UDC 621

CODEN: MINSC5

In print: ISSN 1857 — 5293
On line: ISSN 1857 — 9191

MECHANICAL ENGINEERING
SCIENTIFIC JOURNAL

MALLWHCKO WHXEHEPCTBO
HAYYHO CITMCAHKE

Volume 42
Number 1

Skopje, 2024



Mech. Eng. Sci. J. Vol. No. pp. Skopje
Mauw. uHx. Hayd. criuc. lop. Bpoj CTp. Ckonje
MECHANICAL ENGINEERING - SCIENTIFIC JOURNAL
MALUUHCKO UHXXEHEPCTBO - HAYYHO CMUCAHUE
Published by
Faculty of Mechanical Engineering, Ss. Cyril and Methodius University in Skopje, North Macedonia
W3paBsa

MawumHcku dpakynteT, YHusepautet ,,Cs. Kupun n Metoauj” Bo Ckonje, CeepHa MakeaoHuja

Published twice yearly — WManerysa aBa natvi roguHoO

INTERNATIONAL EDITORIAL BOARD — MEIF'YHAPOJEH YPEQYBAYKU OOBOP

Slave Armenski (Faculty of Mechanical Engineering, Ss. Cyril and Methodius University in Skopje, Skopje,
North Macedonia), Aleksandar Gaji¢ (Faculty of Mechanical Engineering, University of Belgrade, Belgrade, Serbia),
Cedomir Duboka (Faculty of Mechanical Engineering, University of Belgrade, Belgrade, Serbia), Maslina Daru$
(Faculty of Science and Technology, National University of Malaysia, Bangi, Malaysia), Robert Minovski (Faculty
of Mechanical Engineering, Ss. Cyril and Methodius University in Skopje, Skopje, North Macedonia), Wilfried Sihn
(Institute of Management Science, Vienna University of Technology, Vienna, Austria), lvan Juraga (Faculty of
Mechanical Engineering and Naval Architecture, University of Zagreb, Zagreb, Croatia), Janez Kramberger (Faculty
of Mechanical Enginneering, University of Maribor, Maribor, Slovenia), Karl Kuzman (Faculty of Mechanical
Engineering, University of Ljubljana, Ljubljana, Slovenia), Clarisse Molad (University of Phoenix, Phoenix, Arizona,
USA), Todor Neshkov (Faculty of Mechanical Engineering, Technical University of Sofia, Sofia, Bulgaria),
Zlatko Petreski (Faculty of Mechanical Engineering, Ss. Cyril and Methodius University in Skopje, Skopje,
North Macedonia), Miroslav Planéak (Faculty of Technical Sciences, University of Novi Sad, Novi Sad, Serbia),
Remon Pop-lliev (Faculty of Engineering and Applied Science, University of Ontario, Institute of Technology, Oshawa,
Ontario, Canada), Predrag Popovski (Faculty of Mechanical Engineering, Ss. Cyril and Methodius University in Skopje,
Skopje, North Macedonia), Dobre Runcev (Faculty of Mechanical Engineering, Ss. Cyril and Methodius University in
Skopje, Skopje, North Macedonia), Aleksandar Sedmak (Faculty of Mechanical Engineering, University of Belgrade,
Belgrade, Serbia), llija Cosié (Faculty of Technical Sciences, University of Novi Sad, Novi Sad, Serbia), Rolf Steinhilper
(Faculty of Engineering Science, University of Bayreuth, Bayreuth, Germany)

Editor in Chief
Prof. Mite Tomov, Ph.D.

Co-editor in Chief
Prof. Tasko Rizov, Ph.D.
Secretaries

Doc. Marija Lazarevi¢, Ph.D.
Doc. Simona Domazetovska, Ph.D.

Proof-reader
Alena Georgievska

Technical editor
Blagoja Bogatinoski

UDC: "St. Kliment Ohridski" Library — Skopje
Copies: 300
Price: 520 denars

Address

Faculty of Mechanical Engineering
(Mechanical Engineering — Scientific Journal)
Editor in Chief

P.O.Box 464

MK-1001 Skopje, Republic of North Macedonia

OprosopeH ypeaHuk

Mpod. A-p Mute TomoB
3ameHVK OAroBOPeEH ypeaHuK
Mpod. a-p Tawko Pusos

CekpeTapu
Oou. a-p Mapwuja JlazapeBuk
Dou. a-p CumoHa [lomaseToBCKa

KopekTop
AneHa NeoprueBcka

TexHUYKn

penHuK
Bnaroja

OraTUHOCKHU

YOK: HYB ,Cs.. KnumeHTt Oxpuackun“ — Ckonje
Tupax: 300
Llena: 520 geHapu

Anpeca

MawmHckun cphakynTeT

(MaLLMHCKO MHXEHEPCTBO — Hay4YHO CrMCcaHue)
OprosopeH ypeaHuk

nowT. gpax 464

MK-1001 Ckonje, Peny6nuka CeBepHa MakegoHuja

Mech. Eng. Sci. J. is indexed/abstracted in INIS (International Nuclear Information System)
www.mf.ukim.edu.mk


http://www.mf.ukim.edu.mk/

MECHANICAL ENGINEERING - SCIENTIFIC JOURNAL

FACULTY OF MECHANICAL ENGINEERING, SKOPJE, REPUBLIC OF NORTH MACEDONIA

MAHINMHCKO HHXKEHEPCTBO — HAYYHO CIIMCAHHUE

MAIIMHCKH ®AKYJTET, CKOIIJE, PEITYBJIMKA CEBEPHA MAKEJIJOHHJA

Mech. Eng. Sci. J. Vol. No. pp. Skopje
42 1 1-70 2024
Maw. unorc. Hayu. cnuc. Ton. Bpoj CTp. Ckorje
TABLE OF CONTENTS
(CONPXUHA)

MOTOR VEHICLES
(MoTtopHu Bo3mIIa)

674 — Elena Angeleska, Vasko Cangoski, Blagoja Nestorovski, Anita Vasileva

DESIGN, ANALYSIS, AND OPTIMIZATION OF THE STEERING COLUMN SYSTEM
FOR AN ELECTRIC STREET SWEEPER

(Au3aju, aHanu3a ¥ ONTUMH3AIHM]ja HA YIPAaBYBAauYKHOT CTOJIO HA EJIEKTPUYHA MallliHA
3a YHCTCHHC YIIUIIN)

LOGISTICS
(JIoructuka)

675 — Anita Vasileva, Igor Gjurkov

DETERMINING OPTIMAL ORDER PICKING ROUTE IN WAREHOUSES
(OnmpenyBame onTrMaliHa aTeka 3a MOATOTOBKA HA HapavyKa BO MaraluHm)

MECHANOTRONICS
(MexaHOTpOHHKA)

676 — Dejan Siskovski, Damjan Pecioski, Sagko Doninski

DEVELOPMENT OF CURRENT MEASURING INSTRUMENT USING HALL EFFECT
(Pa3Boj Ha HHCTPYMEHT 3a MEPEHC jaurHa Ha CTPYja KOPUCTEjKH XaloB e(eKT)

677— Marjan Djidrov, Elisaveta Don¢eva, Damjan Pecioski

OVERCOMING INDUSTRIAL ROBOTICS CHALLENGES AND THE ROLE OF OFFLINE
PROGRAMMING

(HapMunyBarme Ha NpeM3BULIMTE HA UHYCTPUCKATa POOOTHKA U yJIOraTa Ha porpamMupameTo oduaju) ..33-41




APPLIED MECHANICS
(ITprMeHeTa MEXaHHKA)

678 — Marjan Djidrov, Elisaveta Donéeva, Dejan Sigkovski

KINEMATICS ANALYSIS OF 6 DOF INDUSTRIAL MANIPULATOR AND TRAJECTORY
PLANNING FOR ROBOTIC WELDING OPERATION

(Kunemarcka aHanmm3a Ha MHIyCTPUCKU MAHHUITYJIATOP CO 6 CTENIEHH CII000/IA Ha JIBHKERE
¥ [UIAHMPAkbe Ha TPAEKTOPH]ja MPH MPOIECOT Ha POOOTCKO 3aBapyBarbe)

ENVIRONMENT
(OKuBoTHa cpeuHa)

679 — Aleksandar KormusSoski, Ana M. Lazarevska, Valentina Ge¢evska
NEEDS ASSESSMENT OF AMBIENT CO; MONITORING SOLUTION

(Mpouena Ha moTpebuTE O/ pENIEHNE HA ClE/Eke Ha ambuenTanHuot CO2)

INDUSTRIAL ENGINEERING AND MANAGEMENT
(MHIyCTPHCKO HHKEHEPCTBO U MEHALIMEHT)

680 — A. Argilovski, Elena Vasileska, Oruen Tuteski, BoGan Kusigerski, Bojan Jovanoski, Mite Tomov
BRIDGING THE GAP: QUALITATIVE COMPARATIVE ANALYSIS OF INDUSTRY 4.0
AND INDUSTRY 5.0

(CnojyBame Ha pasmuuHOCTHTE: KBAIHTATHBHA Criopea0eHa ananmu3a Ha MUuycrpuja 4.0
u Unnycrpuja 5.0)

Instruction for authors



Mechanical Engineering — Scientific Journal, Vol. 42, No. 1, pp. 5-14 (2024)

Number of article: 674
Received: December 11, 2023
Accepted: March 13, 2024

In print: ISSN 1857-5293

On line: ISSN 1857-9191

UDC: 629.361.027.2-83:628.4.033]:331.101.1
https://doi.org/10.55302/MESJ24421005a

Original scientific paper

DESIGN, ANALYSIS, AND OPTIMIZATION OF THE STEERING COLUMN SYSTEM

FOR AN ELECTRIC STREET SWEEPER

Elena Angeleska, Vasko Cangoski, Blagoja Nestorovski, Anita Vasileva

Faculty of Mechanical Engineering, “Ss. Cyril and Methodius” University in Skopje,
P.O.Box 464, MK—-1001 Skopje, Republic of North Macedonia
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Abstract: This study explores the challenges and solutions related to improving the interior ergonomics of a
small street sweeper, with a specific focus on redesigning the steering column and brake pedal system. The initial
design faces issues such as obstructed field of view and limited space in the operator's knee area. The primary objective
is to enhance comfort and safety for the operator within the constraints of the existing design. The proposed solution
involves a new steering column structure that integrates the brake pedal system. Siemens Jack software was employed
for ergonomic analysis, revealing improved operator comfort and larger field of view with the modified design. Dy-
namic analysis using ADAMS View confirmed that the new brake pedal system met the requirements outlined in the
ECE R13 regulation. This solution improves ergonomics, offers larger field of view, and ensures optimal brake perfor-
mance.

Key words: steering column; brake pedal; vehicle ergonomics; street sweeper

JAU3AJH, AHAJIM3A U OIITUMHU3AILINJA HA YITIPABYBAUKHOT CTOJIb
HA EJIEKTPUYHA MAIINHA 3A YUCTEIBE YJININ

A1 cTpakT: OBa HCTpaKyBame TH HCTPAXYBA MPEIU3BHIIATE U PEIICHHjaTa MOBP3aHHU CO MON0OpyBame Ha
€proHOMHjaTa Ha MallliHa 32 YICTeHhE Ha YIUIH, co (QOKYC Ha pe3ajHUpakhe Ha YIIPAByBaYKHOT CTOJIO U IEAATIOT Ha
conrpaykara. [[04eTHHOT 13ajH ce COOUyBa CO OrpaHUYyBarha KaKo LITO Ce HaMaJeHOTO BH/IHO I10JIE ¥ OTPAaHUYCHUOT
IIPOCTOP BO IIPE/IENIOT Ha KoJieHaTa Ha oneparopot. [IpumapHaTa 1ien e aa ce nogoopu yaoOHocta u 6e30eqHocTa Ha
OIepaTopoT BO PaMKHTE Ha OTpaHMYyBamarTa Ha MOCTOJHUOT Iu3ajH. [IpeioKeHOTO penieHne BKIydyBa Moaudu-
[IMPaH MOJIeJ Ha yIIPaByBauKHOT CTOJIO BO KOj € HHTETPHPAH MEAANO0T O/l CHCTEMOT 3a comupame. [I[porpaMcKHoT maker
Siemens Jack e xopucTeH 3a eproHOMCKa aHalIHM3a, MOTBPAYBAjKH JIeKa HOBHOT AW3AjH MMa IOJ00pa yIOOHOCT H
MOT0JIEMO BHIHO 1oJie. JlnHaMu4Karta aHanu3a co momomr Ha ADAMS View moTBpayBa Jeka NeaioT U IPEHOCHUOT
MeXaHW3aM Ha COIMPAvYKHUTE TH UCIIONHYyBaaT OapamaTa HaBeneHH Bo perynatuBata ECE R13. Hooto pemenwe ja
nonoOpyBa eproHoMHjaTa, HyAW 3ToJeMyBame Ha BHIHOTO Ioje M 00e30emyBa ONTHMATHU IepOpMaHCH Ha
COMHMPAYKHTE.

Kuayunu 360poBH: ynpaByBauku cTONO; Meaai 0] CHCTEMOT 3a COIMpParhe; eproHOMHja Ha BO3MIIA,
MallllHAa 32 YUCTEeHE YIULH

1. INTRODUCTION

Ergonomic methods are applied in the earliest
stages of the vehicle design process since they in-
clude considering crucial points which determine
the comfort and safety of both the driver and occu-
pants, such as: the driver's body position, intuitive
interactions at workstations, unobstructed field of
view, easily reachable and useable controls, etc. [1].

The goal is to achieve an optimal “fit” between the
drivers and the vehicle in a manner that eliminates,
or greatly reduces, the risk of mistake and misuse
that might lead to system failures and injuries [2].
Ergonomics is what makes the design safe, comfort-
able and convenient. However, the ergonomic tasks
can be quite challenging when designing the vehicle
interior subsystems — seats, controls, pedal systems,
dashboards, and other elements, within the very
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limited space. Moreover, the vehicle interior design
encompasses various aspects and standards [3]. In
that sense, a systems approach is commonly used
which includes analyzing the driver, the vehicle and
the environment as interconnected systems with
specific characteristics [2]. The input information
required to help these systems function and
exchange information successfully is a combination
of multi-disciplinary data — ergonomic guidelines,
anthropometric measurements, vehicle regulations,
recommended practices for car interior design, etc.
[2, 4]. The input information directly influences the
interior design process.

The design and placement of the pedal systems
is among the top priority vehicle ergonomic tasks
since the accelerator, clutch and brake are the most
frequently used controls in a vehicle. Authors Garg,
Bhide and Gupta [5], emphasize that ensuring their
proper positioning in alignment with human anthro-
pology is of paramount importance, particularly
concerning driver comfort. In their research, the au-
thors highlight that the particular SAE standards
(J1100, J1516, J1517) which provide the ideal pedal
point position do not fully consider the differences
in drivers of various percentiles. Therefore, they
provide a model for optimizing the pedal points ac-
cording to several inputs and packaging constraints:
effective H30 value, pedal plate angle, pedal lever
angle and length, anthropometric data, and also seat
travel and torso angle [5].

In the study of Zarizambri bin Ahmad [6], an
analysis was conducted to enhance and further opti-
mize the pedal box system for a small race car (For-
mula SAE Third Race Car). The author takes into
consideration the ergonomic recommendations for
accessibility of controls, the dimension constraints
of the specific vehicle type, seat and safety features,
the requirements for the pedal systems and relevant
regulations. Based on all considered parameters, the
author designs a new pedal box and evaluates it
through virtual ergonomic tools, FEM analysis and
kinematic and dynamic simulation tools [6]. Simi-
larly, in the project of Evan Beery the pedal box as-
sembly for the electric formula SAE racecar team’s
2016 racecar was designed and produced [7]. The
design is based on interior measurement standards,
as well as durability, manufacturability, and cost re-
quirements [7].

The work of Ravan et al. [8], on the other hand,
is the design and ergonomic considerations pre-
cisely for a clutch pedal assembly. The research as-
sesses the subjective comfort levels experienced by
various drivers of different stature percentiles when

using the clutch pedal. Additionally, the study aims
to analyze the pedal lever and its mounting arrange-
ment using software tools. Conclusions include that
the H-point (hip-point) to AHP (accelerator-heel-
point) distance should be 650 mm so that the pedals
can be optimally used by different stature drivers by
adjusting the seat placement. In addition, prefer-
ences regarding all pedal clearance and dimensions
are given — clearance of 30 mm between clutch and
steering column, 47.5 mm between steering column
and brake, and 60 mm between brake and accelerator
[8].

Slightly differently, the paper of Zhang et al.
[9] proposes a kind of pure mechanical lifting pedal
applied to rail transit vehicles. This pedal is engi-
neered to accommodate various vehicle structures
and operators, significantly enhancing its versatility
and reliability across applications.

The review of existing scientific literature on
the ergonomics of vehicle pedals has furnished val-
uable insights. This research includes several of the
previously stated methodological approaches with
the goal to design, analyze and optimize a brake pe-
dal system according to ergonomic requirements
and packaging constraints given by a street sweep-
ers’ manufacturer. This paper elaborates a case
study and an evaluative research involving compar-
isons of performance in using different vehicle
brake pedal system designs and determining the
most convenient to use, with a focus on a user —cen-
tered approach. Input data is used from several
sources (vehicle characteristics; specific production
requirements; required performance according to
the ECE R13 regulation; anthropometric data; ergo-
nomic recommendations; 1SO standards for physi-
cal dimensions of operators, minimum operator
space envelope, zones of comfort and reach of con-
trols; etc.) to design a brake pedal system assembly
incorporated in the steering column construction.
Furthermore, this research utilizes a combination of
ergonomic and dynamic assessment tools.

The main objectives of this research, the used
methodology, as well as the multi-body and ergo-
nomic simulation, optimization results, and discus-
sions, are elaborated in the following sections.

2. PROBLEM STATEMENT

The research elaborated in this paper is the out-
come of the work on a specific engineering task
where the main requirement was to improve the in-
terior ergonomics of a small street sweeper. Due to

Mech. Eng. — Sci. J., 42 (1), 5-14 (2024)
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very limited cabin interior space there was insuffi-
cient clearance around the vehicle operator, uncom-
fortable use of the brake pedal and obstructed field
of view. The issue with the field of view was due to
the size of the new steering column which was po-
sitioned higher in order to incorporate (beside the
steering wheel components) the given brake pedal
cylinder and two control screen holders. Therefore,
there was a need to redesign the brake pedal system
while keeping the same type of master brake cylin-
der and achieving the required brake performances

Table 1

and brake pedal force according to the ECE R13
regulation, but incorporating all components in a re-
duced steering column construction that does not in-
vade the operator space envelope and the view of
the road while the sweeper is working. In addition,
the rules for an ergonomic brake pedal, in terms of
pedal size, angle and placement needed to be fol-
lowed.

Table 1 displays all the general input data re-
quired for the steering column and brake system de-
sign.

Input data

Vehicle characteristics

Vehicle type

Brake cylinder

Max pedal force

Cabin interior size (height x width x depth)

Vertical distance between the accelerator heel point (AHP) and the seating reference point

Street sweeper
Single master cylinder
700 N
1365 x 990 x 1160 mm

(SgRP) - H30 440 mm
Horizontal distance between accelerator heel point (AHP) and seating reference point
(SgRP) — L53 720 mm
Vertical distance between accelerator heel point (AHP) and steering wheel midpoint — H17 710 mm
Horizontal distance between accelerator hell point (AHP) and steering wheel midpoint — L11 125 mm
Ergonomics parameters [2, 10, 11]
Foot angle 6.5°
Ankle angle 96.5°
Knee angle (for comfort and reaching the brake pedal with a force of 338 — 507 N) 110°
Spine angle from the thigh bone 100°
Comfortable head tilt 30° up and down
Brake resistance 445-222.4 N
Pedal travel 13-64 mm
Height above accelerator (for unassisted foot operation) 91 mm
Pedal dimensions — minimal (height x width) 25.4 x 76.2 mm
Pedal spacing About 50 mm

ISO 3411:2007 Physical dimensions of operators and minimum operator space envelope

Horizontal sitting surface height
Eye height sitting

Buttock—knee length

Knee height, sitting (with shoes)
Hip breadth, sitting

Width within space for legs

Clearance between enclosure and operator’s shoe working pedal

400-495 mm
690-858 mm
530-670 mm
500-627 mm
320-456 mm
>560 mm
>30

1SO 6682:1986 Zones of comfort and reach for controls

Foot control location comfort zones, forward from the SgRP (side view)
Foot control location comfort zones, from the SgRP to the floor (side view)
Foot control location comfort zones, left and right from the SgRP (top view)

600-900 mm
150-500 mm
300 mm

Maw. unore. nayu. ciiuc. 42 (1), 5-14 (2024)
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This research is based on the application of the
given input data in the design of a new solution that
will have an improved steering column and brake
pedal system of the street sweeper, from both ergo-
nomic and brake performance perspectives.

The main research questions that were ad-
dressed are:

1) What do the results of the ergonomic anal-
ysis reveal about the comfort assessment
and field of view of the initial steering col-
umn design?

2) Does the modified model of the steering
column and brake pedal offer improved
cabin ergonomics?

3) Does the modified brake pedal system
achieve satisfactory brake performance
while adhering to the given require-
ments?

Addressing these questions was essential to
understand the limitations of the initial brake pedal
design and to establish guidelines for improved so-
lutions. Furthermore, a new modified model was in-
troduced, in which the shortcomings of the initial
design were addressed. Additionally, in this re-
search a verification process is conducted to con-
firm that the ergonomic and dynamic parameters of
the modified model adhere to acceptable values.

n Research 2

background
- Literature review;
- SAE Occupant packaging;
- ISO standards

- Objectives;
- Constraints.

Problem
statement
—»- Requirements;

3. METHODOLOGY

The diagram in Figure 1 outlines the steps
taken to address the main research questions. First-
ly, data was extracted primary from academic litera-
ture and publication, as well as SAE recommended
occupant packaging, I1SO standards and other ergo-
nomic recommendations. Next, the problem was
thoroughly defined with all the critical parameters
that need to be optimized. In this stage, the object-
tives were listed and all the input data regarding the
vehicle characteristics, required brake pedal fea-
tures, as well as the extracted ergonomic infor-
mation were systematized (Table 1). The following
step was the development of the new design. The
initial model served as a base, and according to the
input data modifications were made and a new brake
system and steering column were modeled using
SolidWorks. To validate the modified model, two
types of analysis were made. For generating a sim-
ulated workspace to evaluate the driver's comfort
and the field of view and compare the ergonomics
of initial design and the proposed solution, Siemens
Jack software was chosen as a virtual ergonomics
tool. The ergonomic tests were followed by a dy-
namic simulation of the brake pedal model in AD-
AMS in order to test the brake pedal and master cyl-
inder performances and to conduct an optimization.
Finally, the results were analyzed and conclusions
were drawn.

Analysis and
verification

ca

concept design

—» - Comupter-aided design —»

- Ergonomic analysis;
- Dynamic analysis;

model using SolidWorks
software

M Conclusion Q—H Results and discussion

Fig. 1. Research methodology flowchart

4. CAD CONCEPTS

The CAD model of the initial design is given
in Figure 2 (a and c). The height of the steering
wheel column construction is 651 mm, or 800 mm
including the steering wheel and screens. The
distance between the steering column and the seat
in this case is 300 mm. This increased height of the
column construction is due to the design of the
brake pedal system which has a cylinder positioned
in an upward direction. In addition, two screens are
incorporated, with their holders connected to the
column, positioned to the left and right side of the
operator.

In the modified design, given in Figure 2 (b
and d), a new orientation of the brake cylinder is
chosen to create a more compact design and as a
result the column is significantly reduced in height.
The new height of the column is 400 mm. The
screen holders are also removed from the column
construction and added to the left and right main
profile of the cabin. This results in additional field-
of-view-obstruction clearing. The steering column
is also shortened in the front for more clearance
around the operator’s knees, and the new distance
achieved between the column and seat is 330 mm.

Mech. Eng. — Sci. J., 42 (1), 5-14 (2024)
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c) Initial design — brake pedal system within the column construction
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b) New design — steering column

d) New design — brake pedal system within the column design

Fig. 2. SolidWorks model of the initial and new design of the steering column and brake pedal system

5. ANALYSIS AND RESULTS

As previously explained, this research includes
two types of validation analysis — ergonomic and
dynamic. The obtained results and comparisons be-
tween the two models are elaborated in this section.

5.1. Ergonomic analysis

A total of four simulations were conducted us-
ing Siemens Jack, by using two different tools for
both the initial and modified model. The street
sweeper cabin together with the steering column
and the brake pedal were imported in Jack’s soft-
ware. The default male mannequin, with a height of
175 cm, belonging in the 50" height percentile, was
used and adjusted in a static position that helped to
conduct ergonomic analysis for comfort assessment
and field of view of the initial and modified design.
In the first case, the mannequin was positioned in
the vehicle cabin with the initial steering column de-
sign, in a seated position. The right leg was placed
on the brake pedal, while the left leg remained free,
and both hands were firmly placed on the steering
wheel. After that, from the Occupant Packaging
Toolkit, the Comfort Assessment tool and Obstruc-
tion Zones tool were applied. The Comfort Asses-

Maw. unore. nayu. ciiuc. 42 (1), 5-14 (2024)

sment tool helps to check whether a given Jack
model is in a comfortable seated posture based on
individual joint angles and overall body posture. It
generates bar graphs which indicate if the body parts
and joints are within the comfort range (green bars
— comfort values; yellow bars — outside of the rec-
ommended range; red bars — extreme positions).
The Obstruction Zones tool, on the other hand, re-
quires the selection of the mannequin’s eye point
sight, and the obstruction segment (in this case the
whole steering column) to generate planes which il-
lustrate the obstructed part of the field of view. In
the second case, the same procedure (same manne-
quin placement and same tools) was conducted us-
ing the new design as well.

The results of the Comfort Assessment analy-
sis are given in Figure 3 (a — initial design; b — new
design). The comparison of these results shows that
the initial model exhibits worse outcomes and dis-
comfort in the right thigh muscle, right knee, as well
as the right calf muscle of the leg (shown with yel-
low bars). These less favorable values are a conse-
quence of limited space and minimal room for ac-
commodating a steering column. In contrast to that,
the results from the comfort assessments for the
modified model show better outcomes, falling
within the range of allowable values.
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Fig. 3. Comparison of results from the ergonomic analysis using the Comfort Assessment tool
in the Occupant Packaging Toolkit in Siemens Jack software

The results of the Obstruction Zones analysis
are given in Figure 4 (a — initial design; b — new de-
sign). Since for the street sweeper operator an im-
portant task is to constantly monitor the road ahead
the field of view should be as clear as possible.
From the field of view comparison of both models,

it is clear that with the second variant, where the
steering column is reduced mostly due to the new
pedal system design, the operator has a better field
of view. This is visible from reduced angle of the
planes illustrating the obstructed part of the field of
view.

Mech. Eng. — Sci. J., 42 (1), 5-14 (2024)
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b) Obstruction Zones results for the new design

Fig. 4. Comparison of results from the ergonomic analysis using the Obstruction Zones tool
in the Occupant Packaging Toolkit in Siemens Jack software

5.2. Kinematic and dynamic analysis

In order to ensure the effectiveness of the brak-
ing system, a multibody dynamic analysis was
conducted using ADAMS View. To fulfil the ECE
R13 regulation, a 60 bar hydraulic pressure is
needed to be achieved and the minimum needed pis-
ton stroke was determined to be 16.5 mm. There-
fore, the minimal required actuation force of the cyl-
inder had to be 1710 N.

The ECE R13 regulative mandates that the
pedal force should not exceed 700 N, thus the

Maw. unore. nayu. ciiuc. 42 (1), 5-14 (2024)

applied force of the virtual model is equal to the
maximum one allowed, in order to test the braking
performances in extreme conditions.

The results of the original design can be ob-
served in Figures 6 and 7 where it can be obtained
that the results are satisfactory and the required
goals for minimal cylinder force and piston stroke
are achieved. But, for the purpose of achieving im-
proved braking performances and reducing the nec-
essary pedal force, an optimization was conducted.
Due to the design space limits, and defined required
ergonomic parameters, limited number of changes
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were available to the design of the system. The pe-
dal and master cylinder positions were not changed,
while the attachment position of the pedal (Point 1
— P1) and the connecting point (Point 2 — P2) be-
tween the master cylinder rod and the connector
plate were modified. These positions are presented
in Figure 5. P1 was chosen to be the origin of the
coordinate system.

Fig. 5. Virtual multibody model

Table 2 presents the created design variables
(DV) and their range. The range was determined
based on the limits of the column construction.

During the optimization process, 3 iterations
were made to determine more optimal position of
the connecting points. The results of the optimiza-
tion and the position of the connecting points is pre-
sented in Table 3.

Table 2

Design variables parameters

Design Initial
variable position

Position change range

Point1-DV 1 0 (-25, 20) translation along y axis
Point2-DV 2 -71.84 (-130,-50) translation along x axis

Point2—-DV 3 20.94 (-30, 40) translation along y axis

Table 3

Optimization results
Iterations Ma]f;errcg{:\il’;der DVl DV2 DV3
Original design 2129.7 0 -71.84 20.94
Iteration 1 2710.9 -8.2 -50 —40
Iteration 2 3282.2 18.493 -50 -30
Iteration 3 3369.3 17.895 -50.04 -30

The optimization results show increase in
braking force by 58% (Figure 6). This shows that
even the minor modifications in a tight space can
improve the braking performance. Although this
force is almost two times higher than the minimal
required one, it must not be forgotten that the simu-
lation is conducted with maximal pedal force of
700 N. Therefore, the required minimal force can be
achieved by applying smaller brake pedal force,
thus increasing driver’s comfort and satisfaction.

The only negative side is the need for bigger
piston stroke of the brake cylinder (Figure 7), but
fortunately the current master cylinder can achieve
that.

4000.0
3000.01
z
g 2000.0
£ | —Original Design
1000.0 | —lteration 1
- - -lteration 2
| —Iteration 3
0.0
0.0 0.0625 0.125 0.1875 0.25

Time (sec)

Fig. 6. Master cylinder braking force output
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Fig. 7. Master cylinder piston stroke

6. CONCLUSIONS

This study is based on a specific methodologi-
cal approach used in order to develop, assess, and
enhance a brake pedal system that complies with
specified ergonomic and packaging constraints.
This paper presents a study and evaluation that com-
pares the performance of two vehicle brake pedal
system designs, aiming to identify the most user-
friendly option. The main goal was to utilize the
available input data (such as vehicle specifications,
manufacturing requirements, ECE R13 regulation
for necessary performance, anthropometric data, er-
gonomic guidelines, 1SO standards, etc.) to create
an alternative brake pedal system assembly inte-
grated into a steering column structure which is de-
signed in a manner that does not cause insufficient
clearance around the operator, or uncomfortable use
of the brake pedal, and does not obstruct the field of
view.

There were two main challenges of the task:
(1) solving the issue with obstructed field of view
and limited space in the knee area of the operator
due to the initial design of the steering column, and
(2) redesigning the brake pedal system to fit in a
smaller steering column while keeping the same
type of master brake cylinder and achieving the re-
quired brake performances and brake pedal force
according to the ECE R13 regulation.

To respond to the given requirements, a modi-
fied steering column structure was proposed with an
integrated brake pedal system which featured a new
orientation of the brake cylinder chosen to create a
more compact design and reduce the size of the
steering column. To verify the new design, ergo-
nomic and dynamic analysis were made using Sie-
mens Jack and ADAMS View.

Based on obtained results, it is evident that the
ergonomic issues were successfully reduced. Ac-
cording to the Comfort Assessment analysis, more
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natural positions of the operator’s body and joints
while using the steering wheel and brake pedal were
noted with the smaller steering column. Issues with
discomfort of the thigh muscle, knee, and calf mus-
cle of the right leg were overcome with the new de-
sign which is more compact and allows more space
for leg movements. In addition, based on the Ob-
struction Zones analysis, we can see a reduced angle
and height of the generated obstruction plane, mean-
ing that a clearer view over the street and sweeper
brushes will be possible with the new steering col-
umn.

The results from the multibody dynamic anal-
ysis of the new brake pedal arrangement were also
satisfactory and the required goals for minimal cyl-
inder force and piston stroke were achieved. More-
over, an optimization of the new brake pedal system
was done to achieve improved braking performance
which was conducted by varying the attachment po-
sition of the pedal and the position of the connecting
point between the master cylinder rod and the con-
nector plate. No other optimization modifications
were made since the rotated orientation of the brake
cylinder and limited interior space did not allow a
possibility for more drastic variations. However,
even with a small modification in the previously
mentioned points, the optimization results showed
an increase in the braking force and improved brak-
ing performance.

In the end, the new steering column with opti-
mized braking system was implemented in the street
sweeper and the solution was verified on the real
model. The same brake cylinder was used, but with
the new orientation the interior became more ergo-
nomic. In addition, as previously elaborated, due to
tested variations of the attachment position of the
pedal and the connecting point between the master
cylinder rod and the connector plate, optimum brak-
ing force output was achieved.
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In conclusion, we can state that the initially
given research questions were successfully addres-
sed: (1) the ergonomic analysis revealed specific
issues about the comfort assessment and field of
view of the initial steering column design; (2) the
modified model of the steering column and brake
pedal did offer improved cabin ergonomics; and (3)
the modified brake pedal system achieved satisfac-
tory brake performance while adhering to the given
requirements and reducing the needed brake pedal
force applied by the driver.
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Abstract: The objective of this research paper is to find the optimal order picking route thus improving the
operational efficiency of logistics processes. Computing and selecting the best route are crucial for minimizing order
completing time and operational costs. To achieve this, an algorithm is developed by use of several warehouse logistics
methods. This algorithm is applied to a single warehouse and the paths are computed using the s-method, the return
method, the middle point method, and the composite method. The verification of the algorithm is conducted through
thirty cases, each with different order picking locations. This research shows that when larger number of parts need to
be picked from various racks, the paths created by the composite method and the s-method provide the shortest route
for the designated warehouse.

Key words: path-optimization; order picking; warehouse

OJPEAYBAILE OIITUMAJIHA ITATEKA 3A IIOJAI'OTOBKA HA HAPAYKA BO MATALIMHHU

A 1cTpak T McrpaxyBauknoT TPy MMa 3a [eJT [a ja MPOHAjIe ONTHMAaHATa IaTeka MpH MOATOTOBKA HA
Hapayka 3a HCIOpaKa, a Co Toa Ja ja Mmoao0pu epUKacHOCTA Ha JIOTUCTHIKHUTE NporecH. [IpecMeTkara u ©300poT Ha
ONTHMAJIHATa ITIaTeKa € O] CYIUITHHCKO 3Haueme 3a MUHUMH3Hpame Ha BPEeMETO 3a IOJAroTOBKAa Ha Hapadka M
OIepaTHBHUTE TPOILIOIH. 3a J1a Ce IOCTUTHE TOAa, Pa3BHEH € aJrOPUTaM KOPUCTEJKH HEKOJIKY METOM Ha JJOTUCTHKA BO
cknaaumTaTa. OBOj alNropuTaM € MpUMEHET Ha eHO CKIAAMINTE M IaTeKaTa € IMpecMeTyBaHa Cropen ,,S-MeTouoT”,
,,METOJIOT Ha Bpakame”, ,,METOJOT Ha CpeaHa TO4ka” W ,,KOMIIO3UTHHOT MeTon . Bepubukanuja Ha WU3BPUIHHOT
aITOpUTaM € M3BpIIeHA IIPEKy MpecMeTKa Ha TPUECeT Caydar KO BKITydyBaaT Pa3INIHH JIOKAIUH BO CKIAAUIITETO O]
KoM Tpeba Ja ce 3eMe cToka. McTpaxyBameTo MoKaxyBa Jieka nmaTekute GopMupaHu crnoper ,,KOMIO3UTHHOT METOA”
1 ,,S-METOJIOT” BO CHUTE CIlydaHl Kora € MOTpeOHO Ja ce 3eMaar rojieM Opoj KyTHH Of pa3indHH padTOBHU ja daBaaT
HajKpaTKaTa raTeka 3a KOHKPETHOTO CKIQANIITE.

Kutyunu 360poBH: ONTHMHU3AIM]ja HA TTaTEKa; MOATOTOBKA HAa HApayKa 3a HCIIOPaKa; CKIaUIITE

1. INTRODUCTION

The aim of logistics is consistently centered on
finding faster, accurate, timely, and flexible meth-
ods for delivery. This research paper focuses on the
specific aspect of logistics known as intra-logistics.
The need for research is supported by a review of
earlier surveys in the field of intra-logistics, order
picking and optimization of logistics processes in
warehouses.

Firstly, Ratliff [1] introduces an algorithm for
order picking in warehouses. The objective of the

algorithm is to select the optimal path, thereby min-
imizing the time required for order picking.
Kruithof [2] in his research outlines the steps on
how to programme an algorithm aimed at optimiz-
ing warehouse path. Additionally, Wang [3] in his
thesis used a mathematical model, which is based
on the Traveling Salesman Problem (TSP), com-
bined with Genetic Algorithms. Puka [4] conducts a
comparative analysis of four order picking methods
to determine the optimal approach. Liu [5], simi-
larly, presents a comparison of the s-method, the re-
turn method, and the composite method. In align-
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ment with previous research, Esra [6] compares the
s-shape method, the midpoint method, and the larg-
est gap method.

Lanza [7], in the research paper, gives a thor-
ough explanation of how to optimize the path for or-
der picking using a programming language. Kor-
bacher [8] also seeks to compare paths using the
midpoint method, the return method, and the largest
gap method. Additionally, Shetty [9] introduces
vehicle routing based on order picking in ware-
houses to further reduce travel time and distance.

The literature review shows that the selection
of the shortest path during order picking has been
extensively discussed since the second half of the
twentieth century. Given that approximately 50% of
the time needed for the preparation of a delivery or-
der is attributed to the movement of the order picker,
it becomes necessary to optimize the path taken dur-
ing the execution of this process, thereby reducing
the time spent. Within the realm of logistics, order
preparation emerges as a critical segment with sig-
nificant potential for optimizing logistics cost and
enhancing productivity [10].

1. LITERATURE Problem

REVIEW "identification PATH OPTIMIZATION

BACKGROUND

/" 2. ORDER PICKING AND PICK

Based on the conducted research, it is evident
that addressing the challenge of selecting the short-
est path in a warehouse is particularly complex due
to the varied shapes and internal layouts of ware-
houses. Consequently, the primary objective of this
study is to identify and capitalize on an opportunity
to optimize a pivotal segment of the logistics pro-
cess-order picking. The focus of this research was
to gather data and generate an algorithm for path op-
timization in the warehouse. Generating and using a
Matlab code, this research should efficiently enable
the selection of the shortest path in order picking
within a certain warehouse. This research paper
contributes in solving important and contemporary
issues in scientific and professional research into in-
tra-logistics.

2. METHODOLOGY

The data used in this paper was primarily gath-
ered from academic literature and publications. The
keywords used in the search are: order picking
methods and optimization of pick path in ware-
house. Figure 1 illustrates the steps taken in this re-
search.

Data collection - D
solution the 3. MODEL - DESCRIPTION ‘

| research . AND ASSUMPTIONS |
y problem - y

l Data [nput:
i . - o

y B 4

A ALGORITIIM oy, 5 MATLAB
DESCRIPTION | prement

CODE

VERIFICATION — RESULTS

%Validationﬁ

6. MODEL VALIDATION AND | the key
findings

B

7. CONCLUSION
and insights

AND DISCUSTION

P

Fig. 1. Research methodology

3. ORDER PICKING METHODS AND
PICK PATH OPTIMIZATION

Optimizing order picking involves determin-
ing the sequence for order completion and selecting
the most suitable path. In the context of rack ware-
houses, various heuristic methods are employed to
generate movement routes. Additionally, algorithms
are utilized to ascertain the most appropriate path,
whether it be optimal or suboptimal [11].

3.1. Order picking methods

a) S-shape method

Moving the order picker using the s-shape
method is the most straight-forward method to im-
plement. Using this method every rack containing at
least one item for retrieval is traversed along its en-
tire length [12, 13]. Conversely, racks devoid of
items slated for collection are entirely bypassed.
Figure 2 illustrates an example of preparing a
delivery order using the s-shape method.
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b) Return method

The return method stands out as a simple and
frequently employed approach in order picking. In
this method, the order picker enters between the
racks, exclusively from one side. After collecting
the required goods, the order picker follows the
same route for the return journey (Figure 3). It's

important to note that this method might not always
be practical, especially in situations where order

passage 4

exit

—

— 1 lf -1 ‘
! Iy _
I =2ls.1f9.1)S! IZpoaf1a|C ]
| l|82fo2] | | o2z |
| | | |
} 8.3jo3 : : ho.2h1.3 :
| [ |
} 8.4J9.4 : : 10.401.4) :
\ I |
| |s5f89.5] | | hoshis |
| | | |
\ 'S | |
| |s6jo.6] | &1 poshiel |
| | & |

o

[ T E

entrance
W e—— ey p—_
| 1
] | A f
1l UISzagsals | 13[a )5S W Sle g7 ls
[} | e Q | @ Q| | Q
m AR g | f - e
1.2 : | [22)B.2. | [a2)52] &7 Is.z 7.2
o | |
13| | : 2.343.3. : 4.3)5.3 : : le:3]7.3,
= ! I
14| | : 2.4J3.4. : 4.4]5.4 : : |e.4]7.4.
— | | ! I
15| | | [25}s. | |a5)55] | | |e.5)75
| o I, |
| g | o | | ol
16| | §1 |2616| | 31 [46]s6] | 5| Is.s 7.6
| 1 g 2 | I 2|
I 2L 1%L
| e————d M ) S
|

passage 6

Fig. 3. Return method
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picking is done with forklifts and there is not
enough room to perform a 180° turn [7]. A further
drawback of this method is its tendency to prolong
the duration of the process compared to alternative
methods, resulting in limited optimization of the
time allocated for preparing the order for delivery.
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c) Midpoint method

In this method, the warehouse is conceptually
divided into two hypothetical halves. Thus, the
completion of the order is done by entering from the
first passage and only the first and last passage are
traversed across their entire length. When passing
through the remaining passages, an alternative ap-
proach is adopted. If the items to be picked are situ-
ated in either the first or second hypothetical half of
the warehouse, the return method is applied. Access
to these passages is determined by the correspond-
ing side. For instance, when goods need to be re-
trieved from the second half of the warehouse (rack
bays 4, 5, or 6), entry is made from that side (Figure

.M

4). In contrast, when goods are to be picked from
the first half of the warehouse (rack bays 1, 2, or 3),
the access point for these passages is from the front
side of the warehouse. When passages do not con-
tain items for picking, they are simply bypassed.
This approach is illustrated in Figure 4, showcasing
how the return method is applied selectively de-
pending on where the parts are located in the two
hypothetical warehouse halves [8].

It's crucial to note that the midpoint method
might not apply in all situations and could encounter
challenges in cases where there's an odd number of
rack bays in a sequence. In such cases, decisions
must be made on how to divide the racks across the
two warehouse halves.

*explanation

1 1 O 0 R ] ] 0 A ] T 1

0 1 O 0 0 0 O 0 N 1 O O

o o

rack bay 3 | rack bay 2| rack bay 1
Rack

Fig. 4. Midpoint method

d) Composite method

As the name suggests, the composite method
represents a new method that is a combination of the
two existing methods (the s-shape method and the
return method), which pulls out the best features of
both methods and combines them into one compo-
site version. The purpose of this method is to mini-
mize the movement between two farthest locations

and two adjacent crossings, so the aim is to use ei-
ther the s-shape method or the return method [5, 14].
A composite method example is provided in Figure
5.

Since there are parts to be taken from the bays
in the first and the second half (racks bays 3.6 and
4.3) the s-method is applied, for picking the parts in
those two passages, the first and the second passage
are passed in their entire length. The return method

Mech. Eng. — Sci. J., 42 (1), 15-26 (2024)
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is applied in the third passage, because in that
passage the only parts to be taken are the ones that
are located in the first half of the warehouse (rack
bays 5.1, 6.1 and 6.3). The passages 4 and 5 are
bypassed, since there are no parts to be taken.

Unlike the s-method, in the composite method
the last passage does not have to be passed in its en-
tire length. Therefore, as shown in Figure 5, the last
passage, passage 6, is not passed in its entire length,
since it is necessary to take goods from the first bay
of the rack (12.1).

entrance

rack 1

Fig. 5. Composite method

3.2. Methods of pick path optimization

The basic approach for calculating the direct
distance between two given points, 4(x:, y1) and
B(x2, y2) or Euclidean distance, is calculated accord-
ing to the equation (1):

d(A,B) = \/(xz —x)2+ (0 —y)%: ()

Manhattan distance is another way of distance
calculation. According to the Manhattan distance,
the distance between two points A(xi, y1) u B(x2, y2)
is calculated using the expression (2) [15]:

d(A,B) = [ x; — x| + | y1 — ¥2l. 2)

In the literature review on route optimization
during the preparation of a delivery order, the Stei-
ner Traveling Salesman Problem (STSP) is used,
which is a subtype of the traditional TSP [13, 15].
The TSP deals with scenarios where a known num-
ber of locations {ls, I»,...,In} are given, and the trav-
eling salesman must visit each location, considering
the distances between each pair of locations [2, 16,
17]. The objective is to find the shortest path along
which the traveling salesman will visit all locations
and return to the starting location. The spatial
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solution comprises the set of all permutations of the
numbers 1, 2,...,n without repetition. Some of the
methods for calculating TSP include the Brute-force
method and the Branch and Bound method [18].

If the task involves determining routes for the
movement of vehicles, it is known as the Vehicle
Routing Problem (VRP) [19, 20]. This method ex-
pands upon the TSP. In the TSP, the goal is to visit
a specific number of locations from the starting
point and ultimately return to the starting point [1].
The fundamental form of the VRP focuses on opti-
mizing the routes for vehicles originating from a
central location, delivering goods to various desti-
nations [21]. This could involve the use of several
types of vehicles or a single vehicle making multiple
trips [9, 22, 23]. The objectives of determining
vehicle movement routes include:

= Minimizing the total distance traveled,

= Ensuring that the selected path passes through
all locations only once;

» Ensuring that the chosen route starts and ends
at the same location.

The objective of the Steiner Traveling Sales-
man Problem (STSP) [2, 7, 8, 10, 12, 24, 25] is,
given a list of locations to be visited and the mutual
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distances between them, to find the shortest possible
path. This path should encompass all locations,
ultimately returning to the initial position [21, 26,
27].

4. MODEL DESCRIPTION

This section illustrates the warehouse model
used in this research paper. First, the model under
study is described in detail. To examine a real-world
scenario, input parameters for an actual warehouse
are employed. The layout of the warehouse under
consideration is depicted in Figure 6. The dimensi-
ons of the warehouse are 31,900 mm in width and
11,000 mm in length. The warehouse consists of
twelve racks, five of which being double-sided
racks and two of which being single-sided racks.
Each rack has six bays. The length of each rack is

6,000 mm, while each rack bay is 1,000 mm in
length. The distance between the racks and the
warehouse walls is 2,500 mm, and the gap between
two adjacent racks is 2,800 mm. The width of the
single-sided racks is 1,300 mm, and for the double-
sided racks is 2,500 mm. The warehouse features a
single entrance and exit, both located on the same
side of the building. The entrance is positioned on
the leftmost side, while the exit is on the right.
Within the warehouse, six passages between the
racks allow for the movement and manipulation of
goods using a forklift. In Figure 6, the path anti-
cipated during order creation is marked in red. In
detail A of Figure 6, the 1,000 mm distance repre-
sents the space between two rack bays of one rack
when collecting parts. In detail B of Figure 6, the
500 mm distance indicates the space from the
beginning of the rack to the middle of the first rack
bay.
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Fig. 6. Warehouse dimensions

For a simpler representation of the warehouse in
Figure 6, the racks and rack bays are labeled. The
racks are numbered from 1 to 12, and each rack bay
is labeled from 1 to 6. Therefore, for rack 1, the rack
bays are marked as 1.1, 1.2, 1.3, where the first

number indicates the rack number, and the second
number indicates the bay number on that rack.

The height of both the racks and the warehouse
are not considered, since they are not taken into ac-
count in the calculation of the route for order picking.
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Additionally, it is expected that the order picker will
select boxes from the center of each rack bay to form
the delivery order. This research paper omits the di-
mensions and mass of the boxes and there are no
limits on capacity, i.e., on how many parts the order
picker can carry.

4.1. Presentation of the algorithm

Figure 7 illustrates the block diagram of the
algorithm for creating an executable program. The
algorithm operates by calculating paths using four
methods and choosing the best one. The first step of
the algorithm is to create a matrix with 12 columns
and 6 rows, where the number of columns corres-
ponds to the number of racks, and the number of rows
represents the bays of each rack.

In the next step, the code generates a matrix with
all elements initialized to zero. To modify the matrix,
the positions from which an order needs to be picked
are changed from zero to one. This is achieved using
the command ‘change = 1:num_changes', where the
variable ‘num_changes’ denotes the number of or-
ders to be taken. The cycle iterates 'n' times, prompt-
ing the user to specify from which rack (column) and
rack’s bay (row) packet need to be taken. After com-
pleting the ‘for’ operation, the matrix is formed, with
‘1’ representing the positions from which orders

m—b Forming matrix (6, 12) with all elements =0 ——matrix=zeros (6, 12

num_changes=input('"How many packets need to be taken?')

A 4

Modification of the matrix

col = input('Enter rack number (1-12):");

; row = input('Enter rack bay number (1-6): ');

for change=1:num_changes———»

should be picked. Following this, the output matrix is
displayed, highlighting the locations marked with '1'
as the places from which goods should be retrieved.

After the completion of the previous steps, the
algorithm proceeds to calculate the sub-processes for
the entered parameters based on the four methods: the
s-method, the return method, the midpoint method,
and finally, the composite method. Following the ex-
ecution of these four sub-processes, the algorithm
compares the path lengths obtained from each meth-
od. If the length of the path according to the s-method
is smaller than the lengths obtained from the other
three methods, the output is printed: "The path
according to the s-method is the shortest”. However,
if the path length according to the s-method is not
smaller than at least one of the paths obtained from
the other three methods, a comparison is made with
the length of the path obtained according to the return
method, the midpoint method, and the composite
method. If the length obtained from the return method
is the smallest compared to the other three methods,
the output is: "The path according to the return meth-
od is the shortest". In case the length obtained from
the midpoint method is the smallest compared to the
other three methods, the output is: "The path accord-
ing to the mid-point method is the shortest". Other-
wise, the output is: "The path according to the com-
posite method is the shortest".

ow many changes to th
natrix should be made?

n which racks (columns) and
in which rack's bays (rows) should the
packages be taken?

Make the

) ——matrix(row, col) = ;¥
changes

Display of the matrix

Path calculation according to

—dis trix );—»
isp(matrix) the s-method

v

Path calculation according to
the return method

A 4

Path calculation according to
the midpoint method

Path calculation according to
the composite method

A 4

v

Comparison of paths according
to the four methods

Printing the optimal
method

Fig. 7. Block diagram of the algorithm

Maw. undic. nayu. ciuc. 42 (1), 15-26 (2024)



22

A. Vasileva, I. Gjurkov

5. MODEL VALIDATION AND VERIFICATION
Results and discussion

Thirty distinct arbitrary order picking cases
were generated to evaluate the reliability of the
Matlab code. To validate the code, three cases were
randomly selected from the total of thirty and
manually calculated. In Figure 8, the slice window
for case 1 is displayed, while Figure 9 shows the

Command Window

paths generated according to the four methods for
the input data of case 1.

In Figure 10, the slice window for case 2 is
shown, while Figure 11 presents the paths generated
according to the four methods for the input data of
case 2.

In Figure 12, the slice window for case 3 is
shown, while Figure 13 presents the paths generated
according to the four methods for the input data of
case 3.

View of the warehouse with the packages that need to be taken when forming the order:

1 1 1 1 1 1 1 1 1 1 0 0
1 0 v 1 1 0 1 0 0 0 0 1
1 1 v} 0 1 0 v} 1 1 1 ] 0
1 1 v 1 1 0 1 0 0 1 1 1
a 1 1 0 a 0 1 1 0 0 0 1
o Q 1 1 o 1 1 1 1 Q 1 0
The path length by the S-method is: 80000
The path length by the Return method is: 108000
The path length by the Midpoint method is: 143900
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Command Window

View of the warehouse with the packages that need to be taken when forming the order:
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View of the warehouse with the packages that need to be taken when forming the order:
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Fig. 13. Comparison of path lengths according to the four methods (Case 3)

Based on the results obtained, the formation of
paths for order picking using the composite method
and the s-method consistently outperformed in all of
the test cases compared to the other methods. The
identical values of the paths for the composite
method and the s-method arise from the nature of
the orders in the illustrated cases. These cases re-
quire retrieving a significant number of parts/boxes
from nearly every bay of the racks, resulting in the
formation of the same path for both the composite
method and the s-method. In all cases, it is worth
noting that the lengths according to the s-method are
consistently 80,000 mm. This uniformity in path

lengths for different orders stems from the necessity
to retrieve a box from each rack, requiring passage
through all the passages to enable access to each
rack bay. After the composite method and the s-
method, the next best-performing method is the re-
turn method. The longest paths in all thirty cases,
are observed with the midpoint method. For the
given warehouse and its entry and exit layout, the
midpoint method fails to provide an adequate path
formation in order picking. In scenarios where only
a small number of boxes need to be retrieved from
the first bays of the racks, the return method, as well
as composite method, yields the shortest path.
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6. CONCLUSIONS

The selection of the shortest delivery path is a
logistical challenge that has been extensively stud-
ied since the second half of the 20th century. In lo-
gistics, the preference for the shortest path is pri-
marily applied during the delivery of shipments
within the borders of a country, for intercity or city
deliveries. The issue of choosing the shortest path
when preparing goods for delivery within the ware-
house, as part of the logistics chain, is a problem that
is not as thoroughly researched, and few executable
programs are available. The varying shapes and in-
ternal layouts of warehouses add to the difficulty of
solving the issue of choosing the shortest path
within a warehouse. This suggests that a software
solution needs to be tailored to the placement of in-
put and output, as well as the layout of the racks
where the items are stored. Selecting the optimal
path when preparing an order for delivery in a ware-
house is essential for optimizing logistics processes.
In this regard, this research paper addresses the spe-
cific problem of calculating the shortest path in a
rack warehouse with given dimensions and layout.

The verification of the executable code is
demonstrated through thirty arbitrary order-picking
cases. The simulation results show that for varying
numbers of racks and rack’s bays from which part/
boxes need to be picked, the composite method and
the s-method show superior performance among the
four methods. As expected, the composite method
outperforms the other techniques and provides
optimal solutions by combining and addressing the
limitations of alternative methods. In scenarios
where numerous boxes are to be picked up from
almost all racks, the paths formed by the composite
method and the s-method are identical.

When it comes to retrieving parts/boxes from
a smaller number of racks, particularly from the first
or the second rack bays in the first half of the ware-
house, the return method yields better results than
the s-method. As the number of racks increases, and
there is a need to collect boxes from more distant
rack bays like 4, 5, and 6, the s-method proves more
effective. In the given case, the longest paths during
order formation in all examples were observed us-
ing the midpoint method. In conclusion, the values
obtained from the conducted research underscore
the importance of calculating the shortest path in
warehouses when preparing a delivery order.

Future directions for refining, expanding, and
advancing the research would involve a compara-
tive analysis examining how changes in input and
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output parameters affect path lengths. Additionally,
the objective is to develop an executable algorithm
capable of mapping the shortest path as an output,
enabling the code to find more practical applica-
tions. Developing an algorithm to calculate the
shortest path for warehouses with varying dimen-
sions and spatial layouts is a substantial challenge.

A major improvement to the algorithm in the
future would involve incorporating capacity consid-
erations into the calculation of the optimal path dur-
ing the process of preparing a delivery order. This
entails including the quantity of items retrieved
from a particular rack and considering the limited
capacity of the asset, such as a cart or a box, into
which the order picker will place the ordered pieces.
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Abstract: Isolated current sensing is fundamental in several contexts, including power electronics, automotive,
and smart buildings. To meet the requirements of modern applications, current sensors should feature ever larger band-
width and dynamic range, as well as reduced power consumption and dimension. There are different ways for current
measurement like using current transformers or using the Rogowski coils which are not precise enough in many appli-
cations and not suitable for use in power electronic measurement systems. For that reason, the Hall effect-based sensor
can be used as a very precise alternative with minimum external components. Many modern electronic devices utilize
linear Hall sensors to measure current and the magnetic field, as well as to perform switching and latching operations.
Within this paper a focus is on the analysis and creation of a current measuring device using the Hall effect sensor
SS495A. The mathematical model of the device is calculated experimentally, which then is connected to a microcon-
troller. The device is connected to the internet and using an loT platform, an app is created which allows for real time
monitoring through the web or a smartphone.

Key words: current sensing; Hall effect; Arduino microcontroller

PA3BOJ HA MHCTPYMEHT 3A MEPEIGE JAYAHA HA CTPYJA KOPUCTEJKH XAJIOB EGEKT

AmcTpak T Mepemero Ha cTpyja € o GyHIaMEHTATHO 3Ha4YeHe BO HEKOJIKY KOHTEKCTH, BKIY4yBajKH ja
€HepreTcKaTa eNeKTpOHNKA, aBTOMOOMIICKaTa HHAyCTpUja U naMmeTHuTe 3rpaau. Co Len aa ce 3a1oBosiat Oapamara Ha
COBPEMEHHTE alUIMKalUK, TEKOBHUTE CEH30pH Tpeba Ja MMaaT JUHAMHUYEH | 3rOJEeMEH OICer, Kako W HaMalleHa
MOTPOIIYyBaYKa HA €Heprija u AUMeH3ud. [10CTojaT pa3nuyHu HAYMHK 32 MEpPee Ha CTPYjara, Ha IPUMEpP KOPHUCTEhEe
CTpyjHH TpaHCHOPMATOPH WM KOPHCTEHE HAMOTKH, KOM HE C€ JOBOJHO MPEIHU3HH BO MHOTY aIUTMKAI[MHd M HE ce
MOTO/IHH 32 yIoTpeda BO eIEeKTPOHCKH MEPHHU CHCTEMH 3a HarojyBame. OJ1 Taa MpuYnHa, CEH30POT 3aCHOBaH Ha XalloB
eeKT MOXKe /1a Ce KOPUCTH KaKO MHOTY IMpEIM3Ha alTePHATHBA CO MUHUMAIHH HAJABOPEIIHA KOMIOHEHTH. MHOTY
COBPEMEHH EeNIEKTPOHCKH ypeayu KOPHCTAT JIMHeapHH XaJoBH CEH30pH 3a Mepeme Ha CTpyjaTa M MarHeTHOTO II0JIe,
Kako M 3a W3BpILYBame ONEpalliy Ha NMpeKUHyBaud. Bo pamkute Ha 0BOj TpyA (OKYCOT € CTaBeH Ha aHaluM3a U
CO3/IaBakbe ypell 3a MEpeme CTpyja co MmoMoll Ha ceH30poT co XanoB edekr SS495A. ExcrnepuMmeHTANTHO Cce
IIpecMeTyBa MaTeMaTH4YKK MOJIEI Ha ypeJl KOj IT0Toa ce IIOBP3yBa CO MUKPOKOHTPOJIEP. YPEIOT € IOBP3aH Ha HHTEPHET
U co KopucTeme Ha miatdopmara 10T ce kpenpa amMkarpja Koja OBO3MOXXYBa ClIeJICHhe Ha IMOJATOLUTE BO PEalHO
BpeMe IpeKy Bed WM MpeKy maMeTeH TenedoH.

Kayunn 360poBu: Mepeme Ha cTpyja; XanoB edekr; ApAyHHOB MUKPOKOHTPOJIED

1. INTRODUCTION to estimate electrical power and energy. This de-

mand is driven by the recent trends and policies to-

Current sensing circuits are needed for meas- wards smart energy efficient cities, creation, con-
urement, monitoring and control of various applica- version and storage of energy as well as in smart
tions. These circuits are used largely in automotive electric vehicles [1-4]. Another relevant use for cur-

and power electronics which require current sensing rent sensing is in power modules, in the current-
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mode loop control of DC-DC converters [5, 6], pro-
tection from over current and current leakage.

In several of these applications, the current
sensor should satisfy many requirements including
low insertion loss, high dynamic range, robustness,
high speed, low cost, and reduced physical dimen-
sions. Therefore, it is essential to develop miniatur-
ized and high-performance sensing devices to be
possibly embedded within the power system. In this
context one of the more widely used techniques for
current sensing is the use of the Hall effect. These
sensors are sensitive to the magnetic field generated
by the current to be detected. Using this effect the
current flow which is monitored in the power circuit
is kept electrically isolated from the sensor [7]. This
isolation of the Hall effect sensors ensures that it is
not affected by conducted interference generated by
the power system which is monitored which ensures
effective use in electromagnetically polluted envi-
ronment. Sasti et al. [8] have used the Hall effect to
develop a high current DC sensor with the ability to
measure at 128 amps, while in [9] an educational la-
boratory was set up using national instruments Lab-
View and an acquisition card and the use of a closed
loop Hall effect sensor.

Most magnetic sensors available commercially
are so-called Hall devices, which are based on the
Hall effect. The Hall effect is the appearance of an
electric potential difference in a probe or semicon-
ductor, when there is a magnetic field nearby, per-
pendicular to the plane of the probe. The original
experiment consisted of a metal sheet attached to a
glass substrate through which an electric current
was conducted (Figure 1). By connecting a galva-
nometer to the ends of the sheet, at equipotential
points, and placing the sheet between the poles of an
electromagnet, it was seen that at certain positions
of the basic electromotive force and the magnetic
field, a suppression of the electric current appeared
towards one end of the sheet.

With further tests, it was confirmed that the
newly created electromotive force is directly pro-
portional to the product of the magnetic field
strength B and the current speed v.

En~[v*B] )
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Fig. 1. A sketch of Hall’s original experimental arrangement
[10]

2. DEVELOPMENT OF CURRENT
MEASURING DEVICE

The aim of this work is the development of a
device that can measure current flow and send data
to a database which can be accessed from anywhere.
The use case of the device is mainly focused in
household appliances since they are the main power
consumers in any home. By connecting to a cloud
service, where data processing and collection of real
time power consumption data will take place, an ap-
plication can be created where a statistical overview
can be seen of where and how much power is con-
sumed on a daily/monthly basis. In addition, the de-
vice for measuring the flow of electric current can
serve as a security measure in homes, by sending a
predefined natification to the user (example: a cer-
tain device has been switched on longer than the
specified time, the occurrence of higher consump-
tion than usual when using a certain device, a re-
minder to turn off the device, a warning about cur-
rent exceeding the specified limit, etc.). The need of
such a device arises since on the market most of the
available devices only give information on whether
the appliance is turned on or off and they usually
come prebuilt into the appliance.

The functional block diagram for this device
can be seen on Figure 2.

Sending data to Mobile ap-
cloud server plication

Fig. 2. Development of current measuring device with cloud connection
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2.1. Measuring and amplification
of magnetic field

In order to approach the realization of the idea
of creating a device for measuring the flow and
strength of electric current, we firstly need to select
an element, i.e., a sensor, from which we will re-
ceive data that is directly dependent on the strength
of the electric current. Since a magnetic field is cre-
ated around every conductor through which electric
current flows, a suitable solution would be to choose
a magnetic sensor. For this purpose the analog Hall
sensor Honeywell SS495A is selected, which is a
magnetic sensor and at the output it generates a volt-
age that is directly connected and depends strictly
on the strength of the electric current. The SS495A
sensor is suitable for its small size, low power con-
sumption, built-in resistors for greater accuracy and
temperature compensation, stable output signal and
the ability to respond to positive and negative mag-
netic fields.

The next step in the process is the amplifica-
tion of the magnetic field in order to obtain a larger
range of values that the sensor can detect, which
would also increase the accuracy of the output sig-
nal. We perform the amplification with a metal part
in the shape of a toroid (Figure 3), on which, for ad-
ditional amplification, we coil up the wire of the
conductor where we want to measure the current
flow.

Fig. 3. Hall sensor inside a toroid for amplification
of magnetic field

A notch in the toroid is made, with the dimen-
sions of the sensor. By inserting the sensor into the
notch of the toroid, its position is fixed. The stable
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position of the sensor is an important factor for ob-
taining accurate and precise data, because even the
slightest change in position can result in a com-
pletely different mathematical model.

2.2. Mathematical model

Modeling a system means establishing a math-
ematical model for the behavior of the constituent
components of the system itself. Mathematical
models represent a set of mathematical relations.
They can be obtained analytically or experimen-
tally, i.e., identification of a system. Due to the in-
sufficient amount of available information about the
toroid material, we cannot determine the mathemat-
ical model for the device analytically. The system
for which a mathematical model is developed is
shown on Figure 4. The magnetic field which is cre-
ated when current flows through the conductor is
given by the following equation.

_ Moprl
B= 2nr ' )

where B is the magnetic flux density, u,, u, are the
vacuum and relative permeability, respectively, and
I is the current. The magnetic flux is measured by
the Hall sensor but this value is very low hence it is
required to be amplified by a material with high per-
meability, which is the toroid where the sensor is
placed. Since there is a notch in the toroid where the
sensor is placed the magnetic flux has a different
value which considers the air gap between the sen-
sor and the field concentrator, denoted in the equa-
tion as d. This relationship is given by equation 3.

_ Mol !
T 2n(r-d)+dur’ (3)

Equation 3 can be rewritten in the same order
as equation 2 if an effective permeability is consid-
ered.

_ Uolel
B = 2nr (4)

where the effective permeability can be calculated
as:

_ Hr
He = 1+%_g- ®)
The Hall sensor outputs a voltage whose rela-
tion can be described with the following equation,
(eq. 6). Further explanation and a deep dive in cur-
rent measurement in power electronic can be found
in [11].
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Vout = (S#O#e)l + Voffset (6)

2nr

The value of the offset is directly affected by

VCC

the input voltage of the sensor, where Vgt = -

The value of the constant that directly connects the

current in the conductor and the output voltage from

the sensor (%) needs to be experimentally deter-

mined. This is achieved by connecting the sensor
with a generator and an oscilloscope and generating
a set of input values for the voltage and current and
recording the output values of the sensor. The con-
nection diagram can be seen on Figure 4.

Fig. 4. Electrical scheme for determining mathematical model

We control the strength of the current
flowing through the conductor through the gen-
erator, and we display and read the signal which
we receive from the sensor on the oscilloscope.
The experiment was done for current values
from 0 to 1.4 Amps, and we write down the val-
ues for the corresponding generated voltage
(Table 1), and with the help of software, in this
case MATLAB, through the linear regression

method we determine the dependence that best
describes them. The expected dependence is the
shape y = ax + b.

Table 1
Vio (V)  T(A)  Vou (V)
0 0 2.49
224 01 2.51
457 02 2.53
6.8 0.3 2.54
896 04 2.55
1114 05 2.57
1344 06 2.58
1571 07 2.6
179 08 2.62
207 09 2.63
22.17 1 2.64
242 11 2.66
2632 12 2.68
2844 13 2.69
3077 14 2.71

The obtained data from the software is graph-

ically shown in Figure 5. The coefficient (S‘Z“’T‘T‘e) is

calculated to be 0.15286 and the offset voltage to be
2.493, which is half of the input voltage as stated
previously.

(] [:¥3 04 06

A

0B 1 12 14

Fig. 5. Relation between the output voltage of the sensor and the current of the conductor
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The final mathematical model for this system
is described by equation 7.

Vour = 0.153 % I + 2.493. ©)

3. RESULTS AND DISCUSSION

After determining the coefficients of the math-
ematical model, the system is connected with a mi-
crocontroller which enables reading and writing of
the data received from the sensor. The choice of mi-
crocontroller has a big role in the resolution of the
system, i.e., the smallest possible change that can be
detected depends on the microcontroller. Arduino
UNO WiFi Rev.2 is be used for this project, which,
as the name suggests, has a built-in WiFi module
and can easily be connected to the Internet. The res-
olution of the system, or rather of the converter from
analog to digital signal, can be determined by the

equation 8:
Vref — 5

mV
101 = Top3 = 4.895, (8)

ADC\es =

where the value of Vi indicates the power supply of
the sensor and also the range of the output signal.
The resolution of the sensor in the system is ~5 mV.

The system connection is the same as when de-
termining the mathematical model (Figure 4), with
the only difference that we do not connect the output
signal to an oscilloscope, but to one of the analog
pins of the Arduino, AO shown in Figure 6.

After the device is connected to the Arduino, a
program is created which will read the values from
the sensor and transform them into useful data about
the current passing through the conductor. We con-
nect the Arduino to the Internet, and we upgrade the

6 Hours 1Day 1 Wael

Amps

1.06°

Chart

existing program with additional functions for send-
ing the data to a cloud service. The cloud service we
use is Blynk, an 10T (Internet of Things) platform
for smartphones that is used to control various mi-
crocontrollers such as Arduino, Raspberry Pi and
similar. The advantage of Blynk compared to other
cloud services is the direct and easy connection to
Arduino and the possibility of creating a simple user
interface. To create a new application, it is neces-
sary to create a template, i.e., template for how it
would look, but existing ones can also be used.
Templates mainly consist of dashboards, infor-
mation about the connected system, assigning vir-
tual pins, and of course, the appearance of the appli-
cation. The appearance of the application is given in
Figure 7.

The application can be accessed via a smart-
phone or the web. It shows the current measurement
for the current and voltage, and values can be seen
for hourly, daily, and monthly consumption. The pro-
gram can be upgraded with conditions for sending
notification to the user, as can be seen in Figure 8.
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Fig. 6. Connection diagram of the current measuring system
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Fig. 7. Blink application for the system
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Blynk loT 14
G Blynk Notification

&
Fig. 8. Notification from Blink application to smartphone

Emphasizing the rational use of electricity, the
condition was set that when the device is turned on
for a long period of time a notification is sent to the
user. These conditions can be varied based on the
need, for example a notification to be sent when ex-
ceeding a certain current consumption.

4. CONCLUSION

The aim of this work was to create a system for
measuring flow and strength of electric current in
conductors using a Hall sensor and it was successful
realized. During the analysis and realization of the
system, it was shown that the Hall sensor is a good
option for this application, but not ideal, since an
additional power supply is needed. The system is
suitable for use in conjunction with a large number
of devices. The created system, although functional,
has its drawbacks. The main disadvantage is that it
needs to be integrated within the device. This would
make it difficult to change the sensor from one de-
vice to another however by integrating some of the
elements in a smaller assembly, and powered by a
battery, it is possible to significantly reduce the di-
mensions of the system, and at the same time to al-
lowing the system to become portable. Upgrading
the device will mean coming closer to the standard
current clamp for measurements only having smal-
ler dimensions as well as an 10T application for real
time monitoring of the devices we connect too.
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OVERCOMING INDUSTRIAL ROBOTICS CHALLENGES
AND THE ROLE OF OFFLINE PROGRAMMING
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Abstract: Industrial robots play a pivotal role in modern industrial production, with robotic welding standing
out as a crucial application. This paper analyzes the utilization of online and offline programming methods to optimize
robotic welding processes, with an application of Gas Metal Arc Welding (GMAW) techniques. GMAW offers excep-
tional versatility, including adaptability to various plate thicknesses, high productivity rates, compatibility with diverse
materials, and the ability to weld coated metals. The synchronization of robotic movements and positioners plays a
crucial role in ensuring precise welding execution. This complexity is particularly evident in scenarios involving weld-
ing complex curves, where coordinated movement between the robotic arm and positioner is essential for successful
outcomes. In this study, an experiment involving the welding of a pipe-pipe joint using a robot with 6 and positioner
with 2 degree of freedom is presented. By applying synchronized movement, seamless welding operations are achieved,
highlighting the importance of advanced programming techniques and synchronized operations in enhancing the effi-
ciency and precision of robotic welding in industrial production.

Key words: welding robot; robot programing; OLP; GMAW; MIG/MAG

HA/MUHYBAIBE HA ITIPEJU3BUIIUTE HA UHIAYCTPUCKATA POBOTHKA
M YJIOI'ATA HA ITIPOTPAMUPAIBETO O®JIAJH

A 1nctpak T UHnycTpuckuTe poOOTH UrpaaT KIIy4Ha yJIora BO COBPEMEHOTO HHIYCTPUCKO NPOU3BOJICTBO,
IpH IITO POOOTCKOTO 3aBapyBame Ce U3J(BOjyBa Kako KiydHa mpumeHa. OBOj TPyZ IO UCTpa)KyBa KOPHCTEHETO HA
METOJIUTE 33 OHJIAjH U 0()IajH IPOTpaMUpabe 32 ONTHUMU3UPAE Ha IIPOLIECHTE HAa pOOOTCKO 3aBapyBambe, CO IPUMEHa
Ha eJIEKTPOJIAYHO 3aBapyBakbe CO TOILIMBA EJICKTPO/Ia BO 3alITHTHA aTMoc(epa o nHepTeH/aktuBeH rac. GMAW nHym
HCKITyYUTEIHAa Pa3HOBUIHOCT, BKITydyBajKH MPUCIOCOOIMBOCT HA PA3IMIHK AeOCIMHN Ha IUIOYH, BUCOKH CTAIKH Ha
MIPOJYKTHBHOCT, KOMITATUOMIIHOCT CO PA3IMYHH MaTepHjald M CIOCOOHOCT 3a 3aBapyBame OOJOKEHH MEeTalu.
CuHXpOHU3aIMjaTa HA ABIDKEHaTa HA POOOTOT M MO3MIMOHEPOT Hrpa KIydHA yiora 3a ob6e30emyBame Mpenu3HO
M3BpIIyBamke Ha 3aBapyBameTo. OBaa KOMIUIEKCHOCT € 0COOCHO BHUIMBA Kaj MPEIMETH KOHM BKIydyBaaT CIOXKEHH
IPOCTOPHH KPHBH 32 3aBapyBambe, KaJie ITO KOOPANHUPAHOTO JBIKEH-E IIOMEry pobOTCKaTa paKa U MO3UIMOHEPOT €
0] CYIITHHCKO 3Hauyeme 3a JI00MBambe KBAINTETHH pe3yiTaTH. Bo oBaa CTyauja € MPETCTaBeH EKCIEPUMEHT KOj
BKJIy4yBa 3aBapyBam€ Ha CIIOj LIEBKA-IIeBKa CO IOMOII Ha POOOT CO 6 M MO3MIMOHEP CO 2 CTeNeHH cioboaa Ha
nBmkeme. [Ipexy ynoTpe6a Ha HMBHO CHHXPOHH3UPAHO ABMXKCH-E Ce MOCTUTHA KBAJIUTETHO 3aBapyBambe, LITO ja
HCTaKHyBa Ba)KHOCTA Ha HAIPETHUTE TEXHUKH HA IIPOTpaMUpParke U CHHXPOHU3MPAHUTE ONEPaIliH CO Il T0x00py-
Bame Ha e(hMKACHOCTA U MPEIN3HOCTA HA POOOTCKOTO 3aBapyBarme BO HHIYCTPUCKOTO IIPOU3BO/ICTBO.

Kayuunu 360poBu: pob0TCKO 3aBapyBame; nporpamupate Ha podoru; OLP; GMAW; MIG/IMAG

1. INTRODUCTION mal and/or mechanical energy. Numerous factors,

such as carbon migration from the low alloy side,

Welding is the process of joining two or more microstructure gradient, and residual stress across
pieces, usually metallic, with or without the use of various regions of the weld metal, influence the

additional material, applying a combination of ther- properties of the welded joints and the feasibility of
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the welding processes [1]. Welding techniques are
commonly observed and analyzed from several
points of view such as: structural, metallurgical,
chemical, physical and electrical. Accordingly, this
activity overlaps with several disciplines from tech-
nology and science, which gives it a multidiscipli-
nary character. It enables and requires the engage-
ment of more profiles of experts in the research and
application of this activity. From a sustainability
standpoint, welding has not received much atten-
tion. Instead, research on welding has been more
dedicated on developing welding processes, study-
ing applications on different metals, and improving
weld performance and quality, meanwhile, society,
economy, and the environment were rarely consid-
ered [2].

The most significant advantage of welding is
undoubtedly that it provides exceptional structural
integrity, producing joints with very high efficiency
[3]. The disadvantage is that there is a lot of heating
and consequent changes in thermal-deformation
cycle. Welding as a technique is often presented as
a difficult discipline. Welders are part of a heteroge-
neous workforce employed in a variety of work-
place settings. Well-ventilated indoor and outdoor
locations, as well as small, inadequately ventilated
interiors like ship hulls, pipelines, and basements of
buildings, may be included. As a result, various ex-
posure concentrations have been measured in weld-
ing-related workplaces [4]. Experienced welders are
highly valued because they control the welding pro-
cess, and it is not easy to practice. The traditional
method of production uses labor, necessitates a
large number of welders to ensure progress, and the
welding quality varies. Additionally, labor costs
have been rising annually, and the difficulty of re-
cruiting and labor shortages in high-risk occupa-
tions like welders and grinders have grown in prom-
inence. There is an urgent need to use automated
equipment to improve quality and efficiency. Ad-
vancements in robotic automation and intelligent
welding represent significant innovations [5].

The development of welding techniques has
led to the fact that the worker is not able to perform
the welding in which a high-quality welded joint
should be obtained in a sufficiently short time and
at a sufficiently low cost. Consequently, the devel-
opment of the welding procedure is in automation
and robots. Their accuracy, speed and repeatability
of processes is beyond human ability. The bigger
problem with welding robots is to be programmed
for complex welded joints. Industrial robots are an
essential segment of today's industrial production.

The demands for high quality, low cost and flexibil-
ity simply compel the development of robots. Nev-
ertheless, the focus of the intelligent welding manu-
facturing technology is mainly related to three key
elements: sensing welding process for imitating
welder’s sense organ function, knowledge extrac-
tion and modeling of welding process for imitating
welder’s experience reasoning function, and intelli-
gent control of welding process for imitating
welder’s decision-making operation function [6].

The development of robotized welding, which
is now one of the main applications for industrial
robots, has been truly remarkable since the introduc-
tion of the first industrial robots in the early 1960s.
Robot welding is mainly concerned with the use of
mechanized programmable tools, known as robots,
which completely automate a welding process by
both performing the weld and handling the part [7].
For the reason that they are so adaptable, robots
have been used for resistance and arc welding
among other types of welding. Robotic welding has
great advantages over any other method. Precision
and reproducibility, consistent weld quality, weld-
ing at optimal speed, without delays results in a
quick return on investment, consistent product qual-
ity, reduced predictability and duration of the oper-
ation and cost. Additionally, makes the process
quite flexible and can be utilized for other modern
manufacturing processes, and also adaptation of
variation in production line with variation in pro-
duction volume [8]. Manual welding has many
sources of injury at work, it produces harmful gases
that have a harmful effect on man and his health.
Most of the time, labor costs make up the majority
of the total cost. Robotic welding is harmless and
allows to avoid injuries and other possible incon-
veniences. A single robot can perform a large num-
ber of welding operations, including welding differ-
ent elements and shapes. The integration of welding
robots brings numerous advantages to various in-
dustrial welding tasks since most of the drawbacks
attributed to the human factors are eliminated as a
result [9].

By combining offline programming with an 8
degree of freedom (DOF) system, manufacturers
can address various challenges in industrial robotics
effectively. The virtual simulation environment pro-
vided by offline programming helps in optimizing
robot programs and ensuring seamless integration
into the production line. Meanwhile, the enhanced
capabilities of an 8 DOF system enable robots to
handle intricate tasks and navigate challenging
workspaces more effectively, leading to improved
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productivity and quality in manufacturing opera-
tions. In the following, Section 2 introduces Gas
Metal Arc Welding, considering its advantages and
disadvantages. Section 3 examines the program-
ming methods essential for optimizing efficiency
and precision in manufacturing. Within this section,
we explore both online and offline programming
approaches for robotic welding. Welding robot
characteristics and workspace considerations, as
crucial factors in optimizing performance within
manufacturing environments are mentioned in Sec-
tion 4. Furthermore, Section 5 delves into the ro-
botic welding process and the conducted experiment
of welding a pipe-pipe joint via the utilization of a 6
DOF robot and a 2 DOF positioner. Finally, Section
6 is dedicated to the conclusion that synthesizes the
insights gathered from our exploration, emphasiz-
ing the significance of the presented robot-based
welding system for advancing modern manufactur-
ing practices.

2. GAS METAL ARC WELDING

Gas Metal Arc Welding (GMAW) is one of the
most widely used welding techniques and is also
known as MIG/MAG welding. GMAW s valued
for its versatility, making it a widely used welding
process in industries ranging from automotive man-
ufacturing to construction. Belongs to the fusion
welding processes that utilizes a consumable wire
electrode and a shielding gas to create an arc be-
tween the electrode and the workpiece. The wire
electrode is fed continuously from a spool, and the
arc created melts the wire and the base metals, form-
ing a weld pool that solidifies to create the weld
joint. The shielding gas protects the weld from at-
mospheric contamination. Figure 1 depicts this pro-
cess, providing a visual representation of the
GMAW [10]. The density of the shielding gas used
in welding is critical for ensuring proper protection
of the welding area from atmospheric contamina-
tion. Gases like argon and carbon dioxide, due to
their high density, provide excellent shielding,
while gases like hydrogen and helium, with lower
densities, are less efficient in shielding and can lead
to turbulent flow issues. The presence of metal
vapors in the gas plasma, combined with the charac-
teristics of the shielding gas, affects the stability and
ignitability of the welding arc in MIG/MAG weld-
ing. Argon typically forms a soft and stable arc,
while helium forms a less stable arc that is also
harder to ignite [11].
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Fig. 1. Gas metal arc welding process

During welding, harmful gases are emitted, af-
fecting human health. Greater consumption of
shielding gas correlates with higher impacts on hu-
man health indicators. However, these harmful
gases can be controlled and removed, minimizing
their impact on workers. Measures such as manda-
tory gas filter masks and designated welding areas
with extractors help mitigate health risks in welding
workshops [12].

MIG and MAG welding methods are highly
flexible and widely applicable, offering benefits
such as suitability for various plate thicknesses, high
productivity, compatibility with a wide range of ma-
terials, capability to weld coated metals, and versa-
tility in welding positions. While MIG/MAG weld-
ing offers numerous advantages, it also has limita-
tions compared to Manual Metal Arc (MMA) weld-
ing, including more complex equipment and a more
restricted application outdoors due to the need to
protect the shielding gas from draughts [13]. In con-
ventional MIG/MAG welding, the productive ca-
pacity is constrained by the maximum current that
can be used. This limitation arises because when the
current reaches a certain level, the metal transfer
process shifts to a mode known as rotating-spray
transfer. Despite its advantages in terms of produc-
tive capacity, high strength and ductility with low
hydrogen and nitrogen contents [14], submerged-
arc welding is not always a suitable replacement for
MIG/MAG welding in various applications. This is
because submerged-arc welding may lack the versa-
tility or practicality needed for certain welding
tasks. Double-wire MIG/MAG welding offers a so-
lution to enhance the productivity of the welding
process while preserving its versatility. By utilizing
two wires and maintaining operational flexibility,
this method overcomes the limitations of conven-
tional MIG/MAG welding, resulting in higher dep-
osition rates, increased travel speeds, and stable
metal transfer [15].



36 M. Djidrov, E. Donceva, D. Pecioski

3. PROGRAMMING METHODS

The robotic welding process to be of high qual-
ity which is essential, and the robot can adapt to cer-
tain changes in the welding conditions or environ-
ment through making an appropriate response to the
movement correction or other process parameters,
can be achieved by adaptive process control. The
structure of adaptive control is made up of modules
that have specific tasks and that interact with each
other. Industrial robots can be programmed in dif-
ferent ways, i.e., offline, online, and hybrid pro-
gramming [16].

3.1. Online programming

The online programming method is performed
at the robot's workplace and therefore they should
be excluded from production. Conventional online
programming is a completely manual process [17].
Direct and indirect teach-in programming are the
two primary types of online programming. Direct
teach-in takes place in a way that the operator
guides the robot manually along the path. Physically
along the path, where key points or positions are
stored in memory, allowing the robot to repeat the
movement later. As lead-through programming [18]
is the simplest of all robot teaching methods. This
programming method is outdated and therefore
rarely used in welding programming.

The indirect way of programming as pendant
programming [19] is when the operator, with the
help of the control panel, follows the desired path
by saving the positions in the memory as well as
other process parameters such as voltage, current,
welding speed, and so on. After the teach-in, the
program is tested, in order to see if the robot will
interpret well and whether it will execute the assig-
ned program. The advantage of this programming
method is that it does not require additional pur-
chases of hardware and software. Moreover, the
teaching can be done by an operator who has no
competencies in robotics easily and intuitively [20].
The robot cannot perform a production function
during programming, which is one of its disad-
vantages.

3.2. Offline programing

Programming according to offline method is
performed on a computer and does not require phys-
ical movement of the robot, therefore it is not ex-
cluded in the production process, which is econom-
ically feasible and is the main advantage over teach-

in programming. Offline programming may be
considered as the process by which robot programs
are developed, partially or completely, without re-
quiring the use of the robot itself [21]. Due to devi-
ations in machining tolerances in the robot linkages,
robot arm compliance and elasticity, encoder reso-
lution, and the lack of repeatability during calibra-
tion, significant errors can occur in an offline gen-
erated tool path. The meaning of offline program-
ming is to project as many technological processes
as possible at a separate workplace, independently
of the robot and in the shortest possible time. In
some instances, the programming time during
which the facility is ineffective may last for days or
even weeks. Therefore, reducing set-up time is the
primary benefit of using an offline programming
system [22]. The programming time in which the fa-
cility cannot be used productively may in some
cases last days or even weeks. Hence, the primary
motivation for utilizing an offline programming
system is to minimize the set-up time. Offline pro-
gramming method systematically combining CAD-
based, vision-based, and vision & CAD interactive
activities can overcome the limitations of current
automatic program generation methods for robotic
welding systems [23]. Through programmatic use
of CAD, i.e., knowledge-based engineering system
(KBE) as a phase in the evolution of CAD leads to
possibility of automating the engineering task of
marking a weld path, by logically defining weld lo-
cations in code. The paths may be extracted and ex-
ported for generating robot code for a welding robot
[24].

The high cost of the offline programming
package and the programming overhead required
for software customization for specific applications
make it uneconomical to justify offline program-
ming implementation, especially for smaller prod-
uct values. Furthermore, the development of cus-
tomized software for offline programming is a time-
consuming process that demands high-level pro-
gramming skills that are often not available from
process engineers and operators who typically per-
form robot programming [25]. Additionally, the hy-
brid programming method offers efficiency in ro-
botic welding by combining online and offline pro-
cesses. During the online phase, the method controls
the welding path in real-time, memorizing key posi-
tion points. In the subsequent offline stage, a weld-
ing program is generated based on these memorized
points, incorporating parameters like welding cur-
rent and other necessary characteristics. This dual-
phase approach significantly reduces programming
time and minimizes production losses.
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Synchronized programming in robotic welding
involves the meticulous coordination of the welding
process through the integration of positioners. A
typical welding positioner consists of a rotating
platform or fixture on which the workpiece is se-
curely mounted. This platform can be rotated, tilted,
or both, allowing for precise control over the orien-
tation of the workpiece during welding. In this
method, the programming ensures a harmonized
movement of both the robotic arm and the posi-
tioner, optimizing the welding position for effi-
ciency and quality. Non-synchronized program-
ming, on the other hand, deviates from the use of
positioners and relies solely on the robotic arm to
execute the welding motion along a predetermined
trajectory. The programming involves defining a set
path for the robotic arm without the added coordi-
nation with a positioner. While non-synchronized
programming may be simpler in setup, it may not
optimize the welding position to the same extent as
synchronized programming.

Different robot manufacturers use different
programming languages for their controllers. This
lack of standardization means that there is no uni-
versal language that all robots use for programming.
Due to the diversity in programming languages,
achieving standardization across the robotics indus-
try becomes challenging. Many robot programming
languages are in use across the industry, making it
complex for operators and programmers who need
to work with different robots. A procedure that uti-
lizes forward and inverse kinematics, applies to dif-
ferent types of robots and is STEP-NC-compliant,
can significantly cut down the time needed for set-
ting up and integrating robots in manufacturing op-
erations [26]. The focus is on improving the effi-
ciency and standardization of the programming and
control processes for robotic systems.

4. ROBOTIC WELDING SYSTEM

Since there are many parameters and a limited
knowledge of how the process works, today's weld-
ing techniques are sophisticated. Users and custom-
ers have specific weldment requirements and dy-
namic work environments. Therefore, welding is
moving towards more customized production by
leveraging next-generation welding systems capa-
ble of intelligently adapting to evolving welding re-
guirements while maintaining high quality [27]. The
robotic welding system integrates several key com-
ponents essential for efficient welding operations.
The welding torch serves as the primary tool for
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generating the welding arc and directing the flow of
shielding gas. Supported by a wire feeding mecha-
nism and tray, it ensures a continuous supply of
welding wire for seamless operation. Fixtures and
positioners provide stability and adjustability to se-
cure and orient the workpiece for precise welding
from various angles. The gas cylinder contains
shielding gas, crucial for protecting the weld from
atmospheric contamination. A water chiller system
maintains optimal temperatures, particularly for the
welding torch, to prevent overheating during pro-
longed usage. The power supply provides the nec-
essary electrical energy to sustain the welding arc,
while the control unit manages parameters such as
arc voltage, wire feed speed, and travel speed to en-
sure consistent weld quality. Additionally, the teach
pendant offers a handheld interface for operators to
program and control the robotic welding system
with desired accuracy. These components, shown in
Figure 2, collectively contribute to the functionality
and effectiveness of the robotic welding system.

4.1. Welding robot characteristics

In this study 6 DOF industrial robot Panasonic
YA-1 TA-1400 was utilized for performing welds.
With a repeatable precision of 0.1 mm, the robotic
arm ensures accurate and consistent weld place-
ments. Its payload capacity of 6.0 kg and an arm
reach of 1374 mm highlight its versatility in han-
dling various welding requirements. The main con-
trol unit serves as the system's core, processing data
for seamless coordination of the positioner and ro-
botic manipulator. A 2 DOF positioner supports the
robotic arm, with a maximum load capacity of 500
kg, along with torque specifications of 1470 Nm and
a rotation speed of 16 r/min. The welding torch at-
tached to the end of the robotic arm serves as both a
wire transmitter and gas conductor, ensuring stable
arcs for producing high-quality welding joints. Fur-
thermore, it is equipped with water cooling to avoid
overheating during operation. In Figure 3 detailed
dimensions of the 6 DOF manipulator are shown,
outlining its physical extents including height,
width, and depth, crucial for spatial planning and in-
tegration within a given welding station. Addition-
ally, it delineates the manipulator's range of move-
ment, showing its DOF, essential for task feasibility
assessment and workspace design. Points P and O
within the work envelope denote critical locations
where the manipulator can effectively execute tasks
important for trajectory planning and operational
analysis.
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4.2. Robot workspace

The workspace is determined by the geometry
of the manipulator and the limits of the joint mo-
tions. It is more specific to define the reachable
workspace as the total locus of points at which the
end-effector can be placed and the dexterous work-
space as the subset of those points at which the end-
effector can be placed while having an arbitrary ori-
entation. Dexterous workspaces exist only for cer-
tain idealized geometries, so real industrial manipu-
lators with joint motion limit almost never possess
dexterous workspaces [28]. As well as reaching the
weld, the robot must be able to achieve the torch
postures necessary for a quality weld, which means
that the sets of joint angles determined by inverse
kinematics must be within the robot’s range [29].

Depicted as a point cloud, the robot’s opera-
tional workspace utilized in our study is shown in
Figure 4. The method for determining the reachable
workspace of a robot includes four steps. It starts by

randomly selecting combinations of joint angles for
the robot within specified limits, considering physi-
cal constraints from welding cell. Each joint angle
determines a unique configuration of the robot's
arm. Once the joint angles are chosen, forward kin-
ematics is used to calculate the position and orien-
tation of the robot's end-effector in space for each
configuration. In the third step, the positions and
orientations of the end-effector obtained from for-
ward kinematics are extracted and recorded. These
positions represent points in space that the end-ef-
fector can reach. Lastly, by repeating this process
for a large number of randomly sampled joint an-
gles, the entire reachable workspace of the robot can
be comprehensively delineated. To facilitate better
visualization, i.e., to clearly observe the robot and
positioner with the workpiece, the number of points
in this specific view is not maximized. The limita-
tions that arise from both the physical characteris-
tics of the robot itself and the constraints imposed
by the fencing in the work cell are noticeable.
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5. ROBOTIC WELDING PROCESS

The robotic welding process can be divided
into a few procedures. It begins with preparation
which involves determining the welding parameters
such as voltage, current, wire feed speed, and
shielding gas. Additionally, to program the robotic
welding system with the appropriate welding path
and parameters. This involves defining the weld
joint geometry, specifying the welding sequence,
and setting the sensors for vision-based seam track-
ing. The setup follows, involving the positioning of
the workpiece and calibration of the robotic arm for
ensuring accurate positioning and alignment with
the clamped workpiece. Touch sensing and seam
tracking play a crucial role in ensuring accurate
alignment of the welding torch before the actual
welding process begins. Initiation marks the start of

Since this joint is a complex curve, within the
frame of the constructive concept of the chair as a
workpiece, a synchronized movement of the robotic
arm and the positioner was applied. By applying
synchronized movement, successful welding was
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welding as the robotic arm moves to the starting po-
sition. During execution, the arm follows the pro-
grammed path, depositing filler material and apply-
ing heat. Monitoring occurs throughout, ensuring
key parameters are maintained and the weld quality
is high. Upon completion, the arm returns to its
home position, and the finished workpiece can be
removed. Post-welding operations may be per-
formed, and maintenance is crucial for optimal sys-
tem performance. Throughout this process, safety
measures are paramount to protect both the robot
operator and the equipment. The welding task in our
case was welding pipe-pipe joint, and the time key
frames are presented in Figure 5. The welding pa-
rameters consist of a welding current of 80-85 A, a
welding voltage of 14.5-14.8 V, and a welding
speed of 10 m/min.

t=3s
Fig. 5. Welding task key frames

achieved. In Figure 6 the touch sensing and seam
tracking, as part of the procedure related to the prep-
aration step, as well as a display of the finished
weld, are presented.
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6. CONCLUSION

The innovation of robot welding has been im-
pressive since the introduction of the first industrial
robots, making it a major application for industrial
robots. Creating an automated robotic welding sys-
tem is difficult because of its adaptable nature and
requires preparation, welding, and assessment. De-
veloping such a system requires a combination of
mechanical and software engineering expertise to
ensure the reliable production of high-quality welds
in a variety of situations.

The robot must move along the programmed
path precisely, maintain proper torch angles, and ad-
just welding parameters as needed to achieve the de-
sired results. To increase productivity, offline pro-
gramming is essential as it combines programming
and regular robot operation and reducing the setup
time for the robotics system. Offline programming
allows for better production anticipation, estima-
tion, and minimization of robot cycle times, result-
ing in more repeatable and compliant welding pro-
cedure qualification records. Offline programming
also enhances safety by taking place in a comforta-
ble environment away from hazardous workshop
conditions.

The presented approach and simulation model
are based on a real case of industrial welding pro-
cess. To complete welding tasks along a space-
curved path, a robot and a positioner as an 8-DOF
system were used and analyzed. The virtual experi-
ments were used to analyze the robot welding path
planning, collision analysis, and reachability of the
industrial robot before welding. The simulation en-
vironment offered by offline programming aids in
refining robot programs and ensuring smooth inte-
gration into the production line. Our approach offers

to save time and to increase productivity in the
welding process, leading to a quick return on invest-
ment. Additionally, allows for rapid reconfiguration
of robotic welding systems to adapt to changing pro-
duction requirements, further increasing flexibility
and competitiveness.
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Abstract: Robotic manipulators are commonly used in the manufacturing industry for tasks such as assembly,
welding, painting, and palletizing. In these applications, precise control over the position and orientation of the robot's
end-effector is crucial for efficient and accurate operation. Both inverse and forward kinematics play crucial roles in
the design, programming, and operation of industrial robotic manipulators, helping to ensure their effectiveness, effi-
ciency, and safety in various manufacturing environments. In this paper the forward and inverse kinematic model of 6
degrees of freedom (DOF) industrial manipulator are presented. Additionally, the study focuses on analyzing single
pass welding across a range of different scenarios. These cases involve welding paths that have different geometric
shapes, with a goal to join the materials together and form a closed shape. Maintaining a vertical orientation of the
welding torch was achieved, because it is important for realizing uniform heat distribution, consistent weld bead ge-
ometry, and better control over the welding process, ultimately contributing to the effectiveness of the robotic welding
operation.

Key words: robotic manipulator; forward kinematics; inverse kinematics; welding robot; manufacturing

KNHEMATCKA AHAJIM3A HA UHAYCTPUCKHW MAHUITYJIATOP CO 6 CTEIEHU CJIOBOJIA HA
JABUKEIBE U IINIAHUPAIBE HA TPAEKTOPHUJA ITPU ITPOLNECOT HA POBOTCKO 3ABAPYBAIBE

A1 cTpak T MHIyCTpHCKHTE POOOTCKHM MaHHUIYJIATOPH OOHMYHO ce KOPUCTAT BO IIPOM3BOACTBEHUTE MPOLIECH
€O 3aj1a4a Jia ce pealln3upa CKIOIyBambe, 3aBapyBame, 00jaucyBame U CKIaupame. 3a BakBa IPUMEHa, Npelr3HaTa
KOHTPOJIa Ha TI0JIO’K0AaTa M OpHEHTaIHjaTa Ha KPajHHOT WICH Ha poOOTOT € KIIy4Ha 3a e(pHKACHO U MPEIM3HO PaboTeHe.
VHBep3HaTa W JUPEKTHATa KHHEMAaTHKa WIpaarT KIy4Ha YJora BO [HM3ajHOT, NPOTpaMHUpameTo W paborara Ha
UHIYCTPUCKHUTE POOOTH, MOMarajku na ce o0e30eny HUBHA eeKTHBHOCT, euKacHOCT U 6e30eTHOCT BO pa3IuuHH
IMPOU3BOACTBCHU KallallMTETH. Bo OBOj TPpYA €€ NPETCTaBEHU NUPEKTHA U NHBEP3HA KUHEMAaTHKAa HA UHAYCTPUCKH Ma-
HHITYJIaTOp €O 6 cTernenu cioboa Ha apmkere (DOF). JIonoMHUTEHO, HCTPaKYyBambETO ce POKyCHpa Ha 3aBapyBamke
CO MOEANHEYHO TIOMUHYBAE 32 pa3sinyHy ciieHapuja. OBue ciydau BKJIydyBaaT 3aBapH, OJHOCHO TPACKTOPHH CO pa3-
JMYHA reoMeTprcka Gopma, co IIel CIojyBambe Ha MaTepujanuTte u GpopMupare 3aTBOpeHH natek. OpKyBambeTo Ha
BepTUKAIHATA OPUEHTAllMja Ha IJIAMEHOT 3a 3aBapyBame Oellle MMOCTUTHATO, OUICKH Toa € BaXKHO 33 OCTBAPyBamke
paMHOMepHa AUCTPHOYIMja Ha TOIUIMHATA, KOH3UCTEHTHA TeOMETPHja Ha 3aBapoT U MoJ00pa KOHTPOJIa BP3 POLIECOT
Ha 3aBapyBame, LITO Ha KPajoT MPUIOHECYBa 3a e()eKTHBHOCTA Ha MPOLIECOT Ha POOOTCKO 3aBapyBambe.

Knyunu 360poBu: poOOTCKHM MaHHITYJIATOP; TUPEKTHA KHHEMATHKA, NHBEP3HA KHHEMATHKa;
POOOTCKO 3aBapyBambe; MPOU3BOACTBO

1. INTRODUCTION quality, and safety standards in their manufacturing

processes [1]. Correct positioning allows robots to

The demand for precise positioning and track- perform tasks more efficiently by minimizing the

ing accuracy in industrial robots continues to in- need for additional adjustments or rework, which

crease as industries strive for higher efficiency, improves overall productivity and reduces produc-
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tion time and costs. In industries where robots work
alongside human operators, precise positioning
helps prevent accidents and injuries [2]. Robots can
avoid collisions with other equipment or workers by
precisely tracking their movements [3]. Industrial
robots are often employed for repetitive tasks where
consistency is crucial [4]. Precise robot controlling
ensures that each cycle of the operation is performed
identically, leading to uniformity in output [5, 6]. As
automation technologies advance, the integration of
robots with other automated systems becomes more
common [7], therefore seamless coordination be-
tween different robotic and machinery components
within an automated workflow is necessity. In man-
ufacturing processes such as welding and assembly,
even minor deviations in positioning can lead to de-
fects in the final product [8]. Robotic welding needs
to ensure that components are joined correctly and
that tolerances are met, resulting in higher quality
products. Moreover, in fields such as robotics-as-
sisted surgery [9] or high-precision manufacturing
[10], where even slight errors can have significant
consequences, ultra-precise positioning is impera-
tive. This ensures that delicate operations are per-
formed accurately and safely.

Robot kinematics determines how accurately
the robot can move its joints to reach a desired po-
sition and orientation in its workspace. By under-
standing the kinematics of the robot, engineers can
calculate the required joint angles or end-effector
positions to achieve the given desired task [11].
Kinematics plays a role in optimizing the robot's
motion to accomplish tasks efficiently. Through
kinematic analysis and optimization, engineers can
minimize the time and energy required [12] for the
robot to move between different positions, leading
to improved productivity. Kinematics is essential
for ensuring that the robot's movements are within
safe limits. By understanding the kinematic con-
straints of the robot, the motion trajectories that
avoid collisions with obstacles or other machinery
in the workspace can be designed and programed,
contributing to enhance safety for human operators
and equipment. Furthermore, by precisely control-
ling the robot's joint motions for consistent perfor-
mance of repetitive tasks, the variations in task exe-
cution can be minimized that leads towards greater
consistency in product quality. Kinematics is funda-
mental for coordinating the motions of multiple ro-
bots or robotic systems within an automated manu-
facturing environment [13]. By understanding the
kinematic relationships between different robotic
components, engineers can synchronize their mo-

tions to achieve seamless operation. Robot kinemat-
ics is central to achieving precise positioning, effi-
cient motion, and safe operation of industrial robots
across a wide range of applications. It provides the
foundation to design and control robotic systems
that meet the demanding requirements of modern
manufacturing environments.

In robotics, the inverse kinematics problem in-
volves finding the joint configurations or angles of
a robotic manipulator to achieve a desired position
and orientation of its end-effector. Conversely, the
forward kinematics problem involves determining
the end-effector pose based on the joint variables.
Solving the inverse kinematics problem is essential
in robotics, particularly in fields such as robot kine-
matics, motion planning, and control theory. Differ-
ent approaches can be used to solve this problem,
and each has its own strengths and weaknesses. Nu-
merical methods use iterative technigques to approx-
imate solutions. They are more versatile and can
handle a wider range of manipulators and end-effec-
tor poses. However, they tend to have higher com-
putational costs, longer execution times, and may
encounter issues such as local minima and numeri-
cal errors. The most common approach is Jacobian-
based methods [14], which use the Jacobian matrix
to iteratively update joint configurations until a de-
sired end-effector pose is reached. Closed-form
methods provide solutions in explicit mathematical
forms, often based on the geometry of the robotic
manipulator. They have advantages such as lower
computational cost and faster execution time com-
pared to numerical methods. However, they may not
be applicable to all types of manipulators and end-
effector poses. These methods include strategies
based on matrix manipulations, arm angle parame-
ter definitions, and geometric methods [15] or soft
computing approaches [16].

In the manufacturing industry, robotic arc
welding has grown in popularity because it provides
a fast return on investment, increases productivity
and weld quality, reduces production costs, and
saves time. Numerous industries have found success
with robotic welding due to its advanced features,
which include welding process control, workpiece
handling, sensors, and programming. Welding pro-
cesses are the most popular joining techniques in to-
day's industry. It is used for joining metal materials
permanently, with or without the additional material
by using heat and, or pressure. It is also thought to
be the most economical technique in terms of mate-
rial use and fabrication, producing a welded joint
that is homogenous and stronger than the parent
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metal. These benefits make this process perfect for
the production and restoration of structures across
various industries, including but not limited to auto-
motive, construction, agriculture, food processing,
marine and offshore, power generation, and aero-
space [17, 18].

In the following, Section 2 is dedicated to ro-
bot kinematics, including both forward and inverse
kinematics. Effective trajectory planning for indus-
trial robot welding operations plays a crucial role in
optimizing productivity, ensuring quality welds,
and maintaining a safe working environment.
Hence, in Section 3 modeling and simulation are in-
cluded, considering manipulator characteristics and
defining different welding cases. In these instances,
welding is utilized to connect materials along vari-
ous geometric paths, with the objective of creating
a unified closed shape. Section 4 presents the results
and analysis, followed by Section 5 that refers to the
conclusions.

2. ROBOT KINEMATICS

For modeling robotic manipulators, the De-
navit-Hartenberg (DH) method provides a system-
atic way to describe the geometry and kinematics of
a manipulator. Frames are assigned to each joint of
the manipulator, starting from the base frame and
progressing towards the end-effector frame. The
DH parameters used in this method include: 6; as
joint angle about the Zi-; axis; ai as angle of rotation
about the X;-; axis; di as the length of the link along
the Z;-, axis; and a; as distance between the Z;-; and
Zi axes, measured along the X;-; axis [19]. Figure 1
shows intermediate links in the chain.

Axis i-1 Axis i

Fig. 1. Link frames

The Z-axis of frame {i}, called Z;, is coincident
with the joint axis i. The origin of frame {i} is lo-
cated where the a; perpendicular intersects the joint
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axis i. Xj points along a; in the direction from joint i
to joint i+1. In the case of & = 0, X; is normal to the
plane of Z; and Zi:1. As being measured in the right-
hand sense about Xi, the a; is defined and the free-
dom of choosing the sign of a; in this case corre-
sponds to two choices for the direction of X;. Also,
Y; is formed by the right-hand rule to complete the
i-th frame [20]. These DH parameters are essential
for defining the transformation between adjacent
frames in the manipulator. By appropriately choos-
ing and assigning these parameters, the kinematics
of the manipulator can be accurately represented, al-
lowing for control and trajectory planning. In DH
parameterization, each joint of the robotic manipu-
lator is assigned a sequential number starting from
1 to n, where 1 represents the first joint nearest to
the base and n represents the last joint of the manip-
ulator, which is typically located at the end-effector.
The robotic manipulator with 6 rotational axes is
presented in Figure 2.

Swing arm Sholder
5-th axis (J5) Wing atm

Rotation arm

/
/
6
e

Tool

\Y =
e
\'\
" 3-th axis (J3)

/ / Flange
Lower arm

/H
% J—l\h\f:.\‘is ) s
6-th axis (J6) @\ ’ Ui

Fig. 2. Industrial robot with 6 rotational axes

2.1. Forward kinematics

Forward kinematics as one of the fundamental
concepts in robotics deals with the determination of
the position and the orientation of the end-effector,
the tool or end point of a robotic arm given the joint
variables, such as angles of its individual joints and
the link length. To achieve forward kinematics, one
typically defines a series of homogeneous transfor-
mation matrices for each joint of the robot. These
matrices describe the transformation from one coor-
dinate system to another as the robot moves through
its various joint configurations. By combining these
transformations, the position and orientation of the
end-effector relative to a fixed reference frame can
be calculated.
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The position and orientation of the tool frame
in relation to the base frame are determined by com-
bining the transformations (both translation and ro-
tation) between each intermediate frame and the
base frame using homogeneous transformation ma-
trices. Each intermediate frame provides infor-
mation about how much the robot has translated and
rotated from the base frame. By combining these
transformations using homogeneous transformation
matrices, we can accurately determine the position
and alignment of the tool frame relative to the base
frame.

These matrices are typically 4x4 matrices
T/t (i=1,..6):

Ti1 =
cos(8;) —sin(6;) cos(a;) sin(6;) sin(e;)  a;cos(6;)

_ [sin(8;) cos(8;) cos(a;) —cos(8;) sin(a;) a;sin(6;)
0 sin(a;) cos(a;) d;
0 0 0 1

D

The process of calculating the position and ori-
entation of the tool frame in relation to the base
frame involves multiplying the homogeneous trans-
formation matrices of each intermediate frame with
respect to the base frame. This multiplication effec-
tively combines the translation and rotation infor-
mation from each frame to determine the overall po-
sition and orientation of the tool frame.

Tg =T T3 TE TP TS T )
1 Tz Nz b
0_ |21 T2 T3 by
T 31 T32 T2 ¢, (3)
0o 0 O

The rotation matrix R (3 x 3) is formed by the
first three columns with notation r, and the transla-
tion vector T (3 x 1) is represented by the elements
in the last column, with notation t. The submatrix R

1 Tz T3
TO -1|T21 T22 T23
[ 1 (01)] T31 r32 TZZ
0 0 O
¢ st 0 0f[rir ™2
=s1 ¢ 0 0ffr21 722
0 0 1 0] T2
o o0 o 1]10 O

represents the rotation, while T is the translation part
of the homogeneous transformation matrices.

2.2. Inverse kinematics

Finding the position and orientation of the end-
effector given the joint angles of the robot, i.e., cal-
culating how the robot's joints move the end-effec-
tor in space is a task for forward kinematics. On the
other hand, finding the joint angles required to place
the end-effector at a specific position and orienta-
tion in space is a task related to inverse kinematics.
Robots typically operate in joint space, where
movements are defined by the angles of the robot's
joints. However, tasks are often specified in Carte-
sian space, where positions and orientations are de-
scribed in terms of coordinates and orientation ma-
trices. Converting from Cartesian space to joint
space involves solving the inverse kinematics prob-
lem. This requires finding the joint angles that
achieve the desired end-effector position and orien-
tation [21].

The general problem of inverse kinematics can
be stated via the desired position and orientation of
the end-effector T; and 4 x 4 homogeneous trans-
formations [22], namely, to find (one or all) soluti-
ons of the equation:

4)

Among the most challenging issues in robotics
is inverse kinematics. The task is to find the values
for the joint variables g, ... q,, that satisfied the
equation. Because each link in the robotic manipu-
lator has a transformation matrix that describes how
it moves relative to the previous link or the robot's
base, by taking the inverses of these transformation
matrices and premultiplying them [23, 24], it can be
combine the effects of each link's movement to find
the joint angles required to achieve the desired end-
effector pose. Consequently, for:

TX(q1, ) =Ty

=[P T TETETS TS

®)

(6)
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it follows:

0, = atan2(t, t,) — atan2(—s;t, + ¢4 Ly, i\/t,% + 2+ (—sit + Clty)z) (7

(65 = atan2(as, d,) — atan2(K, +\/a3 + di — K?) (8)

where simplify notations are c; for cos(6;), and s; for sin(6;), and
K=[t2+t2+t:—a} —a3 (—sitx + clty)2 —d?] / 2a, 9)

Taking into consideration that:

1 Tz TNz U

1 |r T T t _
[T30 (62)] ! rzi 7;2 rzz tJZ/ = [Tlo T3 T32] VTP T TS T Ts4 T65 (10)
0 0 0
C1C23 S1C23  —S23 —AC37[ry; 1, T3ty
—C1S23  —S1S23  —Ca3  AS3 ||y Tap Taz by _ s 4 5
_51 Cl 0 _d3 11'31 r32 r22 tz - T4 (94) TS (95) T6 (96) (11)
0 0 0 1 0 0 0 1

it follows:
0, = atan2[(—az — a,c3)t, — (Cltx + Slty)(d4 — a353), (az53 — dy)t, — (az + ac3)(city + 51ty,)] — 63 (12)

0, = atan2(—7y38; + 1331, — 113C1Co3 — 12351Ca3 + 133523), (13)
where simplify notations are c;; for cos(8; + 6;), link of the robot, it means that the manipulator is in
and s;; for sin(6; + 6;). If 65 = 0, the joint axes 4 a singular configuration. Furthermore, considering
and 6 line up and cause the same motion of the last that:

T Tz Tz tx
1 |r T T t _
o [ T T Y| e r ro i 1 T T g )
Z
0 0 0 1

€1C23C4 t 5154 $1C23C4 — €18y —Sp3Cy  —0C3C, +d3Sy —azcy] [y Tz Tz by
—C1C23S4 +S1C4  —S1C23S4 — C1Cq  Sp3Sy  QpC3Sy +d3Cy +a3Sy |21 Ta2 Taz Gy _ T2(65) TE(65)
—C1S;3 —S1S23 —Ca3 a,s; — d, T31 T2z T2 ot 5AUs7 76 AT6

0 0 0 L 0o 0 0 1

(15)
it follows:

05 = atan2[-113(c1C23C4 + 5154) — T23(51C23C4= €1S4) + 133(523€4),

113(= €1523) + 123(=51523) + 133(=C23)] (16)

At last, since:
ryp Tz Tz tx

-1 |r T T t -
[T 2y 22 08 Y| = T T T3 T3 T3 T8 T3 = TE (06) (17)

Z
0 0 0 1
The following angle is obtained:
06 = atan2[ —111(C1C2354 + 51C4) — 121(51C2354 + €1¢4) =
= +731(S2354), 11 [(c1C23€4 + 51S4)C5 — €152385] +

+721[(51C23€4 — €154)C5 — 51523S5] — 131(S23C4C5 + €2355)] (18)
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In this manner, solving the inverse kinematics
of the 6 DOF manipulator needs addressing twelve
sets of nonlinear equations. The primary unknown
is 6, that appears on the left side of the equation (5).
Furthermore, the twelve nonlinear matrix elements
on the right side of the equation can be either zero,
constant, or functions of 8, through 6. Therefore,
by equating the elements on both sides of the equa-
tion, the joint variable 6, is solved as functions of
T11,T12, -+, T33, by, Ly, 5, @nd fixed link parameters.
Once 6, is determined, subsequently the remaining
joint variables can be solved using this procedure.

3. TRAJECTORY PLANNING

3.1. Modeling and simulation

Modeling and simulation play crucial roles in
industrial robot path planning by providing a struc-
tured approach to designing and optimizing motion
trajectories in complex environments. Through de-
scribing the physical structure of the robot and de-
veloping mathematical equations that describe the
relationship between the joint angles and the posi-
tion and orientation of the end-effector in space,
these models provide a simplified yet accurate de-
scription of the robot's capabilities, allowing to un-
derstand how it will move and interact with its en-
vironment. The process begins with importing a
CAD model of the robot into the software environ-
ment. This model includes the geometrical and me-
chanical information about the robot, such as its
links, joints, and end-effector. It is followed by con-
figuring the virtual environment within the software
by setting up the workspace, defining any obstacles
or constraints, and specifying the task requirements.
Establishing the kinematic model of the robot in this
kind of environment includes defining the joint
types, ranges of motion, and kinematic constraints
based on the physical characteristics of a real robot.
When these steps are complete, programing the de-
sired tasks with motions that the robot needs to per-
form can be done. This could involve defining tra-
jectories, and sequences of movements in the direc-
tion of accomplishing specific objectives. The key
features of the simulation approach are its ability to
demonstrate the robot's movements within the vir-
tual environment and to visualize how the robot will
execute the programmed tasks, identify potential is-
sues, and refine the robot’s movements as needed.
Analyzing the simulation can result in verification
of the programmed tasks, meeting the desired crite-

ria and performance objectives, optimizing the effi-
ciency, accuracy, and safety.

3.2. Robotic manipulator characteristics

Robotic systems possess diverse characteris-
tics, encompassing factors such as robot size, its
load capacity and range of motion, which are gov-
erned by joint limits that define the allowable range
of motion for each articulated joint. As discussed
previously, their kinematics are further described by
DH parameters, crucial for precise trajectory plan-
ning and control. Table 1 represents the characteris-
tics of the 6 DOF manipulator used for this study,
related to parameters a, a, d, and the corresponding
six joint limits.

Table 1
6 DOF manipulator characteristics

i ai ai di Joint limits
d (degree) (mm)  (mm) (degree)
1 -90 160 430 -60/60
2 180 580 0 0/90
3 90 125 0 -80/80
4 -90 0 239 -180/180
5 90 0 0 -80/80
6 0 0 411 -270/270

3.3. Weld seam trajectories

Single-pass welding involves making a single
weld pass to fill the joint, while multi-pass welding
involves making multiple passes to fill larger or
deeper joints. The choice between single and multi-
pass welding depends on factors such as the thick-
ness of the material and the desired strength of the
weld. In this study we consider the single pass weld-
ing in 3 different cases, as shown in Figure 3. These
cases involve welding paths that have different ge-
ometric shapes, with a goal to join the materials to-
gether and form a closed shape. The welding torch
moves along the edges of a triangle, rectangle and
curved edge of a semicircle, i.e., creating welding
seams along straight and curved paths. Case 1 has
one path length of 243 mm and two of 172 mm.
Case 2 has four straight lines, each with a length of
120 mm, and Case 3 has one straight line with a
length of 243 mm and a curved path of 382 mm. The
starting and ending positions of the welding torch
are 10 mm above the xy-plane, and each case has its
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own starting and ending position. The positions of
the robot base and the work bench do not change
during the execution of these three cases.

Welding torch \\l

I

StartoEnd

StartoEnd

z ; path :
kx‘ '

seams

direction

Case 3 i /

Fig. 3. Welding seams trajectories

Case 1

Y, 2
_ Work bench Case 2

4. RESULTS AND ANALYSIS

The results obtained from these three setups,
i.e. for the different welding paths and robot move-
ments, are presented in Figures 4, 5 and 6. It is no-
table the changes in the angles of each of the 6 joints
during the realization of the sated goals, which is to
pass the entire path to form a closed trajectory, i.e.,
welding seams. The change in angles is obvious for
each of the 6 joints, but it is smooth and without
sudden variations, and it is within the set joint limit
values. The biggest change in the angles is observed
for case 3, where in addition to moving in a straight
line, moving along a path in the form of a semicircle
is also needed. When movement along a curve is
performed, it is observed that there are greater
changes in the angles of joints 4 and 6 compared to
other joints. This is due to the fact that these are ro-
bot joints associated with rotating the welding torch
attached to the robot, while keeping it constantly in
a vertical direction for the purpose of effective
welding. The vertical dashed lines separate the time
when the robot performs welding and moving along
the given trajectory. The time intervals on the left
and far right refer to the robot approaching and re-
tracting, moving towards and away from the work-
piece, respectively. Therefore, the change of the an-
gles when the robot begins to move from the marked
start point to the point where the welding is, also
when it has reached the last point of the path and
retracting from the work piece to the point marked
as the end, is presented. The angles of the robot's
joints evolve during the entire process, from initial
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movement to welding, welding itself and to retrac-
tion, reflecting the dynamic nature of robotic motion
in industrial applications.
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5. CONCLUSIONS

Comprehensive understanding of the kinemat-
ics of an industrial manipulator is important for ac-
curate controlling its movements, programing it to
perform various tasks, to optimize its performance,
and for ensuring safe operation in industrial envi-
ronments. Each joint of the manipulator can be ro-
tated to different angles, allowing the end-effector
to reach various positions and orientations in the
workspace. Forward kinematics involves determin-
ing the position and orientation of the end-effector
given the joint angles, using mathematical models,
often based on transformation matrices or DH pa-
rameters. On the other hand, inverse kinematics
deals with determining the joint angles required to
achieve a desired position and orientation of the
end-effector. Solving inverse kinematics problems
can be more complex and time-consuming consid-
ering manipulators with more degrees of freedom.
As the number of degrees of freedom increases, the
number of equations needed to solve the inverse
kinematics problem also increases. This leads to
more complex mathematical relationships between
the joint angles or positions and the desired end-ef-
fector pose.

In our study we considered 3 cases related to 3
different welding operations where materials are
joined together along different specific paths to cre-
ate a unified, closed shape. This could be a neces-
sary step in various manufacturing processes, such
as fabricating metal components for machinery, or
building structural frameworks. When the 6 DOF
manipulator is used to move the welding torch along
a curve path, is observed that there are greater
changes in the value of the angles of joints 4 and 6.
More significant changes in their angles compared
to other joints during the movement along the curve
occur because they are joints associated with the ro-
tation of the welding torch attached to the robot. For
the purpose of effective welding, the aim of keeping
the tool oriented vertically as much as possible dur-
ing the welding process was achieved. This vertical
orientation is crucial for ensuring proper weld pen-
etration and quality. The adoption of robotic arc
welding in the manufacturing industry offers nu-
merous benefits, including cost savings, improved
productivity, enhanced weld quality, and shorter
lead times, making it an attractive investment for
many companies. Besides increasing the efficiency,
repeatability, and precision, the manufacturers can
consistently produce high-quality welds across a
wide range of products and materials.
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A bstract Monitoring exhaled CO:2 levels in indoor working spaces is crucial for maintaining employees'
quality of performance. Hence, preventing excessive levels of exhaled CO: in any working environment is a key factor
relevant for increased cognitive capacity, decreased occurrence of headaches, sleepiness, etc. This paper addresses the
need for CO2 monitoring by proposing a novel design of a CO2 monitoring solution, consisting of a device and an
appropriate client-oriented data acquisition and presentation software platform. A Needs Assessment is performed to
examine the necessity of such a solution on the market. The outcomes of the performed Needs Assessment show that
commercial products using WiFi, 4G, standalone with rechargeable battery power supply, and comparable available
technologies are missing on the market. Due to the fact that exhaled CO2 concentration acts as an indicator for diseases
such as COVID-19, tuberculosis, influenza, SARS, etc., from the perspective of the challenges posed by the COVID-
19 pandemic, the novel CO2 monitoring solution can effectively be used for indicative risk prevention of airborne
infectious diseases.

Key words: monitoring ambient COz; needs assessment; risk prevention; monitoring device

INPOLEHA HA TIOTPEBUTE OJl PEHIEHUE HA CJIEJEIBE HA AMBUEHTAJIHUOT CO:2

AmncrtpakT: CiaenemeTo Ha HUBOTO Ha aMOMeHTamHHOT n3aumiad CO2 Bo paOOTHH MPOCTOPHH € O KITYIHO
3HAYCHE 3a OJPXKYBamke Ha KBAIMTETOT Ha pabOTHHOT YYMHOK Kaj BpaboreHumte. OTTyKa, CHOpedyBameTo Ha
npekyMepHo HuBO Ha u3numan CO2 Bo koja Omino paboTHa cpeiyHa € KiydeH (akTop peneBaHTeH 3a 3rojieMeH
KalranuTeT Ha KOTHUTHBHUTE CIIOCOOHOCTH, HaMaJIeHa 110jaBa Ha IJ1aBoOOJIKH, ocriaHocT uTH. OBOj Tpy [ ja mocodyBa
notpebara ox cieneme Ha CO2 npeKy HOBO pemieHue 3a MOHUTOpHHT Ha CO2, KO€ ce COCTOM O] ypeq U COOJBETHA
KIMEHTCKHM OpHEHTHpaHa coTBepcKa ruiatopma 3a akBU3MIMja U NPUKA3 Ha MOAATOLM. 3a Taa Liell € CIpOBeAcHa
MpoIeHa Ha MOTPeOUTe O TAKBO PEIICHHE Ha Ma3apoT. Pe3ynTaTute of MpoleHaTa Ha MOTpeOuTe MOKaKyBaaT JeKa
Ha Ma3apoT HEJOCTHraaT KOMEPIHjalHH MPOM3BOAM KOHM KOopHcTarT Texuoioruu crnopemmusu co WIiFi, 4G, a ce
HAIlOjyBaHH NpeKy OaTepHja CO pEeNeTUTUBHO MONHEeHme. MIMajku mpeBu Aeka KOHIEHTpaIijaTa Ha aMOUeHTATHHOT
m3puman CO2 Moxe &ia Cily)KH Kako NMPOKCH MHAMKAaTop 3a 3abomyBama kako mrto ce KOBUI-19 (COVID-19),
TyGepkyno3a, rpun, CAPC uTH., a HaBpakajku ce Ha MpeIU3BHIMTE MITO M goHece nmanaemujata KOBM/I-19, HoBoTo
peutenue 3a cieneme Ha CO2 Moxke eduKacHO J1a ce KOPHCTH 3a MHIMKATHBHA MpPEBEHIMja Ha PU3NIM OJ] 3apa3HH
60JIECTH KOU CE IPEHECYBaaT MPEeKy BO3IYXOT.

Kayunu 36opoBu: cieneme Ha amOuenTannnotr CO2; npolieHa Ha MoTpeduTe; MPEBEHIINja Ha PH3HK;
ypel 3a clieqiemhe

1. INTRODUCTION addressing the challenges to maintain the quality of

Indoor air quality, in particular, levels of ex-
haled CO,, is one of the key factors influencing the
quality of working performance, not only related to
general physical activity, but specifically, related to
cognitive and intellectual activities. In that sense,

indoor air is in compliance with:

(1) the health and safety requirements of any
working environment, including their standardiza-
tion via e.g. standards from the family of ISO 16000,
Indoor air quality [1-3]; 1SO 45001:2018, Occupa-
tional health and safety management systems [4];
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thus, preventing risks from injuries, low cognitive
performance and mental concentration caused by in-
creased CO; levels therein;

(2) the related national and/or international en-
vironmental protection legislation, including other
requirements;

(3) the synergy between energy efficiency and
energy management and corresponding national
and/or international legal or other requirements and
standardization via, e.g., the Energy Efficiency Di-
rective (EU acquis communautaire) (EU/2023/1791)
[5] and I1SO 50001:2018 [6];

(4) the overarching sustainable development
paradigm [7], via direct or indirect compliance with
the following Sustainable Development Goals
(SDGs): SDG3 (good health and wellbeing), SDG7
(affordable and clean energy), SDG8 (decent work
and economic growth), SDG12 (responsible con-
sumption and production), SDG13 (climate action),
and SDG17 (partnership for the goals).

In line with the aforestated, the focus of this
paper sets on the assessment of the needs that led to
offering a novel solution for monitoring exhaled
ambient CO; concentrations (levels) on the market,
which consists of a device and a software platform.
This solution is applicable for various working en-
vironments, where intellectual and cognitive activi-
ties are being delivered/performed.

2. METHODOLOGY

The process of delivering a new product on the
market, inter alia, requires a thorough market anal-
ysis including a comprehensive and profound as-
sessment of needs (incl. gaps) for such a product
from all relevant perspectives, whereby the pro-
posed product is identified as the bridge between the
identified gaps and the solution that firmly ad-
dresses those gaps.

As per Watkins, West Meiers, Visser (2012)
[8], needs assessment is a tool that facilitates deliv-
ering better decisions, thereby encompassing iden-
tifying the problems, and weighing the alternative
solutions in order to deliver informed decisions
about which actions (parts of the solutions) must be
performed first. E.g., it may incorporate selecting an
appropriate product for the market, defining and pri-
oritizing critical aspects (incl. gaps in results/ solu-
tions [9]) of that product for the market, delivering
an informed decision relating to that particular
product, defining the steps necessary to deliver that
particular decision from the perspective of what is

the status of the problem in the presence, and in turn,
what is planned to be achieved in the future, etc.

The needs assessment protocol utilized in this
paper combines the Japan International Cooperation
Agency (JICA) [10] and the Australian Institute of
Family Studies (AIFS) [11] recommendations. The
protocol based on the methodology is presented on
Figure 1, whilst Table 1 matches the steps with the
corresponding indicators’ sets deriving thereby.

Table 1

Needs assessment methodology [8, 10, 11]
combined with the corresponding indicators’ sets

Corresponding

Step .
# B indicators’ set

1st:  Identifying the problem and needs IPN
2nd:  Determining the design of the

needs assessment A
3rd:  Collecting the necessary data CD
4th:  Analyzing the collected data AD

5th:  Providing feedback and proposing
adequate solution AS

START

STEP #1
IDENTIFYING PROBLEMS
AND NEEDS — (IPN)

STEP #2
DETERMINING DESIGN OF
NEEDS ASSESSMENT- (A)

STEP #3
COLLECTING DATA (CD)

STEP #4
ANALYZING DATA (AD)

STEP #5
PROVIDING FEEDBACK
AND PROPOSING
ADEQUATE SOLUTION
(AS)

Fig. 1. Needs assessment protocol [8, 10, 11]
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3. EXPERIMENTAL CASE STUDY:

Solution for monitoring ambient CO;
concentrations — DamaLUFT

Conforming to the 5 steps needs assessment
protocol presented in Section 2, this Section focuses
on elaborating the performed assessement of needs

START

v
STEP #1
IDENTIFYING PROBLEMS
AND NEEDS - (IPN)

v
STEP #2

in relation to monitoring ambient CO, concentra-
tions, including the already existing solutions [12,
13], thus to provide a clear distinction among those
and the novel approach of the solution proposed
therein, which in turn, addresses the identified gaps.
The implemented protocol explained in the follow-
ing subsections is concisely presented on Figure 2.

IPN1 Viruses

IPN2 Increased CO, concentration

| IPN3 Improved air quality

IPN4 Maintenance standardized ambient air quality

A-1 Risk of airborne diseases caused by viruses

A-2 Risk of low cognitive, intellectual performance
in any working environment

DETERMINING DESIGN OF
NEEDS ASSESSMENT- (A) —

A-3 Risk of improper conditions of the working
ambient in terms of air quality

A 4

STEP #3
COLLECTING DATA (CD)

v
STEP #4

A-4 Risk of increased energy consumption for
maintaining standardized air quality

CD-P1 Literature Review

CD-P2 2.5 Years Customers experiences review

AD-A1 Various studies model the risk of infection

{1 AD-A2 Reduction CO; concentration

ANALYZING DATA (AD)

v
STEP #5
PROVIDING FEEDBACK
AND PROPOSING
ADEQUATE SOLUTION
(AS)

AD-A3 Customer satisfaction with improved
working environment

AD-A4 Added temperature measurement

AS-A1 Reduced risk of airborne diseases

AS-A2 Improved working efficiency due to
improved cognitive performance and the ability to
deliver sound decisions

AS-A3 Improved working environment implies
improved employees’ comfort

AS-A3 Improved working environment implies
improved employees’ comfort

Fig. 2. Needs assessment procedure implemented for the experimental case study.
Solution for monitoring ambient CO2 concentrations — DamaLUFT
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3.1. Step 1: ldentifying problems and needs (IPN).

IPN-1. Due to the fact that viruses (such as COVID-
19, influenza, etc.) are spread via respiratory
droplets — aerosols in the air exhaled by those
present in the room [14] (Figure 3), higher
ambient CO, concentrations may act as a
proxy indicator for increased incidence of
such airborne diseases [15].

Airborne transmission

Tiny particles, possibly produced
by talking, are suspended in the
air for longer and travel further

Droplet transmission
Coughs and sneezes

can spread droplets of saliva
and mucus

A
=
\f : Less than
K ’ 5 microns
5 3
9T :
5 L]
' A Droplets
: . ." | Human hair: \
Morethan ° .7 . 60-1204 ‘
: . . microns wide /
5 microns , . /
Source: WHO ’ B|B|C]

Fig. 3. Difference between droplet and airborne transmision
(Source: BBC https://www.bbc.com/news/health-54435240)
[17]

IPN-2. Increased/high CO- concentrations in work-
ing environments imply reduced working ef-
ficiency, poorer cognitive performance and
decreased ability to deliver sound decisions.
Namely, in their study, Wargocki et al.
(2020) [16] estimated that reducing CO- con-
centration from 2100 ppm to 900 ppm im-
proves students’ scores on psychological
tests and school assignments by 12% in
terms of the speed at which tasks are per-
formed and by 2% in terms of making errors.
Reduction in CO. concentrations from 2300
ppm to 900 ppm improves learning achieve-
ment test scores by 5%, while reduction of
CO; from 4100 ppm to 1000 ppm increases
students' daily school attendance by 2.5%.

IPN-3. Better air quality throughout the working en-
vironment not only infers improved comfort
of the employees thus, their improved con-
tentment, satisfaction, sense of wellbeing,
but as well, reduced occurrence of head-
aches, dizziness, confusedness among them.

IPN-4. Optimizing the process of maintaining
standardized air quality implies optimizing

costs of energy consumed to operate the sys-
tem for ventilation and/or air-conditioning.

3.2. Step 2: Determining design of needs
assessment (A)

Having the listed issues in Step 1 in perspec-
tive, the needs assessment in this paper is focusing
around the overall goal to find a solution that ad-
dresses the identified issues, i.e., the following four
aspects (A):

A-1. Risk of airborne diseases caused by viruses;

A-2. Risk of low cognitive, intellectual performan-
ce in any working/dwelling environment;

A-3. Risk of improper conditions of the working
ambient in terms of air quality, implying re-
duced contentment and satisfaction among
employees and increased occurrence of head-
aches, disorientation, dizziness, etc.;

A-4. Risk of increased energy consumption for
maintaining standardized air quality that has a
potential to be optimized.

3.3. Step 3: Collecting data (CD)

In view of the four aspects (A-1 to A-4) iden-
tified in Steps 1 and 2, conducted are two separate
processes of collecting data (CD), i.e.:

Literature review, which main goal is to collect
notion of the status-quo with reference to experi-
ences (both positive and negative) and recommen-
dations deriving thereafter.

Customers experiences/review of the solution
implemented (in real life) to addresses the identified
needs in Step 1, in a period of approximately 2.5
years, with a frequency of 3-6 months.

3.4. Step 4: Analyzing data (AD)

The data collected in Step 3, thus, the corre-
sponding needs analysis is performed with respect
to the four aspects (A-1 to A-4) identified in Step 2,
as follows:

AD-AL. Various studies [14, 15, 18] model the risk
of infection depending on the volume of
the closed spaces/rooms, the type of venti-
lation, the number of present persons and
the infectors among them. The outcomes
deriving thereby follow the recommenda-
tions and actions in the context of coping
with the COVID-19 pandemic taken by
governments of Great Britain [19], Ireland
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[20], Australia [21], Canada [22], France
[23], Belgium [24], etc. Namely, one of the
main measures recommended by the gov-
ernments in the listed countries is installing
CO; meters in classrooms as a proxy to de-
tect increased risk of airborne diseases
caused by viruses.

AD-A2. In their study, Wargotzki et al. (2020) [16]
estimate that reducing CO, concentration
from 2100 ppm to 900 ppm improves stu-
dents’ scores on psychological tests and
school assignments by 12% in terms of the
speed at which tasks are performed and by
2% in terms of making errors. Reduction in
CO- concentrations from 2300 ppm to 900
ppm improves learning achievement test
scores by 5%, while reduction of CO, from
4100 ppm to 1000 ppm increases students'
daily school attendance by 2.5%. The afo-
rementioned results represent a solid argu-
mentation for any corporate management
to strive for improved air quality in com-
panies’ working environment, thus for the
benefits derived thereby, including com-
pliance with health and safety standards.

AD-A3. In a period of 2.5 years, the proposed solu-
tion DamaLUFT has been offered to a pool
of 30 clients, whereby more than 200 de-
vices have been installed. To date, the
number of clients and devices is steadily
increasing. In order to keep track of Dama
LUFT proper operation, thus to maintain
customers’ satisfaction, clients are com-
municated quarterly to obtain feedback
and overall experience, hence covering
monitored parameters variations through-
out all four seasons. Thus far, due to its
novelty, customers’ generally expressed
positive attitude and enthusiasm in using
the device/solution, in particular, attributa-
ble to the following benefits with respect
to increased comfort and better working
environment:

— regular monitoring of the CO- levels at im-
mediate customer’s disposal/visibility;

— facilitating maintenance of CO; levels be-
low a predefined critical level;

— offering the end-users a tool for self-
health-prevention.

Thus far, customers’ satisfaction level steadily
rises, leading to increased number of installed de-
vices within one network, as well as increased num-
ber of clients.
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AD-A4. Following the first quartal of DamaLUFT
emergence on the market in Sep 2021, sev-
eral clients inquired whether monitoring
temperature levels can be added as a ser-
vice. The rationale behind this request was:
based on employees’ presence that can
simply be identified via measuring exhaled
CO,, to enable/provide a tool to monitor,
control and plan actions for optimizing
heating and/or cooling of the working en-
vironment. An immediate consequence
from adding temperature measurement, is
optimizing the related power consumption
via scheduling company operations based
on planned employees’ presence/absence.

3.5. Step 5: Providing feedback and proposing
adequate solution (AS)

A properly ventilated room implies and, with
an appropriate/adequate solution (AS), facilitates/
enables achieving low and controlled CO, concen-
trations in closed spaces/working environment,
which in turn, as per the identified aspects in Step 2,
provide as follows:

AS-A1l. Reduced risk of airborne diseases caused by
viruses such as: COVID-19, influenza, etc.
whereby, viruses are spread via respiratory
droplets-aerosols in the air exhaled by those
present in the room.

AS-A2. Improved working efficiency due to im-
proved cognitive performance and the abil-
ity to deliver sound decisions, which in
turn, is negatively affected by the in-
creased/high CO; concentrations in work-
ing environments.

AS-A3. Improved working environment, implying
improved employees’ comfort thus, im-
proved contentment, satisfaction and sense
of wellbeing for those present in the closed
spaces/areas, and prevention/reduced ap-
pearance of headaches, dizziness, confus-
edness due poor air quality.

AS-A4. Added value of measuring temperature in
correlation/combination with CO; concen-
trations.

Having the afore mentioned in perspective,
DamaLUFT is proposed as a novel solution which
provides measurement of CO, concentrations in
closed room/spaces/areas, thus, measurement of the
exhaled air of those present in the room. Such meas-
urements act as indicator of potential risk deriving
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from airborne diseases transmitted via respiratory
aerosols.

4. RESULTS AND DISCUSSION

The DamaLUFT solution consists of a soft-
ware platform and a measuring device via which,
ambient CO. concentrations (closed spaces e.g.
classrooms, offices, meeting rooms, waiting rooms,
shops, sports gym, etc.) are measured indicatively
and are reported to the clients and administrator.
The platform provides a crucial contribution to im-
proved indoor air quality, enabling room occupants
and building managers to deliver appropriate
decisions relating to ventilation not only in separate
offices/rooms, but as well of the overall build-
ing/facility.

The performed Needs assessment, elaborated
in the previous Sections, points out that the pro-
posed DamalLUFT solution addresses the identified

Table 2

gaps in Step 2. The highlights of those outcomes are
presented in Table 2.

Namely, via concurrent measurement of ex-
haled ambient CO; concentration levels and temper-
ature, and by means of providing visual signaliza-
tion of the critical levels of ambient CO; and graph-
ical display of the measured values, whereas defined
are two level ranges — preventive level defined at
800 ppm and critical level defined at 1200 ppm not-
ing that 2% of the total air in the analyzed space is
exhaled by the people present in that room — Dama-
LUFT acts as a preventive tool to reduce risk from
infections caused by airborne diseases.

In line with the findings from Wargotzki et al.
(2020) [16], DamaLUFT acts as a tool that has a di-
rect impact on the cognitive and the intellectual per-
formance of the employees present in the analyzed
ambient, complemented by increased satisfaction
and sense of comfortable working environment for
the affected employees avoiding headaches, dizzi-
ness, sleepiness, etc.

Solution for monitoring of the ambient CO; concenstrations — DamaLUFT:
Overview of the identified needs and the proposed actions enabled/facilitated after implementing
the proposed bridge resulting from the Needs assessment

Identified needs
corresponding aspects (A-#)

DamaLUFT solution
(Bridge to solve the problem)

Addressed gaps via
and proposed actions after utilizing
the solution

CO2 measurements presented in

Visual signaling for reaching

CO2 measurement presented in

Visual signaling for reaching

CO2 measurement presented in
Visual signaling for reaching

Temperature measurement in

A-1  Aerosols droplets less than 5 microns
spread airborne diseases (e.g., COVID-  a simple graphical diagram.
19, influenza, etc.) over the air.
critical COz level.
A-2  Decreased cognitive performance of
the persons (students/employees) a simple graphical diagram.
present in the analyzed ambient.
Decreased ability to make decisions. critical COz level.
Reduced working efficiency.
A-3  Increased level of CO2 causes
unpleasant working environments and  a simple graphical diagram.
comfort:
Adequate/optimal temperature in critical COz2 level.
working environment is needed.
simple graphical diagram.
A-4  Energy efficiency

Optimizing power consumption based
on the employees presence and needs
for heating or cooling

Daily, weekly, monthly and
yearly data for CO2 and

temperature could be presented in

graphical and table format.

Ventilation of the spaces:

Manually: opening windows.
(semi)Automatized: switching on the
HVAC system automatically or manually.

Ventilation of the spaces:

Manually: opening windows.

(semi)Automatized: switching on the
HVAC system automatically or manually.

Short brakes 10-15 minutes while
ventilation is active.

Ventilation of the spaces:
Manually: opening windows.

(semi)Automatized: switching on the
HVAC system automatically or manually.

Introducing adequate plants in the
space/room/office that improve the air
quality and reduce CO2 concentrations.

Setting up the heating/cooling system on
adequate/optimal temperature.

Based on CO2 and temperature
measurement, creating optimal working
regime of HVAC system providing fresh
air and adequate heating/cooling.

Mech. Eng. — Sci. J., 42 (1), 53-60 (2024)



Needs assessment of ambient CO, monitoring solution 59

Having in mind the combination of registering
temperature levels in parallel with CO, measure-
ments in buildings equipped with HVAC systems,
DamaLUFT can be combined with the Building
management system (BMS) and thus, have a direct
impact in optimizing power consumption and in-
creased energy efficiency, without reducing the
quality of the working environment.

5. CONCLUSIONS

This paper focuses on identifying market gaps
and needs for a novel client-oriented solution con-
sisting of a combination of a CO, monitoring device
and a software platform for related data acquisition
and presentation. The performed needs assessment,
conducted via a 5 steps protocol — i.e., identifying
problem and needs; determining design of needs as-
sessment; collecting data; analyzing data; and
providing feedback and proposing adequate solu-
tion —identified 4 aspects (risks) relevant for the ad-
dressed problem: A-1, Risk of airborne diseases
caused by viruses; A-2, Risk of low cognitive, intel-
lectual performance in any working/dwelling envi-
ronment; A-3, Risk of improper conditions of the
working ambient in terms of air quality, implying
reduced contentment and satisfaction among em-
ployees and increased occurrence of headaches, dis-
orientation, dizziness, etc.; and A-4, Risk of in-
creased energy consumption for maintaining stand-
ardized air quality that has a potential to be opti-
mized.

The results of the Needs assessment show that,
thus far, commercial products using Wi-Fi, 4G,
standalone with battery power supply, and similar
available technologies are missing on the market.
DamaLUFT solution acts as a standalone device
that for communication purposes is using either Wi-
Fi technology or 4G (where Wi-Fi is not available)
with rechargeable battery lasting between 3-4
months with one charge. The second element of
DamaL UFT solution is the software platform avail-
able on any widely used browser s.a. Microsoft
Edge, Google Chrome, Firefox, and Safari, and it is
highly client-oriented, i.e., implementing Dama-
LUFT does not require any technical knowledge.
Accessing DamaLUFT platform is through any of
mentioned browsers, whereby users can obtain nu-
meric and visual presentation of the ambient CO,
levels and temperature in various timeframes, e.g. 1
day, 3 days, and 7 days. The platform administrator
can monitor the measured parameters globally, in a
timeframe of 30 calendar days, and monthly for the
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past 12 months. Apart of the aforementioned,
DamaLUFT platform includes tools for the end-user
as well as the solution administrator, and various re-
spective analyses.

Considering the challenges posed by the
Covid-19 pandemic, this novel CO, monitoring de-
vice exhibited an effective use for indicative risk
prevention of airborne infectious diseases (e.g.,
COVID-19, tuberculosis, influenza, SARS, etc.)
due to the fact that exhaled CO; concentrations act
as an indicator for potential presence of such dis-
eases.

An added value that the DamaLUFT 2.5 years
market presence clearly displayed, is the potential to
be integrated with HVAC and/or integrated BMS to
facilitate optimizing power consumption, thus con-
tributing towards the clients’ corporate social re-
sponsibility (CSR) (as an internal indicator) and
their environmental social governance (ESG) (as an
external indicator), in compliance with the sustain-
able development paradigm, in particular contrib-
uting to SDG3 (good health and wellbeing), SDG7
(affordable and clean energy), SDG8 (decent work
and economic growth), SDG12 (responsible con-
sumption and production), SDG13 (climate action)
and SDG17 (partnership for the goals).

Having in perspective that humidity control, as
well contributes to air quality management and en-
ergy management in line with internationaly recom-
mended standards could be taken in consideration
for future research.
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Abstract: The fourth industrial revolution comes with a lot of promises for the future of effective and efficient
manufacturing. However, in the light of the rapid change of the technology, smart manufacturing is undergoing trans-
formation driven by two distinct paradigms: Industry 4.0 advocates for the shift to-wards digitization and automation,
while the emerging Industry 5.0 prioritizes human-centric approaches. Currently, there is a need to consider sustainable
development and the crucial role of humans in the assumptions of industry’s future development. Concerns about the
implementation of digital technologies became the basis for building the assumptions of Industry 5.0. This article will
present a comparative qualitative compassion between Industry 4.0 and Industry 5.0 in order to precisely characterize
both concepts.
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CIIOJYBAIBE HA PA3JIMYHOCTUTE: KBAJIMTATUBHA CIIOPEJABEHA AHAJIN3A
HA UHAYCTPUJATA 4.0 U UHAYCTPUJATA 5.0

AmcTpax 1 YeTBpTaTa MHIYCTPHCKA PEBONYIHMja Joara CO MHOTY BETyBamba 3a MAHMHATA Ha €EKTUBHO U
edukacHo npouspojcTBo. Cenak, BO COINIACHOCT cO Op3ara MPOMEHa Ha TEXHOJOTHjaTa, ITaMETHOTO MPOU3BOJCTBO
IpeTpIryBa TpanchopManyja BoAeHa o1 JBe pa3nuyHu napaaurMu: Muaycrpuja 4.0, koja ce 3ayara 3a IpeHacOuyBambe
KOH JWIHMTajM3aldja ¥ aBToMaru3anuja, u Munycrpuja 5.0, koja MM JaBa NPHOPUTET HA YOBEYKUOT (aKTop M
oIp>xIBOCTa. Bo MOMEHTOB 1ocTou notpebda Jia ce pasriefaar OApXIMBHOT Pa3Boj U KIIy4YHATa yJora Ha JIyreTo BO
MPETIOCTaBKATE 3a HMIHUOT Pa3Boj Ha wHAycTpujata. OBOj TpyHd NpHKaKyBa KBAIUTATHBHA cIiopenda moMmery

Wunycrpuja 4.0 u Uamyctpuja 5.0 co men npenn3Ho Aa ce KapaKTepU3upaaT JBaTa KOHIIENTa.

Koayunn 36opoBu: Uunycrpuja 4.0; Unaycrpuja 5.0; qururanusanuja; cropenda

1. INTRODUCTION

The industrial revolution began in the early
1800s, transitioning agrarian societies to industrial-
ization, driven by coal, water, and steam power.
This period originated in Britain and spread glob-
ally, leading to the second industrial revolution in
the late 1800s, characterized by mechanization and
significant technological advancements. However,
poor working conditions prompted the formation of
labor unions and regulations. In the 1950s, the third
industrial revolution began with the introduction of
transistors and microprocessors, enabling auto-

mated production and improved working condi-
tions. This era also brought challenges such as over-
crowding and environmental issues. The ongoing
fourth industrial revolution, known as Industry 4.0
(14.0), emerged in 2011, focusing on digital trans-
formation through technologies like 10T and CPS
for automation and real-time optimization [1].

As the manufacturers struggle with imple-
menting 14.0, discussions about the next industrial
revolution, Industry 5.0 (15.0), have already begun
among industrialists and scholars. While 14.0 fo-
cuses on seamless data flow and optimization
through digital machine connectivity, 15.0 is envi-
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sioned to reintroduce human collaboration and em-
phasize sustainable manufacturing alongside prod-
uct personalization [2]. Amidst the continued adop-
tion of 14.0 across diverse sectors and the raising
popularity of 15.0 (especially in the scientific cir-
cles), this study aims to perform comparative anal-
ysis between the two terms. The study doesn’t aim
to select a better concept because essentially 15.0 is
an upgrade of 14.0, but rather characterize and de-
fine them. The following chapters include short lit-
erature review on both topics, in order to define
what are the pillars and the theoretical foundations
of both concepts. The final chapter includes a qual-
itative comparison using the Qualitative Compara-
tive Analysis (QCA) method for more concise and
structured comparison of the concepts according to
selected criteria.

Industry 4.0 Industry 5.0

2. METHODOLOGY

The methodology for this paper involves an
extensive literature review on the concepts of Indus-
try 4.0 and Industry 5.0. The reviewed literature
spans approximately the past three years, from 2020
to 2024, reflecting the rapid technological advance-
ments in this period. The analysis is conducted us-
ing the Qualitative Comparative Analysis (QCA)
method. QCA is a research method employed in so-
cial sciences to systematically compare multiple
cases to study complex phenomena. It integrates
qualitative and quantitative techniques to identify
patterns and causal relationships within small to me-
dium-sized datasets. The method comprises the fol-
lowing steps shown in Figure 1.

Case

selection Criteria

selection Calibration

Interpretation

Fig. 1. Research methodology

3. DEFINITIONS

The term 14.0 refers to the fourth industrial
revolution, which represents a technological along-
side an economic, sociological, and strategic revo-
lution [3]. The advanced technologies of 14.0, ena-
ble the collection, storage, analysis, and exchange
of massive data between the human and machine in
a fast an efficient way [4]. 14.0 enables the design of
smart products and services with features such as
more insight into customer requirements, better
connectivity with customers, and real-time monitor-
ing for better performance [5].

14.0 is the current vision shaping the future of
many industries by creating business models
through cyber-physical systems (CPS) [6]. Nowa-
days, when thinking of 14.0 technologies, we mostly
think of the enabling technologies of this paradigm.
These technologies are also referred to as pillars of
14.0. In literature, pillars, and technologies of 14.0
usually mean the same.

One of the questions that emerged during the
literature review for this paper is the dilemma of
what is the definitive list of the digital technologies
that should be considered as enablers of 14.0. The

answer is that there is no such definitive list consid-
ering that it was discovered that many authors pro-
pose adding or subtracting pillars from the list de-
pending on the use or simply on the time when the
list was created considering the fast development of
the new digital technologies. A short literature re-
view was performed to define the list of 14.0 pillars
by reviewing relevant sources on this topic [1, 7 —
10]. It is fair to conclude that most of the authors
(although sometimes with different names, for ex-
ample “autonomous robots” sometimes is referred
just as “robots”, or “collaborative robots” etc.) in-
clude the list of pillars shown in Figure 2.

ADDITIVE N NTERNET OF
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ya \
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SYSTEM ARTIFICIAL
INTEGRATION( Ind US"Y 4.0 )NTELUGENCE
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Fig. 2. Industry 4.0 pillars
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While many authors and companies still strug-
gle to implement most of the 14.0 pillars, and overall
digital transformation [11], others are already re-
searching the new emerging paradigm — 15.0 [12].
European commission defines 15.0 as a concept that
complements the existing "Industry 4.0" approach
by specifically putting research and innovation at
the service of the transition to a sustainable, human-
centric and resilient European industry. This ap-
proach provides a vison of industry that aims be-
yond efficiency and productivity as the sole goals
and reinforces the role and the contribution of in-
dustry to society. It places the wellbeing of the
worker at the center of the production process and
uses new technologies to provide prosperity beyond
jobs and growth while respecting the production
limits of the planet [13].

While much more uniform, here once again,
authors argue regarding the pillars of 15.0 [14 -17].
The most common model that shows the pillars of
15.0 is shown in Figure 3.

Even though many authors are pushing this
15.0 paradigm, where most of them agree that 15.0
is an extension of 14.0 where the human factor is
playing a key role, the popularity of the terms is sig-
nificantly different. Simple trend analysis based on

1200

1000 __\/\
800

600
400
200

web searches per quartal (Q) in the specific year is
shown in Figure 4. In the context of science, the
analysis has shown that 14.0 has 92% more searches
than 15.0 on daily basis.

The trend analysis is showing results from Jan-
uary 2021 to March 2024, and it can be concluded
that, although 14.0 popularity is declining, it is still
significantly bigger than the slowly increasing pop-
ularity of the 15.0 concept.

Human-

entri

Industry 5.0

Resilien stainable

Fig. 3. Industry 5.0 pillars
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Fig. 4. Trend analysis: Industry 4.0 vs. Industry 5.0 (web searches)

4. QUALITATIVE COMPARATIVE ANALYSIS

For a more structured discussion, we will em-
ploy simplified Qualitative Comparative Analysis
(QCA) method, as previously stated in the Method-
ology section of this paper.

4.1. Case selection

This specific case has been introduced in the
preceding sections. The comparison will be con-
ducted on two primary topics: Industry 4.0 and In-
dustry 5.0.

Maw. undic. nayu. ciuc. 41 (1), 61-66 (2023)

4.2. Criteria identification and qualitative review

Many authors already attempted to identify the
commonalities and contrasts between the selected
topics. When defining Industry 4.0 and Industry 5.0,
and generally a technology disruption, in the litera-
ture there are several common factors that can
describe these disruptions. According to different
sources, authors have selected the most common
criteria that will be utilized for the comparative
analysis of the cases. The criteria are as following:

— Automation [18].



64 A. Argilovski, E. Vasileska, O. Tuteski, B. Kusigerski, B. Jovanoski, M. Tomov

— Cultural readiness [11, 19].

— Customization & personalization [20].
— Data utilization & analytics [21].

— Economic impact [22, 23].

— Flexibility & adaptability [24].

— Human-centricity [25].

— Social impact [25, 28].

— Sustainability & environment [28].

— Technology integration [24].

Qualitative review on each criterion was per-
formed in order to find out more about the cases re-
lation to each of these criteria. The results of the lit-
erature review that was conducted for both topics,

— High-tech products [26, 27].

with the key points is summarized in Table 1.

Tablel
Cases research
Criteria Industry 4.0 Industry 5.0
Focus Smart mass production and digitalization. Sus_tglnablllty, human-centricity, and
resilience
Automation Connecting the machines in an integrated Automation enhanced human work.

system.

Cultural readiness

Weak.

Weaker than Industry 4.0.

Customization

Mass customization.

Hyper customization.

Data utilization &
analytics

Efforts on data collection and utilization.
Automated decision-making uses
algorithms and analytics to optimize
processes, while humans handle high-level
decisions and strategic planning.

Same efforts towards data collection and
utilization. Introduction of Al in decision
making on the shopfloor, while humans
again handle high-level decisions and
strategic planning.

Economic impact

Investment in digital equipment.

Investment in strategy and goverment.

Flexibility &
adaptability

Adaptive manufacturing processes through
real-time data and connectivity, enabling
systems to adjust to changing conditions
based on automated feedback.

Extends the concept of adaptability by
emphasizing the flexibility of human
workers.

Human-centricity

Digitalization/automation of as much
manual processes as possible. Human has
main role in strategic planning, innovation,
and making complex decisions.

Human role centers on collaboration with
advanced technologies to enhance
creativity, innovation, and personalized
solution. Manufacturers make efforts to
incorporate human as much as possible.

High-tech products

Not in the focus.

Customer experience is the most
important.

Social impact

Indirectly affects but it is not in the focus.

Significant emphasis on social
implications, aiming to improve societal
well-being.

Sustainability &
environment

Indirectly affects but it is not in the focus.

Core principle.

Technology
integration

The goal is to create a highly connected
and data-driven manufacturing
environment for improved efficiency and
decision-making. Central roles are taken by
10T, CPS, and data analytics.

Continues to leverage advanced
technologies but with a greater emphasis
on using technology to augment human
capabilities. Human and machine
collaboration, and Al are in the focus.

4.3. Calibration

To facilitate the comparison, in accordance
with the method, values are assigned to each condi-
tion for Industry 4.0 and Industry 5.0, based on the
literature and the authors’ expertise. For simplicity,

binary values will be used, where 1 indicates the
presence and 0 indicates the absence of the condi-
tion. The result of the analysis is shown in Table 2.
The cells where one case excels against the other
one are marked with yellow.

Mech. Eng. — Sci. J., 41 (1), 61-66 (2023)
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Table?2

Scoring of the cases against the criteria

Condition Industry 4.0  Industry 5.0

Automation 1 1
Cultural readiness
Customization

Data utilization & analytics
Economic impact
Flexibility & adaptability
Human-centricity
High-tech products

Social impact

Sustainability & environment

P O O ©O © KB KL K, O
N = e = T S = S S Y o)

Technology integration

4.4, Interpretation

For clarification, this analysis does not deter-
mine the superiority of one concept over the other,
as the list of comparison criteria is not exhaustive
and could encompass additional aspects where each
concept may excel. This comparison aims to eluci-
date the primary characteristics and provide a de-
tailed description of the concepts based on the avail-
able data.

Industry 4.0 is predominately characterized
by constant strive to automate the existing pro-
cesses, while utilizing as much technology as possi-
ble. According to the research, Industry 4.0 excels
only according to the criteria regarding the cultural
readiness. And even though research shows that
usually companies score poorly in the readiness sur-
veys [29], they seem to be much more ready for 14.0
concepts that are around for a decade now, rather
than the new concepts related to 15.0 [19].

Industry 5.0 is predominantly characterized
by customization, human-centricity, high-tech
products and high social and environmental impact
leading to more expressed support for the need of
sustainability. Considering the fact that 15.0 excels
in all categories (except one) as 14.0, it is safe to as-
sume that this concept is containing all the previ-
ously mentioned positive aspects of 14.0 and it is a
human-centred and environmentally cautious addi-
tion to what 14.0 essentially wants to achieve.

Industry 5.0 demonstrates better performance
across multiple criteria, notably customization, hu-
man-centric design, high-technology products, so-

Maw. undic. nayu. ciuc. 41 (1), 61-66 (2023)

cial impact, and sustainability and environmental
considerations. Conversely, Industry 4.0 shows a
marked proficiency in the dimension of cultural
readiness, which is expected considering the time
that Industry 4.0 concept has been around. Both In-
dustry 4.0 and Industry 5.0 share similar attributes
regarding their emphasis on data utilization and an-
alytics, economic impact, technology integration
and flexibility.

5. CONCLUSIONS

Industry 4.0 (14.0) represents a significant evo-
lution in industrial practices, blending advanced
technologies with economic, sociological, and stra-
tegic transformations. By leveraging the capabilities
of cyber-physical systems, 14.0 facilitates the seam-
less integration of humans and machines, enabling
efficient data exchange, real-time monitoring, and
the creation of smart products and services tailored
to customer needs. However, defining a definitive
list of 14.0 enabling technologies remains challeng-
ing due to the continuous and rapid development of
new digital innovations. While the industry strug-
gles with the full implementation of 14.0, the emerg-
ing Industry 5.0 paradigm is gaining attention. 15.0
aims to transcend the goals of efficiency and
productivity by focusing on sustainability, human-
centric processes, and social responsibility. Despite
the growing interest in 15.0, 14.0 continues to domi-
nate in popularity and implementation readiness, re-
flecting its decade-long presence and the industry’s
familiarity with its principles.

This paper presented Qualitative Comparative
Analysis (QCA) of Industry 4.0 and Industry 5.0
based on several selected criteria that were identi-
fied in the literature as the most usual factors to
compare these technological shifts. Industry 5.0 ex-
celled according to most of these criteria including
customization, human centricity, high-tech prod-
ucts, social impact and sustainability & environ-
ment. On the other hand, Industry 4.0 excelled in the
cultural readiness dimension. It is noticeable that In-
dustry 4.0 and Industry 5.0 have similar character-
istics when it comes to the focus in data utilization
& analytics, economic impact, flexibility, etc.
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Fig. 1. Example of a graph and a single-line caption (colour)

Graphics may be full colour. Please use only colours which contrast well both on screen and on a black-
and-white hardcopy because the Journal is published in black-and-white, as shown in Figure 2. The colour
version is only for the electronic version of the Journal.
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Please check all figures in your paper both on screen and on a black-and-white hardcopy. When you
check your paper on a black-and-white hardcopy, please ensure that:

—the colours used in each figure contrast well (Figure 3),
—the image used in each figure is clear,
— all text labels in each figure are legible.

Please check all figures in your paper both on screen and on a black-and-white hardcopy. When you
check your paper on a black-and-white hardcopy, please ensure that the image used in each figure is clear and
all text labels in each figure are legible.

Fig. 3. Example of an image as it will appear at the electronic version of the Journal and a multi-line caption
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