and (3) fully connected layer [8].
The convolution layer is used to extract different features
and obtain feature maps. On the other side, the pooling
layer is mainly utilized to perform a down-sampling
operation [9]. CNN is also one of the most utilized DL
methods in order to classifying various rolling-element
bearing faults [7, 8].

The present study used 70% of the data for training, 15%
for testing, and 15% for validation. The window size was
defined as 25000. Dropout is a common method to solve
the overfitting problem in DL algorithms [12]. Some
neurons are randomly dropped by Dropout to ensure that
the neural network only propagates forward during the
training iteration. In this regard, the Dropout ratio was set
to 0.5 in the present research work. The developed model
includes four convolutions and pooling layers. This study
used 4 feature maps with kernel size 1 and Rectified
Linear Units (ReLu) function as the activation function in
the first layer. The output of the first neural network layer
is a 25000 x 4 neuron matrix (Table 3). Similar to the first
layer, the feature map and the kernel size in the second
convolution layer were determined as 4 and 1,
respectively. These values (i.e., feature maps and kernel
size) were assigned as 8 and | for the third and fourth
convolution layers. The Hyperbolic Tangent function
(tanh) was utilized as the activation function in the
second, third, and fourth convolution layers. The Adam
(Adaptive Moment Estimation) optimizer was adopted to
optimize the network and improve the overfitting problem
[12]. The categorical cross-entropy loss function, which
has fast convergence speed and strong generalization
ability, was used to learn a multi-class classification
problem [9]. The structure of the 1D CNN model is
indicated in Table 3.

Table 3. The structure of the 1D CNN model

Layer (Type) Output Shape Param #
convld 8 (ConvlD) | (None, 25000, 4) 8
T&’;ﬁ,"oogli;gg 11%)8 (None, 12500, 4) 0
convld 9 (ConvlD) | (None, 12500, 4) 20
I?ls/[);;(rlloooolliﬁlgg 11‘1]5)9 (None, 6250, 4) 0
c(‘gz)vnlvdl—é;) (None, 6250, 8) 40
Hzij[‘a—sgggﬁﬁg—];)o (None, 2083, 8) 0
c(%‘Lanle—Dl)l (None, 2083, 8) 7
1| e ) |0
dropout_2 (Dropout) (None, 694, 8) 0
flatten_2 (Flatten) (None, 5552) 0
dense_8 (Dense) (None, 256) 1421568
dense 9 (Dense) (None, 128) 32896
dense 10 (Dense) (None, 64) 8256
dense 11 (Dense) (None, 6) 390

3. RESULTS AND DISCUSSION

The present study developed a 1D CNN model to classify
different rolling-element bearing faults (i.e., healthy,
rolling element, inner, and outer raceway faults) and
evaluated its recognition ability under variable operating
conditions (i.e., shaft speeds and loads). To do so and
further extend the scope of implementation, two
prominent benchmark datasets were employed: (i) CWRU
and (ii) PU datasets [18, 19].

This section details the vibration signals collected through
two different experimental setups and performance
evaluation of the proposed DL-based method via some
well-known performance metrics. The signals collected
from the CWRU test rig under variable operating
conditions are illustrated in Fig. 4 to 6.
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Fig.6. Vibration signals of bearings with rolling element
fault (@) 1 HP /1772 RPM and (b) 2 HP / 1750 RPM

Figs 4 to 6 show that the signals of each case are similar
among themselves. As an exception for the inner raceway
fault case, the vibration signals collected for motor power
of 2 HP (i.e., label F 2) fluctuate more than the data
collected for 1 HP (i.e., label F_1). Further, it was
observed that the bearings’ vibration responses were
stronger in faulty conditions than in healthy states.

The present study plotted a confusion matrix to further
interpret the results obtained through the CWRU dataset
(Fig. 7). It was observed that the proposed 1D CNN
classified the healthy state (i.e., H 1 and H 2) and the
inner raceway faults (F_1 and F_2) perfectly. With this in
mind, Fig. 7 also points out that the model had slightly
confused classifying rolling element faults under variable
operating conditions. As a result, the average
classification accuracy was 99.37%, considering the
vibration signals collected through the CWRU dataset.

1.000
H1 0.000 | 0.000 | 0.000 I
0.800
= H2 0.000 | 0.000 | 0.000
=
S F.1 | 0000 | 0.000 0.000 | 0.000 0.600
=
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~
-
F_3 | 0.000 | 0.000 | 0.000 | 0.000
= 0.200
F_4 | 0.000 | 0.000 | 0.000 | 0.000
L 0.000

H1 H2 F1 F2 F3 F4
Predicted Label
Fig.7. Confusion matrix for CWRU dataset
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The process applied for the CWRU dataset was repeated
for the PU dataset. In this regard, the signals collected
from the PU test rig are illustrated in Fig. 8 to 10.
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Fig.8. Vibration signals of healthy bearings (a) 0.7 Nm
and (b) 0.1 Nm
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Fig.9. Vibration signals of bearings with inner raceway
fault (a) 0.7 Nm and (b) 0.1
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Fig.10. Vibration signals for bearings with outer raceway
fault (a) 0.7 Nm and (b) 0.1 Nm

Figs 8 to 10 indicate that the vibration signals were
relatively more sensitive to the inner raceway faults than
the other health conditions (i.e., healthy and outer
raceway faults) considered within the scope of this
research work. The present study plotted a confusion
matrix to interpret the results obtained through the PU
dataset (Fig. 11). It was observed that the proposed 1D
CNN classified the healthy state (i.e., N 1 and N _2) and
the inner raceway faults (IR 1 and IR 2) perfectly among
themselves. Fig. 11 also shows that the model was
performed relatively poorly in classifying outer raceway
faults under variable load torques (i.e., 0.1 and 0.7 Nm).
The average classification accuracy obtained after testing
the model with the PU dataset was 96.67%.
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N1 0.000 | 0.000
0.800
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- 0.200
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! 0.000
N1 N2 IR1 IR2 OR1 OR2
Predicted Label

Fig.11. Confusion matrix for PU dataset

The CWRU and PU datasets are commonly utilized for
bearing fault diagnostics tasks and are considered a
standard reference for model validation purposes [12, 20].
Hao et al. [12] proposed an intelligent diagnosis method
and tested their algorithm’s efficacy under variable
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operating conditions. The CWRU benchmark dataset was
employed for model validation. Consequently, it was
concluded that the proposed “end-to-end” algorithm
shortened the training time and showed good versatility.
Pandhare et al. [20] benefited from the PU benchmark
dataset and assessed the performance of the classical
CNN method. The study concluded that the CNN method
with time-frequency domain input outperformed the
support vector machine and k-nearest neighbour
algorithms. Chen et al. [21] evaluated a transferable CNN
model’s performance, considering variable working
conditions. The study tested the fault recognition accuracy
of the proposed model through three different
experimental test rigs and further concluded that the
transferable CNN model was suitable for identifying
rotary machinery faults.

To sum up, the rolling bearings are fundamental (but also
error-prone) machine elements widely used in many
fields, including automotive, wind turbine, machinery,
and aviation. Damage to the bearings may develop due to
wear, electrical leakage, fatigue, etc. Failure to detect
faults early may result in unplanned shutdowns and thus
financial loss. This may even cause human casualties,
depending on the fault degree and implementation field
(e.g., safety-critical applications, such as wind turbines).
In the era of big data, DL algorithms enable automatically
learning discriminative fault features to classify diverse
rotary machinery faults without expert knowledge and
capture sensitive fault information. By utilizing DL-based
approaches, the maintenance costs can be optimized, and
further health risks can be minimized through the early
fault diagnosis of rotary machinery faults.

4. CONCLUSION

This paper deals with developing a DL-based approach to
diagnosing different bearing faults under variable
operating conditions. To this end, the performance of the
developed DL-based method was evaluated through
benchmark datasets: (i) CWRU and (ii) PU datasets. As a
result, the proposed 1D CNN method classified different
bearing faults with an overall accuracy of 99.37% and
96.67% regarding datasets, respectively. The results
confirm that the proposed 1D CNN method was suitable
for identifying bearing faults under variable operating
conditions and can optimize maintenance costs by early
fault detection.
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CONTACT STRESS AND DEFORMATIONS
IN ECCENTRICALLY LOADED THRUST BALL BEARING

Pavle LIUBOJEVIC
Radivoje MITROVIC
Tatjana LAZOVIC

Abstract: Contact stress and deformations in the thrust ball bearing with a contact angle of 90 ° are
considered in this paper. Ideally, an external axial load of this kind of bearings should be centric, but in
reality, this force may act eccentrically. As a result, the load distribution between balls is inequal. The
most unfavourable case is when the axial force intersects the radius vector of one of the balls. The load,
contact stress and contact deformation of this ball are greater than the load of all rest of the balls and
greater in the case of equal load distribution. It limits the load-carrying capacity of a real bearing,
compared to the theoretical static load rating. Analyzes have shown that considered thrust ball bearings
do not lose operational ability at low speeds, even if there is some load eccentricity when an external
axial load is not more than 30- 40% of static bearing capacity. Otherwise, additional bearing capacity

analyzes are required.

Keywords: thrust ball bearing, load distribution, contact deformations, contact stress

1. INTRODUCTION

The thrust ball bearings can only withstand a pure axial
load. Thereby single-row deep groove ball bearings of
series 511, 512, 513 and 514, consisting of one row of
balls and two washers - shaft washer and housing washer,
transmit axial load in one direction.

The rotation speed of thrust ball bearings is limited,
because at higher angular velocities, due to centrifugal
force, the friction between the balls and the cage increases
[1]. That is why these bearings are used in power
transmissions, which transmit high torques at low speeds.
They are also used in bearing arrangements of rotary
cranes and crane hooks, in various types of rotary stands
and rotary table feeders, generally for supporting vertical
shafts. These bearings do not withstand radial loads. If a
radial load component acts in the support, a radial bearing
should be mounted together with an axial bearing in the
bearing arrangement.

Ideally, the thrust ball bearing should be subjected to a
centric load. This means that the direction of the axial
force coincides with the bearing axis. Then the load
distribution between rolling elements is equal, ie. all balls
transfer the same part of the external axial load. However,
very often in practice, for various reasons, the external
load direction is shifted from the bearing axis by some
value, called eccentricity. The reasons for eccentricity
could be low manufacturing accuracy of the shaft and the
housing, as well as improper installation.

The load distribution between rolling elements of the
eccentrically loaded thrust ball bearing is unequal, and the
degree of inequality depends on the eccentricity.
Eccentrically loaded ball bearing, as an issue recognized
in practice, is also considered in the theory of rolling
bearings [2]. The load distribution of an eccentrically
loaded thrust ball bearing is mathematically described
using Rumbarger integrals [2,3]. This is a well-known
methodology applied in the conventional theory of load
distribution between rolling elements of thrust ball
bearings. However, although there is a mathematical
model of load distribution in the thrust ball bearing, which
takes into account the eccentricity, the standard
recommendations for the calculation of thrust ball
bearing’s static load rating [4], as well as dynamic load
rating and rating life [5] are not included. In these
relevant and official documents, which are adhered to by
bearing manufacturers, designers, end-users and
university literature, the load ratings and rating life of
thrust ball bearings are considered under the assumption
of centric axial load. Also, a centric axial load is assumed
in papers dealing with other types of thrust bearings, as
well as with other phenomena (tribological, energy losses,
etc.), [6-11]. In the case of eccentrically loaded thrust ball
bearing, the accurate mathematical description of the load
distribution is important for obtaining the exact load of
every single rolling element in the bearing. Then load
carrying capacity, as well as the service life of the entire
bearing can be determined with great reliability [12-16].
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An additional torque load occurs in the eccentrically
loaded axial bearing. The influence of the torque on the
load distribution between the rolling elements and on the
service life of the axial ball bearing was analyzed in [18].
In this paper, contact stresses and deformations in an
eccentrically loaded ball bearing with a contact angle of
90° and operating with rotational frequencies n < 10 rpm
will be analyzed in a slightly different way, by
introducing two new quantities - load factor and
eccentricity factor.

2. STRESS AND DEFORMATION IN THE
BALL-RACEWAY CONTACT

In the unloaded ball bearing, there is point contact
between the balls and the raceway groove. Transferring
the load, balls and raceways are deformed in contact and
the contact surface has an elliptical shape. The size of the
contact ellipse depends on the elastic properties of the
material, the dimensions of the contact surfaces and the
load. Contact stresses and deformations in the ball-
raceway contact can be determined using Hertz theory
[1,2]. According to this theory, the dimensions of the
contact ellipse can be determined, as well [17]. The
equations for major and minor semiaxes of the contact
ellipse at the place of every single i-th ball are:

where: F; is normal load in the i-th ball-raceway contact;
E is the modulus of elasticity of bearing’s parts; v is
Poisson's ratio; ng, np are functions of elliptic integrals [2];
& = Rw/R; Dy = 2Ry, is the ball diameter; Ry and R are
radii of the ball and raceway groove, respectively.

The quantities n, and np in expression (1) are given in
appropriate tables [2], as a function of the auxiliary
quantity cosz, which depends on the bearing type. For ball
bearings, it can be determined from the expression [17]:

¢

cosST=—2— 2
2

-

The maximal ball-raceway contact stress is given by the
expression [2]:

F
3 K 3)
2 mab,

max,i

The contact deformation in the ball-raceway contact is
determined based on the expression [2]:

& =C.F" )

The Cr constant in expression (4) depends on the
bearing’s internal geometry, modulus of elasticity, and

Poisson’s ratio. For thrust ball bearing, it can be
determined based on the expression [17]:

c zz[z} z(l—_v] 2-¢ )
2\ m 3\ E D

a w

where 2K/nn, is an auxiliary quantity given in appropriate
tables [2] depending on cosz.

The initial assumptions for the development of a
mathematical model of load distribution in an axially
loaded thrust ball bearing are:

e balls and washers are of ideal shape and dimensions;

e volume deformations of bearing parts are neglected;

o the angular distance between balls is equal;

o the bearing is statically loaded (n < 10 rpm)

e bearing load (axial force) is of constant direction and
intensity;

e one washer has an ideal (perpendicular) position to the
bearing axis (no tilting) and has absolute volume and
surface stiffness, ie. stress and deformation analysis
will be done for the contact of the balls and the other
washer, tilting due to the eccentric axial load.

The axially loaded thrust ball bearing is shown in

Figure 1. The axial force is acting at a distance e from the

bearing axis. The most unfavourable case is when the

axial force intersects the radius vector of one of the balls

(the 0-th ball in Fig. 1). Centric axial bearing loading is a

special case of loading when e = 0.

Due to the eccentric loading, a tilting moment occurs as

an additional load. The washer tilts by an angle 8 (Fig. 1)

causing additional contact deformations of the balls on the

side of a force acting. The static equilibrium conditions of
the bearing shown in Figure 1 can be written as follows:

Z
(6)

D Z—

where: Z is the number of balls in the bearing; e is
eccentricity, ie. the distance between the F'4 force line and
the bearing axis; D, is the bearing’s pitch diameter [4,5].

The system of two equations (6) has Z unknown
quantities. This is load F; of every single ball of Z balls in
the bearing. To determine all unknown quantities, it is
necessary to introduce additional equations for contact
deformations. Under the centric axial load Fa,
deformations (Ja,) in the ball-raceway contact are equal for
all balls. Due to the washer tilting under moment Fae
moment, with tilting angle 6 (Fig. 1), there is an
additional contact deformation of the balls located on the
side of the external eccentric load acting (Fig. 1). The
balls on the opposite side are relieved (Fig. 1) and their
contact deformations are reduced, so they are not the
subject of consideration in this paper. The contact
deformations of individual balls differ, depending on their
position to the point of external load Fa.
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Based on the previous considerations, an expression can
be written for the contact deformation at the location of
every single i-th ball:

5 =65, +0, (7)

The contact deformation at the position of the i-th ball due
to the washer tilting with tilting angle 6 can be determined
as follows:

04 =0, cos(iy) (8)
The contact deformation at the place of the most loaded

"0" ball (i = 0), due to the washer tilting can be
determined from expression (8) and based on Figure 1:

D
S =6, =0 ©)

Based on expression (4), the load of the i-th ball can be
determined:
E — C;—3/25i3/2 — C(g5i3/2 (10)

By substituting expressions (7) and (10) in expression (6),
we obtain:

Bl
Iy = (5a +6, cos(iy))3/2
Co‘ i=0 (11)
FA 2e Al . 3/2 .
Ta 28NV 5 46
) i:0( .+, cos(iy))" cos(iy)

For considered thrust ball bearing, when the rotation
speed is n < 10 rpm, a new value can be introduced - the
load factor. It is a relative load, ie. external axial load Fa
reduced to the static load rating Co:

k,=—2 (12)

For further analysis, the axial load eccentricity factor is
introduced. It is a relative eccentricity, ie. eccentricity
reduced to the bearing pitch radius:

e

13
=D 12 (13)

By introducing the load factor kg, determined by
expression (12) and the eccentricity factor k., defined by
expression (13), equations (11) get the form:

-1

CO _ < . 3/2
k,—= (Sa +0, COS(I]/))
C& i=0 (14)
CO _ & - \\3/2 .
kpok, C.- Z(é‘a +68,cos(iy))’? cos(iy)
S i=0

Expressions (14) are a system of two equations with two
unknown quantities (contact deformations J, and Jde). It is
a system of nonlinear equations that are solved iteratively,
using some of the numerical methods. In this case, the
MathCAD program was used for that purpose.

D,

o

[ :
OO0

L

x|
))
J

¥t 1

Fig. 1. Eccentrically loaded thrust ball bearing

3. NUMERICAL EXAMPLE AND
DISCUSSION OF RESULTS

The following analysis is carried out for thrust ball
bearings with bore diameter d = 30 mm, of all standard
series: 511, 512, 513 and 514 (Table 1).

Large and small semi-axes of contact ellipses, contact
stress and deformations are determined using expressions
(1)-(5). Four cases of bearing load were analyzed: 25%,
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50%, 75% and 100% of the static load rating, ie. load
factor values kr = {0.25; 0.50; 0.75; 1.00}. Considered
eccentricities are corresponding to the values of the
eccentricity factor k. = {0; 0.1; 0.2; 0.3; 0.4; 0.5},
including zero eccentricity loading (centric loading).

Table 1. The main parameters of thrust ball bearings
with a bore diameter of 30 mm

Quantity 511 | 512 513 | 514
Bore diameter, mm d 30
Outer diameter, mm D | 47 | 52| 60 70
Pitch diameter, mm D, | 385 |41 | 45 | 50
Number of balls Z | 18 | 12| 10 8
Angle between balls, ° y | 20 | 30 | 36 | 45
Ball diameter, mm Dy, | 6.00 {7.98]10.32(15.08
Raceway radius, mm R | 323 1429 5.54 | 8.12
Rw/R = Dy/2Ry, ¢ 0.93
Poisson’s ratio v 0.3

Modulus of elasticity,
N/mm?

Static load rating, kN Co

E 2.1-10°

43 [51] 65 [122

Auxiliary quantity COST 0.82
Constant, 10* mm/N?? | Cr | 1.28 |1.17| 1.07 | 0.95
Constant, 10° N/'mm*?> | Cs | 69 | 79| 9.0 |10.8

Contact deformations caused by both external axial load
and the washer tilting moment due to eccentricity were
calculated by solving the equation system (14). The sum
of these deformations is the contact deformation of the
most loaded ball (the load distribution is unequal due to
eccentricity). Then, using expression (10), the normal
load of the most loaded ball was determined.

Based on expression (1), the dimensions of the contact
ellipse at the position of the most loaded ball are
determined. And, finally, the maximum contact stress of
the most loaded ball is determined from expression (3).
Results are shown by diagrams in Figures 2-8.
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Fig. 2. Contact deformation of the most loaded ball of the
eccentrically loaded bearing 51106,
depending on the load and eccentricity
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Fig. 3. Contact deformation of the most loaded ball of the
eccentrically loaded bearing 51206,
depending on the load and eccentricity
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Fig. 4. Contact deformation of the most loaded ball of the
eccentrically loaded bearing 51306,
depending on the load and eccentricity

100
— k=0 =
O = =k=01
L ® -
801 | + k=02 PSP
- . -~
704 |— k=03 IS 2 R S
. it - N -
cod \m k=04 el T -
PSRN . -
g - k=05 T —
3 504 _ Z RS
< 40 RAC AN el
L e T
0] 22—
=
20
10
0 " " " " " " " —
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
ke

Fig. 5. Contact deformation of the most loaded ball of the
eccentrically loaded bearing 51406,
depending on the load and eccentricity
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Based on diagrams for contact deformation do of the most
loaded ("0") ball in contact with the raceway of
eccentrically loaded thrust ball bearings (series 51106,
51206, 51306 and 51406), shown in Figures 2-5, it can
be concluded that the contact deformation of the "0"-ball
increases 2.5 times with increasing load (kr = 0.25...1)
and 1.64 times with increasing eccentricity (k. = 0...0,5).
Diagrams in Figure 6 shows how all deformations, due to
axial load, tilting moment and total one, change due to
eccentricity. Axial deformations slightly decreases, but
tilting deformation increasing is significantly. The reason
of that is unequal load distribution in loaded zone. In this
case all balls in this zone additionally take part of external
load, grater than in the case of equal load distribution, ie.
centric loading.
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Fig. 6. Contact deformations caused by axial load and
tilting moment, depending on eccentricity (for thrust ball
bearing 51206 loaded with F4 =0.5Cy)

Based on diagrams of the maximum stress omax,0 in the
ball-raceway contact in eccentrically loaded thrust ball
bearings of series 51106 (the lighter one) and 51406 (the
havier one), shown in Figures 7 and 8, it can be concluded
that contact stress increases with increasing load and
eccentricity. In the thrust ball bearing under the centric
external axial load, limited contact stress of 4200 N/mm?
is determined by the static load capacity Cyp [4].The values
obtained in this paper, for the condition when the external
axial load is equal to the static load capacity (Fa = Co, ie.
ke = 1), are approximately 4500 N/mm?2. This is an
acceptable deviation since this difference is influenced by
the constant Cs, given in Equation (10) and Table 1,
depending on bearing parts’ material properties and
geometry. These are also the parameters influenced by
bearing manufacturer. Digarams from Figures 7 and 8
show that for considered bearings, contact stress does not
exceed 4200 N/mm? for k. = (0.3 ... 0.4) and small
eccentricities of k. < 0.3.

By comparing bearings of different series, from light to
heavy one, the load of the balls is increased, but the
maximum contact stress between the balls and the
raceway is approximately the same for all series (Fig. 7
and 8). This is due to the increase of contact surfaces
between the balls and the groove of raceway — contact
ellipses. [17].
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Fig. 7. Contact stress of the most loaded ball of the
eccentrically loaded bearing 51106,
depending on the load and eccentricity
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Fig. 8. Contact stress of the most loaded ball of the
eccentrically loaded bearing 51306,
depending on the load and eccentricity

4. CONCLUSION

In this paper, deformations and stresses in the contact of
balls with the raceways of thrust ball bearings with a
contact angle of 90° and operating with rotational
frequencies n < 10 rpm (statically loaded axial bearings)
are considered. Ideally, the direction of the axial load
should coincide with the bearing axis. In reality, there are
minor or major deviations. It leads to unequal load
distribution when one ball is loaded more than all others.
Therefore, both the contact deformation and the stress at
the location of this ball are the greatest. Their values limit
the bearing capacity of a real bearing, which is less than
the bearing capacity of an ideal centrically loaded
bearing. Conventional roller bearing theory and
corresponding ISO do not consider eccentrically loaded
ball bearings. Analyzes have shown that the considered
bearings 51106, 51206, 51306 and 51406 can perform
their function smoothly at low speeds (n < 10 rpm), even
if there is semo eccentricity of the external load and if the
external axial load is not more than 30- 40% of static load
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rate. Otherwise, additional bearing capacity analyzes are
required. The carried out analyzes and the obtained results
can be the basis for further research of the loading rate of
thrust ball bearing under eccentric external axial load, ie
unequal load distribution between the balls. In this case,
the contact stress at the place of the most loaded ball can
be higher than the limit value and can cause unforeseen
premature and excessive raceway surface damage. The
results can be used for a more accurate assessment of the
thrust ball bearing capacity, as well as in case studies for
failure analysis.
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SEALING OF THE HIGH SPEED BEARING ASSEMBLIES WITH ONE
ELASTIC SUPPORT
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Abstract: High speed bearing assemblies are widely applied in many industries, especially in the airspace
and automotive. Design of these assemblies is highly challenging due to some opposed factors affecting
their proper functionality. On the one side, there is a condition of rotor-dynamics, which implies the shaft
to rotate as stable as possible, retaining its original shape. In regards to this, it was observed that having
one elastic and one stiff support, rather than having two stiff supports, provides better dynamic
behaviour. On the other side, due to high rotational speed, these assemblies have to be sealed
contactlessly, by means of labyrinth, centrifugal or similar types of seals. These seals operate with very
small gaps between their rotor and stator. In order to obtain the lowest possible gap in the sealing which
allows displacements of the shaft supported by one elastic and one stiff support, a specific design solution
is developed. Testing procedure and results, together with design solutions are presented in this paper.

Keywords: centrifugal seal, high speed assembly sealing, bearing stiff and elastic support

1. INTRODUCTION

With the development of high speed assemblies the
special attention was applied to sealing solutions. Due to
high speeds, use of the contact seals would result in a
great amount of losses, in the form of released heat. Thus,
the contactless seals came up as a convenient solution,
becoming a subject of many researches.

An interesting overview of the seals in high speed
assemblies (aircraft gearboxes) was brought by Rahman
et al. [1], while the overview of the labyrinth seals is
presented by de Souza Barros et al. [2]. Guoqing Li et al.
[3] examined a centrifugal seal with the oil-throwing
tooth, different from the gas sealing — labyrinth seals.
Subramanian et al. [4] performed a numerical calculation
on the labyrinth seal, taking into account its centrifugal
growth. The same authors extended their research by
examining influence of both, centrifugal and thermal
effect calculated by CFD software [5]. Nowadays, the
centrifugal seals are improved by introducing sealing
fluid, brought into the seals through special inlets [6].

In order to satisfy a rotor-dynamics criteria of the
compressor shaft, many design solutions were proposed.
Some examples are analysed and presented by Kolarevic¢
et al. [7]. It is observed that having one stiff and one
radially elastic or both elastic supports on the shaft,

provides much better rotor-dynamic behaviour (lower
radial displacements along the shaft), if compared to both
stiff supports. The influence of the bearing support
flexibility onto the prediction of the critical speeds of the
rotor was analysed back in 2008 by Nicholas et al. [8].
They proposed analytical model as well as experimental
verification for 4 types of rotor. Design solution in which
the one support is put into the squirrel cage, provides
radial elasticity on that support. The squirrel cage
elasticity is calculated and optimized for the given
criteria. Zhang et al. proposed a multi-objective
optimization method and confirmed it experimentally [9].
Wang et al. proposed a new mapping approach to
optimize the shape of the squirrel cage slots [10].

2. DESIGN TASKS AND SOLUTION

The unit under test (UUT) is the bearing assembly for
turbo shaft engine TSE-200 Phoenix of the company
EDePro, which operates at 60000 RPM. In order to obtain
the operation at this regime, it is necessary to design
contactless seal. Any contact on such high speeds, would
result in enormous friction losses and wear. Some of the
possible solutions for the high speed assembly sealing
would be labyrinth seal (Fig. /, a), which consists of a
very long and relatively narrow (snake like) gap, causing
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significant pressure drop which prevents oil leakage.
Another solution is centrifugal seal (Fig. 7, b) [11]. The
rotor of this seal is designed to have “steps and teeth” and,
when rotates, it forces oil radially to the chambers on the

seal stator. The oil is collected in these chambers, then
forced by gravity and drainage pump into the drain out
system. The second solution, a two stage (two chambers)
centrifugal seal is adopted for further development.

= Chamber
i
Tooth

M"_ Drain out

b)

Fig. 1. a) Labyrinth seal, b) Centrifugal seal

Another specific condition of this bearing assembly is
imposed by rotor-dynamic. As noted before in this paper,
the behaviour of the high-speed shafts is much more
favourable if they are supported by one elastic and one
stiff support (Fig. 2). Although it improves the rotor-

dynamic behaviour of the rotor, the presence of the elastic
support causes the gaps in the centrifugal seal to vary,
with respect do radial displacements allowed by that
elastic support.

b=81.3

Stiff support

a=71.5 |

The more radial freedom in the elastic support, the higher
variations of the seal gap between rotor and stator. L.e.
when the squirrel cage is not deformed, which is in the
stationary mode, the gap in the seal has a uniform
circumferential value. On the other hand, extreme gaps
occur when the shaft is on the full speed rotation, and the
squirrel cage deformations are maximal. By extreme gaps,
it is assumed a minimal gap in one point of the shaft
circumference, while at the same time the gap is maximal
at the opposite point of the shaft circumference.

To secure the proper run of the assembly, a contact
between the rotor and the stator should be avoided. Thus,
the gap between the rotor and stator of the seal has to be
greater than the gap between elastic cage and the bearing
housing (Figure 3), which in this specific case equals
0.2 mm.

o

Figure 3. Axial and radial gaps in the seal, with respect
to radial gap between elastic cage and bearing housing
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Taking into account that the elastic cage possible
displacement (a radial gap between the cage and the
bearing housing) is designed to be g=0.2 mm, and
regarding the proportion of the dimensions in Fig. 2, a
minimal radial gap between the seal rotor and stator could
be calculated:

813

b
=—- —-0.2=0.227 mm 1
a £ 71.5 o

8x

According to this equation, and for the sake of safety in
preventing the contact between the seal rotor and stator,
the minimal gap is slightly increased and set to 0.3 mm.
To obtain the constant preload of the bearings, on the
right side of the stiff support there is placed a special type
of spring called wave washer, which is compressed for
about 0.5 mm in the mounting position (Fig. 2). Between
the bearings there are distant rings, through which is the
oil brought to the bearings. Separation of bearings with
distant rings, allows run on higher RPM for bearings, then
it would be the case without the distant rings.

3. EXPERIMENTAL VERIFICATION

In order to verify the efficiency of the centrifugal seal,
two tests were conducted — stationary and dynamic.

In the first test, the shaft was not rotating (stationary
tests), and the sealing is provided only by under-pressure
in seal chambers created by means of the draining pump,
which forces the lubricant into the draining pipes. During
the second test, the shaft rotates at the maximum speed
(dynamic tests) and, in addition to draining pump, the
centrifugal force also helps for directing lubricant into the
drainage pipes. Both tests are supposed to give the answer
on how much oil could be brought into the bearing
assembly, before it comes to the leakage through the
seals. Measured parameters during the tests were flow
rates of oil on both, stiff and elastic support separately.
Also the temperatures of the bearings were measured, in
order to verify the proper run of the assembly.

Flow meter
elastic support

Flow meter
stiff support

"
Figure 4. Test rig

From the results presented in the Table 1 it can be
concluded that centrifugal seal in a dynamic regime

allows about 27% higher oil flow than in a stationary
regime.

Table 1. Flow rates of oil on which occurred the leakage
on the seal, for the stationary and the dynamic test

Flow rate on | Flow rate on Total

stiff support | elastic support | flow

[&/s] [¢/s] [&/s]

Stationary test 11 4,5 15.5
Dynamic test 13 6,7 19.7

These numbers are taken to define the regime of the
engines’ start-up. While accelerating from zero to 30000
RPM, the oil flow rates on stiff and elastic support are
slightly lower than maximums in the stationary regime
tests, and are respectively 10 g/s and 4 g/s. Then the flows
are increased to 12 g/s and 5 g/s, and kept on these values
while on full working regime.

It is important to note that bearing temperatures did not
exceed 85 °C, while maximum allowed temperature for
this type of bearings is 200 °C. This indicates that amount
of oil brought to the bearings is enough to provide proper
lubrication.

4. CONCLUSION

The task of the research was to develop and test a
contactless seal for high speed assembly which can
operate efficiently, placed next to the elastic support
(bearing that has certain degree of freedom in radial
direction). For a suitable solution it is chosen a
centrifugal, two stage contactless seal.

In order to avoid clash inside the seal, its radial gap is
calculated with respect to the maximal radial
displacement of the elastic support (the difference
between the inner radius of the bearings’ housing and
outer radius of the squirrel cage).

The sealing abilities of the centrifugal seals are tested
experimentally. When the shaft rotates on maximum, the
leakage on the seal occurs if the total oil flow exceeds
19.7 g/s. When the shaft is not rotating, the leakage
occurs when total oil flow exceeds 15.5 g/s. If comparing
these values, it could be observed seal performance
improvement of 27% in dynamic regime. Also, it should
be noted that the values obtained by tests are satisfactory
for the amount of oil necessary for the lubrication of the
UUT.

Further development of these seals could go in direction
of introducing compressed fluid into the seal chambers, in
order to improve the sealing performances. This
compressed fluid could be air brought from the
compressor of jet engine, or some external compressing
device through the separate installation.
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ASPECTS REGARDING MATERIALS USED IN NON-METALLIC ELEMENTS
CONSTRUCTION OF ELASTIC COUPLINGS

Marilena GHITESCU
Viorel SISMAN
Ion — Marius GHITESCU

Abstract: This paper presents aspects regarding the construction of couplings with bolts using non-metallic
elements, having different hardness, the elements involved in torque transmission, in this case elastic elements,
having also different dimensions or forms, in the way to have a good elasticity and capacity of vibration
absorbtion. In paper there are also presented.: the construction of non-metallic elements, influence of material
characteristics and limit and loading conditions on the states of displacements, Von Misses stress and principal
tensions. The modeling of the nonmetallic element is made for different qualities of rubber, using FEM method.

Keywords: elastic coupling; cylindrical bolts; nonmetallic element; finite element method;

1. INTRODUCTION

Couplings with non-metallic elements are included in the
category of elastic couplings [1 ... 7]. They make the
connection between two consistent elements of a
kinematics chain. The purpose of such a connection is to
transmit power (torque and rotational motion) without
altering the kinematics functions.

The elastic couplings with non-metallic elements
presented in [1 ...7], accomplish the following functions:
transmissions of rotation motion and moment torsion;
damping of shocks and vibration; taking over axial, radial,
angular/mixed deviations. The construction of coupling
and elastic elements was also presented.

Near the elastic longitudinal module, practical determined, it is
necessary to establish the stress values, researches made or
different qualities of rubber, or different forms of intermediary

element.

2. THE STRESS AND DEFORMATION
ANALISE OF NON-METALLIC ELEMENT

The FEM analyze of elements having different qualities
of rubber is based on some hypothesis of nonlinear
viscous-elastic behavior of material used for non-metallic
form. The modeling of non-metallic element was realized
with CATIA V5R21 software [8, 9, 10].

The studied form of elastic element is presented in figure 1
[11, 12]. The finite element method allows the choice of
an appropriate theoretical model, as a three-dimensional
medium with visco-elastic properties. In this way,

information can be obtained about the behavior of the
material with a high degree of accuracy.

Fig.1. Shape of nonmetallic elements

In the finite element analysis, in the first stage the design
of the piece to be analyzed is studied, establishing the
geometric dimensions; the place and size of the request,
the mode of constrain and the degrees of freedom
dissolved.

To perform finite element modeling, determine the type
of finite element that will be used.

For the non-metallic element model shown in Figure 1,
the material characteristics corresponding to ethylene
propylene rubber (EPDM), respective of natural rubber
(NR) .
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3. PROBLEM SOLUTION

In order to establish the loads applied on the studied
model, a functional analysis of the group on components
plates - rubber gasket - bolt / bolts was performed and
taking into account the restrictions presented in figure 2
and 3.

The non-metallic element was supported on the left side
on the side surface, inwards, of the foot of this shape and
embedded on its side surface located on the outside on the
right side of this shape.

Fig.2. The restrictions and parabolic distribution of
applied force

Fig.3. The restrictions and uniform radial distribution of
applied force

In figure 2 was applied a parabolic distribution of force,
and in figure 3 was applied a uniform distribution of
force.

So, for this form of non-metallic element was applied, in
those two cases corresponding material characteristics of
ethylene propylene rubber (EPDM, a force by value
F=166 N, on the interior circularly surface, by d, =16 mm
diameter; this force corresponds to the capable theoretical
torsion moment, M;= 41360 Nmm.

The states of displacements and tensions, in case of
material  characteristic  corresponded of ethylene
propylene rubber (EPDM) shape and parabolic
distribution of force, are presenting in figures 4...6.

In figure 4, the maximum deflection of non-metallic
element is 1,02 mm and it appears in the circular zone
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where it was applied the radial force, distributed
parabolic.

In non-metallic element appears Von Mises tensions
(equivalent tensions, see figure 5), and different values
between 2,14*10%...1,12*10° N/m?.

The principal tensions (compression/traction) from
ethylene propylene rubber (EPDM) shape as can be seen
in figure 6, have a variation between (— 2,01*10° ...
1,68%10° ) N/m?.

= ]l Y
Translational dise lacement:
i

]
&N Boundary:

Fig.4. The displacement of EPDM shape for parabolic
distribution of applied force

o Mises Stress (nodal valu
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5,7e+005
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1,31e+005
M 2,14e+004
(o Boundary

Fig.5. Von Mises Stress in EPDM shape for parabolic
distribution of applied force
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Fig.6. The principal tensions in EPDM shape for parabolic
distribution of applied force



The states of displacements and tensions, in case of
material  characteristic corresponded of ethylene
propylene rubber (EPDM) shape and it’s applied a radial
distribution of force, are presenting in figures 7...9. In
figure 7, the maximum deflection of non-metallic element
is 1,32 mm and it appears in the circular zone where it
was applied the radial force, distributed uniform.

Translational displacement n

mm
1,32

I 1,19
1,06
0,324
0,732
0566

I 0,528
0,396
0,264

I 0,132
8]

On Boundary

Fig.7. The displacement of EPDM shape for radial
distribution of applied force

Fig.8. Von Mises Stress in EPDM shape for radial
distribution of applied force

o
2
or co

‘Siress principal tensol

mponent: (o
N_m2 '

Fig.9. The principal tensions in EPDM shape for radial
distribution of applied force

For radial distribution of applied force, in non-metallic
element realized from EPDM rubber appears Von Mises
tensions (equivalent tensions, see figure 8), and different
values between 1,21*10%... 4,43*10° N/m2. The principal
tensions (compression/traction) as can be seen in figure 9,
have a variation between (- 9,72%10° ... 8,69*10°) N/m?.
Next, the shape in Figure 2 was analyzed by the finite
element method applying mechanical material

characteristics corresponding to natural rubber NR and
applying a force F = 166 N uniformly distributed in the
radial direction (see fig. 10...12).

ranslational dsplacermert

Fig. 10. The displacement of NR shape for radial
distribution of applied force

4,24e+005
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On Boundary

Fig.11. Von Mises Stress in NR shape for radial
distribution of applied force

In figure 10, the maximum deflection of non-metallic
element is 2,65 mm and it appears in the circular zone
where it was applied the radial force, distributed uniform.
For radial distribution of applied force, in non-metallic
element realized from NR rubber appears Von Mises
tensions (equivalent tensions, see figure 11), and different
values between (1,12%¥10%.. 4,24*10° N/m?. The
principal tensions (compression/traction) as can be seen in
figure 9, have a variation between (— 1,03*10°

6,45%10%) N/m>.
g

Stress principal tensor component (o
N_m2
&,45e+005
I 4,78e+005
3,1e+005
1,43e+005
-2,492+004
-1,82e+005
I -3,6e+005
-5,28e+005
-&,35e+005
I -8,632+005
-1,03e+006
On Boundary

Fig.12. The principal tensions in NR shape for radial
distribution of applied force
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Fig.13. The displacement of NR shape for parabolic
distribution of applied force

In figure 13, the maximum deflection of non-metallic
element is 1,94 mm and it appears in the circular zone
where it was applied the force distributed parabolic. In
non-metallic element appears Von Mises tensions
(equivalent tensions, see figure 14), and different values
between (1,96*10%..1,12*10%) N/m?, for parabolic
distribution of applied force. The principal tensions
(compression/traction) as can be seen in figure 15, have a
variation between (- 2,02*10° ... 1,69*10°) N/m?>.
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Figi4. Von Mises Stress in NR shape for parabolic
distribution of applied force

Table 1. The results of modelin

The shape in figure 2 was analyzed by the finite element
method applying mechanical characteristics of material
corresponding to natural rubber NR and applying a force
F =166 N distributed parabolic (see fig. 13 -15).
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Fig.15. The principal tensions in NR shape for parabolic
distribution of applied force

Table 1 shows the finite element modeling results of the
non-metallic element in fig. 2 which has been assigned
mechanical characteristics corresponding to the Ethylene
propylene EPDM rubber, under the conditions of applying
a force F = 166N (distributed parabolically, respectively
radially uniform) and under various limit conditions.
Table 2 shows the results of finite element modeling of
the non-metallic element, shown in fig. 2, with
mechanical characteristics corresponding to natural
rubber NR, under the conditions of applying a force
F = 166N, in various limit and loading conditions.

From the synthesis of the data obtained for the previously
analyzed shape, the diagrams presented in figures 16 ... 18
were drawn, which allow a comparative analysis of the
possibilities of deformation of the non-metallic element
(fig. 16), of the Von Mises stresses (fig. 17) and main
(fig. 18) that appear in the non-metallic element, for
different qualities of rubber (NR, EPDM).

— Ethylene propylene rubber EPDM shape and F=166N

No Applied material

Limit and loading conditions

Obtained results behind modeling

l. Ethylene propylene
rubber (EPDM)

Parabolic distribution of force

e Maxim Displacement: 1,02 mm
e Von Mises Stress: (2,14*%10%...1,12*10°) N/m?

e Principal Tensions: (—2,01*10° ... 1,68*10°) N/m?

force

Uniform radial distribution of

e Maxim Displacement: 1,32 mm
e Von Mises Stress: (1,21*10%... 4,43*10°) N/m?

e Principal Tensions:(—9,72*105 ... 8,69*10°) N/m?
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Table 2. The results of modelin

— Natural Rubber NR _shape and F=166N

No

Applied material Limit and loading conditions Obtained results behind modeling

1.

Natural Rubber Parabolic distribution

e Maxim Displacement: 1,94 mm
e Von Mises Stress: (1,96%10%...1,12%10° ) N/m?

e Principal Tensions: (—2,02*10°... 1,69*10%)N/m?

e Maxim Displacement: 2,65 mm
e Von Mises Stress: (1,12%10*... 4,24*10¢) N/m?

e Principal Tensions: (— 1,03*10°... 6,45*10%)N/m?

Load condition:
F=166N, uniform distribution

3

I

g

=

S}

=)

St

gE

s

3 o

g =

E 3

5 &

=

EPDM NR
Type of rubber

Fig.16. The maxim deformation of shape for uniform

radial distribution of applied force

Load condition:
F=166N, uniform distribution

metallic element [N/I%l]
&
1

Maximum Von Mises stress in non-

EPDM, 4,24 *106

~ EPDM NR
Type of rubber

Fig.17. The maxim Von Mises stress in the non-metallic
element for uniform radial distribution of applied force

Load condition:
F=166N, parabolic distribution

2.4 4@ EPDM
BNR

2

metallic element [N/m]
&

Maximum Principal tensions in non

EPDM, 1.68 *10°

EPDM NR
Type of rubber

Fig.18. The maximum principal tensions in the non-
metallic element for parabolic distribution of applied
force

4. CONCLUSION

The analysis using the finite element method of the non-
metallic elastic element in the construction of the elastic
coupling with cylindrical bolts and non-metallic elements
was very important. The study revealed the influence of
the characteristics of the material applied to the analyzed
element on both the deformation state of the element and
the stress states of Von Mises, which are interpreted as
equivalent stresses that appear in the analyzed element,
respectively on the main stresses.
In the finite element modeling of the nonmetallic element an
analysis was performed on different materials, with different
mechanical characteristics, different limit conditions and
analyzes were performed for the same values of the load
force, but different force distribution and the following
conclusions were reached. :
» by imposing different limit and loading conditions, but
also with different characteristics of the material
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applied non-metallic element, it is established that by
changing the limit conditions, the deformation of the
non-metallic element decreases;

» by applying a uniform pressure distributed on the
inner circular surface of the analyzed element, the
force corresponding to the theoretically capable
torsion moment, with the increase of the Young
modulus of the applied material, a decrease of the
deformed element of the analyzed element is
established. of natural rubber and uniform force
distribution;

» the maximum deformation of the non-metallic element
is maximum in the case of the non-metallic element
made of natural rubber NR, which means that this
element made by NR is more elastic;

» Von Mises stresses have maximum values for the non-
metallic element made of Ethylene propylene rubber
(EPDM);

» the main stresses that appear in the non-metallic
element analyzed for 2 rubber qualities and for limit
conditions and imposed loading conditions, have
maximum values, having a variation between - 2.02 *
10° ... 1.69 * 10°N / mm?, values corresponding to the
analyzed element with the characteristics of the
material corresponding to natural rubber NR.
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RESEARCH OF ADHESIVE AL-SHEET JOINTS IN THE DEVELOPMENT OF
LIGHTWEIGHT STRUCTURES

Biljana MARKOVIC
Aleksija PURIC
Marija PERENDIJA

Abstract: Gluing (adhesive joint), as a way of making joints in mechanical engineering, is gaining
importance in the development of spacecraft and aircraft, as well as the automotive industry. This
requires high load-bearing capacity and stiffness, with minimal weight, so alloys such as aluminum and
titanium are used. Adhesive joining is increasingly displacing the dominant rivets when joining light
metals, and is used to join thin sheets made of different types of materials. In this paper, the possibilities
of adhesive joining and the characteristics of adhesive joints made of aluminum alloy AW-5754 were
researched, using static tests, and their fractography was analyzed.

Keywords : adhesive joints, light constructions, static testing, Al alloys

1. INTRODUCTION

In order to increase energy efficiency, the concept of
sustainable lightweight (LW) design has been used for the
last few years. This concept of lightweight design, which
is currently used, refers to the reduction of the weight of
the structure by using lighter materials, which include
aluminum. The choice of materials for light constructions
also means the choice of joining technology, which is of
essential importance [1].

In order to think in the right direction when designing and
constructing light structures, the prerequisites are the
properties of the material such as: stiffness, strength,
ability to absorb energy. Usage the maximum potentials
of high-performance materials allows choosing the right
way to connect them [2].

Adhesion is a major element of the bonding technologies
used today [3-5]. This way of joining meets the
requirements of mechanical load, with high reliability of
the product, and in connection with the production and
climatic conditions.

Adhesives used to achieve adhesion must be resistant to
crash at high loads, allow uniform application of adequate
force, stress distribution, weight reduction and allow
better rigidity of components, durability, as well as
properties shown in the crash test. In addition, these types
of adhesives have advantages that are reflected in low
thermal impact on materials, the ability to damping
vibrations and to improve sealing [1].

Adhesion is the process of making inseparable bonds in
mechanical engineering with non-metallic material,
through adhesion and cohesion forces, without significant

impact on the structure of the parts to be joined (Figure
1). Adhesion is a state in which two different surfaces
made of different (or the same) materials are held together
by the interaction of attractive forces due to the
interaction of molecules, atoms or ions.

Cohesion or internal strength is the action between two
surfaces of a material, ie. attractive forces of identical
atoms or molecules. Cohesion strength depends on the
material and temperature. Metals have the highest
cohesive strength, and liquids and gases have the lowest.
The molecular weight of the polymer is an important
factor in determining the cohesion strength of the
adhesive.

Double action of optimal adhesion and cohesion is
required to connect the forces and to achieve the optimal
strength of the adhesive joint. When optimal adhesion
forces are achieved in the preparation of the bonding
material, then the cohesive strength of the bonded joint is
the decisive criterion for its strength [6].

Adhesion

Adhesion
Fig. 1 Adhesion and cohesion bonds in adhesive joint [7]

The mechanisms of adhesion have been intensively
researched in recent years; so many theories have been
put forward that explain the principles of adhesion.

However, none of them fully explain adhesion. It can be
concluded that the adhesion of the adhesive to the surface
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of the part to be bonded is the result of mechanical,
physical and chemical forces that overlap and affect each
other.

After Fe (iron), aluminum is the second metal used in
modern mechanical engineering. It is used as a pure metal
in electrical engineering, metal processing, food and
chemical industries, but its application is much more
important in the form of various multicomponent alloys
that are widely used in the mechanical industry [8-10].
Joining of aluminum sheets can be achieved by applying
the following technologies [3-5, 11, 12]:

- Welding;

- Connection with mechanical elements (screws, rivets);

- Gluing (adhesive bonding);

- Hybrid merger.

Adhesion, due to its low specific weight, as well as due to
the thin layer of adhesive in the joints, has an advantage
over welded and mechanical joints [13]. Aluminum and
its alloys are characterized by extraordinary mechanical
properties, which have opened many technological
sectors. Although they are much lighter than other metals,
they have a very high mechanical strength, which is why
they are widely used in the aerospace industry (50%,
68%, depending on the manufacturer and model of the
aircraft). It is considered that aluminum constructions can
be competitive in applications where low specific weight,
corrosion resistance, functionality of construction forms
and profiles are important.

In this paper, the analysis of the mechanical properties of
the adhesive joint of aluminum alloy AW 5754 with a
thickness of 1 mm will be presented. Commercial
adhesive, Loctite EA 3430, Henkel, (two-component
epoxy adhesive) was used for adhesion.

2. DESIGN OF ADHESIVE JOINTS

The rules for forming adhesive joints are similar to those
for solder joints. However, adhesive technology is more
complicated and error-prone. The choice of adhesive
largely depends on the type of material to be joined, the
required joint strength, external influences (humidity,
temperature, corrosion) [14].

The possibility of fast and reliable adhesion of all types of
materials is the reason why today adhesives are
considered a standard part of many production processes.
Almost all types of materials such as steel, aluminum,
synthetic and composite materials, glass and ceramics can
be combined with the help of adhesives. In this way,
manufacturers can choose materials without restrictions
related to joining different materials [15].

- The decisive role, however, is played by the
position of the sheets to be joined, with the
appropriate parameters of the manufacturer,
which relate to the choice of adhesive. E.g [13]:

- Butt joints are undesirable, pipe butt joints are
particularly unfavorable, folding joints with
beveled edges are more favorable;

- Angle joints cause stress concentration, so they
need to be strengthened at the ends;

- In order to avoid stress concentration, the shear
load is the most favorable;

The strength of the adhesive joint depends not only on the
correct choice of adhesive, but also on a number of other
factors. Thus, numerous tests have shown that in addition
to the type of adhesive (including correctly implemented
adhesive  technology), environmental conditions,
temperature, duration of load, type of load, surface
treatment, etc. are also influential.

Adhesive joints are subject to changes in mechanical
properties, depending on the time elapsed in operation
regardless of the load (the so-called aging effect of the
adhesive). This effect occurs even without load, after
long-term storage of the joined elements. The aging of
metal adhesives depends primarily on the type of
adhesive, the condition of the surfaces before adhesion,
but mostly on the environment in which the bond is glued
(dry air or sea water). Resistance against aging is
generally higher with hot-setting adhesives than with
cold-setting adhesives [16, 17]. The thickness of the
adhesive layer in the bonded joint also affects the strength
of the joint. It is always more advantageous that the
thickness of the adhesive layer is smaller. An adhesive
layer thickness of 0.05 to 0.15 mm is considered optimal
for most adhesives [18]. This is all true for folding and
butt joints of sheets and similar shapes, where it is
relatively difficult to control the thickness of the adhesive
layer. Otherwise, the exact thickness of the adhesive layer
can be achieved only by connecting pipes and similar
elements with a closed contour.

Surface treatment significantly affects the strength of the
adhesive joints of aluminum alloys. Yasmin Boutar et al
[19] founded that the decrease in surface roughness was
found to increase the shear strength of single lap joints.
Experimental results show that rougher surfaces have less
wettability which is in coherent with shear strength tests.
The author's C. Borsellino et al [20] also conclude that
roughness significantly affects the strength of the
adhesive joints of aluminum alloys.

The strength of the adhesive joints is highly temperature
dependent [21], with cold binder adhesives being more
sensitive to temperature rise than hot binders. Hot-melt
adhesives are used for temperatures up to about 250°C
(there are also special high-temperature adhesives up to
350°C), so that the maximum allowable permanent
temperature of the loaded adhesive joint (excluding other
influences) is determined by these values.

3. TESTING OF ADHESIVE JOINTS

The failure mode of the adhesive joint depends on a
number of factors: adhesive properties (cohesion and
adhesion strength), bonding material properties (free
surface energy, surface roughness, surface cleanliness,
mechanical properties), adhesion process and flow,
pressure, temperature, time, humidity etc.), the design of
the adhesive joint (adhesive layer thickness, substrate
thickness, joint types and dimensions) and load conditions
(load type-static or dynamic: mode, time, temperatures,
loads, etc.).

Adhesive joints should be shaped so that they are
primarily shear stress (folding joint) and to a lesser extent
tension / pressure (butt joint), therefore, in these joints the
working force should act in the plane where the joint is
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made. Bending and twisting stresses should be avoided
[14].

Testing of adhesive joints involves static and dynamic
testing. Adhesive joints are tested in the following three
ways [22]: a tensile-shear test known as the TS test
(Figure 2a); L tensile test (Fig. 2b); H tensile test (Figure
2¢).

- =

b)

¥ L

Fig. 2 Methods for testing the adhesive joint: a) TS test;
b) L test; ¢) CT test

The values of the degree of safety of the adhesive joint is
in the range S=2-5. The most important influencing
factors on the load-bearing capacity of adhesive joints are
the type of material to be joined, the thickness of the
adhesive in the joint, the roughness of the adhesive joints
surfaces, the environment during operation and similar.
Different types of fractures can occur during tensile
testing. Four types of fractures are characteristic for an
adhesive joint [23]:

1. Adhesive fracture (Fig. 3 a);

2. Adhesive-cohesive fracture (Fig 3 b);
3. Cohesive fracture (Fig 3 c);

4. Subtractive fracture (Fig 3 d).

(a)

(<l

Fig 3.Types of fracture in adhesive joints [23]

4. EXPERIMENTAL RESERACH

The test was adjusted to the equipment of the Faculty of
Mechanical Engineering of the University of East
Sarajevo (SHIMADZU AGS-X test machine). Tension-
shear test was performed, i.e. TS test. The speed of the
traverse during the test was 2 [mm/min]. The aim of the
test is to determine the maximum force that the adhesive
joint can withstand. The test was done for three samples.
Preparation of test specimens was performed in
accordance with available research, experientially sheet
thickness Imm (Figure 4). Cutting and bending of the
samples was done by hand with the use of auxiliary tools.
The first sanding was performed with P120 sandpaper,
and the final sanding with P240 granulation paper. At the
end of grinding, the samples were cleaned with alcohol,
Ethanol 96%. This is a common process of preparing
samples for adhesion and the goal of sanding and cleaning
is to remove impurities from the metal surface that can
affect the quality of the joint.

Adhesive

Fig. 4. Prepared samples for adhesion

The samples were adhesived with Loctite EA 3430
(Henkel). It is a two-component epoxy adhesive that has
great application in industry. Adhesion time was 10
minutes, taking into account the viscosity of the adhesive.
After the adhesion process, the samples were clamped
with plastic clamps to prevent movement during the
drying process. The drying process lasted 24 hours at
room temperature (approximately 20 °C).

Fig. 5. Samples during drying
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The results of the tensile test (TS test) are shown in
Figures 6, 7, 8.

T1
7000 -
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o //-?
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2000
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DISPLACEMENT  [mm]

Fig. 6. Force- displacement diagram for sample T1

The figures show that the adhesive joint withstood a force
in the range of 6000-6500 N. Taking into account the
thickness of aluminum alloy sheets AW-5754, which is 1
mm, and width 30 mm, and tensile strength Rm = 245
N/mm?2 it is concluded that sheet metal of these
dimensions and this material can withstand a force of
approximately 7350 N. Comparing this value with the
value obtained in the tensile test, it can be concluded that
the given joint gives satisfactory mechanical
characteristics because the load-bearing capacity of the
base material (sample) is only 11% higher than the load-
bearing capacity of the adhesive joint.
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Fig. 7. Force-displacement diagram for sample T2
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Fig. 8. Force- displacement diagram for sample T3

In all three diagrams, it can be noticed that when the
moment the force reaches approximately 4000 N, a zigzag
line appears, which manifests itself from the occasional
tearing (cracking) of the adhesive.

Figure 9 shows the T (T1, T2, T3) samples after fracture,
while Figures 10, 11, 12 show the fractography of the
compound.

Fig. 9. Display of T samples after fracture

Fractography of the joins was performed on a Leica EZ4
microscope, and from the analysis of the result it can be
concluded that in these cases there is an adhesive-
cohesive fracture.

Fig. 11. Fractography of the T2 join sample
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Fig. 12. Fractography of the T3 join sample

5. CONCLUSION

Considering the trend of design development for
lightweight structures and the requirements for high
productivity in industrial production, the increased use of
structural adhesives is expected. Mentioned adhesives
will be more and more represented, because the design
focused on lightweight constructions means saving
resources, and this is impossible to achieve, among other
things, without the use of adhesives. There is a clear trend
of increasing use of composite materials and aluminum
alloys, primarily in the automotive and aerospace
industries because weight reduction is very important in
these industries. In the future, the success of
metalworking companies will largely depend on their
ability to exploit the innovative potential of using
composite materials. In this sense, structural adhesion is
an important factor and key technology (industrial
production) in choosing the way of joining in the machine
industry, both homogeneous and heterogeneous materials,
21st century. Adhesion is most often used for joining
dissimilar materials, but in this paper, joining of
homogeneous materials is presented.

Cohesion and adhesion forces are responsible for the
strength of the adhesive joint. Although many
mechanisms are known to work in the adhesive material
and between the adhesive and the surface of the parts to
be joined by adhesion, it is still not possible to determine
exactly which mechanism is most responsible for creating
the adhesive joint, i.e. which mechanism achieves the
highest joint strength.

The procedure for adhesion of aluminum alloy sheets
AW-5754 is presented and analyzed. Loctite EA 3430
epoxy two-component adhesive from Henkel was used for
adhesion. Testing of previously prepared samples was
performed using test, namely, the tensile-shear test TS.
The test results show that specimens prepared and tested
for tensile-shear or TS test can withstand a force in the
range of 6000-6500 N. Analyzing the fractography of the
joint samples tested by TS test, it can be concluded that
adhesive-cohesive fracture has occurred.

The results of the performed experiment are satisfactory
from the aspect of durability of the adhesive joint.
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BASIS FOR SIMPLIFIED ZIPLINE MODEL ANALYSIS
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Atila ZELIC

Abstract: This paper shows the procedure for creating a computational zipline model, as a basis for
making an experimental model with adjusted geometric characteristics in relation to the real system.
Since it is not possible to satisfy the geometric similarity between all sizes of the real zipline and the
experimental zipline model, the model will be formed so that it has the same inclination angle and the
same deflection ratio in the loaded and unloaded state. The model will enable the variation of a larger
number of types and ropes diameters. The idea is to achieve the ratio of rope deflection in the unloaded
and loaded state, such as on a real zipline, with different tensile forces for different dimensions or rope
types. The kinematic characteristics can be measured later for the obtained variants. Additionally, the
measured characteristics can be compared with the calculated values.

Keywords: zipline; model; similitude
1. INTRODUCTION

This paper presents the development of a reduced zipline
model, which will later be used for the validation of the
computational model and comparison with the real zipline
in accordance with the theory of similitude [1, 2].

In general, it is not possible to make a model in a certain
geometric scale. For example, a real zipline has a span of
about 1.5 kilometres whereas rope with a diameter of 16
mm was used, [3-5]. The simplified zipline model could
be about 5 meters long, and the smallest diameter of the
rope that can be found in regular production is about 1
mm. Therefore, the modelling of the =zipline was
approached, which met the condition that it has a similar
angle of inclination, as well as that the ratio of deflection
in the loaded and unloaded state of the model is identical
to the ratio of deflection on the real zipline.

There is a plan to perform measurements in the future on
the model which is described in this paper.

For the real zipline, data for the rolling resistance can be
found in the literature for cable cranes and ropeways.
However, the mentioned data are valid only for certain
relationships (ratio) between the load on trolley and
tightening force, as well as between the wheel diameter
and the mean diameter of the wheel bearing. Therefore,
before comparing the results between real zipline and
simplified model analysis, the rolling resistance
coefficients should be determined in a specific way which
is developed by the authors, but which is not the topic of
this paper.

2. MODEL DESCRIPTION

Fig. 1 shows the lower station of the model, on which an
aluminium frame (1), a steel rope (2), a redirection pulley
(3) and a tension weight (4) can be seen.

Fig. 1. Model of lower station with redirection pulley and
tension weight

The experiments are planned to be performed on 6x7 rope
construction with a fibre core with a diameter of 2 mm, 3
mm and 4 mm which are shown in Fig. 2.
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Fig.2. Wire ropes (left to right 4 mm, 3 mm and 2 mm)

The redirection pulley is made by 3D printing to have as
little mass and moment of inertia as possible, and thus
have minimal impact when starting. In order to ignore the
friction in the redirection pulley bearings, the ratio of the
mean bearing diameter and the nominal redirection pulley
diameter must be greater than 10. The nominal rope
diameter is adopted to be 160 mm, while the outer bearing
diameter is 8 mm and the inner 3 mm. The mean diameter
of the bearings, in that case, is:

d A
dmean — outer +dmner — 8+3 — 5.5 mm (1)
2 2
so the mentioned ratio is:
D
Dae 160 o, .
5.5

mean

which is enough to ignore the friction in the bearings. The
redirection pulley model is shown in Fig. 3.

Fig.3. Geometrical model (left) and 3D printed sample
(right) of the redirection pulley

Fig. 4 shows the redirection pulley mounted to the lower
station and tensioned with weight.

Fig. 4. Redirection pulley mounted to the lower station

Fig. 5 shows bearings for the redirection pulley and
trolley wheel as well as rope fastener clamps and
thimbles.

Fig.5. Bearings for redirection pulley and trolley wheel
(left) and rope fastener clamp and thimble (right)

2 B

T ™

)

Fig.6. Geometrical model and fabricated sample of
wheels

The geometric model and appearance of the 3D printed
sample of wheel are shown in Fig. 6, while the geometric
model and appearance of the trolley can be seen in Fig. 7.
The trolley wheel (Fig. 7, pos. 2), like the redirection
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pulley, was obtained by the 3D printing process. The
wheel has an outer diameter of 26 mm and a rolling
diameter of 16 mm. Identical bearings are installed in the
wheel as in the redirection pulley, which means ¢8 mm /
03 mm /4 mm.

The frame of the trolley (Fig. 7, pos.l) is made of a
rectangular aluminium tube in which a threaded rod (Fig.
7, pos. 3) is attached from below, on which a part of the
measuring equipment is attached and, if necessary,
additional weight. The total weight of the empty trolley is
29 ¢.

®\

\'74

I\

Fig.7. Geometrical model (left) and fabricated sample
(right) of the trolley

3. MEASUREMENT PROCEDURE

Measurements were performed using Arduino UNO and
Arduino MEGA microcontrollers and appropriate sensors.

Fig.8. The starting position of the trolley with measuring
equipment in the “upper station”

Distances were measured from the wall to which the
upper end of the rope was attached, as well as from the
ceiling, and the measured values were either recorded on
the SD card or sent by radio from the controller which
was mounted on the trolley to the controller which was
connected to the computer.

3.1. Swinging issues

The centre of gravity of the trolley is not at the centre of
the wheel but is lowered relative to it. So, if the trolley is
not released from the position where the centre of gravity
is exactly vertically below the point of contact between
the wheel and rope, swinging will occur during
movement. The swinging also occurs as a consequence of
the “delay” of the load about the trolley in the initial
moments of movement. The mentioned swinging, if it is
within some reasonable limits (the one that occurs due to
the “delay” of the load with a possible small imbalance
during release) does not have a great impact on the range
and maximum speed. In order to substantiate this claim,
the following diagrams of travelled distance and change
of velocity over time for cases where the load is
suspended as a mathematical pendulum and for the case
when the mass of the load is concentrated in the centre of
the trolley wheel are given. To maximize the impact of
the swing, damping and friction between the connecting
rod and the trolley have been neglected.

+-| — Kolica.CM_Position X
| | ---Teret CM_Position.X

Length (meter)

Fig.9. Diagram of range for trolley and load in case when
the load is modelled as a mathematical pendulum

| [ — Kolica N _Veloaty X
ol - - Teret CM_Velocity X \

Velocity (meter/sec)
o

Time (sec)

Fig.10. Diagram of velocity for trolley and load in case
when the load is modelled as a mathematical pendulum
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Fig.11. Diagram of range in case when the mass of the
load is concentrated in the trolley wheel centre
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Fig.12. Diagram of velocity in case when the mass of the
load is concentrated in the trolley wheel centre

Swinging has a much greater impact on the measurements
than on the driving characteristics themselves. Namely,
although the velocity oscillates around a certain value, the
final range is practically the same as when observing the
movement of a material point. However, a problem arises
when reading sensor values. The first, bigger, problem
arises due to the fact that the returning ray can pass the
sensor. Another, and much smaller, problem lies in the
fact that instead of the sensors giving the shortest distance
from them to the wall or ceiling, they actually give the
slanting distance. This problem could be solved by using
a gyroscope that would give a value of angle at a certain
point, so that the real distances could be recalculated.

T

Fig.13. Passing of returning ray and receiving zone of the
sensor due to load swinging

The swinging is most expressive after the stopping of the
trolley, but those do not affect the driving characteristics.

3.2. Ultrasonic sensor issues

The ultrasonic sensor works by sending a specific signal
and waiting for the rejected sound to return. The sensor is
in principle intended for measuring distances in quasi-
static conditions, [8]. The sensor that measures the
horizontal distance has a problem due to the Doppler
effect.

Echoloation Doppler shift reduction

inecho frequency

=

Constant frequency pulse Doppler shift ncrease
iy echo frequency
L)

4

Fig.14. Ultrasonic sensor (left) and
Doppler effect (right)

Sensor intended for measuring the vertical distance has a
problem that, due to the high speed of the trolley in the
horizontal direction, the feedback signal passes the
sensor.

Ni

LX) ]
x(t+41)

T

Fig.15. Inappropriate velocity

For example, the distance of the upper point of hanging
the rope from the ceiling is 50 cm, while the maximum
deflection in case of a rope with a diameter of 3 mm with
span of 4.7 m and a drop of 0.4 m tightened with a weight
of 500 g for lowering of the trolley with measuring
equipment weighing 185 g is 46 cm measured in relation
to the lower station. This gives the greatest possible
distance from the vertical sensor to the ceiling of 136 cm.
If it is assumed that the speed of the trolley in the
horizontal direction of 3 m/s can occur, it means that the
sound emitted from the vertical sensor would be
necessary:
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S, 2-1.36
=Dt — 222 0,008 5 3)
v 340

to reach the ceiling and go back. During that time, the
trolley would move:

Spor = Vior -1 =3-0.008 = 0.024 m=24 mm 4)

in the horizontal direction, which is too much for given
size of the sensor receiving zone which amounts 16 mm.
The second problem, which is expressed in the sensor that
measures the horizontal distance, arises due to the
relatively wide “measuring angle” due to which the rope
gets into the measuring zone.

Fig. 16. Width of measuring zone, [8]
The problem was partially reduced by using rectifiers
mounted on the emitter of the horizontal sensor. Fig. 17

shows the propagation of an ultrasonic wave for the case
with and without a rectifier.

P

Fig.17. Propagation of an ultrasonic wave for the case
with (right) and without a rectifier (left)

3.3. LiDAR sensor

The LiDAR laser sensor works on a similar principle as
the ultrasonic sensor, but with the emission of a light ray

instead of ultrasound.
v - v
'‘n
3 |

Fig.18. LiDAR sensor

Fig. 19 shows a model of a trolley with measuring
equipment. The figure shows only the basic layout where
the wires are omitted for clarity.

Vertical distance sensor

Microcontroller modu

Fig.19. Trolley with measuring equipment

As already mentioned, the problems described in the
previous point can be avoided by using a laser sensor.
Namely, the laser sensor has a significantly narrower
“measuring angle” which for the specifically selected
LiDAR TF Mini model is 2.30 degrees, [9]. As the ray is
emitted at the speed of light, there is no problem with the
Doppler effect and bypassing of the returning ray and the
Sensor.

4. CONCLUSION

Within the paper, a simplified model of zipline was
described.

Since the mentioned scaled model wants to achieve model
similarity, some quantities can be recalculated, but not all
of them. For those which can not be recalculated, a
procedure for their determination must be developed.
Paper gives also a measurement procedure. The load
swinging problem is analyzed and conditions under which
it could be neglected are given. Issues whit some kind of
sensors like ultrasonic are considered, as well as
recommendations for their overcoming.
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VIBRATION ANALYSIS OF THERMAL IMBALANCE
OF TURBOGENERATOR ROTOR

Ranko ANTUNOVIC
Nikola VUCETIC
Slobodan JURIC
Dejan JEREMIC

Abstract: The appearance of an uneven temperature field in the rotor of the turbogenerator occurs due to
uneven heating or cooling and due to asymmetric distribution in the structure of the rotor masses. As a
consequence of the uneven distribution of the temperature field in the rotor, deformations (thermal
deflection) occur, which result in a change in vibration levels and unstable system operation. These
deformations are manifested as additional deflections of the rotor, so that the state of balance of the
system changes significantly. Vibration analysis and monitoring are one of the most reliable ways to
diagnose the existence of thermal deflection. This paper deals with the phenomena of thermal deflection,
the appropriate mathematical model is given, and the emphasis is on diagnosing this problem using
vibration analysis. It should be noted that the thermal balancing process can be carried out by changing
the intensity and location of cooling on the rotor, which is achieved by dampening the flow of coolant.
These interventions can be done on the basis of detailed analyzes of the causes in a complex system of

heating and cooling of turbogenerators.

Keywords: vibration, thermal inbalance, diagnostics, turbogenerators

1. INTRODUCTION

The appearance of an uneven temperature field in the
rotor of the turbogenerator occurs due to uneven heating
or cooling and due to asymmetric distribution in the
structure of the rotor masses. As a consequence of the
uneven distribution of the temperature field in the rotor,
its deformations occur, which result in a change in
vibration levels and unstable operation of the system.
These deformations are manifested as additional
deflections of the rotor, so that the state of balance of the
system changes significantly. Vibration analysis and
monitoring are one of the most reliable ways to diagnose
the existence of thermal deflection.

By monitoring the trend of 1X vibration component, due
imbalance, comparing with the trend of process
parameters (primarily reactive power) the existence of
this defect can be diagnosed. Thermal imbalance during
stationary operation of the generator causes a change in
the amplitude and phase of the 1X vibration component.
The paper deals with the phenomena of thermal
deflection, the appropriate mathematical model is given
and the emphasis is on diagnosing this defect by vibration
analysis. The correctness of this diagnosis was confirmed
on the synchronous generator of TPP Gacko (type TBB-
320-2).

It should be noted that the thermal balancing process is
carried out by changing the intensity and location of
cooling on the rotor, which is achieved by dampening the
flow of coolant. These interventions can be reported on
the basis of detailed analyzes of the causes in the complex
heating and cooling system in turbogenerators.

2. FORMAT TEMPERATURE FIELD OF
TURBOGENERATOR ROTOR

During the operation of synchronous generators, a large
part of energy is lost and converted into heat. Losses
consist of losses in the stator and rotor windings, then in
the core and losses in bearings and seals where the kinetic
energy is converted into heat. The examination revealed
empirical dependences of the lost energy converted into
heat and other types of energy and power of synchronous
generators (Fig. 1).

It should be noted that when changing the mode of
operation of the generator and uneven cooling on the rotor
circumference due to various possible causes (errors in
processing, asymmetry and unevenness of cooling
openings and grooves for windings, dust, cracks, etc.)
asymmetric and nonstationary temperature fields occur in
different locations and has its change in time.
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Fig. 1. Losses: a) stator winding, b) in the rotor of
synchronous generators depending on power, type of
cooling and efficiency factor K

To these losses it should be added another 25% of losses
in iron and 20% of losses due to friction in bearings and
seals in relation to the losses in Fig. la. As most of the
lost energy is converted into heat which must be removed
from the generator by cooling, another 25% of energy is

needed (according to diagram la) for cooling the
generator [5]. Table 1 shows the type of cooling and the
influence of the type of cooling on the efficiency factor K.
Fig. 2 shows a schematic cross-section of a synchronous
generator with a cooling system. Cooling of rotor and
stator grooves with windings is performed with coolant
according to Table 1 and the appearance of rotor grooves
and possible cooling methods is shown in Fig. 3.

Fig. 2. Schematic display of turbogenerator with cooling

system
Table 1.
Cooling Refrigerant Power
For stator For rotor
windings windings For stator iron _ [Efficiency factor K
stator rotor [MW] [KVA min/m?]

indirectly indirectly air air air 100 -
indirectly indirectly hydrogen hydrogen hydrogen 320 11
indirectly directly hydrogen hydrogen hydrogen 500 17,5
directly directly hydrogen hydrogen hydrogen 800 28
directly directly water hydrogen hydrogen 800 28
directly directly water water water, air 1200 42

Fig.3. Schematic display of grooves shape and cooling
type

Due to such, even very small temperature differences due
to the high elasticity of the rotor and the large gap
between the bearings, a deflection of the neutral line of
the rotor is formed which has the direct consequence of
smaller or larger vibrations on the generator bearings. It
should be noted that a temperature difference of only
1.5°C can cause a deflection of the elastic rotor line of 0.1
mm. In companies where generators are produced, in such
cases the empirical procedure of correcting the flow of
coolant in certain zones of the rotor is performed.
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3. MATHEMATICAL MODEL OF THE
ROTOR IN THE EXISTENCE OF
THERMAL DEFLECTION

The mathematical model is oriented towards the detection
of this defect by means of the analysis of the sensor
response given by the sensors placed in the bearings of
the turbogenerator. The model is shown as an elastic rotor
with concentric masses. Additional imbalance due to
thermal deflection introduces additional inertial force into
the model as an external force into the system. Consider a

model of an elastic rotor with an asymmetric temperature
field, Fig. 4.

Fig. 4. Schematic representation of asymmetric
temperature fields and deformable shape of the rotor



Based on the equations of mathematical physics, for the
case of a real model of a turbogenerator, the analytical
model of a rotating temperature field can be described by
differential equation (1):

lg(lr a_TjJ,_
ror or

with boundary condition (Fig. 4):

o’T

2
A0T 6T /1+—2=pca—T+q(r,6’,x,t)
ox ot
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T =T,(0) for r =Rand

T(r,0) = Z(Rj a, cos(nd) +b, sin(nd) )
n=0

where temperature field in case of system defined by

cylindrical coordinates. In order to define the deflection

of the neutral line of the bent rotor, the Bernulli-Euler

hypothesis which defines the thermoelastic moments and

the deflection of the rotor was used.

In the case of stationary mode, the temperature deviations
can be described by differential equations:

v _aq d’ V_ _ab
dx* R dx’ R

where al and bl are coefficients.

@)

By including the boundary conditions that the deflections
on the supports are equal to zero (Fig. 3), and by
integrating the differential equations (3), we obtain the
expression for the deflection of the neutral line due to
thermal deflection:

e= OZX (1 — 7) a’ +b} 3)

It is clearly seen that the existence of thermal deflection in
the mathematical sense creates an additional imbalance
that differs in phase from mechanical, with amplitude and
phase change depending on the temperature difference in
the rotor structure. Logically, the conclusion follows that
the image of rotor balance will change in the vibrational
response (change of 1X component amplitude and phase).

The maximum deflection of the neutral rotor line is in the
middle of the rotor and has the form:

_ I(0+aAT) _\/ﬁ
€ = TohT (d —+Jd” —(laAT)

2d -arcsin

4)
Now on the basis of known dependence it is possible to
obtain a value for the inertial forces due to thermal
imbalance.
By solving differential equation (1), values of
temperatures when rotating the rotor are obtained, which
affect the intensity of inertial forces. Thus, the inertial
force due to thermal imbalance can be analytically
expressed as:

= Ime(r, 0,x,t,0, AT) @ dx )

The overall mathematical model of a multimodal rotor in
a fluid environment can be presented and described as
follows (Fig. 5):
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Fig. 5. Model of multimodal rotor with sliding bearings

Differential equations of motion of a multimodal rotor
with sliding bearings, where in addition to the mechanical
unbalance there is also a thermal unbalance can be written
in the form:

Mz +D,z +K,(z,— l+1)+KI._1(zi—zi_1)+Fﬂi=

Jj(ot+e;) T
mirm[w e +F;’n (6)
i=lL.nz-2z,=0,z, -z, =0

4. DIAGNOSISING THE EXISTENCE OF
THERMAL DEFLECTION ON THE
TURBOGENERATOR ROTOR

The procedure of diagnosing and determining the
influence of the thermal field on the dynamic behavior of
the rotor will be presented on the example of monitoring
and testing of turbogenerators in TPP Gacko. Real-time
monitoring of turbogenerator condition showed that the
1X vibration component (amplitude and phase) of rotor
vibrations measured near the generator bearings (Fig. 6)
changed, which significantly affects the dynamic behavior
of the turbogenerator as a whole.

Vector History

| ™A | i 14 '-c‘bi

(«_&s_( (LA )_)/ )))

C. passy . - T

Fig. 6. Trend 1X vibration components of rotor vibrations
near bearing L7In this sense the asymmetry of the
magnetic field and the existence of thermal deflection on
the rotor part of the turbogenerator

The following test program was performed:

- At idle speed, at operating speed, without excitation
current, perform vibration analysis of generator bearings
and, if possible, rotor shafts on contact rings. Stabilization
time regime should be not less than 10-15 min.

- Give the excitation current to the windings at idle rotor
generator and record the vibration state of the bearings
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generator (determine the effect of magnetic asymmetry
fields).

- Synchronize and connect the generator to the network.
Raise the load gradually by staying at least at 3 stable
operating modes up to full load.The stabilization time of
each regime should be minimum 45 min. Record for each
mode vibration characteristics of bearings.

- Switch off the drive and record at operating speed
vibration characteristics of bearings

It should be noted that the installed online diagnostic
system "COMPASS" version 6, which is used to monitor
the operation of the unit, was used for testing purposes.

Table 2.

Analysis of rotor vibrations measured in the bearing area 6 and 7 [ |

Active| Reactive Bearing 6 Bearing 7
Number | power| power
i of
& = |revolutio
Eq| o v H v H
MW]| [Mzar] |1 [phase [2% [ 1X | phase| 2x 1X | phase| 2X | 1% [ phase x

X 1X 1X 1X

1} 17:03 | 3000 - . 496 -95 |4 [329] 153 |14 28.9] 132 | 296 | 759 | -84 79

2 17:47| 3000 given initiative [552] -103 | 5 [37,8] 144 [13.9] 37,5 116 | 30,9 | 75,7 | -94 39.6

3| 18:42| 3000 73 17,7 |57.8] -108 37.8| 148 |183 28.8] 113 30 731 -94 396

4(20:00| 3000 24 86 491 99 34,8 158 |21.2 29.3] 118 | 30.4 | 72,

5] 21:10| 3000 282 91 56| -T1 |32 |32 198 | 25 29| 222 36 89 -10 41

6| 21:30 | 3000 |Initiative off 59| -82 |31 |35 179 | 25 2] 191 34 75 =40 41

The test results are shown in Table 2. In Fig. 7 and 8 polar
representations of the trend of 1X rotor vibration vectors
measured near generator bearings over time are given.
The analysis of the results from the polar diagrams clearly
shows the existence of thermal imbalance, as well as the
influence of the magnetic field asymmetry on the dynamic
behavior of the aggregate as a whole. Vectors of 1X rotor
vibrations in different operating modes of the unit are
shown: Al-vector of 1X rotor vibrations by going to
operating speed, A2-vector 1X with given excitation, A3-
vector 1X after synchronization, A4-vector 1X after
increase of excitation current, ie reactive power from 17.7
to 91 MW and system stabilization (45 min), A5-vector
1X after disconnection.
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Fig. 7. Polar diagram of 1X vibration component in
bearing 7

The influence of thermal imbalance and magnetic field
asymmetry on the overall dynamic behavior of the rotor
can now be determined. The determined test values are:
Cl-vector of asymmetry of the magnetic field in the cold

state of the rotor, C2-vector of thermal imbalance with
17.7 to 91 MVar, C3-vector of thermal imbalance in the
heated rotor. It can be seen that the thermal imbalance at a
reactive power of 91 MVar is the same in intensity as the
residual mechanical imbalance on the rotor, but that it
differs in phase by 45°. Following the trend of further
changes in the thermal imbalance vector, it can be
concluded that by further increasing the reactive power,
the total unbalance vector (vector 1X of rotor vibrations)
would be inadmissible for further operation of
turbogenerators (especially on bearing 7). So, in the
process of further exploitation of the block the reactive
power should be limited.
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Fig. 8. Polar diagram of 1X vibration component in
bearing 6

5. CONCLUSION

This paper deals with the problem of thermal unbalance
of synchronous generators. Emphasis is placed on the
timely diagnosis of this defect by analyzing vibrations and
determining its impact on the dynamic failure of the
system as a whole. It has been shown that the best
indicator of the existence of thermal deflection is the
monitoring of 1X vibration vectors in the production
process. The existence of thermal deflection causes a
change in the amplitude and phase of this vector.
However, such a change in the 1X vibration vector can be
a consequence of other defects in the system (looseness of
rotating parts, contact of the rotor on the stator due to
increased mechanical deflection, propagation of cracks in
the rotor or foundations, etc.). Thus, to determine the
existence of this defect, a specific test program should be
performed (Chapter 3). After determining the existence of
thermal deflection, vibrodiagnostic analysis can determine
its effect on the overall dynamic behavior of the system
and clearly predict side effects. If it is determined that in
the production process the process parameters will be in
the zone where they will cause asymmetry of the
temperature field of the rotor that causes inadmissible
deflection, it must be resorted to its elimination. Note that
the elimination of this problem cannot be solved by
mechanical correction of the rotating masses of the rotor,
but the intervention of thermal balancing must be resorted
to.
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6.

SYMBOLS AND NOTATION

T -temperature, ¢ - time,

r,0 , x - cylinrical coordinates,

A - thermal conductivity

coefficient, w — angular velocity,

p - density,

¢ - specific heat,

q - amount of heat,

e - eccentricity of the rotor mass center from the
axis of rotation,

z; = x; *+ jyi - radial rotor displacement in fixed
coordinates

a - coefficient of linear expansion,

[- rotor length,
M ; -modal mass,
K; -modal stiffness,

Dy; - modal damping of the rotor environment,
m; - unbalanced mass,

rmi - imbalance radius,
€;- unbalance mass angle,
F;,,T - inertial force due to thermal imbalance,
V, W- deflections of the neutral rotor line in the
horizontal or vertical direction,

R,d- radius or rotor diameter.
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APPLICATION OF WELDING FOR THE PRODUCTION OF BALLISTIC
PROTECTIVE STRUCTURES

Vukié¢ LAZIC
Dusan ARSIC
Srbislav ALEKSANDROVIC
Milan PORDEVIC
Marko DELIC

Abstract: In the common industry and especially in military industry there is a growing need for
production of highly effective protective structures. For that purposes the most used materials are armor
steels. They belong into a group of the fine-grained, increased strength steels, which are manufactured by
intensive thermo-mechanical treatment at high temperatures and later quenching and low-tempering.
Combination of the heat and mechanical treatments provides for the fine grains and exceptionally good
properties of these steels, while the low-tempering enables relatively high hardness and good ballistic
properties. However, sometimes there is a need to weld these steels in order to manufacture some specific
assemblies. Since the way these steels are produced this is why the welding can negatively affect the
material properties in specific zones of the welded joint, what could lead to worsening of the material's
ballistic properties, as well. The aim of this paper was to determine influence of the welding procedure on
that mechanical and ballistic properties. In that order the model plates were welded with the specially
prescribed technology in three types of the joints: the but-joint, corner joint and the corner joint with the
shielding plate. After the welding the test plates were subjected to the ballistic tests which consisted of
shooting with three types of live ammunition at different types of the welded joints. At the end the

comparative analysis of the results is given.

Keywords: protective structure, welding, armor steels; ballistic properties,

1. INTRODUCTION

The combat vehicles for the infantry were created from
the tendency to increase the efficiency of the tanks and
possibilities for their survival on the combat field. The
problem that appeared was how to develop the armor,
which would guarantee the safety to the personnel by
preventing the penetration of the projectile from the anti-
armor ammunition into the vehicle, while simultaneously
realizing as good as possible its tactical-technical and
combat-exploitation characteristics. Taking into account
these requirements, it was inevitable to develop the
special group of the high-strength steels, known as the
armor steels that are being improved [1].

The Swedish company SSAB Oxel6sund [2] has the high-
strength steels in its production program, where the
especially interesting is a group of armor steels, known
under the commercial brand ARMOX, which are
produced according to the strictly defined manufacturing
procedures, [3]. Their excellent properties are resulting
from the manufacturing process. They possess a very low
content of carbon what positively affects their weldability,

while the strength is being achieved by application of the
thermo-mechanical processing (TMP) [1, 3]. However,
despite their exceptional properties, when the armor is
being welded, the worsening of those properties occurs,
locally, due to the entered heat. Such spots represent the
critical places on the structure and the objective of this
paper is to show how those places (various types of the
welded joints) behave in the conditions when being hit by
the projectiles of different types [4, 5].

2. WELDING OF SAMPLES

The welded joints on combat vehicles, made of this or
some other steel, represent the most vulnerable places of
the whole structure. The reason for that is the fact that in
welding of the armor steels the filler metals must be
applied, which produce the weld metal of the significantly
lower strength with respect to the base metal. Thus, the
appearance of the cold cracks can happen, since the armor
steels are very prone to hardening. Besides that, this steel
belongs into a group of the conditionally weldable steels,
which implies that adequate measures must be taken

189



during the welding. One of the most important measures
is to control the heat input, what is explicitly presented by
SSAB in specifications of this steel. The heat input is
limited to 200 °C, since at the higher temperatures the
excessive annealing occurs and thus the loss of all the
positive properties induced by the TMP. In this paper are
given recommendations that are mandatory to be followed
in order to obtain as high quality welded joints as
possible. The welding technologies are also proposed, all
based on recommendations by the steel manufacturer, as
well as the experts that have already dealt with this
problem.

777777 ST %\ g
a) b)

Fig. 1 Schematic presentation of the welded joint: a) butt,
b) corner and c) corner-edge

Fig. 2 Plates prepared for welding

Table 1 Used welding parameters

| Groove type v
" | Way of preparation grinding
Wire diameter 1.0 mm
2. | Type
Protective gas type Ar+2.5
Preheating temperature 125-175°C
3 Interpass temperature 150-175°C
" | Measurement procedure Thermo-chalks
Preheating device Gas flame
Welding procedure 135 (MMA)
Welding position PA
Welding technology To the left/75°
Power 190-210 4
Arc voltage 245V
4 Current type DC
" | Polarity +
Wire feeding rate 6 m/min
Welding rate 21 cm/min
Gas flow 18 l/min
Number of passes 2
Driving energy = 11000 J/cm

The experimental samples, needed for the ballistic tests of
the basic zones of the welded joint, were made in the form
of the butt, corner and corner-edge joints (Figure 1). The
plates' dimensions of the ARMOX 500T steel were200 x
200 x 8.6 mm and they were cut by the laser (Figure 2).
The welding was done using MMA welding procedure.
The welding parameters are given in Table 1 while in
Figure 3 are shown the plates' appearances after the
welding, for all the three cases.

Fig. 3 Welded plates: a) butt, b) corner and c) corner-
edge joint.

3. TESTING OF THE WELDED JOINT BASIC
ZONES BALLISTIC RESISTANCE

Many countries have prescribed standards regarding the
levels of the ballistic protection; the most used by the
ARMOX manufacturers are STANAG 4569 (Table 2)
prescribed by the NATO and EN 1522, prescribed by the
UN, primarily due to the customers' requests [4]. The
STANAG 4569 standard refers to degrees of the
protection for logistic and light armored vehicles.

The standard includes threats by the ballistic projectiles,
of the small and medium caliber, as well as the fragments
simulating the penetrators, in order to simulate the
artillery actions. It is aimed for the repeatable testing
procedures for estimate of the ballistic protection of the
armored vehicles' parts and for determination of the
critical zones on those vehicles. The threats are divided
into five levels, where the first level is related to civilian
threats, while the other levels are related for various
military threats.
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Table 2. Standard STANAG 4569 NATO

I;Zl- ‘Weapon type Caliber 1]1)4:1::[: VeL(;/c;ty,
7.62x51-NATO
Ball 833
I | Rifle 5.56x45-NATO 30
$5109 900
5.56x45-M193 937
Infantry 7.62x39-API
I rifle Bz 30 695
7.62x51-AP
1 Sniper (WC core) 30 930
rifle 7.62x54R-B32
API 854
Machine 14.5x114AP-
v gun /B32 200 o
\ i‘iﬁf’c 25 mm APDS- 500 | 1258
TM-791
cannon

4. RESULTS OF THE BALLISTIC TEST

Though the three samples were made for each type of
joints (the butt, corner and corner-edge), the ballistic tests
were done at one sample from each group, only. That was
done primarily due to the complexity of the experiment
and since the obtained data were sufficient to estimate the
ballistic resistance. The objective of the experiment was
to estimate the degree of damage, namely the type of
penetration of the basic zones of the welded joint (the
base metal — BM, the heat affected zone — HAZ, the
joining zone — JZ and the weld metal — WM) by
ammunition of the 7.62 x 39 type: M67 Ball, 7.62 x 51
NATO Ball (Ball M80) and armor bullet 7.62 x 54R B32
API (Dragoon's). The 7.62 x 39 M67 Ball bullet is not
prescribed by the NATO standards, but by the Russian
standards of the ballistic protection, which is not
guaranteed by the SSAB.
The experiment was performed on the test field of the
"Prvi Partizan DOO" company in Uzice, Serbia, which
has decades' long experience in producing the
ammunition and the tests of this kind. The finishing,
verification and homologation (approval) tests of
ammunition are being conducted on this test field. The
experiment was executed by the expert staff, according to
adequate safety standards. The testing equipment
included:
» Test barrel with the cover for measuring the velocity,
of caliber 7.62 x 39 mm,
» Test barrel with the cover for measuring the velocity,
of caliber 7.62 x 51 mm,
» Test barrel with the cover for measuring the velocity,
of caliber 7.62 X 54 mm,
» Stand for the test barrel
* Ammunition 7.62 x 39 M67 Ball, velocity at v25 =
725 my/s,
*  Ammunition 7.62 x 51 NATO Ball (Ball M80),
velocity at v25 = 830 m/s,
e Ammunition 7.62 x 54R B32 API, velocity at v25 =

790 m/s.

The samples of the armor steel, prior to the commencing
of the experiment, were firmly positioned in the wooden
frames, to prevent the loss of energy due to motion of the
plates when hit by the bullet. The distance from the exit
hole of the test barrel to the sample was 10 m. According
to the experimental plan, the welded joints were
positioned in such a way that the weldment was
perpendicular to the bullet motion direction, what at the
corner and corner-edge joints should present the behavior
of the base metal and the heat affected zone at the bullet
impact at an angle.

Appearance of the butt joint after the bullet impacts is
presented in Figure 4. Total of 10 projectiles were fired of
the three calibers [4].

0762x%39
AT62 %57

Fig. 4 Appearance of the tested sample of the butt joint
from the entrance side

After the tests on the butt joint, the tests of the corner
joint were performed, with the samples fixed as described
earlier. The total of 9 bullets was fired of the three
calibers. The entrance side of the corner joint is presented
in Figure 5 [5].

Fig. 5 Appearance of the tested sample of the corner joint
from the entrance side.

The penetrated spots — perforations were of the type
characteristic for an impact by the sharp pointed
projectiles into the armors of the small thickness. In some
cases they also appear for the flat bullets' impacts at
velocities that are close to the limiting velocities of
penetration. Consequences of penetrations of this type are
characteristic since the shape of the hole at the exit side
resembles the flower petals.

At the end, the corner-edge joint was tested, which on the
inside has little platelets made of the same material. The
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idea is that they should act as a protection in the case that
the weld metal and its vicinity have been penetrated. The
total of 8 bullets were fired of the three different calibers,
into the characteristic zones of the welded joint. Results
are presented in Figure 6 [4, 5].

Fig. 6 Appearance of the corner-edge joint with
protection: a) at the entrance side, b) at the exit side.

5. CONCLUSION

In this paper the ballistic check the penetration resistance

of three types of welded joints' zones were performed.

Ammunition used was 7.62 x 39 M67 Ball, 7.62 x 51

NATO Ball, and 7.62 x 54R B32 API. Besides, the whole

welding technology of the samples was presented.

Obtained results led to the following conclusions:

» The base metal, the heat affected zone and the weld
metal are all bullet proof for the caliber 7.62 x 39,
Test by the 7.62 x 51 caliber bullets showed that only
the base metal is resistant to penetration.

* For the armor ammunition of the 7.62 x 54R caliber
there are no obstacles, i.e. all the zones of the welded
joint are threaten, even the protective plates in the
corner-edge joint case.

Based on these results, one must recommend that vehicles
constructions made of this steel must be so designed that
all the zones of the welded joint should be well protected
against penetration by any caliber projectiles. The weld
metal should be hidden whenever possible, while the butt
joints should be strictly avoided in any case. If these
recommendations were not followed to the letter, the
safety of the personnel in the vehicle, against the
projectile penetrating the armour, cannot be guaranteed.

The reason that the welded joint is the weakest place at

the structure can be the heat input during welding. amely,

the heat generated during welding leads to worsening of
the properties of the material in the welded zone

(softening of the steel). Although, the steel producer
forbid the heating of the steel over 200°C in order to
preserve the good mechanical properties, during the
welding that cannot be achieved. Since the welding has to
be used for joining that is the reason why we tested
different types of joints in order to determine the most
favourable option.
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APPLICATION OF NDT TECHNOLOGIES OF TESTED BUTT WELDED
JOINTS

Vlatko Trifkovi¢

Abstract: In this research, an experiment was performed based on the comparison of the quality of
welded butt joints on three plates, at differently prescribed welding amperage. TIG welding procedure

was performed for butt joint welding, after which NDT test technology was applied. The paper performed
visual, ultrasonic and radiographic examination, where the difference in the quality control results of the

welded butt joint appeared. NDT technology has shown that visual inspection detects surface defects,

while ultrasonic and radiographic inspections show volume defects. It was concluded that the occurrence
of the error is not a consequence of the change in amperage, but the error of the welder.

Keywords: NDT technologies, TIG welding, butt welded joint

1. INTRODUCTION

The subject of this paper is the testing of butt welded
joint, structural steel S235 obtained by TIG welding
process. The experimental part of the work was done in
the company Termoelektro Oprema d.o.o. in Lopare.
During welding, due to certain omissions in the quality of
the basic or additional material or the selection of the
prescribed parameters and inappropriate technology, and
non-compliance with the same, situations arise in which
certain errors in the welded joint are very likely to occur.
In order to detect possible defects in time, welded joints
are checked by certain tests, which may be with or
without destruction. Non-destructive testing is explained
here: visual inspection (VT), radiographic inspection (RT)
and ultrasonic inspection (UT).

The experiment is based on comparing the quality of
welded butt joints on three plates, with differently defined
welding currents. The parameter of welding amperage
affects the amount of heat, and it affects the quantity and
quality of molten material, the dimensions of the weld
zone, the structure and mechanical properties of the
welded joint [1]. All butt joints are examined visually,
radiographically and ultrasound, where a difference in the
quality control results of the welded butt joint will appear.

2. NDT TECHNOLOGY

Non-destructive testing is a basic and important tool for
quality control of technical materials, production
processes, product reliability in operation and system
maintenance. It is normally interpreted that non-

destructive testing means the use of laws of physics,

based on methods for testing materials and products

without damaging those materials and products. The

decision to accept or reject the results of the examination

must be based on:

e thorough knowledge of materials and their properties,

e processes and their effect on properties,

e testing techniques,

e design requirements,

e product applications,

e working conditions, and overall life expectancy

In addition to visual testing, magnetic particle testing or

penetrant testing or (with appropriate restrictions) eddy

current testing may be used to detect available surface

imperfections, and radiographic or ultrasonic testing may

be used to detect internal imperfections.

The choice of test methods and levels depends on:

e welding process,

e Dbasic and additional material and processing,

e joint type and geometry,

e component configurations
condition, ...),

e required level of weld quality,

e of the expected
imperfection.

NDT technology includes: visual control, control by

magnets, eddy currents, penetrants, radiography and

ultrasound. In this paper, visual, radiographic and

ultrasound examinations have been performed, so they

will be explained in more detail.

(accessibility, surface

type and orientation of the
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2.1. Visual examination

Visual examination is based on the laws of physical

optics, and includes the detection and evaluation of

product quality characteristics by the human eye. The eye

can detect these characteristics only if there is sufficient

contrast of details on the examined surface, which can be

achieved:

e differences in brightness,

e the formation of shadows,

e color differences.

In order for a detail, such as a crack, corrosion product, or

geometric shape, to be recognizable on a surface, that

detail must produce a sufficiently high contrast to the

remaining, correct surface. Contrast can occur:

e due to differences in light emission density
(reflectivity, shadow casting),

e due to color differences.

The recess (crack, surface pore, groove) on the metal

surface "swallows" light more than the rest of the surface,

and therefore has less reflectivity than the surrounding

surface.

lampa

Fig.1. Contrast due to light emission density [2]

Standard BAS EN ISO 17635: 2018, defines the
conditions of visual testing and equipment that can be
used, requirements to be met by test personnel, visual
inspection of repaired welds, and test documentation with
information to be provided in the report.

2.2. Radiographic examination (RT)

X-ray and gamma radiation is able to penetrate through
matter, and the intensity of that radiation is weak, among
other things, depending on the thickness of the irradiated
material. Industrial radiography is based on determining
differences in the intensity of radiation due to the reduced
thickness of the material at the site of discontinuity in
relation to the entire, undamaged wall.

Industrial X-ray devices, accelerators or gamma
radioactive isotopes Se-75, Ir-192 and Co-60 can be used
as radiation sources. Visualization of the distribution of
radiation intensity that has passed through the examined
object (radiation relief) is performed in standard
radiography using industrial X-ray film.

X and gamma radiation differ in location and mode of
origin. X-rays are produced by reducing the speed and
deflection of accelerated electrons in the electric field of
the atom's nucleus (Brakesstralung - braking radiation)
and by de-excitation of the excited atom.

Gamma radiation is generated during the energy
stabilization of the nucleus of a radioactive isotope after
decay by the emission of o or P particles or K capture,
emitting y quanta characteristic of achieving the minimum
energy of the nucleus of the newly formed isotope. The
source of X radiation in industrial radiography is most
often an X-ray tube.

In order to reduce the scattered radiation coming to the
film, the film is inserted between metal, most often lead
foils. Lead foils, in addition to reducing the intensity of
primary radiation, reduce the intensity of scattered
radiation to a far greater extent, because it has lower
energies than primary.

The secondary effect of lead foils is the transformation of
electromagnetic (photoelectric effect, Compton effect)
into electronic radiation to which the film emulsion is
much more sensitive, so the required blackening of the
film is achieved faster. That is why lead foils are said to
be accelerating foils. Rays emitted at an angle to the
central beam also enter the surface at an angle greater
than 0°, travel a longer source-film distance, radiate
greater thickness than the central beam, and obliquely
project material imperfections onto the film plane [3].

The quality of the prepared radiogram must meet the set
requirements.

It is not possible to make a decision on the quality of
work on the basis of a poor quality radiogram, for
example - a welder. There must be no object in the area of
interest on the radiogram. The radiogram must have
markings that unambiguously connect it with the location
of the object of examination.

Only when the quality of the radiogram satisfies, a
radiograph examination may be performed to detect and
evaluate indications of imperfection in the subject matter.

2.3. Ultrasound (UT)

Ultrasound examination is based on the physical laws of
excitation and propagation of sound. Contact pulse echo
technique is most often used (Figure 2).

Ispina glava

predmet
ispivanja

granitne

! 1,,///-’/’ povrsine

ultrazvutni ureda)

Fig. 2. Scheme of ultrasonic testing device [2]

The ultrasonic device produces high voltage and short
duration electrical impulses, which the piezoelectric
transducer in the test head converts into mechanical
oscillations in the ultrasonic range (f> 16 kHz). These
oscillations propagate in the subject matter as sound
waves.

Sound waves are reflected on boundary surfaces and the
head transducer can receive them. The received sound can
be made visible on the screen of the ultrasonic device.
With the correct setting of the time base of the device, the
length of the sound path to the reflector can be
determined, as the distance between the emitted pulse and
the received echo, and thus the position of the reflector in
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the test object. With the correct adjustment of the gain (ie
the sensitivity of the device), the reflectivity of the
reflector in question can be compared with the reflectivity
of a defined artificial reflector (= flat bottom hole, side
drilled hole, etc.) and thus its size can be estimated. From
the shape of the echo and the echo dynamic curves, one
can guess what type of imperfection it is.

Pulsed echo ultrasound technique is used for testing
sheets, castings, forgings, pipes, rolled products, welded
joints, etc. made of metal, ceramic and plastic materials,
mostly thicker than 6 mm. In addition to detecting internal
imperfections, ultrasound is also used to measure the
thickness of the soundproof wall, and can also be used to
characterize materials (speed of sound waves, Jung and
shear modulus, etc.), as well as to measure residual
stresses. Sound is the mechanical oscillations of particles
of matter.

The oscillation of a particle of matter is described by the
amplitude (= maximum elongation, i.e. the distance of the
particle from the equilibrium position) and the period of
oscillation, T, or frequency (f=1/T).

The spatial transmission of oscillations is called a wave.
During one period of oscillation, the oscillation moves
spatially for one oscillatory period, and this path is called
the wavelength, A. The ratio of wavelength and period of
oscillation determines the speed of propagation of sound
waves:
€=z ili =\ f (1)
where: A - wavelength (mm), ¢ - speed of sound (km / s),
f- frequency (MHz).

The speed of sound waves propagation depends on the
density of the material and the modulus of elasticity [4].

3. TIG WELDING

TIG welding is a process of electric arc welding in the
protection of inert gas with an insoluble electrode where
the necessary heat for melting the metal entering the joint
(groove sides and additional material) is obtained from
the electric arc, which is established and maintained
between the insoluble electrode of tungsten or its alloys
and the workpiece. When moving the electric arc, the
base material melts and additional material is needed as
needed. During welding, the tungsten electrode, the
molten metal and the area around it are protected from
oxidation by inert gas-argon or helium or mixtures
thereof. The role of the shielding gas is to protect the
electrode and the molten metal which has a pronounced
affinity for oxidation in the molten state. Shielding gas is
supplied continuously [5]. The TIG process has been
perfected and is widely used in the production and
assembly of welded metal structures.

It is used for production welding, surfacing and repair
welding. It is especially used in welding metals and
alloys, which have a high affinity for oxygen (oxidation)
in the molten state. These include high-alloy steels
alloyed with chromium and molybdenum, aluminum and
aluminum alloys, magnesium and magnesium alloys,
titanium, zirconium, copper and its alloys, etc. In addition
to the mentioned materials, this procedure is practically

mostly used in the assembly of various pipelines in boiler
building, petrochemical industry, etc., made of low-alloy
steels [1, 6]. The TIG procedure is mainly used for
performing root welds, while ensuring high quality.

The most influential factor in welding is amperage. By
increasing amperage, the melting temperature of the base
material increases, and with decreasing amperage, the
melting temperature decreases. When increasing the
amperage it is necessary to increase the speed of wire
addition and welding speed, because the increased
temperature melts the base material and creates a weld
depression, which manifests itself as a fault. If the flow of
gas does not increase with increasing amperage, there is a
possibility that impurities will remain in the weld, where
the remelted material will not be joined by volume, a
cavity or bubble will form, which also manifests as a
mistake [7, 8].

/— Crijevo za dovod vode
/ y— Crijevo za odvod vode
— Strujni kabal

Smjer
zavarivanja

™ Kabal za komande
Elektrodna N— Crijevo za zaititni gas
sipka \
Soba ,— Driat volframove elektrode
Driaé___ > /— Volframova elektroda
Sipke — _— Zatitni gas
Osnovni __ J %~ Elektriéni luk
materijal T

~~Bakarni podiozni lim

Fig. 3. Schematic diagram of TIG welding procedure [2]
4. EXPERIMENT

The experiment was done in the company Termoelektro
Oprema, in Lopare. The aim of this paper is to check the
quality of a welded joint with a change in current, ie, to
compare these three butt joints. Dimensions of the
preparation are 300x150 mm, thickness 10 mm, which
were cleaned after cutting and whose edges were beveled
down at 30 ° as shown in the figure (Figure 4). The
technologist wrote a WPS list with a certificate of the
material he received from the supplier. Welding
specimens, placed at a distance of 3mm, and the welding
process itself was performed by a licensed welder based
on previously defined WPS (Welding Procedure
Specification).

Table 1. WPS 1

Additional
material | Amperage | Voltage Gas
Weld . flow
diameter (A) V) .
(1/ min)
(mm)
1+n 2 85 10-12 8-9
1 2,4 90 10-12 8-9
I-n 2,4 100 11-13 8-9
Table 2. WPS 2
Additional
Weld material | Amperage | Voltage | Gas flow
diameter A) ) (1/ min)
(mm)
1+n 2 110 11-12 18-19
1 2,4 125 11-12 18-19
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| 1n| 24 135 | 12213 18-19 |
Table 3. WPS 3
Additional
Weld material | Amperage | Voltage | Gas flow
diameter (A) \%) (1/ min)
(mm)

1+n 2 135 10-12 8-9

1 2,4 160 10-12 8-9

1-n 2,4 190 11-13 8-9

After all three butt joints have been welded, it is
necessary to clean the welded joints with a steel brush,
and then it is further tested by non-destructive
technologies, procedures (VT, RT, UT).

Fig. 5. Welding order

4.1. Test results

Pieces that are welded they are initially visually inspected
on both sides, using tools, a hand lamp and a caliper. On
the first panel, an inspection was performed from the face
of the seam, where the type of error 5012 (BAS EN ISO
6520-2: 2014, undercut short length repeating periodically
along the weld seam), ie low weld overhang, in length of
40 mm, size 0.4 mm, which is acceptable for C class. [9]
An inspection was performed on the other side of the
plate, on the side of the root weld, where error type 4021
occurs (lack of the fusion on the root weld), ie the weld
did not pass on the root side of the plate due to low
amperage or higher welding speed. at a length of 147 mm,
which is not allowed in class C.

Figure 6 shows the radiograph from which it can be seen,
error type 401 (lack of fusion), i.e., not remelted base
material, but glued weld. Also, error type 517 (bad re-
energizing the arc, i.e., surface unevenness at the weld
extension site) located on the same side of the root weld.
Both errors were rated negatively. Examination of the
first plate by ultrasound shows a line indication (glued
weld) at a depth of 5-10 mm, periodically, size 0.5 mm,
and a maximum length of 4 mm (Figure 7). It also does
not satisfy the quality of welds tested by ultrasound.
Visual inspection of the second plate is satisfactory, with
no indication of error. Testing of the second plate by
radiography, fault type 515 (concavity of the weld) was

found, which is acceptable for this class of welded joint
(Figure 8). In Figure 9, we can see that the ultrasound
image is without findings, i.e. there is no error, where it is
assessed that the weld is acceptable. Visual inspection of
the second plate is satisfactory, with no indication of
error. Examination of the second plate by radiography,
error type 515 (concavity of the weld) was found, which
is acceptable for this class of welded joint (Figure 8). In
Figure 9, we can see that the ultrasound image is without
findings, ie there is no error, where the weld is judged
acceptable.

Fig. 7. The first plate examined by ultrasound

Fig. 9. Second plate examined by ultrasound

Visual examination of the third plate, control was
performed on the side of the seam face, where error type
5011 occurs (continuous undercut, ie excessive heat input
or retention at the welding site), at a length of 50 mm, at a
reference distance of 70-120 mm, and at a reference
distance of 205-290 mm, length 85mm, size 1-1.5 mm,
which is not allowed in C class. On the same side, error
type 509 was found (protek, i.e., there is not enough weld
overhang),at a reference distance of 42-43.5 mm, length
1.5 mm and 65-120 mm, length 55 mm, size 1.5 mm,
which is not acceptable either. A third fault was found on
the same side, fault type 506 (overlap of welds, natek on
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the surface of the base material, ie, large cant of welds on
the material), at a reference distance of 20.70 mm, length
50 mm, size 2 mm, also not acceptable. On the other side
of the plate, ic on the side of the root weld, error type
4021 was found (lack of the fusion of the root weld, ie
fast guidance of the welder led to the weld not passing to
the other side of the plate), at a reference distance 20-95
mm, length 75 mm, size 1-1.5 mm, also at a reference
distance of 130-155 mm, length 25 mm, size 1.2 mm, also
at a reference distance 220-240 mm, length 20 mm, size 1
mm, which is not acceptable.

Figure 10 shows a radiographic image, which shows the
type of error 401 ( lack of fusion connection in the welded
joint-on the root side of the weld), ie, the base material is
not remelted, which is not acceptable.

Ultrasonic testing of the third plate (Figure 11) is
negative, similar to the first plate, but in this case the
biggest error is at the bottom of the sheet metal thickness,
ie, at a distance of 9.35 mm from the measuring surface. It
is a line indication at a depth of 8-10 mm, along its entire
length. Welded butt joint on plate 3, not acceptable.

GATE START
122 »m

FATE WiDTH
.77 m

T R ST | L

Figure 11. Third plate examined by ultrasound

Table 4. Tabulation of results

Visual Ultrasound | Radiographic
Sanllple 5012,4021 401 401,517
Sample
I / / 515
Sample 5011,509,
111 506,4021 4021 401

From the table it can be clearly concluded that in plates 2,
no impermissible errors were observed, while in plates 1
and 3, certain errors occurred. The observed errors are not
the result of a change in welding current, but errors in the
operation of the welder.

5. CONCLUSION

This paper gives an example of the application of NDT
technologies in the testing of butt welded joints, structural
steel S235, obtained by TIG welding process. The paper

examined three plates, welded with different welding
amperage, and concluded that the occurrence of the error
is not a consequence of the amperage change, but the
error of the welder. This way of testing the technology is
common in practice, where we apply it on a high pressure
pipe system, gas tanks, ammonia, oxygen.

The disadvantage of ultrasound is testing with sheets
smaller than 8 mm, which is not possible to perform and
requires greater ability of the examiner, or his experience
in testing because the examiner controls the probe. The
disadvantage of radiography is expensive equipment and
it is harmful to the environment and man.

NDT technology has shown us that visual inspection
detects surface defects, while ultrasonic and radiographic
inspections show volume defects.

By applying various tests of NDT technology, it was
obtained that the plate 2, satisfies the quality of the
welded butt joint without error, where in all three tests the
welded joint was assessed as satisfactory, while in plate 1
and plate 3 it was not satisfactory.
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Abstract: Through development and implementation of technologies like Internet of Things (IoT), Big
Data, etc. Unmanned Aerial Vehicles (UAV) or drones have found their application for Industry 4.0. For
that purpose, development of drone construction itself to achieve different goals (energy efficiency,
greater maneuverability, combination of different equipment for mounting, greater flight time, etc) is
constantly advancing. In this paper, construction of drone frame will be discussed through three points of
view: used materials, different construction design and applied design and production technologies in

modern drone frame design.
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1. INTRODUCTION

Industry 4.0 is a new stage in the organization and control
of industrial value chain, based on cyber-physical
systems. It represents the current trend of automation and
data exchange in manufacturing technologies, that include
cyber-physical systems, IoT (Internet of Things), cloud
computing and cognitive computing. Cyber-physical
systems create capabilities that are needed for smart
factories (like remote monitoring, etc.) [1]
The purpose of automation and cyber-physical systems is
to eventually replace certain segments of human labour.
Drones, or UAV-s (Unmanned Aerial Vehicles) are
considered as the next breakthrough in Industry 4.0.
Autonomous drones have had huge impact on industrial
businesses function. Internet of Things, Big Data and
drones are all technologies that will inevitably overlap.
Figure 1. shows the technology that represents pillars of
Industry 4.0. [2]
Various specific features and technological measures,
regarding Industry 4.0, in drone practices are: [2]

e Rise of Artificial Intelligence for Accurate
Operations
Sensors for Electric and Magnetic Field Strength
Drone for Cell Phone Signals and Humidity
Sensors for Atmospheric Pressure
Sensors for Temperature
Utility of IoT and other Digital Practices

e  Throughout IoT Aspects
e Data Acquisition or SCADA

Drones

m Argument Reality &Virtual
@ Reality
Block Chain &
Cloud

@ Additive

Manufacturing

Industry
4.0

Automation &
Advanced Robotics

Internet of Things,
Big Data & Machine
Vision

Fig.1. Pillars of Industry 4.0 [2]

The connection of drones to IoT is through possibility of
drone wireless network connecting to control system.
Drone can send monitoring data of temperature, humidity,
air pressure, etc. It can also be used as an extension of
stationary sensor network to monitor the places where
sensors can not be placed.

Various dimensions of drone application for Industry 4.0
can be seen on Fig. 2.

The main segments are see, sense, move and transform
[2]. Through these segments can be observed the
versatility of drones’ capabilities and its usage
possibilities in Industry 4.0.
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Fig.2. lllustration of various dimensions of drones for Industry 4.0 [2]

Power consumptions of drones is determined through
consumption electronic elements and drone weight. The
greater the weight of drone the higher is power
consumption. Also, the number of mounted sensors is
weight dependent.

In that context, the design of drone frame, besides the
needed structural support, tends to reduce the overall
drone weight.

Frame design depends on drone application, its
capabilities, maneuverability, or basic economy (cheaper
materials or cheap replaceable frame parts).

2. DRONE

2.1. Types and frame design

Construction, used materials and application of drone
depends of drone type.

There are several methods for drone classification. One of
them is by physical type: [3]

e Multi-rotor (or multirotor) drones

e  Fixed-Wing drones

e Single-Rotor Helicopter drones

e Fixed-Wing Hybrid VTOL

Multirotor drones are most used today for industrial
purpose, because of their ability to hover. They have
VTOL (vertical takeoff and landing) capabilities.
Multirotor drones, as name suggesting, have multiple
rotors in order to fly (usually three, four, six or eight).
Their usage is limited because of short flight time, and
they are not used in large scale surveying. Figure 3 shows
example of industrial grade octorotor drone.

Fixed-Wing drones are used for large scale surveying.
Their flight time can be several hours, and can achieve
greater flight distance. The design of Fixed-Wing drone is
one long wing used for flight (Figure 4). The obstacle in
usage is that they need a runway for takeoff (or some sort
of catapult system for takeoff) and landing.

Fig.3. Industrial drone Skycrane [4]

Fig.4. SenseFly eBee X fixed-wing drone [5]

Single-Rotor Helicopter drones are also VTOL UAV-s.
They fly with one rotor, and have capabilities between
fixed-wing and multi-rotor drones (greater flight time and
can carry heavier payload). Depending on size, they use
gas or electric energy as fuel. Figure 5. shows Airboxer
Single-Rotor Helicopter drone.

Fixed-Wing Hybrid VTOL (example on Figure 6)
combines the long flight time of Fixed-Wing drones and
capability of vertical takeoff and landing. Thus,
discarding the need of long runway in order to be
airborne.
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Fig.5. Industrial drone Airboxer [6]

Fig.6. Carbonix Volanti: fixed wing carbon composite
industrial drone with multirotor VTOL capability [7]

What drone to use depends on the defined role
(inspection, survey,...). Also, the frame construction and
accessories, can depend on same thing. For example, on
Figure 7 is Flyability Elios 2 drone, that is used for indoor
inspection. Problem with that task is that there are a lot of
obstacles and tight spaces. So, in order to protect the
drone from physical damage, the design solution
presented on Figure 7. is cage around the drone.

Fig.7. Flyability Elios 2 [8]

On frame design the great impact had the development of
CAD/CAM/CAE software and computer optimization.
Frames can now be examined through computer
simulations and optimized without need for
manufacturing prototypes. With the development of 3D
printing, the optimization of internal drone frame
structure is also made possible.

There are several optimizing methods used in drone frame
optimization like: structural optimization [9] through

analysis of different frame configurations; generative
design [10,11] method based on topological optimization;
optimization of lattice structures [12-14], etc. These
optimization methods are used for reduction of drone
weight without loosing any mechanical properties
(without compromising the frame integrity and
functionality). Example of optimized design is shown on
Figure 8.

Fig.8. Different iterations of generative design
optimization process [11]

2.2. Materials

There are wide range of materials used for construction of
drone frame:

e wood
metal
PCB
fiberglass
plastic
composite materials
biodegradable and recycled materials
Drone frames made of wood are cheap solution for
building. The thinking behind wood frames is that is
cheaper to replace frame part then invest in stronger
materials. Frames are usually made from lightweight
wood or from plywood elements (Figure 9).
Metals that are used in manufacturing drone frame are
usually aluminium, titanium or various alloys. Example of
alloy is AZ91D used in Mavic Air frame that consists of
90% magnesium, 9% aluminium and 1% zink [15].
Metals used for drone frame need to be lightweight and
strong. Other criteria is manufacturing (how easy is to
manufacture it and what is the price of manufacturing).
Plastic is now one of the most used material, especially
with the expansion of 3D printing technologies.

Fig.9. Plywood drone frame [16]
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Fig.10. Metal drone frame [16]

PCB drone frame represents the integration of electronic
and frame design. The PCB frame allows the mounting
and wiring of electronic components on itself (Figure 11),
thus reducing the number of additional necessary
electronic modules (thereby reducing drone weight)

Fig.11. PCB frame with electronic components [16]

For drone frame G10 fiberglass material (micarta or
garolite) is usually used as a cheaper solution to carbon
fiber material. It is very stable over temperature and
absorbs low amount of moisture. It has good strength to
weight ratio. Of course, drone frame can be made from
pure fiberglass and epoxy resin. Figure 12. shows
tricopter with frame made from fiberglass.

Plastic material are now used widely, because of
commercialization and availability of 3D printers
(especially FDM printers). There is wide variety of
thermoplastic materials used [17]:

e ABS (high strength, high ductility, great
machinability and thermal stability)

e PLA (high strength, medium durability, low
flexibility, biodegredable)

e Nylon (lightweight, tough, good impact and
temperature resistance, high fatigue resistance)

o PETG (more flexible and durable than PLA and
easier to print than ABS)

e TPU (strong, wear-resistant, elastic substance that
absorb vibration, good for harsh environments)

On Figure 13. is shown the drone frame made from

plastic via 3D printing.

Fig.13. 3D printed parts of drone frame [16]

The composite material used in used for manufacturing
drones are usually fiber composite polymer (or carbon
fiber) with foam (based on polymath-acrylimide) [18].
The great characteristic of carbon fiber composite is
excellent strength to weight ratio. Because of that, the
carbon fiber replace metal in construction of frames, or
use in construction with metal parts. On Figure 14, the
LA100 drone is shown that is build using aluminium and
catbon fiber composite material and foam. The
combination provides lightweight but sturdy structure.
Biodegradable and recycled materials - one of the
solutions for drone frame materials is based on
environmental protection and sustainable development.
Perdana et al. [19] examined mechanical properties of
composite waste material based on styrofoam, baggase
and eggshell powder and conclude that that type of
material can be used in drone frame manufacturing.
Breznik Natural Fiber Composites construct a drone
frame made from natural fiber and PLA material that can
biodegrade in two weeks after being buried (Figure 15).
(20]

Fig.14. LA100 drone [21]
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Fig.15. Drone frame made from
biodegradable materials [19]

Because of the some harsh environmental condition that
drones can be put (large temperature range, corrosive
environment etc.) for industrial usage, materials and their
usage for drone manufacturing are constantly developing.
Graphene (for use in reinforcing carbon fibre composites),
basalt fibre reinforced composites, ceramic-matrix
composits are used for improvement of high temperature
resistance, greater resistance to deformation and
abrasion.[22]

Myeong W.C. et al. [23] designed fire proof dron using
and aramid fiber armor and air buffet layer that can be
used in fire accidents monitoring in urban areas.

2.3. Manufacturing technologies

Manufacturing technologies used in drone frame
production depends on material used. The development of
Additive Manufacturing enabled the creation of complex
objects. The design and manufacturing process of UAV
using conventional fabrication method and Additive
manufacturing techniques is shown on Figure 16.

Additive manufacturing
techniques

Requirement

Conventional
fabrication method

Material

Selection

Structural
design

No Singular/
Modular design

CAD designing
Build Strategy <>
support structure
Fabrication
(Automated)
Support structure
removal

Post-processing

Can it be
fabricated?
Yes
Molding and tooling
(Multiple steps)
Fabrication
(Multiple steps)
Post-processing

Process driven

Design driven

Fig.16. PCB frame with electronic components [24]

3. CONCLUSION

UAYV or drone is a versatile tool that can have multiple
roles today. As a industrial tool, it can help to monitor
processes, to do a maintenance of systems, do deliver
packages and much more. That is important especially for
the conditions where humans can not go or where is
dangerous for them.

Drone frame represents the backbone of drone. The right
selection of type, used material and available technologies
can provide the balance between the required
characteristic and price. In exploitation, the most
important element is, besides the quality fulfillment of
required application, the weight in order to achieve the
longer flight time, and thus lower expences.
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