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RESEARCH ARTICLE

ABSTRACT: Electric vehicles (EVs) have become a symbol of a modern transportation,
offering a sustainable alternative to internal combustion engine vehicles. As the EV market
keeps growing rapidly, the safety of EV systems has become the focus of research and
regulation. Among the various safety concerns, electrical hazards in EVs present unique
combination of risks due to their high-voltage systems, advanced battery technologies, and
the complexity of their electrical infrastructure.

This research paper explores the EVs electrical hazards, focusing on risks such as electric
shock, thermal runaway, and fire hazards stemming from battery malfunctions and charging.
Understanding these hazards is essential for the development of reliable and secure EV
systems that offer safe future of mobility.

KEY WORDS: electric vehicles, electrical hazards, safety measures

© 2025 Published by University of Kragujevac, Faculty of Engineering

!Milica Bubanja, Faculty of engineering University of Kragujevac, Sestre Janjié 6, Kragujevac,
Serbia, milicabub@gmail.com, @ https://orcid.org/0009-0005-8950-8226

2Nemanja Pajié, Faculty of engineering University of Kragujevac, Sestre Janjié¢ 6, Kragujevac, Serbia
pajicnemanja2@gmail.com, © https://orcid.org/0009-0008-0199-5245

8Nemanja Paji¢, ZF Serbia doo - ZF Friedrichshafen AG, 7. Nova, Pancevo, Serbia,
nemanja.pajic@zf.com, & https://orcid.org/0009-0008-0199-5245

4Branislav Nedeljkovi¢, Academy of Professional Studies Sumadija Department in Kragujevac, Serbia,
baleksandrovic@asss.edu.rs, @ https://orcid.org/0009-0005-7313-4899

SArso M. Vukicevié, Faculty of engineering University of Kragujevac, Sestre Janji¢ 6, Kragujevac,
Serbia, arso_kg@yahoo.com, @ https://orcid.org/0000-0003-4886-373X

®Marko Djapan, Faculty of engineering University of Kragujevac, Sestre Janji¢ 6, Kragujevac, Serbia,
djapan@kg.ac.rs, @ https://orcid.org/0000-0002-8016-8422 (*Corresponding author)

Mobility & Vehicle Mechanics, Vol. 51, No. 1, (2025), pp 1-18


https://doi.org/10.24874/mvm.2025.51.01.01
https://doi.org/10.24874/mvm.2025.51.01.01
mailto:milicabub@gmail.com
https://orcid.org/0009-0005-8950-8226
mailto:pajicnemanja2@gmail.com
https://orcid.org/0009-0008-0199-5245
mailto:nemanja.pajic@zf.com
https://orcid.org/0009-0008-0199-5245
mailto:baleksandrovic@asss.edu.rs
https://orcid.org/0009-0005-7313-4899
mailto:arso_kg@yahoo.com
https://orcid.org/0000-0003-4886-373X
mailto:djapan@kg.ac.rs
https://orcid.org/0000-0002-8016-8422

ELEKTRICNE OPASNOSTI U ELEKTRICNIM VOZILIMA: RIZICI |
MERE ZASTITE

REZIME: Elektri¢na vozila (EV) su postala simbol modernog transporta, nude¢i odrzivu
alternativu vozilima sa motorima sa unutra$njim sagorevanjem. Kako trziste elektriénih
vozila ubrzano raste, bezbednost EV je postala glavni fokus istrazivanja i regulativa. Medu
razli¢itim bezbednosnim problemima, elektricni rizici u elektricnim vozilima predstavljaju
jedinstvenu kombinaciju rizika zbog njihovih visokonaponskih sistema, naprednih
tehnologija baterija i kompleksne elektri¢ne infrastrukture.

Ovaj istrazivacki rad istrazuje elektricne opasnosti u elektricnim vozilima, fokusirajuéi se na
rizike kao S§to su strujni udar, elektricni luk i opasnosti od pozara koje proizilaze iz
neispravnosti baterije i punjenja. Razumevanje ovih opasnosti je od sustinskog znacaja za
razvoj pouzdanih i bezbednih sistema EV koji nude bezbednu budué¢nost mobilnosti.

KLJUCNE RECI: elektricna vozila, elektricne opasnosti, mere bezbednosti
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ELECTRICAL HAZARDS IN ELECTRIC VEHICLES: RISKS AND
SAFETY MEASURES

Milica Bubanja, Nemanja Paji¢, Branislav Nedeljkovié, Arso M. Vukicevié, Marko Djapan
INTRODUCTION

Transportation generates the large share (17%) of greenhouse gas (GHG) emissions
globally. This implies that carbon dioxide (CO2) emissions in this sector must decrease by
about 3% annually to meet the 2050 net-zero target [1,2,3,4]. The Republic of Serbia,
aspiring to EU membership, has adopted a bylaw that grants subsidies to buyers of electric
and hybrid vehicles, aligning with the Green Agenda [5]. The development of electric
vehicles (EVs) not only supports progress in green transition but also represents a major
technological shift in the automotive industry. While there is a potential for EVs to be safer
than conventional ones, this advancement considers a new set of safety challenges.
Introduction of new technical solutions, especially those produced for a mass market, may
substantially change and possibly increase the risks associated with the product itself.

Electric vehicle (EV) deployment is an effective approach to reduce carbon footprint in
transportation [6, 7] but also to reduce air pollution, and improve public health [8-12]. It
should be noted that the emission of GHGs during the operation of the EVs is greatly
influenced by the method of electricity production, where the largest amount of CO; is
emitted by the production of electricity using coal, followed by heating oil and fuel oil,
natural gas, photovoltaic systems, and finally hydro energy and wind energy [13]. This
electricity is typically generated off-site and is transferred to the vehicle through a charging
station or wall outlet, then stored in the vehicle’s onboard batteries.

There are four types of electric vehicles: (1) battery electric vehicles (BEVSs) that are
entirely driven on a battery powered electric drivetrain [14, 15], (2) hybrid electric vehicles
(HEVs) that have both internal combustion engine (ICE) and electric motor [16, 17], (3)
plug-in hybrid electric vehicles (PHEVS) that are similar to HEVs, but the battery can be
charged externally [18, 19], (4) fuel cell electric vehicles (FCEVs) that use fuel cell
technology to generate the electricity to run the vehicle [20-22]. The safety issues for
electric vehicles discussed in this paper mainly focus on battery-powered vehicles, those that
rely solely on batteries to store energy (BEVSs).

1.OVERVIEW OF EVS STATISTICS AND LAW IN THE REPUBLIC OF SERBIA

Based on data from the Statistical Office of the Republic of Serbia [23], the total number of
registered vehicles in 2024 reached 2.389.105, marking a 9% increase compared to 2020.
The average energy consumption of electric vehicles is approximately 20 kWh per 100 km
[24]. In 2019, the presence of electric vehicles in Serbia was minimal, with only 128
registered units, including electric motorcycles and trolleybuses, accounting for a mere
0.007% of the total vehicle fleet. The number of hybrid vehicles was slightly higher,
reaching 1,400 [25]. In 2024 Serbia had 2.699 registered electric vehicles, and 225 fast-
charging stations, primarily concentrated in major urban areas. In terms of incentives for
electric and hybrid vehicle purchases, Serbia remains competitive with leading global
economies. Since March 2020, the government has been offering subsidies ranging from
€250 to €5,000 to support the adoption of eco-friendly vehicles [26]. In Serbia, the safety of
electric vehicles (EVs) is not specifically addressed in the existing traffic safety laws. While
the general traffic regulations apply to all vehicles, including electric ones, there are still no

Mobility & Vehicle Mechanics, Vol. 51, No. 1, (2025), pp 1-18
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particular acts regarding EVs safety measures. As EVs become more common on the roads,
it is necessary for the future legislation to focus more on safety risks to ensure better
protection of drivers and pedestrians.

11

EVs ELECTRICAL HAZARDS

Electric vehicles (EVs) present a range of electrical hazards that can be categorized into two
main groups:

Internal hazards — the ones that arise from the battery and the overall electrical
system of the vehicle. These hazards are inherent to the vehicle's design and
operation, posing significant risks if not properly managed.

External hazards — these refer to the hazards related to the charging equipment used
for electric vehicles. These hazards often arise during the charging process and can
lead to issues such as electrical shock, overheating, and fires.

Besides the hazards this paper is focusing on, it is worthwhile mentioning some other
hazards also:
1. Electrical Shock Hazards

1.1 Direct Contact Hazards
o Exposure to high-voltage components (battery, inverter, motor controller)
o Accidental contact during maintenance or repair
o Passenger exposure due to system failure
1.2 Indirect Contact Hazards
o Fault currents leading to conductive vehicle body parts
o Insulation breakdown causing unintended electrification
o  Water ingress increasing conductivity and risk of electric shock

2. Battery-Related Hazards

2.1 Thermal Runaway

o Overheating due to excessive charge/discharge cycles

o Internal short circuits in battery cells

o Poor thermal management leading to heat accumulation
2.2 Fire and Explosion Risks

o Battery cell rupture releasing flammable gases

o External impact or crash-induced battery damage

o Overcharging leading to excessive heat and ignition
2.3 Chemical Hazards

o Leakage of toxic and flammable electrolyte

o Gas emissions from battery degradation (e.g., hydrogen, carbon

monoxide)
o Risk of exposure during battery disposal or recycling

3. Charging System Hazards

3.1 Overcharging and Overvoltage Risks
o Faulty charging stations delivering excessive power
o Charging system malfunctions causing battery degradation
o Voltage fluctuations leading to instability
3.2 Short Circuit Risks
o Poorly insulated charging cables
o  Connector faults causing overheating and sparks
o Foreign objects inside charging ports leading to arching
3.3 Grounding and Earthing Faults

Mobility & Vehicle Mechanics, Vol. 51, No. 1, (2025), pp 1-18
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o Inadequate grounding leading to potential shock hazards
o Ground fault detection failure increasing risk of system damage
o Stray voltage issues affecting user safety
4. Electrical System Failures

e 4.1 Insulation Failures
o Wear and tear of insulation materials over time
o High voltage cable degradation due to environmental factors
o Moisture intrusion reducing insulation effectiveness

e 4.2 Wiring and Connector Failures
o Corrosion and oxidation at electrical joints
o Loose or damaged connectors increasing resistance and heating
o Poor wiring design leading to excessive current draw

e 4.3 Power Electronics and Control System Malfunctions
o Failure of inverters and DC-DC converters causing voltage instability
o Software or firmware errors leading to unintended power surges
o EMI (electromagnetic interference) affecting vehicle electronics

5. Post-Crash Electrical Hazards

e 5.1 Battery Damage and Short Circuit Risks
o Crushed or punctured battery cells causing immediate or delayed ignition
o Risk of electrocution from exposed high-voltage components

e 5.2 Firefighting and Emergency Response Risks
o Difficulty in extinguishing lithium-ion battery fires
o Reignition risk even after initial fire suppression
o Lack of standardized emergency disconnect procedures

e 5.3 Water Exposure and Electrical Shock Risks
o Flooding of battery compartments leading to short circuits
o Short circuit within power electronics and electrical engine

HGV

Mobility scooter 2.2% oth
3.1% 5 ther Scooter

\ 4.3%
Motorbike \ — 22.1%

3.2%

Car
43.7

Figure 1. Number of fires per electric vehicle type in UK from 2017-2022 [51]

According to the research in UK during time between 2017 and 2022 most hazardous
vehicles were electric cars, followed by electric scooters and bikes, as shown in Figure 1
[51].
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Compact Hybrids/Plug-ins I

Midsized/Large Cars INN—

Luxury Compact Cars I
Subcompact suys IEE—
Midsized 2-row suvs I

Car Category

Compact suvs I
Luxury Midsized Cars I
Luxury Compact suvs I —

Electric Cars I —
Compact Pickup [I—
Midsized 3-row/Large SUVs |
Compact Cars ]
Minivans [IE—
Full-sized Pickups NI
Luxury Midsized/Large SUvs I
Sports/Sporty Cars [

Electric SUVs [
o]} 20

40

60

Average Predicted Reliability Score

80

Figure 2. Reliability score of various electric vehicle categories during 2021 [52]

If the list gets more specific, the most of hazzards were happening with electric SUVSs,
followed by sports and luxury electric vehicles, as shown in Figure 2.

Table 1. Most common EV failures during 2019-2021 [52]

Z‘;’;‘g‘“ e dg?’ﬁ;g'r"(i'ﬂ"n MY 2019 MY 2020 MY 2021
EVs | ICEs | EVs | ICEs | EVs | ICEs
In-car Electronics 497 | 319 | 284 | 3.38 2.35 1.90
Noises and Leaks 0.67 | 138 | 363 | 1.24 | 0.77 | 0.75
Power Equipment 2.37 150 1.89 1.46 0.77 0.62
Climate System 102 | 078 | 1.68 | 0.77 | 1.36 | 0.36
Body Hardware 050 | 063 | 262 | 058 | 0.59 | 0.30
Drive System 221 | 065 | 1.10 | 048 | 051 | 038
Pain and Trim 060 | 072 | 237 | 056 | 042 | 0.35
Engine electric 122 | 039 | 093 | 036 | 0.17 | 0.26
Engine major 1.06 | 042 | 098 | 0.40 | 0.17 | 0.36
Steering/Suspension 053 | 0.78 | 086 | 062 | 0.16 | 0.37
Engine minor 070 | 061 | 0.62 | 0.47 | 0.00 | 0.25
Brakes 0.56 | 0.77 | 052 | 0.64 | 0.00 | 0.26
Transmission Minor 062 | 0.78 | 0.00 | 054 | 0.00 | 0.39
Transmission Major 053 | 047 | 0.00 [ 037 | 0.00 | 0.35
Engine Cooling 0.13 | 0.18 | 0.00 | 0.10 | 0.00 | 0.03
Exhaust System 0.00 | 0.11 | 000 | 0.04 | 0.00 | 0.05
Emissions/fuel system 0.00 [ 0.81 | 0.00 | 047 | 0.00 | 0.17
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Electrical hazards in electric vehicles: risks and safety measures 7

During the time between 2019 and 2021 most common failures of EVs revolved arround in-
car electronics, power equipment, electric engine, and noises and leaks, as shown in Table 1.

Customer retrofit
2% Others
Electrical failure 5%
4%
Charger or wire failure Battery malfunction

5%

External fire

Chassis collison
13%

Figure 3. Most common EV fire root causes [53]

Most common root cause of fire in EVs until 2024 was definetly battery malfunction,
followed by chassis colison and water imersion, as shown in Figure 3. [53]

™ Driving ™ Parking ™ Charging = Collision ™ Other ™ Wading

Figure 4. Analysis of vehicle state in time of fire 2018-2021 [54]

The researchers have found out that number of fires reported in Evs is steadily increasing
year by year, but this can be justified by simple increasing in number of EVs on the streats,
as can be also seen in Serbia and most of the civilized world during the last decade [54].
Figure 4 shows that vehicle state during the time of fire was not consistent over the years
and there is not a single root cause to attack, so we can conclude that technology is
advancing some problems are being fixed while some other issues are arising [54].

Mobility & Vehicle Mechanics, Vol. 51, No. 1, (2025), pp 1-18
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The focus of this paper will be on the primary causes of electrical hazards within the main
categories mentioned in the beginning of this chapter, emphasizing the most significant
sources of danger.

1.2

Lithium-ion (Li-ion) batteries have high energy and power densities that make it possible to
build BEVs with acceptable electric driving range with zero tail pipe emissions. The basic
building block in the battery pack is the battery cells which are connected in series in order
to increase the voltage. Cells can also be connected in parallel, in order to increase capacity.
A number of cells form a module which typically has a voltage below 60 V and is not a

Internal Electrical Hazards

particular electrical hazard. A battery pack usually consists of several modules [27].

a) Battery Thermal Runaway

The most EV fires accidents are caused by thermal runaway of the Lithium-ion Battery
(LIB) [28]. The primary causes of thermal runaway are presented in table 2 and figure 5.

Table 2. Main causes of thermal runaway

Battery
short circuit

Cause Mechanism Consequences
Battery short circuit occurs due to overcharge/discharge, | Rapid temperature
mechanical damage, or self-induced failure, generating a | increase, potential

large current in a short period, leading to a sharp
temperature rise [32,33].

charging accident, fire, or
explosion [32].

% Continuous charging keeps the battery in an unsafe state. | Increased ambient
5 Incorrect charging methods, high ambient temperature, | temperature and repeated
§ and uneven polar coating distribution contribute to | charging cycles raise
o overcharge risk [34,35]. failure risk [36].
% % The d_iaphragm prevents s_hort circui_ts, but _poor-quality Short _ circuit, gas
EE 2| material can develop lithium dendrites which destroys | expansion, potential
g° 8| the material. The electrolyte degrades over time and can | battery fire, or explosion
(a) [)

produce gas under thermal stress [37].

[37].

Battery pack
consistency

Differences in single battery manufacturing impact
internal resistance, voltage, and capacity. Over time,
variations increase, leading to overcharging of certain
cells [38,39].

The  "bucket  effect”
reduces battery pack
capacity, impacts safety,
and decreases vehicle
performance [40].

% é Complex charging environment has greater impact on | Increased risk of charging
‘2 § | the battery: low temperatures cause lithium deposition in | accidents; monitoring
5: ; the anode, leading to a short circuit, while high | environmental factors is
S | temperatures reduce cathode stability [41,42]. key to prevention [43].
w - "
2 Different battery types have different safety levels. For Overhe_atmg, . fire, or
9 : . - explosion  risks  vary
< example, MnNiCo batteries are more prone to fire or dependin on  batte
3 explosion than LiFePO4. BMS failures can threaten p. g - ry
= - type; BMS failures can
o) charging safety [44].

compromise safety [44].
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Electrical hazards in electric vehicles: risks and safety measures 9

Thermal runaway of Li-ion batteries is the phenomenon of exothermic chain reactions
within the battery: an incipient fault causes a short — circuit, the cell overheats, transitions to
thermal runaway, the heat and pressure causes the cell to swell or burst or vent off-gases
from the internal pressure relief device. This reaction starts by heating adjacent cells, battery
module, adjacent modules, and finally, progressing to the whole battery pack. Overheating
can be caused by thermal, electrical, or physical effects.

Known causes are external short circuits, internal short circuits, cell overcharging, cell over-
discharging, physical abuse such as crushes, or exposure to high ambient temperatures
[29,30]. LIB failure is associated with a flawed or damaged separator, leading to an internal
short circuit, electrolyte vaporization, and violent venting or explosion. Battery components
remain stable below 80°C. Above 120-130°C, electrolyte reaction with graphite generates
heat, venting off-gases like hydrogen and hydrocarbons (C;Ha4, C2Hs, CsHes are common),
usually represented as Propane. Cells start producing off-gases at a so-called Temperature of
No Return (TNR) stage — about 150°C depending on the precise battery materials,
electrolyte chemistry and construction [31].

EV fires occur less frequently than Internal Combustion Engines (ICE) vehicle fires,
however, an EV fire is far more difficult to extinguish. EV fires can burn for hours and can
often re-ignite hours or even days after following an incident.

It's not just the fire itself that is problematic; the chemicals in the battery will emit highly
toxic gases, fumes and smoke which can prove fatal to people in the area. The smoke from
an EV battery fire contains significant levels of carcinogens. Because of the intensity of the
fire, there is also the risk of it spreading to other structures or vehicles nearby.

e .
&e / \\
\
Deformation
Swelling
Exothermic reactions Venting
Rupture
j Fire
ég-% /
- Adjacent
s cells

Thermal event
in energy
storage system

Figure 5. Potential chain of events for a thermal event on the cell level developing to system
level
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b) Voltages and Currents

High voltage refers to voltages greater than 60 V and up to 1500 V DC or greater than 30 V
and up to 1000 V AC. The term “HV” in automotive industry is more often interpreted as
“hazardous voltage” (instead of “high voltage”). Both DC (direct current) and AC
(alternating current) voltages are present in EVs. The DC voltage comes from the traction
battery or other components (e.g. charger, DC/DC converter) and the AC voltage is used by
the power electronics (inverter) and electric motor/generator [27]. The comparison between
typical petrol and diesel cars and EVs is clear; a petrol car presents with a maximum charge
of 12/24 volts DC. A typical EV around 650 volts DC [45]. Anything over 110 volts DC
presents a real danger to life. Working with high voltages presents a clear risk of serious
injuries, from electrocution to serious burns, electrical arc flash, explosion and fire. An
electrically safe work condition is a state in which a high-voltage electrical conductor(s) or
circuit part(s), excluding inside the high-voltage battery pack, has been disconnected or
isolated from energized high-voltage parts, locked/tagged in accordance with OSHA
regulation 1920.147 [46]. It is important to understand that an “empty” battery, meaning
fully discharged, 0% SOC, still has a considerable voltage. For an electric vehicle this is still
to be considered as a hazardous voltage.

Table 3 presents different current levels and their effects on the human body, highlighting
potential risks such as muscle contractions, respiratory paralysis, and cardiac arrest.

Table 3. Current levels and its effects on human body
Current Level' | Probable effect on the human body

1 mA Slight tingling sensation.
Still dangerous under certain conditions.
5mA Slight shock felt; not painful but disturbing.

The average individual can let go. However, strong involuntary reactions to
shocks in this range may lead to injuries.

6-16 mA Painful shock, begin to lose muscular control.
Fall danger. Referred to as the freezing current or “let-go” range.

17-99 mA Extreme pain, respiratory arrest, severe muscular contractions.
Individual cannot let go. Death is possible.

100-2000 mA Ventricular fibrillation (uneven, uncoordinated pumping of the heart).
Muscular contraction and nerve damage begins to occur. Death is likely.

Over 2000 mA Cardiac Arrest, internal organ damage, and severe burns.
Death is probable.

An electric shock can severely burn or kill if the muscle contraction is strong enough to stop
the heart. Electrical currents can cause muscles to lock up, resulting in an inability to release
the grip from the current source. This is known as the “let-go” threshold current, typically
occurring at 6 to 16 milliamps (mA) or 16 one-thousandth of an amp. This muscle
contraction will, in many cases, cause the victim to remain firmly gripped to the source of
electrocution, particularly when that source is a high-voltage battery. The internal resistance
of the average human body is 300 Q to 1,000 Q. Most of the body's resistance is in the skin

1Voltage level at ~120 V 60 Hz. Source: US OSHA, CDC, NIOSH
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(epidermis) which fortunately is an extremely poor conductor. The resistance of dry skin is
usually between 1,000 Q and 100,000 Q but it decreases exponentially when wet, burnt, or
blistered. This means that when a person is electrocuted, the body's resistance drops,
allowing more current to flow [46].

Three primary factors affect the severity of the shock a person receives when placed in
series within an electrical circuit:

e First, the intensity, type, and frequency of the current, alternating (AC) or direct
current (DC) flowing through the body, because current, not voltage, causes
electric shock. Severity of the shock increases with higher current flow.

e Second, the path the current takes through the body, typically down one side or
across the heart. Using only one hand to make a measurement reduces the chance
of current passing through the heart. The current must follow a path through the
body (hand-to-hand, etc.) for fibrillation to occur.

e Third, the length of time the body is part of the circuit and the body’s resistance to
the current.

¢) Arc flashes and blasts

Arc flashes are sudden, explosive releases of energy caused by an electrical fault. The heat
caused by this discharge can cause the wire insulation to deteriorate and thus cause a spark
or “arc” that causes a fire. Temperature, light, and pressure can all reach astonishingly high
levels when arcing occurs. This release of thermal energy triggers a bomb-like blast, the
“arc blast.” The heat at each end of an arc reaches up to and beyond 19.500° C [47]. Outside
of burns, arc flash incidents can lead to injuries from flying debris, eye or vision damage,
and, if electric current flows through the body, electric shock injuries or even death by
electrocution.

1.3 External Electrical Hazards

The charging process of electric vehicles (EVs) involves the transfer of high power, which
introduces several electrical hazards, described below.

d) Charging Stations and Connector Failures

Charging stations present multiple risks, including overvoltage, overheating, and connector
failures. Overvoltage can damage batteries and cause thermal runaway, while overheating
may result from faulty chargers or damaged cables. These risks have already been explained
in the previous chapters. Connector failures, such as poor contact or wear and tear, can lead
to high resistance points, causing localized heating and fires. According to the NFPA,
electrical malfunctions, including charging-related issues, were responsible for 16% of all
EV-related fires [48].

A report by the International Energy Agency (IEA) highlighted that improper connector
handling, such as forced connections or improper plugging/unplugging, accounted for 8-
10% of failures in public charging stations over a two-year period. The increased frequency
of charging also contributes to the risk, as stations that are not regularly inspected may
suffer from prolonged overheating or voltage irregularities [49]. These statistics underscore
the critical importance of regular maintenance schedules and quality assurance for charging
station installations to prevent such incidents from escalating.
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ISO 15118 ensures secure and efficient communication between electric vehicles and
charging stations, reducing the risk of electrical hazards such as overvoltage, overheating,
and connector failures, thereby enhancing the overall electrical safety of the EV charging
infrastructure.

e) EVsand CIEDs

Based on research of the European Society of Cardiology, it was concluded that high-power
chargers for electric vehicles (EVs) are safe for patients with cardiac implantable electronic
devices (CIEDs), such as pacemakers and defibrillators. The study involved 130 patients
and over 500 charging sessions of four BEVs and a test vehicle (350 kW charge capacity)
using high- power charging stations under continuous 6-lead electrocardiogram monitoring.
The charging cable was placed directly over the CIED, and devices were programmed to
maximize the chance of EMI detection. There was no evidence of Electromagnetic
Interference (EMI) or device malfunctions [50]. This confirms low levels of risk regarding
interaction of CIEDs and EVs.

2.SAFETY MEASURES

In Serbia, there is a significant gap in the availability of standards that help regulate
electrical safety in the context of electric vehicles. While there are international standards
and guidelines in place, such as those from the International Electrotechnical Commission
(IEC) and European Union regulations, the adoption and implementation of these standards
within Serbia remain limited.

Safety measures for electrical hazards in EVs can be divided into two key aspects: worker
safety and driver safety. Workers face risks while handling high-voltage systems, batteries,
and charging equipment, requiring specialized training and protective measures. Drivers, on
the other hand, must follow safety guidelines to prevent electric shock, fire hazards, and
charging-related accidents during vehicle operation and maintenance. Table 4 presents
safety measures from both perspectives.

Table 4. Safety measures for electrical hazards

Hazard HOW.tO Safety Measures for Safety Measures for Drivers
Recognize It Workers
- Tinalin Preventive:
sensa%iong - Wear insulated PPE - Never touch damaged cables
when (gloves, boots, tools). or exposed wires.
touching the - Follow Lockout/Tagout - Be aware of high-voltage
car. (LOTO) procedures. warning labels.
. - Sparks or - Use voltage testers .
Electric - : - Do not attempt DIY repairs
Shock burning smell | before working on EV on electrical components.

near electrical | systems.

components. | - Get EV electrical safety
- Exposed or | training.

frayed high- | Reactive:

voltage

- Immediately cut off - If a shock occurs, disconnect
cables.

power if a shock occurs. power immediately.
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- Administer CPR if
necessary and seek
medical help.

13

- Call emergency services and
do not touch the affected
person directly.

Preventive:

- Monitor battery

- Avoid parking in extreme

protection.

- Unusual temperature using X .
heat coming diagnostic tools. heat or direct sunlight.
from the - Prevent - Charge the battery only with
battery area. overcharging/discharging. | approved chargers.
- Hissing - Store and handle : s
sounds or batteries in controlled i St_op using the vehicle if you
Battery smoke from environments notice unusual heat or smell.
Thermal . .
Runaway under the car. | - Use fire-resistant battery
- Rapid loss enclosures.
of battery Reactive:
Charge or - If you smell burning or see
system - If thermal runaway ke. ston th
i begins, evacuate the area Smoxe, Stop the car.
warning ’ " | immediately and exit safely.
lights. - Use specialized EV fire ,
suppression agents (e - Move away from the vehicle
drSF::hemical)g 9 and call emergency services.
Preventive:
- Install fire suppression
- Smoke or systems in EV service - Do not park near flammable
materials.
sparks near areas.
battery or - Use fire blankets to - Keep an EV-rated fire
charging port. | contain battery fires. extinguisher in the car.
. - Sudden loss | - Ensure proper ventilation
Fire of power or | to reduce toxic gas
Hazards | warning buildup.
lights. Reactive:
- Strong - If a battery fire starts, use | - If fire starts, evacuate
chemical or | cjass D fire extinguishers | immediately and call
burning (not water). emergency services.
plastic smell. | _ Evacuate and alert
emergency responders - Never use water on an EV
immediately. battery fire.
- Sparks Preventive:
smoke, or - Use only certified - Do not charge in wet
burning smell | charging equipment. conditions.
Charaing | "€ charging | - Regularly inspect cables | - Check for damaged cables
ging port. and connectors. before plugging in.
Station : . . L
Hazards | - Overhe_atlng - Ensure charging stations | - Avoid using cheap or
of charging | are grounded. uncertified chargers.
cable or - Implement overvoltage
connector. and overheating
- Unexpected
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shutdowns or Reactive:

failure to - If overheating occurs, - If a charger malfunctions,

charge. stop charging and allow disconnect it safely and report
cables to cool. the issue.
- If there are sparks or - In case of overheating, stop
smoke, shut off power charging and let the system
immediately. cool.

If an individual is exposed to high voltage, immediate action is critical to prevent serious
injury or fatality. Below are the key steps to be followed:

1. Call emergency services
2. Disconnect the source of high voltage:

Turn off the vehicle / switch off the ignition. Turn off the high-voltage electrical supply
at the source. If the source is line voltage, it should be turned off at a service disconnect.
If the source is an electrified vehicle, the high-voltage system should be deenergized. If
the source is the high-voltage battery, a disconnect may not be available.

3. Separate the person affected, or the electrical conductor, from the voltage supply
using a non-conducting object such as:
- an assistant wearing the proper high-voltage gloves and appropriate personal
protective equipment (PPE).
- an insulated retrieval hook (hot stick).

Note: A body tackle impact may be used if the insulated retrieval hook is not available, but
DO NOT grab the person as you will become part of the circuit.

Main five steps (see Figure 6) to follow to improve EVs safety in the future are:

Regulations and standards development

Build safety database and strenghten the research

Effective hazard identification and risk assessment

Education of both workers and drivers

Ongoing safety monitoring and updates

Figure 6. Steps for improving EVs overall safety

Building a safety database is crucial for understanding and mitigating risks associated with
electric vehicle charging. By collecting and analysing global statistical data, the database
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will enable more accurate risk assessments and a better understanding of the potential
impact of various factors. Strengthening research efforts by leveraging emerging
technologies such as smart grids, 5G, and big data will further enhance the development of
real-time charging safety monitoring and protection systems. These advancements can
effectively address electricity quality fluctuations at charging stations, ensuring a safer and
more reliable charging environment.

CONCLUSION

In conclusion, electrical hazards in electric vehicles carry high risks to users and technicians.
While EVs offer benefits in terms of environmental impact and energy efficiency, the
complexity of HV systems requires understanding and improvement of safety standards and
protocols. Effective risk mitigation involves focus on design, regular maintenance and
comprehensive training for all stakeholders.

As part of this research, a structured table has been developed—"Safety Measures and
Recognition of Electrical Hazards in EVs”—which serves as a practical tool for identifying
key hazards, recognizing their early warning signs, and implementing both preventive and
reactive safety measures. This table provides a systematic framework that can be applied in
manufacturing, maintenance, and user safety training, ultimately contributing to improved
industry-wide safety practices.

Moreover, continuous advancements in technology, particularly those related to Industry
4.0, such as the integration of smart grids, 5G, and real-time monitoring systems, are pivotal
in enhancing the safety and reliability of EV charging and operation. These technologies can
help predict and manage risks associated with electrical hazards, making charging stations
and EV systems more resilient to faults and failures. In parallel, the development of strong
regulatory frameworks and standards will ensure that the benefits of EV adoption are
realized while minimizing associated risks.

By raising awareness about the potential risks of emerging technologies in the EV sector
and advocating for stronger safety protocols, this paper aims to foster a safer mobility
landscape. Ultimately, the findings here serve as a foundation for further research and
innovation in the field, encouraging the development of more effective risk management.
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ABSTRACT: Torsion bars are components of the suspension system in motor vehicles,
widely used across various vehicle categories due to their simplicity, durability, and
compactness. They are most commonly found in off-road vehicles, SUVs, pickup trucks,
and light commercial vehicles, where they are valued for their ability to withstand heavy
loads and demanding terrain conditions. Torsion bars were also frequently used in passenger
cars, especially by European and Japanese manufacturers, in the mid-20th century.

In the conceptual design phase, most vehicle parameters are unknown. This paper presents a
procedure for the automated selection of the torsion bar radius using the "Simulated
Annealing method". The radius is chosen to minimize the torsional vibrations of the bar, and
its verification is carried out by calculating the safety factor under rigorous operating
conditions.
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DIMENZIONISANJE TORZIONE SIPKE SESTEMA ELASTICNOG
OSLANJANJA U KONCEPTUALNOJ FAZI PROJEKTA PUTNICKOG
VOZILA 1Z UGLA MINIMALNIH VIBRACIJA

REZIME: Torzioni Stapovi predstavljaju element sistema oslanjanja motornih vozila, koji
je naSao Siroku primenu u razli¢itim kategorijama vozila, zahvaljujuéi jednostavnosti,
izdrzljivosti i kompaktnosti. Oni se najceS¢e koriste kod terenskih vozila, SUV modela,
pikapova i lakih komercijalnih vozila, gde su poznati po svojoj sposobnosti da izdrze velika
opterecenja i zahtevne terenske uslove. Takode, u sredinom proslog veka su ¢esto koriséeni
kod putni¢kih automobila, posebno evropskih i japanskih proizvodaca.

U toku izrade idejnog projekta vecina parametara vozila nije poznata. Zbog toga je u ovom
radu razvijen postupak za automatizovan izbor polupre¢nika torzionog Stapa, primenom
metode poznatom pd nazivom “Simulisana metoda kaljenja” . Izbor polupre¢nika je vrSen iz
uslova minimizacije torzionih vibracija §tapa, a provera je realizovana izra¢unavanjem
stepena sigurnosti u rigoroznim eksploatacionim uslovima.

KLJUCNE RECTI: Vozilo, Sistem za oslanjanje, Torzioni stap, Simulisana metoda kaljenja,
vibracije
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DIMENSIONING OF THE TORSION BAR OF THE SUSPENSION
SYSTEM IN THE PHASE OF THE CONCEPTUAL DESIGN OF A
PASSENGER VEHICLE FROM THE PERSPECTIVE OF MINIMAL
VIBRATIONS

Miroslav Demic
INTRODUCTION

Torsion bars are important components of the suspension system in motor vehicles, widely
used in various vehicle categories due to their simplicity, durability, and compactness. These
elastic elements work on the principle of twisting around their longitudinal axis, absorbing
the loads that occur during driving, thus contributing to the vehicle's stability and comfort.
Torsion bars are most commonly found in off-road vehicles, SUVs, pickup trucks, and light
commercial vehicles, where they are known for their ability to withstand heavy loads and
demanding terrain conditions. They were also used in passenger cars, particularly by
European and Japanese manufacturers [1,2].

The application of torsion bars extends beyond civilian vehicles. They are also crucial in
military vehicles, such as tanks and armored personnel carriers, where their robustness and
ability to withstand extreme loads are critical. Furthermore, they offer greater freedom in
chassis design, as they occupy less space compared to traditional spring suspension systems
[1,2].

The main advantages of torsion bars include compactness, durability, and easy maintenance,
while their disadvantages are the limited ability to adjust ride characteristics and lower
comfort compared to modern independent suspension systems.

Despite these drawbacks, torsion bars still play an essential role in specific types of vehicles
that require reliability and the ability to withstand harsh operating conditions. Recently, they
have been used in combination with elements of active suspension systems [1].

The torsion bar in a vehicle is primarily subjected to torsion [3]. However, during operation,
there may also be minimal bending due to other forces (such as weight or lateral loads).
These forces are generally small compared to the dominant torsional load.

Torsion bars have been used in vehicles such as the Toyota Land Cruiser, Nissan Patrol,
Jeep Cherokee, Chevrolet Silverado, Ford Ranger, and Chrysler Dodge Dart 1, among
others [1,2].

For illustration, Figure 1. shows the torsion bar in the suspension system of the Chrysler
Dodge Dart 1 from the 1950s-60s. As its function is detailed in [2,3], it will not be further
discussed here.
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Figure 1. Concept of the suspension system in the Chrysler Dodge Dart 1, 1973

For further reference, Figure 2 shows the isolated torsion bar with the loads it is exposed to

[3].

Rotational Force
Transmission

Figure 2. Loads on the torsion bar

It is evident that due to the vertical oscillations of the wheel, which are transmitted to the
front end of the torsion bar, and considering that the rear end is clamped (attached to the
body), the bar is subjected to twisting. This will be explained further below.

Since the parameters of the motor vehicle, and consequently the torsion bars, are unknown
in the conceptual design phase, an attempt will be made to develop a method for selecting
the torsion bar’s radius, as the length is generally determined by the vehicle's design, usually
1-1.5, meters [1]. Specifically, the dimensioning will be based on minimizing its torsional
vibrations.

1. METHOD

It was deemed appropriate to idealize the torsion bar for the study of forced torsional
vibrations and to consider it as a homogeneous bar of length 1024, mm, with an unknown
radius. The bar undergoes torsional vibrations due to the disturbing torque, which in this
case originates from the spatial motion of the wheels and the vehicle body. With this in
mind, further discussion will focus on modeling the torsional vibrations of the torsion bar.

1.1 Torsion bar model

In defining the model that describes the forced torsional vibrations of the elastic torsion bar,
the following assumptions were made:

e the bar is homogeneous and has a constant diameter, and
o the effect of bending moments is neglected.
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Figure 3. Torsion bar model

The partial differential equation that describes the forced torsional vibrations of the elastic
bar is detailed in [4,5]. Its final form will be presented here:

ou ol
/??:Ga?“\/'(x.t), @
where:

e u(x,t)- torsional vibrations of the bar,

X - coordinate along the length of the bar,

M(x,t) - forcing torque transmitted from the wheel to the bar,
G - shear modulus of the bar material,

p - density of the torsion bar material, and

t- time.

The forcing torque acting on the torsion bar can be obtained through experimental
investigations or dynamic simulation [6-8]. In the absence of other data, it was deemed
appropriate to model it using the following function:

M, = Al asin (27 fyt)+a,sin (27 f t) +agsin (27 fyt) | @

where:

e the amplitude of the forced vibrations acting on the front end of the torsion bar,
e al,a2,a3 - the amplitudes that take into account the impact of resonant vibrations
from the body, engine, and wheels, and

e t-time.
ou(x,t
M, =Gl éx) @3)
where:

elo- polar moment of inertia of the cross-section of the bar, expressed by [10]:

| _art

0=
2
or - radius of the torsion bar.

Defining the boundary conditions in the analysis of elastic body vibrations generally
represents an idealization of the real situation. In this specific case, it was assumed that one
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end is quasi-free (subjected to a torque due to the variable dynamic ground reaction), while
the other end is clamped. Additionally, it was assumed that the torsional vibrations and their
velocities are zero at the initial moment, i.e.:

u(L,t)=0

au(0,t)

x ()
u(x,0)=0
u'(x,0)=0

Gl,

The partial differential equation (1), along with the boundary and initial conditions (4),
cannot be solved in its closed form. Therefore, it was solved numerically [11] using the
finite difference method. Since this procedure is well-known from [11], it will not be further
discussed here.

Using the mentioned method, the author developed a program in Pascal and numerically
solved the partial differential equation (1), with the excitation function (2) and boundary and
initial conditions (4). It should be noted that in the case of numerically solving partial
differential equations, it is sometimes necessary to introduce additional boundary and initial
conditions [9].

In this specific case, torsional vibrations will be used to dimension the torsion bar using
optimization methods, which will be discussed in the following text.

2. OPTIMIZATION METHOD

There are numerous methods for nonlinear programming in the literature [12], which are
detailed in [12], and some of them have been used for the optimization of oscillatory
parameters of motor vehicles and their systems [13-15]. It should be noted that these
methods predominantly discover local minima of the objective function, and the global
minimum can be discovered by applying multiple starting values for the optimizing
parameters.

One of the newer methods, called the "Simulated Annealing Method" (hereinafter referred
to as the "Optimization Annealing Method" — OAM), is more recent [16]. Simulated
annealing is an optimization method inspired by the process of thermal hardening of
materials. In this process, energy represents the objective function. The goal of the
simulated annealing method is to gradually bring the system to a state with the lowest
possible "energy" — in other words, to find the global minimum of the objective function.

Temperature is an abstract parameter that controls the probability of accepting worse
solutions during optimization. At high temperatures (at the beginning of the process), the
algorithm is "gentler" and has a higher probability of accepting worse solutions. As the
temperature decreases, the algorithm becomes "stiffer" and only accepts solutions that
significantly reduce energy, ensuring convergence toward the global minimum of the
objective function. Given that the method is detailed in [16], its structure will not be further
discussed here.

In this paper, an attempt was made to use the aforementioned method for dimensioning the
torsion bar of the wvehicle's suspension system. For this purpose, a software was
implemented in Pascal, and its block diagram is shown in Figure 4.
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Figure 4. Block Diagram of the software for dimensioning the torsion bar using the
simulated annealing method

From the figure, the concept of the optimization process itself can be traced. Initially, the
necessary data required for the dynamic simulation of the torsional vibrations of the bar are
entered, including data on the number of integration points, integration steps, and initial
values (radius) of the bar. When the Optimization Annealing Method (OAM) is called, a
subprogram for calculating the objective function is automatically triggered, which calls the
torsion bar model. The boundary values of the optimizing parameter and any additional
relationships between the optimizing parameters (if applicable) are then checked. If these
conditions are not met, the data are considered unacceptable, and the process returns to
OAM. If the criteria are satisfied, the stopping criterion for the iterative process is checked.
When the stopping criterion is met, the optimization process concludes. If not, the process
returns to the simulated annealing method.

To minimize the torsional vibrations of the bar, the following objective function was used:
Z = Ugys (®)
where:
e Ugys - RMS values of the forced vibrations of the bar obtained by solving the
partial differential equation (1).

The RMS of the vibrations is calculated using the following expression:

2 _ 1 nx n( P 2
arms _HZMZHU(I’ i) ©)
where:

e u(i,j) - torsional vibrations of the bar,
e ny - number of points along the x-axis, and
e n; - number of points along the t-axis.
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The optimization process was carried out with the introduced boundary values for the radius
of the bar:

5<r<25, (7

To define the integration steps of the partial differential equation (1), the Courant-
Friedrichs-Lewy (CFL) method was used, which ensures numerical stability during its
solution. More precisely, it ensures a good connection between the temporal and spatial
coordinates of the system [1, 17, 18]. For one-dimensional vibrations, it is defined as:

CFL=\/§§31, (8)
P AX

where:
e Axand At are the spatial and temporal increments, respectively.

Using equation (8), for an integration step of 2, mm along the x-axis, the time step was
calculated to be 0.00002, s. This data ensures reliable frequency analysis of the data along
the "x" axis from 0.00097 to 0.25, 1/mm, and the "t" axis from 5.10 to 5e¢** ,Hz [19]. The
upper value of the time frequency allows for realistic vibration analysis of the bar, as it
covers the area of vibration occurrence in solid bodies.

The data used for the dynamic simulation are presented in Table 1. (for illustrative purposes,
corresponding to a heavier passenger vehicle):

Table 1. Data Necessary for Dynamic Simulation

Parameter Value
Mass of the loaded vehicle, m, kg 1400
Mass of the wheel, my, kg 20
Wheelbase, L, m 2.946
Distance from the center of gravity to the rear axle, by, m 1.7
Dynamic wheel radius, rg, m 0.3
Height of the center of gravity from the ground, hy, m 0.95
Allowable torsional stress, T, MPa 300

It should be noted that the allowable torsional stress for steel springs ranges between 400-
600, MPa [19], but a lower value has been adopted here to ensure that torsion bars are used
within the material's elastic limits [1].
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The optimization was performed on a Pentium 4 computer (Intel 2.4 GHz, 9 GB RAM), and
the iterative process was automatically stopped when the difference between two successive
values of the objective function reached 1e°. The optimization time was about 10 minutes,
and the calculated radius of the torsion bar was repx = 16.1752744, mm, with a minimum
objective function value of 0.0005340, rad.

Based on the calculated radius, a standard size for the torsion bar diameter should be
selected, but this will not be discussed further here.
3. DATA ANALYSIS

The calculated radius of the torsion bar was determined based on the minimization of its
torsional vibrations. It was deemed appropriate to analyze its safety factor under rigorous
operating conditions.

As is well known, it is defined by the expression:
V=, 9

where:

o7, - allowed - allowable torsional stress (given in Table 1), and
eT_- actual - actual torsional stress in the torsion bar.

It is well known that the torsion bar's loading check is performed under conditions of the
vehicle's curved motion. For passenger vehicles, the maximum centrifugal force is adopted
as [21]:

F. =0.4m.g, (10)
where:

em; - supported vehicle mass, and
( - gravitational acceleration.

The centrifugal force transferred to the front suspension system is given by the expression

(8]:

Fe =F &'
L, (11)
where:
e by - coordinate of the vehicle's center of gravity from the rear axle, and
e Ly-wheelbase (Table 1).
The forcing torque applied to one torsion bar is expressed by the formula:
My =Fe (he—14), (12)

where:

e  h¢- height of the center of gravity of the supported vehicle mass from the ground, and
e  rg-dynamic radius of the tire.

Torsional stress is given by the expression:
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] (13)

Bearing in mind the expression (9-13) and the allowable torsional loading (Table 1), the
safety factor was calculated as 5.615. Since for motor vehicles, the typical safety factor
ranges between 2-3 (except in rigorous cases), the safety factor meets the recommendations
and allows for a reduction in the radius, though with an increase in vibration levels. Given
that torsion bars are exposed to rigorous operating conditions and considering material
fatigue, it is deemed appropriate to adopt the optimal radius of the bar for further design.

It was also considered appropriate to further analyze the vibrations for the optimal bar
diameter. In this context, equation (1) was solved, and the results are shown in Figure 5.
From the figure, it is evident that the vibrations propagate in waves along the length of the
torsion bar, which aligns with the findings in [4, 5].

Based on the data obtained from the dynamic simulation, shown in Figure 5, a frequency
analysis was performed using the so-called “2D” Fourier transform. This was done using
software [22], and the results are shown in Figures 6 and 7.

Analysis of Figures 6 and 7 shows that the magnitudes and phase angles depend on the
frequency along the "x" and "t" axes. It is important to note that the magnitude of the
spectrum allows for the analysis of resonant frequencies of the bar and comparison with the
resonances of the vehicle system, which should not coincide [23].

It should be noted that with “2D” Fourier transforms, there is no procedure for calculating
the error in spectral analysis, as is the case with one-dimensional problems [19]. Therefore,
such an analysis was not performed in this work.

Additionally, the calculated radius was compared with those found in actual vehicles.
According to [1], the diameters range from 20-30, mm (for the Dodge Dart 1, 22.6, mm).

Since the optimal calculated radius is 16.1752744,mm, it is evident that the developed
method gives slightly higher values than those found in actual vehicles, but this data is
useful as a guideline in the conceptual design phase of the vehicle.

4. CONCLUSION

Based on the conducted research, it can be concluded that the developed method for
dimensioning torsion bars in the suspension system can serve as a guideline during the
conceptual design phase of a vehicle. The safety factor calculated based on the optimal
radius of the torsion bar in the suspension system is satisfactory. The final decision
regarding the dimensions of the torsion bars should be made based on an analysis of the
resonances of the vehicle and torsion bars, as well as their real loading conditions. The
simulated annealing method used here for optimization is stable and applicable in the
conceptual design phase of the vehicle, as it reliably detects the global minimum of the
objective function.Moreover, continuous advancements in technology, particularly those
related to Industry 4.0, such as the integration of smart grids, 5G, and real-time monitoring
systems, are pivotal in enhancing the safety and reliability of EV charging and operation.
These technologies can help predict and manage risks associated with electrical hazards,
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processes through the implementation of Industry 4.0 technologies. The automotive
industry, as one of the most dynamic sectors, is also experiencing significant changes due to
increasing demands for more efficient, flexible, and sustainable production. In this context,
a key factor in enhancing the performance of production systems is the implementation of
industrial and service robots, while more recently, greater attention is being given to the
integration of humanoid robots. This paper aims to provide a comparative analysis of the
role of industrial and humanoid robots as drivers of efficiency and flexibility in the
automotive industry. The analysis is based on criteria such as speed, precision, adaptability,
implementation costs, and human-robot collaboration capabilities. In addition to the
theoretical overview, the paper includes case studies from real-world applications,
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KOMPARATIVNA ANALIZA ULOGE INDUSTRIJSKIH I
HUMANOIDNIH ROBOTA KAO POKRETACA UCINKOVITOSTI |
FLEKSIBILNOSTI U AUTOMOBILSKOJ INDUSTRIJI

REZIME: Sve industrijske grane nalaze se u fazi transformacije proizvodnih procesa kroz
implementaciju tehnologija karakteristi¢nih za Industriju 4.0. Automobilska industrija, kao
zahteva za efikasnijom, fleksibilnijom i odrzivijom proizvodnjom. U tom kontekstu, klju¢ni
faktor unapredenja performansi proizvodnih sistema predstavlja implementacija
industrijskih i servisnih robota, dok se u poslednje vreme sve viSe paZnje posvecéuje i
integraciji humanoidnih robota Ovaj rad ima za cilj da kroz komparativnu analizu ispita
ulogu industrijskih i humanoidnih robota kao pokretaca efikasnosti i fleksibilnosti u
automobilskoj industriji. Analiza se zasniva na kriterijumima kao $to su brzina, preciznost,
adaptivnost, troSkovi implementacije i moguénost saradnje sa ljudskim radnicima. Pored
teorijskog pregleda, rad obuhvata i prikaz studija slucaja iz prakse koje osvetljavaju stvarne
primene i efekte ovih tehnologija. Rezultati istraZivanja ukazuju na komplementarnu ulogu
oba tipa robota i naglaSavaju potrebu za njihovom integrisanom upotrebom u okviru
savremenih proizvodnih koncepata kao Sto su Industrija 4.0 i pametna fabrika.

KLJUCNE RECI: automobilska industrija, industrijski roboti, humanoidni roboti,
efikasnost, fleksibilnost, automatizacija, Industrija 4.0
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HUMANOID ROBOTS AS DRIVERS OF EFFICIENCY AND FLEXIBILITY IN
THE AUTOMOTIVE INDUSTRY

Isak Karabegovié

INTRODUCTION

The automotive industry is undergoing a profound transformation driven by escalating
global competition, increasing consumer expectations, environmental regulations, and rapid
technological advancements. To remain competitive, manufacturers must enhance
production efficiency, flexibility, and sustainability while simultaneously reducing costs and
accelerating product development cycles. These challenges have catalyzed the adoption of
advanced digital technologies, particularly automation and robotics, within the framework
of Industry 4.0 [1-3]. Automation has long been integral to industrial manufacturing;
however, the advent of Industry 4.0 has redefined its scope, emphasizing the integration of
cyber-physical systems, the Internet of Things (IoT), and artificial intelligence (Al) to create
intelligent, interconnected, and adaptive production environments [4]. Robotics, as a
cornerstone of this paradigm, has evolved beyond performing repetitive tasks to enabling
dynamic interaction with complex environments through enhanced sensing, learning, and
decision-making capabilities [5-7]. In contemporary manufacturing settings, two primary
categories of robots are distinguished: industrial robots and humanoid robots. Industrial
robots are engineered for high-speed, high-precision operations such as welding, painting,
and assembly. They are characterized by their rigidity and are typically confined to
structured environments. Conversely, humanoid robots are designed to emulate human form
and behavior, facilitating their operation in unstructured settings and enabling collaboration
with human workers. These robots possess advanced capabilities, including speech
recognition, visual perception, and adaptive learning, making them suitable for tasks
requiring flexibility and human-like interaction [8]. The integration of humanoid robots into
manufacturing processes is gaining momentum, with companies like Tesla and BMW
exploring their potential to perform complex tasks and collaborate with human workers on
assembly lines [9,10]. Despite their promise, challenges such as high costs, technical
limitations, and safety concerns persist, necessitating further research and development to
fully realize their potential in industrial applications [11]. The objective of this study is to
conduct a comparative analysis of the roles of industrial and humanoid robots as drivers of
efficiency and flexibility in the automotive industry. By examining their respective
capabilities, limitations, and applications, this research aims to provide insights into their
optimal integration within modern manufacturing systems. The findings are intended to
inform strategic decisions regarding automation investments and workforce development in

the context of Industry 4.0.

1. THEORETICAL FRAMEWORK FOR THE IMPLEMENTATION OF
INDUSTRIAL AND HUMANOID ROBOTS AIMED AT ENHANCING
EFFICIENCY AND FLEXIBILITY IN PRODUCTION

Industrial robots are programmable, automated machines used in structured manufacturing
environments to perform tasks such as welding, painting, assembly, and material handling.
Their core features include high precision, repeatability, and the ability to function
continuously, making them indispensable in mass production. The integration of industrial
robots significantly increases production output and reduces operational costs by automating
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repetitive and physically demanding tasks. However, their implementation requires
substantial capital investment, skilled personnel for programming and maintenance, and
considerable system integration efforts. These limitations are particularly significant for
small and medium-sized enterprises (SMEs), which may lack the necessary technical and
financial resources [12]. Moreover, industrial robots are typically designed for rigid,
predefined tasks, limiting their ability to respond dynamically to changes in production
requirements. Humanoid robots are advanced robotic systems designed to resemble the
human form and replicate human-like behavior, enabling them to operate in unstructured or
semi-structured environments originally tailored for humans. Equipped with sensory
systems, vision modules, voice recognition, and decision-making algorithms, humanoid
robots can engage in complex tasks that require dexterity, cognitive processing, and human-
robot interaction [10,13]. In the industrial domain, humanoid robots are being explored for
applications that demand flexibility and close collaboration with human operators. For
instance, Tesla’s development of the Optimus humanoid robot aims to address challenges
related to labor shortages and skill gaps in assembly operations [14]. While humanoid robots
hold significant promise, their industrial adoption remains limited due to high
developmental costs, unproven reliability in real-time industrial contexts, and concerns
related to operational safety [13,15]. Efficiency in manufacturing is commonly defined as
the optimal utilization of inputs (labor, machines, and materials) to maximize output, often
quantified through metrics such as Overall Equipment Effectiveness (OEE). Flexibility
refers to a system’s ability to adapt swiftly to changes in production volume, product
variety, or process configurations without incurring significant time or cost penalties. The
integration of advanced robotics, including both industrial and humanoid robots, enhances
manufacturing performance by contributing to these two strategic dimensions. Industrial
robots provide efficiency through speed and consistency, while humanoid robots offer
potential for flexibility by performing variable tasks and adapting to dynamic environments
[12,14,16]. Several studies have explored the impact of industrial robots on productivity,
product quality, and operational cost-efficiency. Smith et al. [12] conducted an empirical
analysis showing that increased use of industrial robots positively correlates with improved
labor productivity and a reduced environmental impact in manufacturing systems. Recent
research on humanoid robots, though still in its early stages, highlights their potential to
address workforce shortages and mitigate the effects of aging labor populations in
developed economies, particularly through case studies involving advanced systems such as
Tesla’s Optimus robot [14]. Ficht and Behnke provide a technological review of bipedal
humanoid robots, emphasizing their evolving mechanical and sensory capabilities [13,17].
These studies underline the complementary strengths of both robot types, indicating the
need for hybrid models of human-robot collaboration within the Industry 4.0 paradigm.

2. COMPARATIVE ANALYSIS OF THE IMPLEMENTATION OF INDUSTRIAL
AND HUMANOID ROBOTS IN THE AUTOMOTIVE INDUSTRY

This research employs a comparative analysis as its methodological framework to examine
the role of industrial and humanoid robots in optimizing production processes within the
automotive industry. This method enables a systematic comparison of the performance of
both robot types based on predefined criteria, facilitating the identification of their
advantages, limitations, and integration potential in modern manufacturing systems [18,19].
The comparative analysis is based on secondary data collected from the following sources:
= Industry reports, which offer detailed insights into the implementation of industrial
and humanoid robots in real-world production environments, providing a practical
understanding of their applications;
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= Case studies, which describe the integration of these robots in automotive
production, particularly in areas such as welding, assembly, painting, and logistics;
= Peer-reviewed scientific articles indexed in the Web of Science (WoS) and Scopus
databases, focusing on topics such as productivity, flexibility, and safety in robotic
manufacturing contexts.
The integration of these sources enables a comprehensive understanding of current
developments and trends in robotic applications. However, it should be noted that the study
relies exclusively on secondary data, which may limit access to the most recent or highly
specific industry practices. Moreover, the rapid pace of technological advancement may
cause some data to become outdated quickly, thereby requiring contextual interpretation of
the results [20].

2.1. Implementation of Industrial Robots

Industrial robotics has experienced significant growth over the past decade, driven by the
emergence of Industry 4.0 technologies, rising demand for automation, and the need for
enhanced production efficiency and precision. Industrial robots have become indispensable
in modern production systems across various sectors, particularly in automotive
manufacturing (International Federation of Robotics, 2023). Global implementation trends
of first- and second-generation industrial robots were analyzed using statistical data from the
International Federation of Robotics (IFR), the United Nations Economic Commission for
Europe (UNECE), and the Organisation for Economic Co-operation and Development
(OECD). Figure 1 presents annual and cumulative installations of industrial robots
worldwide for the period 2013-2023 [21-25].

3
Number of units of industrial robots

A

Number of units of industrial robots

a— Annual implementation b — Cumulative implementation
Figure 1. Diagram of annual and cumulative implementation of industrial robots worldwide
for the period 2013-2023

An analysis of the diagrams presented in Figure 1 indicates that the growth trend in the
implementation of industrial robots has accelerated due to the increasing demand for
production automation, labor cost reduction, and the need for greater precision and
efficiency. Over the past decade, the annual growth rate of installed robots has averaged
between 10% and 15%, with a record number of new installations in recent years. In fact,
the annual number of installed industrial robots has reached approximately 541,000 units
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(Figure 1-a), while the total number of implemented robots in 2023 reached around 4.3
million units [25].
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Figure 2. Diagram of the top ten countries in the world by industrial robot implementation
in 2023 and the percentage distribution by continent in 2023

By analyzing the diagram in Figure 2 (left), we conclude that China, as the leading
manufacturer and consumer of industrial robots, accounted for over 51% of the total global
implementation of industrial robots in 2023, with approximately 276,300 units installed in
that year. In addition to China, the top five countries in terms of robot implementation
include Japan, the United States, the Republic of Korea, and Germany. Together, these five
countries were responsible for approximately 79% of the total global industrial robot
installations in 2023. Besides these five, the top ten countries also include lItaly, India,
France, Mexico, and Spain, as illustrated in Figure 2.
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Figure 3. Implementation of industrial robots in the top ten countries worldwide per 10,000
employees in the industrial sector in 2023

The diagram on the right side of Figure 2 shows the distribution of robot implementation by
continent, expressed as a percentage. It reveals that Asia/Australia leads with about 72% of
global installations, followed by Europe with 17%, and the Americas with 11% in 2023.
These data indicate a continuous global increase in the implementation of industrial robots,
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with a strong emphasis on the Asian market, which dominates global demand. A more
accurate representation of robot implementation is obtained by analyzing the number of
robots installed per 10,000 employees in the manufacturing industry. Figure 3 presents the
implementation of industrial robots per 10,000 manufacturing employees in the top ten
countries worldwide in 2023 [25].The implementation of industrial robots varies
significantly among the world’s leading countries, and the latest data for 2023 reveal
substantial differences in the level of robotization. At the top of the list is South Korea, with
an impressive 1,012 industrial robots per 10,000 manufacturing employees. This figure
reflects a strong technological orientation and continuous investment in automation,
particularly in sectors such as the automotive and electronics industries. Singapore follows
with 770 robots per 10,000 workers, also indicating a high level of robotization, largely
driven by high-tech manufacturing and precision industries. China, which has undergone
significant industrial robotization over the past decade, reports 470 units per 10,000
employees, demonstrating its strategic commitment to industrial modernization. Germany,
known for its strong industrial base, records 429 robots per 10,000 workers, while Japan, a
pioneer in robotics, has 419 units. Sweden (347), Denmark (306), Slovenia (302),
Switzerland (295), and the United States (295) are also among the global leaders in this
domain. The global average stands at 162 robots per 10,000 employees, meaning that most
leading countries significantly exceed this benchmark. On a continental level, Europe
averages 219 robots, North America 197, and Asia 182, indicating that developed countries
and regions with high-tech industries hold a significant advantage over the rest of the world.
These statistics highlight the critical role of industrial robots in modernizing production
processes and increasing productivity, particularly in technologically advanced nations. A
high concentration of robots enables the automation of repetitive and demanding tasks,
contributing to greater efficiency and global competitiveness.

Number of collaborative robot units
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Figure 4. ImpIementatlon of coIIaboratlve robots in the world in the period 2017-2023
and percentage application in 2023 [23-26]

Collaborative robots (cobots) have become a key component of modern industrial
automation between 2017 and 2023 [23-26]. Unlike traditional industrial robots, cobots are
designed to operate safely alongside humans, making them ideal for tasks that require
human-machine collaboration. According to the provided data, the global implementation of
cobots has shown consistent growth over this period. In 2017, approximately 11,000 cobot
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units were installed, increasing to 19,000 in 2018. During 2019 and 2020, moderate growth
was observed with 21,000 and 26,000 units respectively. A significant increase occurred in
2021, when installations reached 42,000 units. The peak was recorded in 2022, with 58,000
units, followed by a slight decline to 57,000 units in 2023.This growth has been driven by
the demand for more flexible production solutions, expansion of manufacturing capacities,
and labor cost reduction in developed and industrially oriented countries. The popularity of
cobots stems from their versatility, safety, and ability to quickly adapt to various production
processes. They are particularly useful in small and medium-sized enterprises, where
production lines often change. However, despite the growth, cobots still represented only
10% of all industrial robots in 2023, while traditional industrial robots accounted for 90%.
This indicates that although interest in cobots is rising, traditional robots continue to form
the backbone of automated production systems. Cobots are most commonly used in the
electronics and automotive industries (30%), followed by consumer goods (20%), and
logistics and warehousing (15%). In the food and pharmaceutical sectors, they represent
around 10%, while the remaining 25% is distributed across other industrial sectors. China,
the United States, and Germany are leading in cobot implementation, thanks to their strong
industrial bases and policies promoting digitalization of manufacturing. Europe shows stable
growth, particularly in the automotive and electronics sectors. Given the increasing focus on
safety, adaptability, and production efficiency, the cobot market is expected to continue
growing in the coming years, although traditional robots will likely remain dominant in
industrial facilities for some time. Industrial robots play a crucial role in transforming the
automotive industry by enabling greater efficiency, precision, and flexibility in production
processes. From the first robotic arms introduced on assembly lines in the 1960s to today’s
sophisticated automated systems, robots have become an integral part of manufacturing
plants. Their application spans a wide range of tasks—from welding and painting to
assembly and quality control. The integration of robots results in faster production, reduced
human error, and improved worker safety, but it also requires adjustments in organizational
structures and continuous employee training. With the emergence of advanced technologies
such as collaborative robots (cobots) and artificial intelligence, the automotive industry is
increasingly moving toward so-called smart factories within the framework of Industry 4.0.
The implementation of industrial robots in the automotive industry over the past decade is
illustrated in Figure 5 [21-25].
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It is well known that, since the early stages of their application, the majority of industrial
robot implementations have occurred in the automotive and electrical/electronics
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industries—a trend that has continued to this day. This is supported by the fact that, in 2023,
25% of all industrial robot installations (135,461 units) were in the automotive industry,
while the electrical/electronics industry accounted for 23% (125,804 units). The remaining
52% (279,735 units) were installed across all other industries, with a total of 541,000
industrial robots implemented globally in 2023. Figure X illustrates the growth trend in
industrial robot implementation within the automotive industry over the period from 2013 to
2023. A steady increase in installations is evident, with a notable acceleration after 2018,
reflecting the ongoing digitalization and automation of production processes. The highest
number of installations was recorded in 2021 and 2022, which can be linked to the growing
need for production flexibility following disruptions caused by the pandemic. This trend
also mirrors the broader transition toward the Industry 4.0 paradigm, where industrial robots
play a key role. The data clearly indicate that the automotive industry remains one of the
primary drivers of the global robotics market

2.2. Implementation of Service and Humanoid Robots

In addition to the development of second-generation industrial robots and their
implementation across all manufacturing processes, advancements and research in robotics
technology have also contributed to the emergence of service robots for professional use.
These robots are utilized within industrial environments, with the most widespread
application currently seen in service robots for transport and logistics. They are deployed for
tasks such as finished product inspection, monitoring, and oversight of manufacturing
processes [27,28]. The global trend of service robot adoption for professional services is
illustrated in Figure 6, showing the top seven application areas in 2023 [29].

Number of robot units

113.000

54,000

23.000
20000 18000
20000 12.000

Figure 6. Implementation of service robots for professional service in seven top applications
in 2023 in the world

Based on the diagram shown in Figure 5, we can conclude that the largest number of service
robots is used in the transport and logistics sector, with as many as 113,000 units,
accounting for nearly half of the total deployment. This high number is primarily driven by
the growing need for automation in warehousing, distribution, and delivery, which enhances
efficiency and reduces operational costs. The hospitality sector ranks second with 54,000
units. In this domain, robots are used for serving, food preparation, and delivery within
hotels and restaurants. The automation of these tasks improves service quality and reduces
waiting times. Defense follows with 23,000 units, where robots are primarily utilized for
reconnaissance, surveillance, and various military operations, thereby enhancing safety and
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reducing risks to human lives. Agriculture ranks fourth, with 20,000 units deployed to assist
with harvesting, irrigation, and crop maintenance. The automation of agricultural processes
contributes to increased productivity and reduced labor dependence. Medical robots account
for 7% of total usage, with 18,000 units employed in operating room assistance,
rehabilitation, and patient care. The professional cleaning sector follows with 12,000 units
(5%), while security, search, and rescue applications are the least represented, with 3,000
units (1%), primarily due to specific operational requirements and high implementation
costs. The pie chart provides an overview of the proportional distribution of service robots
across sectors. It is evident that transport and logistics dominate with 47%, followed by
hospitality at 22%. Defense (10%), agriculture (8%), medical robotics (7%), professional
cleaning (5%), and security (1%) represent smaller portions of the total implementation. The
2023 deployment of service robots clearly shows dominance in sectors where automation is
crucial for efficiency and productivity. Transport, logistics, and hospitality lead due to their
demand for speed and process optimization, while less represented sectors such as security
and cleaning reflect specific challenges in robot integration. The implementation of service
robots for transport and logistics is becoming an increasingly important component of
modern production systems in the automotive industry . These autonomous systems—such
as Autonomous Mobile Robots (AMRs) and Automated Guided Vehicles (AGVs)—enable
more efficient management of internal logistics, reducing delivery times for parts and
optimizing the flow of materials between production zones [30]. Their deployment
minimizes human intervention in repetitive and physically demanding tasks, enhances
workplace safety, and allows greater adaptability in response to changes in production
processes. Service robots are easily integrated into existing systems, utilizing sensor-based
navigation, camera vision, and software solutions for real-time task tracking and
coordination. Given the growing market demand for flexible and adaptable manufacturing,
logistics robots are becoming a key component in the development of smart factories. The
automotive industry, as one of the most technologically advanced sectors, is increasingly
exploring the implementation of humanoid robots in its production and logistics processes
[31,32].
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Figure 7. Forecast of global revenue and stock of humanoid robots through 2050

Unlike traditional industrial robots, humanoid robots are designed to mimic human form,
movement, and behavior, allowing for easier integration into existing workflows without
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major modifications to the work environment. Their application is especially valuable for
tasks that require high adaptability, fine motor skills, or human-robot collaboration. In final
vehicle assembly, humanoid robots can assist in handling irregular components, tightening
screws, or conducting visual quality inspections . Additionally, they are increasingly used
for intra-plant logistics tasks, such as transporting parts and tools between workstations. The
best illustration of humanoid robot implementation in automotive manufacturing is shown in
the diagram in Figure 7, which presents projections for the global deployment of such robots
up to the year 2050 [33]. Figure 7 presents a projection of annual revenue from humanoid
robots (in billions of USD) and global stock of humanoid robots (in thousands of units) for
the period from 2020 to 2040, according to estimates by Morgan Stanley Research. The data
reveal a significant increase in both revenue and the number of robots, with the most rapid
growth expected after 2028. The largest contribution to this growth is anticipated to come
from high-income countries (excluding the U.S.), China, and the United States, while low-
income countries are projected to experience slower growth. The red line on the graph
represents the global number of humanoid robots, which is projected to surpass one million
units by 2050. The introduction of these robots has the potential to significantly reduce the
physical workload of human workers and enhance overall production efficiency. However,
several challenges remain — including high costs, the need for precise workplace mapping,
and ethical and safety concerns associated with human-robot interaction. Despite these
challenges, leading companies such as BMW, Tesla, and Hyundai are already testing
humanoid robots under real production conditions, demonstrating the growing potential of
this technology within the automotive industry. Similarly, car manufacturers are exploring
the use of humanoid robots in in-plant logistics [34-36]. These robots can take over tasks
such as transporting parts and materials between different production stations, thereby
reducing the need for human intervention and increasing operational efficiency.
Nevertheless, the implementation of humanoid robots continues to face obstacles, such as
high costs, technical limitations, and the necessity for additional workforce training.
Although humanoid robots are still in the developmental phase, they hold the potential to
revolutionize manufacturing environments that demand flexibility. Tesla’s Optimus
humanoid robot, currently under development, has demonstrated the ability to perform tasks
requiring fine motor skills and complex information processing, such as folding laundry.
However, the high costs of development and integration still present barriers to broader
adoption. In modern manufacturing systems, flexibility is essential—production lines must
quickly adapt to new models and variations. Industrial robots perform optimally in
structured environments but often require reprogramming for every task change. Humanoid
robots, designed to operate in human environments, offer greater adaptability and the ability
to interact with human workers. The advantages and disadvantages of implementing
industrial and humanoid robots in the automotive industry are summarized in Table 1
[37,38].

Table 1. Comparative analysis of advantages and limitations of industrial vs. humanoid
robots across key production stages in the automotive industry

Production . .

Stage Industrial Robots Humanoid Robots

Pressing ng_h speed and precision; low flexibility to Not suitable due to limited strength and speed.
design changes.

Body Assembly Efficient in Weldlng and standard tasks; require Adaptable to model variations; not yet widely
reprogramming. applied.
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Production

Industrial Robots Humanoid Robots
Stage

Consistent and fast; suitable for hazardous Rarely used; require protection of sensitive

Paintin .
9 environments. components.

Effective for simple tasks; limited in complex ||Capable of complex, adaptive tasks in

Final Assembl - . !
Y ||scenarios. collaboration with humans.

Table 1 presents a comparison of the advantages and disadvantages of industrial and
humanoid robots across various stages of automotive manufacturing. Industrial robots have
proven to be highly efficient in stages such as stamping, welding, and painting, due to their
high speed, precision, and resistance to harsh working conditions. However, they lack
flexibility and adaptability to design changes. In contrast, although humanoid robots are not
yet widely deployed, they demonstrate promising potential in final assembly tasks, where
interaction with human workers and the ability to perform more complex and unstructured
operations are essential. In stages that require strength and speed, such as stamping,
humanoid robots are not yet competitive. While industrial robots continue to dominate most
stages of production, humanoid robots offer significant advantages in areas requiring higher
levels of flexibility and cognitive adaptability. Humanoid robots are capable of working side
by side with human workers and can take over physically demanding or repetitive tasks,
thereby improving ergonomics and workplace safety. The best examples of humanoid robot
implementation can be found in leading automotive companies. BMW has initiated trials of
humanoid robots at its Spartanburg plant. The Figure 02 robot has successfully performed
tasks such as inserting components into fixtures, demonstrating the potential of humanoid
robots in assembly stages. Tesla is developing the Optimus robot, aimed at automating
repetitive and hazardous tasks within its facilities. Although still under development, this
robot represents a significant step toward humanoid workforce automation. Toyota
continues to rely on industrial robots as a core component of its lean manufacturing
philosophy, employing them in welding, painting, and assembly processes to ensure high
efficiency and product quality. While industrial robots remain dominant in high-volume,
repetitive processes such as pressing and welding, humanoid robots show promise in
flexible, human-centric tasks—especially in final assembly operations. Their ability to work
alongside humans can improve ergonomics, safety, and operational flexibility in dynamic
production systems [26,38].

CONCLUSION

The comparative analysis of industrial and humanoid robots in the automotive industry
highlights their complementary yet distinct roles in modern manufacturing. Industrial
robots, with their proven precision, speed, and reliability, remain the foundation of high-
volume production, particularly in structured environments like welding, painting, and
assembly. Countries such as China, South Korea, and Germany lead in robot deployment,
underscoring the link between automation and competitiveness. However, as demand grows
for greater flexibility and adaptability, the limitations of traditional robots become evident.
In this context, humanoid robots introduce a new paradigm. Though still in developmental
stages, they offer promise in tasks requiring dexterity, variability, and human-like
interaction, especially in final assembly and internal logistics. Service robots like AMRs and
AGVs also contribute by optimizing intralogistics and supporting modular production. Yet,
humanoid systems face technological and economic challenges, including high costs,
fragility, and complex safety and integration issues. Automotive leaders such as Tesla,
BMW, and Hyundai are testing humanoid robots to evaluate their viability in real
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manufacturing contexts. These pilot projects signal a shift toward more adaptive automation
strategies. When comparing robot types across performance, adaptability, and cost,
industrial robots dominate structured tasks, while humanoids show potential in dynamic,
collaborative settings. As a transitional solution, collaborative robots (cobots) are emerging,
blending human capabilities with robotic precision. Ultimately, these technologies are not
rivals but complementary assets in smart manufacturing. Their future roles will depend on
technical advancements, economic viability, workforce readiness, and ethical
considerations. Continued research and interdisciplinary collaboration will be vital in
ensuring that automation evolves toward a more resilient, efficient, and human-centered
industrial model.
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ABSTRACT: Nanotechnologies and nanomaterials have become key factors in modern
engineering, offering numerous opportunities for improvement of the performance and
efficiency of various industrial sectors. The application of nanotechnologies and
nanomaterials in the automotive industry represents a revolutionary step towards improving
the performance, efficiency and sustainability of vehicles. This review paper researches
various aspects of the integration of nanotechnologies into automotive systems, including
improvement of the mechanical properties of materials, increasing energy efficiency,
improving safety, and reducing environmental impact.

A special focus is placed on the application of nanoparticles and nanocomposites in the
development of light and strong materials, the use of nanolubricants to reduce friction, and
advanced sensor technologies based on nanostructures. Also, the environmental aspects of the
use of nanomaterials, including the possibilities of recycling and the reduction of harmful gas
emissions, were discussed. The paper analyses current technical and regulatory challenges, as
well as perspectives for future development and research. Through a comprehensive overview
of the current state and potential of nanotechnologies, this paper contributes to a better
understanding of their key role in shaping the future of the automotive industry.
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KOMPARATIVNA ANALIZA ULOGE INDUSTRIJSKIH I HUMANOIDNIH
ROBOTA KAO POKRETACA UCINKOVITOSTI | FLEKSIBILNOSTI U
AUTOMOBILSKOJ INDUSTRIJI

REZIME: Nanotehnologije i nanomaterijali su postali kljuéni faktori savremenog
inzenjeringa, nude¢i brojne mogucénosti za poboljSanje performansi i efikasnosti razlicitih
industrijskih sektora. Primena nanotehnologija i nanomaterijala u automobilskoj industriji
predstavlja revolucionarni korak ka pobolj$anju performansi, efikasnosti i odrzivosti vozila.
Ovaj pregledni rad istrazuje razliCite aspekte integracije nanotehnologija u automobilske
sisteme, ukljucuju¢i pobolj$anje mehanickih svojstava materijala, povecanje energetske
efikasnosti, poboljsanje bezbednosti i smanjenje uticaja na zivotnu sredinu.

Poseban fokus je stavljen na primenu nanocestica i nanokompozita u razvoju lakih i jakih
materijala, upotrebu nanomaziva za smanjenje trenja i napredne senzorske tehnologije
zasnovane na nanostrukturama. Takode, razgovarano je o ekoloskim aspektima upotrebe
nanomaterijala, ukljucuju¢i mogucnosti reciklaze i smanjenja emisije Stetnih gasova. U radu
se analiziraju aktuelni tehnicki i regulatorni izazovi, kao i perspektive buduéeg razvoja i
istraZivanja. Kroz sveobuhvatan pregled trenutnog stanja i potencijala nanotehnologija, ovaj
rad doprinosi boljem razumevanju njihove kljuéne uloge u oblikovanju buduénosti
automobilske industrije.

KLJUCNE RECTI: nanotehnologija, nanomaterijali, automobilska industrija, energetska
efikasnost, ekoloska odrzivost.0
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A COMPARATIVE ANALYSIS OF THE ROLE OF INDUSTRIAL AND HUMANOID
ROBOTS AS DRIVERS OF EFFICIENCY AND FLEXIBILITY IN THE
AUTOMOTIVE INDUSTRY

Dragan Adamovié, Fatima Zivi¢, Nikola Kotorcevi¢, Nenad Grujovié
INTRODUCTION

Nanotechnology represents one of the most significant achievements in modern science and
technology, enabling the manipulation of materials at the atomic and molecular levels. This
technology allows the creation of materials with unique properties unattainable on larger
scales, opening new horizons for various industries, including the automotive industry.
Nanomaterials, the products of nanotechnology, encompass a wide range of materials with
specific physical, chemical, and mechanical characteristics. These materials can not only be
lighter and stronger, but also exhibit enhanced functionalities such as increased corrosion
resistance, improved conductivity, and advanced optical properties [1].

In the context of the automotive industry, nanotechnology plays a crucial role in developing
a new generation of vehicles that are lighter, more efficient, safer, and more environmentally
friendly. Given the growing demands for reducing harmful emissions, improving fuel
efficiency, and enhancing passenger safety, the automotive industry faces the challenge of
implementing innovative technologies that address these global challenges. This is where
nanotechnology and nanomaterials come into play, offering solutions that enable the
achievement of these goals [2].

One of the key aspects of nanotechnology in the automotive industry is its ability to
significantly reduce vehicle weight. Lighter materials directly contribute to lower fuel
consumption and reduced CO2 emissions, which are vital for meeting increasingly stringent
environmental standards. For example, composites reinforced with nanomaterials can provide
exceptional strength while reducing weight, optimizing vehicle performance without
compromising safety [3].

In addition to weight reduction, nanotechnology also allows for improved durability and
resistance of automotive components. Nanoparticles can be used to enhance corrosion
resistance, wear resistance, and heat resistance, extending the vehicle's lifespan and reducing
maintenance needs. These characteristics are especially important for engine parts, chassis,
and other components exposed to extreme operating conditions [4].

Nanotechnology also plays a key role in the development of advanced batteries for electric
vehicles, enabling increased capacity, faster charging, and longer battery life. The use of
nanomaterials, such as graphene and nanotubes, in batteries contributes to more efficient
energy storage and greater autonomy for electric vehicles, which is crucial for the broader
acceptance of these vehicles in the global market [5].

Moreover, nanotechnology has the potential to improve vehicle safety systems through the
development of advanced sensors and actuators. Nanosensors can provide more precise
detection of road conditions, enhancing vehicle safety and reliability. Nanomaterials are also
used to develop innovative coatings that improve scratch resistance and protect the vehicle
from the harmful effects of UV radiation, extending the lifespan of the vehicle's paint and
exterior surfaces [6].
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The importance of this topic lies in its potential to transform the automotive industry and
address the modern challenges it faces. Through the application of nanotechnology and
nanomaterials, it is possible to create vehicles that are not only technologically advanced, but
also more environmentally friendly and safer. Given the increasing pressure from regulatory
bodies and consumers for vehicles to be more energy-efficient and sustainable, the application
of nanotechnologies in the automotive industry is not just an option, but a necessity for the
future development of the industry [7].

This paper will focus on reviewing the current applications of nanotechnologies and
nanomaterials in the automotive industry, analysing their advantages, challenges, and
potential future development directions. Understanding the role of nanotechnology in this
industry is crucial for predicting and shaping future trends in the development of vehicles that
will meet the demands of the 21st century.

1IHISTORICAL DEVELOPMENT OF NANOTECHNOLOGIES AND
NANOMATERIALS

Nanotechnology, as a field of science and engineering that deals with the manipulation of
materials on a nanometre scale (1-100 nm), has roots in several scientific disciplines and
represents the evolution of ideas and technologies developed over the past few decades. The
first concepts of nanotechnology began to take shape in the mid-20th century when scientists
started exploring the possibilities of working with individual atoms and molecules [1], [8].

One of the most significant moments in the development of nanotechnology occurred in 1959,
when American physicist and Nobel laureate Richard Feynman delivered his famous lecture
titled "There's Plenty of Room at the Bottom." In this lecture, Feynman introduced the idea
of manipulating atoms and molecules to create materials with entirely new properties. This
visionary idea laid the foundation for future research in nanotechnology [1].

During the 1980s, advances in microscopy allowed scientists to visualize and manipulate
individual atoms, leading to the development of new materials with unique characteristics.
The invention of the scanning tunnelling microscope (STM) in 1981, developed by Gerd
Binnig and Heinrich Rohrer, enabled researchers to "see" and manipulate individual atoms on
material surfaces for the first time. This invention was crucial for the further development of
nanotechnology, as it opened the possibility for precise control of materials at the atomic level

[9].

In the 1990s, researchers began to intensify their efforts in creating nanostructures and
nanoparticles, leading to the discovery and development of new materials with enhanced
properties. One of the most well-known nanomaterials, carbon nanotubes (CNTSs), was
discovered in 1991 by Japanese scientist Sumio lijima. Carbon nanotubes, consisting of
cylindrical structures made of carbon atoms, exhibited extraordinary mechanical, electrical,
and thermal properties, making them the subject of intensive research and development in
various industries, including automotive [10], [11].

As research in nanotechnology intensified, its application in industrial processes, including
the automotive industry, began to take off. The first applications of nanomaterials in
automobiles started with the use of nanoparticles in coatings and paints, providing greater
resistance to scratches and UV radiation. As nanotechnologies advanced, their application
expanded to all aspects of the automotive industry, including the production of lightweight
composite materials, the development of advanced batteries, and the improvement of safety
systems [12].
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In recent decades, nanotechnology has become an integral part of research and development
in the automotive industry, particularly in the context of global challenges such as reducing
CO2 emissions, increasing fuel efficiency, and improving vehicle safety. For example, the use
of nanomaterials such as graphene and nanotubes in battery production for electric vehicles
allows for increased energy density, faster charging, and longer lifespan, which is crucial for
the broader acceptance of electric vehicles in the market [5].

Moreover, the development of composites reinforced with nanomaterials enables a significant
reduction in vehicle weight, directly impacting improved fuel efficiency and reduced
emissions. Additionally, advances in nanotechnologies have enabled the development of
advanced sensors and safety systems that use nanoparticles to detect and respond to various
driving conditions, significantly enhancing passenger safety [3].

Today, nanotechnology is viewed as a key technology for the future development of the
automotive industry, given its potential to further progress in environmental sustainability,
efficiency, and vehicle safety. Nanotechnology has become relevant in the automotive
industry not only because of its unique technical capabilities but also because of its ability to
address modern challenges and meet the demands of consumers and regulatory bodies. As
research progresses, nanotechnology is expected to play an even more significant role in
shaping the future of the automotive industry [13].

2  WHAT ISNANOTECHNOLOGY?

Nanotechnology is a field of science and engineering that focuses on the study, manipulation,
and application of materials on a nanometre scale, where one nanometre equals one billionth
of a meter (1 nm = 107-9 m). On this extremely small scale, materials often exhibit unique
physical, chemical, and biological properties that differ from their macroscopic counterparts.
Nanotechnology enables precise control over atoms and molecules, leading to the creation of
new materials and structures with enhanced or entirely new functionalities [14].

Nanotechnology has broad applications across various industries, including electronics,
medicine, energy, environmental protection, and, notably, the automotive industry. This
technology facilitates the development of materials with exceptional mechanical, electrical,
thermal, and optical properties, which are crucial for improving the performance, efficiency,
and sustainability of products [9].

2.1. Key Types of Nanomaterials Used in the Industry

a) Nanoparticles:

Nanoparticles are tiny particles with dimensions ranging from 1 to 100 nanometres. These
particles can be metallic, ceramic, polymeric, or composed of other materials. Due to their
size and large specific surface area, nanoparticles often exhibit unique properties, such as
enhanced catalytic activity, increased corrosion resistance, or improved optical
characteristics. In the automotive industry, nanoparticles are used to improve fuel properties,
as additives in engine oils to reduce friction, and in coatings to protect vehicle bodies from
corrosion and UV radiation [12], [15].

b) Carbon Nanotubes (CNTSs):

Carbon nanotubes are cylindrical nanostructures composed of one or more layers of carbon
atoms. There are two main types: single-walled (SWCNTs) and multi-walled nanotubes
(MWCNTSs). These structures have extraordinary mechanical strength, high electrical
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conductivity, and exceptional thermal properties. Due to these characteristics, carbon
nanotubes are used in composite materials to increase strength and reduce weight, in batteries
to improve capacity and charging speed, and in the development of advanced sensors in
automobiles [5].

c) 3. Graphene:

Graphene is a two-dimensional material that is one atomic layer thick, known for its
exceptional mechanical strength, electrical and thermal conductivity, and transparency.
Graphene has become one of the most researched materials due to its potential to enhance
various industries, including automotive. In the automotive industry, graphene is used to
improve battery capacity, develop lightweight and durable composites, and enhance the
efficiency of electronic components [16].

d) 4. Nanolayers:

Nanolayers are ultra-thin layers of material, only a few nanometres thick that can be applied
to various surfaces. These layers provide protection against corrosion, wear, and UV radiation
and are often used as protective coatings on automotive parts such as windows, bodies, and
metal engine parts. Nanolayers can also improve the optical properties of glass, reducing glare
or increasing energy efficiency by controlling heat transmission [17], [18].

e) 5. Nanocomposites:

Nanocomposites are materials that combine traditional matrices, such as polymers, metals, or
ceramics, with nanomaterials to enhance their properties. These materials offer an
extraordinary combination of strength, wear resistance, and reduced weight. In the automotive
industry, nanocomposites are used to produce lightweight and durable body panels, interior
parts, and components of engines and chassis. Additionally, nanocomposites can improve heat
resistance and reduce wear in parts exposed to high temperatures [9].

f) 6. Quantum Dots:

Quantum dots are semiconductor nanocrystals with extremely small dimensions, enabling
them to exhibit unique optical and electronic properties. In the automotive industry, quantum
dots are used in advanced displays, enabling more precise colour rendering and improved
energy efficiency. They also have potential applications in developing new generations of
sensors and lighting devices [6].

Nanotechnology represents a revolutionary field that enables the creation and application of
materials with unique properties on a nanometre scale. Key types of nanomaterials, such as
nanoparticles, carbon nanotubes, graphene, nanolayers, nanocomposites, and quantum dots,
offer a wide range of opportunities to improve the performance, efficiency, and safety of the
automotive industry. Their application allows for the development of vehicles that are lighter,
more durable, energy-efficient, and environmentally friendly, meeting the growing demands
of the modern market and regulatory standards. Through further research and development,
nanotechnology will continue to play a key role in shaping the future of the automotive
industry [15].

3APPLICATIONS OF NANOTECHNOLOGY AND NANOMATERIALS IN THE
AUTOMOTIVE INDUSTRY

Nanotechnology has become a crucial component of innovation in the automotive industry
over the past few decades, providing new solutions for improving vehicle performance, safety,
efficiency, and environmental sustainability. The use of nanomaterials in various parts of
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automobiles enables significant improvements in weight, durability, wear resistance, energy
performance, as well as passenger and vehicle protection [9]. The following sections will
detail the primary applications of nanotechnology and nanomaterials in the automotive sector.

a) Reduction of Vehicle Weight

One of the most significant advantages of nanomaterials is their ability to significantly reduce
vehicle weight without compromising structural strength or safety. This is achieved by using
nanocomposites and nanostructured metals such as aluminium and magnesium, which are
reinforced with nanomaterials like carbon nanotubes (CNTSs) or graphene [5].

e Nanocomposites: Combining polymer matrices with nanoparticles or nanotubes
allows for the creation of materials with enhanced mechanical properties, such as
greater strength and elasticity, at significantly lower weights. These materials are
used in the production of body panels, interior parts, and chassis components. For
example, the use of nanocomposites reinforced with carbon fibres allows for weight
reduction in cars, which directly contributes to reduced fuel consumption and CO2
emissions [3].

e Nano-Aluminium and Nano-Magnesium: Aluminium and magnesium are known for
their low weight, but adding nanostructures to these metals further enhances their
strength and corrosion resistance. The use of these alloys allows for the production
of lighter engines, wheels, and other structural parts without compromising vehicle
safety [6].

b) Improvement in Wear and Corrosion Resistance

Nanomaterials play a crucial role in increasing wear and corrosion resistance, which is
particularly important for vehicle components exposed to constant stress and extreme
environmental conditions [19].

e Nanoparticles in Coatings: Metal nanoparticles such as titanium and zinc oxide,
added to protective coatings, provide vehicles with exceptional resistance to
corrosion and UV radiation. These coatings are extremely thin yet provide long-
lasting protection to the bodywork and other metal parts of vehicles. Additionally,
nanostructured coatings can offer better resistance to scratches and chemical
exposure, extending the vehicle's lifespan and reducing maintenance costs.

e Ceramic Nanocomposites: Ceramic materials reinforced with nanomaterials are used
to manufacture engine and braking system parts where high wear resistance is
critical. For example, nanostructured ceramic discs provide better braking
performance, especially in extreme conditions, reducing wear and extending
component lifespan [9].

c) Enhancement of Engine Performance and Fuel Combustion Systems

Nanotechnology plays a key role in improving engine performance and fuel combustion
systems, increasing efficiency and reducing harmful emissions [20].

e Nanoparticles as Fuel Additives: Adding nanoparticles to fuels improves
combustion, reducing the emission of carbon dioxide and other harmful gases. Metal
nanoparticles such as platinum and cerium allow for more complete fuel combustion,
increasing the engine's energy efficiency. This technology is particularly useful in
diesel engines, where nano additives reduce particulate emissions and nitrogen
oxides (NOx) [13].
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Nano Lubricants: Nanoparticles are added to engine oils to reduce friction between
moving engine parts. These nanolubricants, often containing metal nanoparticles or
graphene, reduce wear and fuel consumption, extending the engine's lifespan and
improving efficiency [21].

d) Development of Advanced Batteries for Electric Vehicles

Nanotechnologies play a crucial role in developing the next generation of batteries that will
offer greater capacity, faster charging, and longer lifespan [21].

Graphene and Nanostructured Cathode Materials: Graphene has become one of the
most researched nanomaterials for improving the capacity and efficiency of lithium-
ion batteries. Its high conductivity allows for faster charging and more efficient
energy transfer. In addition to graphene, other nanostructured materials are used to
optimize the cathodes and anodes in batteries, enabling greater capacity and longer
battery life.

Nanomaterials in Supercapacitors: Nanotechnology enables the development of
supercapacitors with large capacity and fast charging, which can complement or
replace traditional batteries in certain applications. The use of carbon nanotubes and
graphene in supercapacitors allows for rapid energy storage and delivery, crucial for
electric vehicles [21], [22].

e) Enhancement of Safety Systems and Sensors

Nanomaterials enable the development of more precise and reliable safety systems and
sensors, which play a crucial role in modern vehicles [6].

Nano Sensors: Nanoparticles and nanostructured materials are used to manufacture
advanced sensors that can detect changes in temperature, pressure, humidity, and
other environmental conditions with high precision. These sensors are used in
collision detection systems, tire monitoring, and engine control, improving overall
vehicle safety and reliability.

Nanostructured Actuators: Actuators based on nanomaterials enable faster and more
precise reactions in safety systems such as airbags and vehicle stabilization systems.
These materials allow for quicker activation of safety mechanisms in case of danger,
reducing the risk of passenger injuries [23].

f)  Optimization of Interior and Exterior Coatings

Nanomaterials are used to develop innovative coatings that enhance the aesthetic and
functional characteristics of a vehicle's interior and exterior surfaces.

Nano Coatings for Glass: These coatings reduce glare, provide UV protection, and
increase scratch resistance. For example, nanostructured hydrophobic coatings make
glass more resistant to dirt and moisture, improving visibility and reducing the need
for maintenance.

Self-Healing Coatings: Nanomaterials are used to develop self-healing coatings that
can repair minor scratches and damage to the vehicle's bodywork. These coatings are
activated by heat or light, extending the vehicle's aesthetic appearance and reducing
the need for repairs [23], [24].

g) Environmentally Friendly Materials and Sustainability

Nanotechnology enables the development of materials that are not only more efficient but
also environmentally friendly.
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e Biocompatible Nanomaterials: The use of biocompatible nanomaterials allows for
the development of more environmentally friendly vehicles, reducing the use of toxic
substances [13], [21].

4DETAILED ANALYSIS OF THE ADVANTAGES AND CHALLENGES OF USING
NANOMATERIALS IN THE AUTOMOTIVE INDUSTRY

Nanomaterials offer numerous advantages in the automotive industry, but their
implementation also comes with certain challenges. This analysis explores the key advantages
of nanomaterials, such as increased efficiency, weight reduction, and improved safety, as well
as the challenges, including environmental and health risks, high costs, and manufacturing
complexity [25].

4.1  Advantages of Using Nanomaterials
The main advantages of using nanomaterials are:
a) Reduction in Vehicle Weight

e Lower Fuel Consumption and Reduced Emissions: One of the most important
advantages of using nanomaterials is the reduction in vehicle weight. Lighter
materials, such as nanocomposites reinforced with carbon fibres, enable car
manufacturers to reduce vehicle mass without compromising structural strength.
Reducing vehicle weight directly contributes to lower fuel consumption, which is
particularly important in the context of increasingly stringent environmental
standards and requirements for reducing CO, emissions.

e Improved Vehicle Performance: Reducing vehicle weight not only improves fuel
economy but also increases overall vehicle performance. Lighter cars have better
acceleration, handling, and shorter braking distances, which is crucial for sports and
luxury vehicles [26].

b) Increased Efficiency of Energy Systems

e Advanced Batteries for Electric Vehicles: Nanomaterials, such as graphene and
carbon nanotubes, enable the development of batteries with greater capacity, faster
charging, and longer lifespan. These batteries are crucial for increasing the autonomy
of electric vehicles and reducing charging time, directly impacting the wider
acceptance of electric cars in the market.

e Improved Engine Efficiency: The use of nanolubricants and nanoparticles as fuel
additives improves combustion, reduces friction between moving parts, and lowers
fuel consumption. This not only increases engine efficiency but also extends its
lifespan [8], [26].

c) Improved Safety

e Greater Impact Resistance: Nanomaterials, such as carbon fibre-reinforced
composites, provide high impact resistance, increasing passenger safety in the event
of a collision. These materials can absorb more energy during a crash, reducing the
risk of injury.

e Advanced Safety Systems: Nanosensors and actuators enable the development of
advanced safety systems, such as collision detection and stability control systems,
which provide faster and more precise responses in critical situations [25].
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d) Durability and Resistance

Greater Wear and Corrosion Resistance: Nanocoatings and ceramic
nanocomposites provide greater wear and corrosion resistance, extending the
lifespan of vehicle components. These materials are particularly important for parts
exposed to extreme conditions, such as engines, braking systems, and chassis.
Self-Healing Materials: Nanotechnology enables the development of self-healing
coatings that can repair minor scratches and damage to the vehicle's body, extending
the vehicle's aesthetic appearance and functionality [4], [17].

e) Aesthetics and Functionality

4.2

Improvement in Optical Properties and Aesthetics: Nanocoatings and nanostructured
materials improve optical properties, reduce glare, and increase scratch resistance.
This is particularly important for glass, screens, and exterior surfaces of vehicles.
Hydrophobic and Antibacterial Coatings: Nanotechnology allows for the
development of coatings that repel water, dirt, and bacteria, improving the hygiene
and maintenance of the vehicle's interior [14], [27].

Challenges of Using Nanomaterials

The most significant challenges of using nanomaterials are:

a) High Production Costs

Expensive Raw Materials and Production Processes: The production of
nanomaterials, such as carbon nanotubes, graphene, and nanocomposites, requires
complex and expensive processes. For example, the synthesis of graphene and
nanotubes involves high-tech methods that are still costly for mass production. These
high costs can limit the wider commercial application of nanomaterials in
automobiles, especially in vehicles intended for mass markets.

Investment in Specialized Equipment: Integrating nanomaterials into the production
process requires specialized equipment and technology, requiring significant capital
investments. This can be a barrier for smaller car manufacturers who lack the
resources to invest in advanced production capacities [28], [29].

b) Complexity of Processing and Integration

Technical Challenges: Processing and integrating nanomaterials into existing
production processes can be technically demanding. For example, nanomaterial-
reinforced composites require precise control of temperature, pressure, and time to
achieve optimal characteristics. Integrating these materials may require significant
adjustments to production lines, leading to increased complexity and production
Costs.

Bonding and Cohesion Issues: Combining nanomaterials with traditional materials
can be challenging due to bonding and cohesion issues. For example, achieving
homogeneous distribution of nanoparticles in matrices can be difficult, leading to
uneven material properties and reduced performance [23].

¢) Environmental and Health Risks

Unknown Long-Term Effects: Although nanomaterials offer numerous advantages,
their production and use can carry unknown environmental and health risks.
Nanoparticles can have toxic effects if they enter the environment or come into
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contact with humans. For example, there is concern that nanoparticles could
penetrate biological barriers and cause unforeseen health problems [25].

e Challenges in Recycling and Disposal: Recycling and disposal of nanomaterials pose
additional challenges. Many nanomaterials are not easily recyclable, and their
presence in waste can complicate standard recycling procedures. Additionally, there
is concern about the long-term environmental impact of non-degradable
nanomaterials [13].

d) Lack of Standardization and Regulation

e Limited Regulation: Currently, there is limited regulation addressing the safety and
use of nanomaterials in the industry. The lack of standardization regarding the
characterization, testing, and use of nanomaterials can lead to inconsistencies in
product quality and safety. This creates legal and regulatory risks for car
manufacturers [29].

e Unclear Safety Protocols: Due to the lack of standardization, safety protocols for
handling and using nanomaterials are often not clearly defined. This can increase the
risk of accidents in production facilities and the exposure of workers and end-users
to potentially toxic materials [28].

5 PREDICTIONS AND DISCUSSION ON FUTURE DEVELOPMENTS IN
NANOTECHNOLOGIES AND NEW APPLICATIONS IN THE AUTOMOTIVE
INDUSTRY

Nanotechnology is already deeply integrated into the automotive industry, but its potential far
exceeds current applications. In the coming decades, we can expect nanotechnologies to play
an increasingly important role in shaping the future of the automotive industry, enabling the
development of innovative solutions that will meet growing demands for efficiency,
sustainability, safety, and functionality of vehicles. This prediction and discussion explore
possible directions for the development of nanotechnologies and identify new areas of
application that could become crucial for the automotive industry [23], [30].

a) Further Reduction in Weight and Increase in Vehicle Strength

One of the most significant directions for the development of nanotechnologies will be the
further optimization of materials to achieve greater strength with even less weight. Advanced
nanocomposites, which combine various types of nanoparticles with polymer, metal, or
ceramic matrices, will enable the production of vehicles that are even lighter yet equally or
even more resistant to mechanical stress [31].

e Advanced Carbon Nanocomposites: Carbon nanotubes (CNTSs) and graphene, which
already show significant potential, could be further optimized for use in a wide range
of automotive components. Further development of these materials could allow for
a 10-20% reduction in vehicle weight, directly impacting fuel consumption and CO-
emissions, as well as improving vehicle performance.

e Nanostructured Metals and Alloys: Nanotechnology will enable the further
development of nanostructured metals, such as aluminium and magnesium, which
will be lighter, stronger, and more resistant to corrosion. These materials could be
used not only in bodies and chassis but also in engines and other key components,
where it is necessary to combine low weight with high mechanical strength [10],
[11].
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b) Development of Smart Materials and Sensors

Smart materials, which can change their properties depending on external conditions, will be
increasingly integrated into automobiles. Nanotechnology will enable the development of
materials that respond to changes in temperature, pressure, or light, providing new
functionalities that are unimaginable today [8].

Self-Healing Materials: Self-healing materials, which can automatically repair minor
scratches and damage, will become standard in the design of exterior vehicle
coatings. These materials could be extended to interior parts of the car, such as
upholstery and linings, significantly reducing the need for repairs and maintenance
[25].

Smart Sensors: Nano sensors will play a key role in developing autonomous vehicles,
providing more precise and faster information about road conditions, vehicle
behaviour, and the environment. These sensors could be integrated into various parts
of the car, including tires, engines, and bodies, to provide continuous monitoring and
adjustment of vehicle performance in real time [23].

¢) Advances in Energy Systems and Energy Storage

Nanotechnology will continue to play a crucial role in developing new energy systems for
cars, particularly in the context of electric and hybrid vehicles. New generations of batteries,
fuel cells, and supercapacitors will use nanomaterials to achieve greater capacity, faster
charging, and longer lifespan [5].

Graphene Batteries and Supercapacitors: Graphene, due to its exceptional
conductivity and energy storage capacity, will be crucial in developing new batteries
and supercapacitors. These technologies will allow for an increase in electric vehicle
autonomy to over 800 km on a single charge, with a reduction in charging time to
just a few minutes. Graphene supercapacitors could be used for regenerative braking
and rapid energy delivery, improving overall vehicle efficiency [2].

Nano Fuel Cells: Further development of nano fuel cells will enable more efficient
conversion of hydrogen into electricity, reducing losses and increasing the autonomy
of hydrogen-powered vehicles. Platinum nanoparticles and other catalysts will be
used to increase efficiency and reduce production costs of these cells [9].

d) Environmentally Sustainable and Biodegradable Materials

As the global focus on sustainability increases, nanotechnology will play a key role in
developing environmentally friendly and biodegradable materials for the automotive industry.

Biocomposites and Recyclable Nanomaterials: The combination of nanomaterials
with biodegradable polymers will allow for the development of environmentally
friendly composites that can be easily recycled or decomposed after the vehicle's
lifecycle. These materials will be increasingly used in interior and exterior
components, reducing the overall environmental footprint of cars [2].

Nano Coatings for Emission Reduction: Nanomaterials will enable the development
of advanced catalysts and filters that can reduce the emission of harmful gases, such
as nitrogen oxides (NOXx) and particulates. These materials will be used in exhaust
systems and fuel cells, contributing to achieving stricter environmental standards
[15].
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e) Vehicle Personalization and Customization Using Nanotechnology

Nanotechnology will enable a high level of vehicle personalization, adapting them to the
specific needs of users.

e Adaptive Materials: Adaptive materials will allow for the real-time customization of
the vehicle's interior, such as seats that change shape or texture according to the
passengers' preferences, or exterior surfaces that change colour depending on light
or temperature.

e 3D Printing with Nanomaterials: The combination of 3D printing and
nanotechnology enables the rapid production of specialized vehicle parts, allowing
for the customization of vehicle design and functionality to specific user
requirements. This will facilitate rapid prototyping and customized components,
reducing development time and costs [5], [6], [9].

f)  Innovations in Safety Technologies

Nanotechnology will significantly enhance vehicle safety through the development of
advanced passenger protection and accident prevention systems.

e Nano Airbag Systems: Airbag systems reinforced with nanomaterials will be faster
and more efficient, enabling more precise and reliable activation in the event of a
collision. These systems will provide better protection to passengers, reducing the
risk of injury [20].

e Collision Detection and Prevention Systems: Nano sensors combined with artificial
intelligence will enable more precise detection of road hazards, such as pedestrians,
cyclists, or other vehicles, providing the driver and vehicle with enough time to avoid
an accident [8].

Nanotechnology has the potential to revolutionize the automotive industry in the coming
decades. The further development of nanomaterials will enable incredible improvements in
performance, efficiency, safety, and vehicle sustainability. The introduction of smart
materials, advanced energy systems, environmentally sustainable materials, and personalized
solutions tailored to user needs will become a standard in the automotive industry [17].

6 RECOMMENDATIONS FOR FURTHER RESEARCH AND DEVELOPMENT
OF REGULATIONS FOR NANOTECHNOLOGIES AND NANOMATERIALS

One of the most important directions for further research should focus on understanding the
long-term effects of nanomaterials on human health and the environment. Comprehensive
studies are needed to assess the potential toxic effects of nanoparticles, their biodistribution
and interactions within organisms, and the possible consequences for ecosystems. Developing
standardized methods for evaluating the risks of nanoparticles is crucial to ensure safety
during the production, use, and recycling of nanomaterials.

Further research should also focus on developing more efficient, cost-effective, and
environmentally friendly methods for producing nanomaterials. Synthesis technologies, such
as chemical vapour deposition, mechanical milling, and laser ablation, should be improved to
reduce production costs and enable the broader commercial application of nanomaterials. The
focus should be on methods that allow controlled production of high-quality hanomaterials
with precise properties while minimizing their environmental footprint.

The development of internationally recognized standards for the characterization, testing, and
use of nanomaterials is essential. Standards need to be developed that define the
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physicochemical properties of nanomaterials, methods for assessing their safety and
environmental impact, as well as guidelines for their integration into production processes.
Additionally, regulations covering the entire lifecycle of nanomaterials, from production to
recycling, are necessary, with clear protocols for safe handling and storage.

Further research should focus on identifying new potential applications for nanomaterials in
the automotive industry. This includes the development of new smart materials, improvement
of battery systems, optimization of vehicle aerodynamics, and exploring possibilities for
reducing harmful gas emissions. Particular emphasis should be placed on exploring the
potential use of nanomaterials in autonomous vehicles to increase sensor precision and the
efficiency of electronic systems.

Research should also focus on developing nanomaterials that are easier to recycle and
environmentally sustainable. This includes the development of biodegradable
nanocomposites, materials that can be easily separated and recycled, as well as the
improvement of recycling technologies for nanomaterials. Sustainable production of
nanomaterials must become a priority, while simultaneously reducing waste and increasing
the energy efficiency of production processes.

The development of nanotechnologies requires an interdisciplinary approach, including
chemistry, physics, engineering, biology, and environmental sciences. Collaboration between
academic institutions, industry, and regulatory bodies should be encouraged to accelerate the
development of new technologies and ensure their safe integration into industrial processes.
Strengthening partnerships between different sectors and countries would enable more
efficient technology transfer and faster implementation of nanomaterials globally.

The introduction of nanomaterials into industrial processes requires specialized workforce
training. Training programs need to be developed that will enable employees to understand
the specifics of working with nanomaterials, safety protocols, as well as the environmental
and health aspects of their use. Workforce education will be key to successfully integrating
nanotechnologies into production processes and ensuring long-term sustainability.

There is also a need to develop and implement stricter regulations to ensure that the use of
nanomaterials is conducted in a manner that is safe for workers, consumers, and the
environment. This includes mandatory risk assessments, control of exposure to nanomaterials,
as well as mandatory recycling and proper disposal of waste nanomaterials. These regulations
need to be dynamic and adaptable, in line with new scientific knowledge and technological
advancements.

By implementing these recommendations, nanotechnologies and nanomaterials can better
meet the challenges and needs of the modern automotive industry, providing safe, efficient,
and sustainable innovations that will shape the future of mobility.

CONCLUSION

This paper has provided a comprehensive overview of the key aspects of using
nanotechnologies and nanomaterials in the automotive industry, highlighting their numerous
advantages, current applications, challenges, and future perspectives. Through analysis, it has
become clear that nanotechnologies play a central role in shaping contemporary and future
vehicles, enabling the development of innovative solutions that enhance the performance,
efficiency, safety, and sustainability of automobiles.

Reducing vehicle weight through nanomaterials, such as carbon fibre-reinforced
nanocomposites and nanostructured metals, has proven crucial for improving fuel economy
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and reducing CO, emissions. These materials allow manufacturers to maintain or even
increase vehicle strength while simultaneously reducing weight, directly impacting better
performance and lower operating costs.

Advanced safety systems and sensors based on nanotechnology enable greater precision,
faster responses, and better passenger protection. These systems represent a significant step
forward in developing autonomous vehicles and advanced driver assistance systems, thereby
increasing overall road safety.

The improvement of energy systems, especially in the context of electric and hybrid vehicles,
will allow for greater range, faster charging, and longer battery life. The development of
advanced batteries and supercapacitors based on nanomaterials, such as graphene and
nanoparticles, is essential for the broader acceptance of electric vehicles and the reduction of
dependence on fossil fuels.

Although the advantages of nanotechnologies are apparent, challenges such as high
production costs, processing complexity, and potential environmental and health risks should
not be overlooked. Further research and development are needed to overcome these
challenges, including improving production processes, developing standards and regulations,
and exploring the long-term effects of nanomaterials on health and the environment.

In the future, nanotechnologies are likely to become even more significant in the automotive
industry, enabling the development of vehicles that are not only more efficient and safer but
also more environmentally friendly and technologically advanced. Their ability to transform
materials at a fundamental level offers enormous potential for innovations that will redefine
automotive industry standards in the coming decades.

Through the further integration of nanomaterials, the automotive industry will be able to
address global sustainability and technological innovation challenges, laying the foundation
for a new era of mobility that aligns with the demands of modern society and environmental
standards. Nanotechnologies will undoubtedly be one of the key factors in this process,
leading the industry toward a more sustainable and advanced future.
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ABSTRACT: The aim of this paper was to present possibilities for application of the
Advanced High-Strength Steels (AHSS) in the automotive industry. Besides, paper analyses
their manufacturing processes and properties. Nowadays, there is constant need in the
automotive industry to reduce weight of the vehicle in order to lower the gas consumption as
well as to increase the ability to carry more weight. This goal can be achieved by using the
materials with better mechanical properties or to use materials with lower density, such as
aluminium or titanium. The AHSSs were created as a solution to reduce the weight of parts
and structures in various transportation industries by increasing the mechanical properties.
The AHSS steels are developed in three generation. Each generation has better mechanical
properties than the previous. The increase of the steels properties is achieved by
implementing the selected heat treatment procedures and precise micro alloying. In this
paper authors tried to emphasize the advantages of using the AHSS in automotive industry
and that the application of these materials directly results in lowering the structures’ mass
and it positively affects energy efficiency, preservation of the environment and lowering the
pollution levels..
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PRIMENA NAPREDNIH CELIKA VISOKE CVRSTOCE U
AUTOMOBILSKOJ INDUSTRIJI

REZIME: Cilj ovog rada bio je da se predstave mogucnosti primene naprednih celika
visoke Cvrstoce (AHSS) u automobilskoj industriji. Pored toga, rad analizira njihove
proizvodne procese i svojstva. Danas u automobilskoj industriji postoji stalna potreba za
smanjenjem tezine vozila kako bi se smanjila potro$nja goriva, kao i povecala sposobnost
nosenja vecée tezine. Ovaj cilj se moZe posti¢i primenom materijala sa boljim mehani¢kim
svojstvima ili upotrebom materijala sa manjom gustinom, kao $to su aluminijum ili
titanijum. AHSS c&elici su nastali kao reSenje za smanjenje tezine delova i konstrukcija u
razli¢itim transportnim industrijama poboljSanjem mehanickih svojstava. AHSS c&elici se
razvijaju u tri generacije. Svaka generacija ima bolja mehanicka svojstva od prethodne.
Povecanje svojstava Celika postize se primenom odabranih postupaka termicke obrade i
preciznim mikrolegiranjem. U ovom radu autori su pokusali da istaknu prednosti upotrebe
AHSS-a u automobilskoj industriji i da primena ovih materijala direkino dovodi do
smanjenja mase konstrukcija i pozitivno uti¢e na energetsku efikasnost, ocuvanje zivotne
sredine 1 smanjenje nivoa zagadenja.

KLJUCNE RECI: Napredni celici visoke cvrstoce, automobilska industrija, vozilo,
mehanicka svojstva.
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INTRODUCTION

In today's world of transportation, the focus is on environmental preservation, primarily by
aiming to reduce greenhouse gas emissions. The current emphasis is on the development of
electric vehicles; however, this approach will only be meaningful when electricity is
produced from renewable energy sources. Therefore, the authors of this paper wish to
highlight the importance of vehicle manufacturing materials in reducing harmful gas
emissions. European Union (EU) environment in 2023 reports the transportation sector’s
25% share of greenhouse gas emissions [1]. The EU plan is to reduce the transport emission
for a 23% by 2030 compared to 2005. In vehicles, a 10% weight reduction corresponds to a
fuel consumption saving of 6.5% [1] so the automotive industry prioritize lightweight
construction to reduce CO, emissions and fossil fuel use in vehicles. New car emissions
have decreased notably, with 12% declines for both 2020 and 2021. This trend is partially
attributed to the reduction of Body in White (BiW) components’ overall weight, which are
the main contributors to the overall weight of vehicles [6].

Initially, vehicles were made from steel of a certain thickness. With the advancement of
steel, the material's thickness has decreased, and today, very thin sheets (sometimes as thin
as 0.5 mm) are used in car body manufacturing. Additionally, many steel parts are being
replaced with parts made from lighter materials, reducing the vehicle's unladen weight and
increasing its payload capacity. Moreover, the reduced vehicle mass leads to lower fuel
consumption, which directly contributes to environmental protection. Importantly, replacing
materials and reducing thickness do not compromise passenger safety.

The group of materials that stands out the most in these tasks is high-strength steel. High-
strength steels were developed in the late 19th century and are now widely used across all
branches of mechanical engineering. They are characterized by favourable mechanical
properties (strength and ductility) while maintaining good workability (forming, welding,
etc.) [1-3]. Today, even the processes for producing these steels are so advanced that their
cost is often comparable to that of conventional low-carbon steels, yet with significantly
better mechanical properties. The high strength of these steels results from the application of
complex thermal, thermo-mechanical, and mechanical processing procedures. Consequently,
the high strength allows for smaller cross-sectional dimensions of parts, reducing the
amount of material used and the weight of structures. Regarding the vehicle production
industry, the amount of advanced high-strength steel (AHSS) used in vehicle body
production increases each year (Figure 1). Nowadays, high-strength steels are used in
vehicles not only for body parts but also for more critical components of cars [4, 5].

1 REVIEW OF THE GENERAL CHARACTERISTICS OF THE AHSS

As already mentioned, the advantages of advanced high-strength steels (AHSS) are
numerous. These advantages often include high strength and good ductility while
maintaining favourable technological properties. Today, a wide variety of high-strength
steels are in use, and they can be classified based on several criteria. A general classification
divides them into generations according to their development time and the characteristics
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they possess (mostly referred to tensile strength and elongation). According to this
classification, there are three generations of AHSS (Fig. 1). This paper will focus on the
second and third generations of AHSS, as the first generation has been thoroughly examined
in [6].
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Figure 1 Mechanical characteristics of the advanced high strength steels [3]

AHSS are produced through a complex thermo-mechanical production cycle characterized
by intense hot rolling followed by rapid cooling to achieve a specific microstructure.
Depending on the type of steel, the rolling temperatures, cooling rates, and any subsequent
heat treatments vary. For example, the production of cold-rolled dual-phase (DP) steels
primarily involves heating previously cold-rolled steel strips of appropriate chemical
composition to a temperature between Ac: and Acs. In this temperature range, the
microstructure of the steel consists of ferrite and austenite. With an increase in the heating
temperature (approaching the critical temperature Ac3), the proportion of austenite
increases, as does the amount of carbon that can be dissolved in the austenite [4]. On the
other hand, the production of transformation-induced plasticity (TRIP) steels starts with
rolling in the austenitic region, followed by cooling to 800 °C. At this temperature, the steel
is soaked for 60 seconds, followed by rapid cooling to 450 °C, where the steel is held
isothermally for 90 seconds. This isothermal holding results in the formation of a certain
amount of bainite in the ferrite matrix. After holding at 450 °C, the steel is coiled and cooled
to ambient temperature. The microstructure of these steels is also interphase, consisting of a
ferrite matrix with residual austenite and bainite [4].
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2  THE SECOND GENERATION AHSS

As it was shown in paper [5] and in diagram 1, the first generation AHSS possesses great
strength, but elongation and plasticity are low, especially for martensitic steels. Due to the
lower plasticity, deformation rates during forming procedures such as bending and deep
drawing are reduced and the risk of crack appearance is increased. In automotive industries,
parts often have complex design and to produce such parts, greater plasticity is required, and
researchers began developing the second generation AHSS. Design of the second generation
of AHSS is based on austenitic microstructure, which offers greater plasticity and
formability in comparison to the first generation, but strength levels are not drastically
reduced [4]. The second generation of the AHSS includes the TWIP (TWinning Induced
Plasticity) steels, L-IP (Lightweight Induced Plasticity) steels and austenitic stainless steels.

2.1  The TWIP (TWinning Induced Plasticity) steels

The TWIP steels have austenitic microstructure, which is retained at room temperatures due
to high Mn content (22 % to 30 %). Besides Mn, the TWIP steels also contain fair amount
of Al (maximum 10 %), as well as Si (maximum 3 %). Tendency to create twins in
microstructure allows for the great strength to be achieved. Austenitic microstructure allows
for elongation values to range from 60 to 90 % and their tensile strength exceeds 1000 MPa.
The high strength results from austenitic microstructure ability to form twins, which are
blocking movement of dislocation, thus increasing strength.

The chemical composition and mechanical properties of some TWIP steels are shown in
tables 9 and 10, respectively, and a microstructure example is given in Figure 2.

Table 1 Chemical composition of some TWIP steels, wt% [1]

Designation according to BS* Mn Si Al C
Fe -15Mn-4Si-2Al 16.2 4.0 1.8 0.2
Fe-20Mn-3Si-3Al 20.1 2.8 2.9 0.4
Fe-25-Mn-4Si-2Al 255 3.9 1.8 0.3
Fe-30Mn-4Si-2Al 28.7 4.0 2.0 0.2
Fe-30Mn-2Si-4Al 30.6 2.0 3.9 0.1

* BS — British standard

Table 2 Mechanical properties of some TRIP steels [1]

Designation according to BS Rpo.2, MPa Rm, MPa A %
Fe -15Mn-4Si-2Al 190 1080 39
Fe-20Mn-3Si-3Al 300 840 82
Fe-25-Mn-4Si-2Al 280 770 69
Fe-30Mn-4Si-2Al 220 770 75
Fe-30Mn-2Si-4Al 210 570 83
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Figure 2 Microstructure of annealed Fe-30Mn steel [3]
2.2 The L-IP (Lightweight Induced Plasticity) steels

This steel group is still in development. Up to now, it is known that their strength ranges
between 1000 to 1100 MPa, and elongation values reach up to 80 %. Application of this
steel group could be found in automotive industry for producing parts with complex
geometry, due to their good plasticity values [7].

2.3 Austenitic stainless steels

Austenitic stainless steels contain more than 12 % of Cr dissolved in solid solution, thus
they are resistant to corrosion. This steel group besides Cr contains high values of Ni (max
35 %), which allows austenite to be stable at room temperatures. Addition of Ni drastically
increases production costs due to its high price. Yield stress values range from 200 to 400
MPa, tensile strength values from 900 to 1200 MPa, and elongation values from 40 to 45 %.
In comparison to other steels, they have good strength and formability with addition of
corrosion resistance, so they can be used in more aggressive environment [7]. The chemical
composition and mechanical properties of some austenitic stainless steels are shown in
tables 3 and 4, respectively, and microstructure example is given in figure 3.

Table 3 Chemical composition of some austenitic stainless steels, wt% [1]

Designation according to . .
EN 10088.2 max C maxN max Mn | max Si Cr max Ni
X8CrNiS18-9 0.15 - 2.0 1.0 17-19 8-10
X5CINi18-10 007 | 01 2.0 075 | 10> | 8105
X8CrNi25-21 0.25 - 2.0 15 24-26 19.22
X5CrNiMo17-12-2 0.08 0.1 2.0 0.75 16-18 10-14
Table 4 Mechanical properties of some austenitic stainless steels [1]
Designation according to EN 0
10088.2 Rpo2, MPa Rm, MPa Aso, %
X8CrNiS18-9 300 650 45
X5CrNi18-10 205 515 40
X8CrNi25-21 205 515 40
X5CrNiMo17-12-2 205 515 40
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Figure 3 Microstructure example of austenite stainless steel [3]
3 THE THIRD GENERATION AHSS

As the second generation AHSS is based on austenite microstructure, those steels contain
high values of Cr and Ni to allow austenite to be stable at room temperature. The addition of
mentioned components drastically increases price of steel, thus greatest disadvantage of
second generation AHSS is their high price. Developing cheaper steels with similar
properties represents the key for wider application of AHSS [1].

Development of third generation AHSS is based on the goal to achieve similar plasticity of
second generation AHSS, but with significantly lower price. The third generation AHSS
includes Q&P (Quenching and Partitioning) steels, Medium Mn steels and Trip Aided
Bainitic Ferrite (TBF) steels.

3.1  The Q&P (Quenching and Partitioning) steels

These steels typically contain C (0.1 - 0.3 %), Si and/or Al (1 - 2 %) as well as Mn (1.5 - 3
%). The vyield stress values range from 600 to 1150 MPa, tensile strength from 980 to 1300
MPa and elongation from 8 - 22 %. One can conclude that strength values are higher than of
the second-generation steels, with reduced formability. However, it needs to be emphasized
that the price of the third-generation steels is significantly lower. Mechanical properties of
some Q&P steels are given in table 3. Steels from this group are often used to produce parts
of vehicle chassis such as B-pillars [7].

Table 5 Mechanical properties of some Q&P steels

Designation of steel Rpo.2, MPa Rm, MPa A %
QP980 698 1057 20
QP1180 990 1188 16

The microstructure of these steels is composed of austenite (5 - 12 %), ferrite (20 - 40 %)
and martensite (50 - 80 %). As the ratio of mentioned phases changes, the steel’s properties
vary accordingly. Example of a microstructure is presented in figure 4.
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Figure 4 Microstructure of Q&P steel
3.2 The medium Mn steels

This steel group has fine grain ferritic-austenitic microstructure. Percentage of austenite in
microstructure can vary from 20 to 40 %, based on required properties and chemical
composition. Typical for this steel group is that they contain C (0.05 - 0.4 %), Si (1- 3 %)
and Mn (3 - 12 %). The yield stress values range from 400 to 1150 MPa, tensile strength
from 780 to 1350 MPa and elongation ranges from 15 to 60 %. A microstructure example is
given in figure 5.

Figure 5 Microstructure of Medium Mn steel
3.3  The TBF (Trip Aided Bainitic Ferrite) steels

The TBF steels are similar to Q&P steels and the first grades of this group were produced in
Japan. The vyield stress value is around 790 MPa, tensile strength around 1240 MPa, and
elongation 16.5 %. These steels are alloyed with Mn, Al, Nb and Cr and their microstructure
is composed of bainite, ferrite and austenite. The share of austenite has the great effect on
plasticity and can be controlled through the carbon content [4]. The chemical composition
and mechanical properties of some TBF steels are given in tables 6 and 7, respectively. The
microstructure of TBF steels is shown on figure 6.

Table 6 Chemical composition of some TBF steels, wt%

DeSign.ation max | max | max | max | max max | max rn-ac max
e N R N
CRIBIMEIOT 1015 | 08 | 25 |005 001 0002 0005 015 14
CRANTOOT 1018 | 08 | 25 005 001 “2 | 02 0005 015 | 14
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CR7°0DT4980T' 023 1.8 | 29 |005 | 0.01 0'%5' 0.2 | 0005|015 | 14
Table 7 Mechanical properties of some TBF steels
Designation according to VDA 239-100 Rpo.2, MPa Rm, MPa Aso, %
CR330Y590T-DH 330-440 590-700 26
CR440Y780T-DH 440-550 780-900 18
CR700Y980T-DH 700-850 980-1130 13

Figure 6 Microstructure example of TBF steel
4 CONCLUSIONS

The industrial development of humanity has inevitably led to increased environmental
pollution. Today, the transportation sector is one of the most important in all branches of
industry. Successful, fast, and efficient transportation requires the consumption of fossil
fuels, the combustion of which results in the emission of harmful gases into the
environment. To reduce these emissions, many options are being considered today, one of
which has already been adopted and shown results: reducing vehicle weight. This weight
reduction is most often achieved by replacing steel parts with parts made from lighter
materials (Al, Ti, polymers, etc.). However, key vehicle components, for safety reasons,
cannot be made from materials that do not offer high reliability. Therefore, advanced high-
strength steels (AHSS) are currently emerging as the most suitable materials.

In this paper, the authors aimed to highlight the importance of materials used in the
automotive industry, particularly high-strength steels. Knowing that by doubling the yield
strength of a material, the thickness of the material used can be halved (provided there is no
risk of buckling), and consequently fuel consumption for vehicle operation can be reduced,
it is clear that progress can be made in this direction.

This paper analyzes the second and third generations of AHSS in detail, while the first
generation is only mentioned as it is covered in another publication. The first generation of
advanced high-strength steels has the greatest strength but the worst deformability among
the three generations of mentioned steels. The advanced high-strength steels of the second
generation are characterized by slightly lower strength than the first-generation steels;
however, they possess significantly better deformability. Their greatest disadvantage is the
very high price due to large amounts of alloying elements, especially Cr and Ni. The third-
generation steels represent a balance between the first two generations. Steels that belong to
the third generation of advanced high-strength steel have good strength values (slightly
below the first generation) and good deformability (slightly worse than the second
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generation). Their greatest advantage is the lower price as compared to the second
generation, with the formability being good enough for producing vehicle chassis parts.

All the above indicates that AHSS should be used in the automotive industry due to the
numerous advantages they offer.

ACKNOWLEDGMENTS

The authors wish to acknowledge the financial support from the Ministry of Education and
Science of the Republic of Serbia through the project Grants TR32036 and TR35024.

REFERENCES

[1] Pereira, R, Peixinho, N., Costa, S.L.: A review of sheet metal forming evaluation of
advanced high-strength steels (AHSS), Metals, Vol. 14, 394,
https://doi.org/10.3390/met14040394

[2] Lesh, C., Kwiaton, N., Klose, F.: Advanced high strength steels (AHSS) for
automotive application — tailored properties by smart microstructural adjustments;
Steel  Research  International, wvol. 88, no. 10, 1700210, 2017,
d0i:10.1002/srin.201700210.

[3] Arsi¢, D., Djordjevi¢, M., Zivkovié, J., Sedmak, A., Aleksandrovi¢, S., Lazi¢, V.,
Raki¢, D.: Experimental-numerical study of tensile strength of the high-strength steel
S690QL at elevated temperatures, Strength of Materials, vol.48, No.5, 687-695, 2016.
Doi 10.1007/s11223-016-9812-x

[4] Ivkovié, Dj., Adamovi¢, D., Arsié, D., Ratkovi¢, N., Mitrovié, A., Nikoli¢, R.: Review
of the advanced high-strength steels used in automotive industry, Mobility and Vehicle
Mechanics, Vol. 49, No. 3, 47-64, 2023. Doi
https://doi.org/10.24874/mvm.2023.49.03.04

[5] Jovanovié, S., Pordevi¢, Z., Kosti¢, S., Nikoli¢, D., Pordevi¢, M.: Selection of shaft
materials using a multicriteria approach; Mobility & Vehicle Mechanics, vol. 48, no.
2, 33-40, 2022. https://doi.org/10.24874/mvm.2022.48.02.04

[6] Ivkovi¢, Dj., Adamovié, D. Arsi¢, D, Ratkovi¢, N., Nikoli¢, R.: Review of the first
generation of the advanced high-strength steels (AHSS) and their manufacturing
procedures; Proceedings of 39th International conference on production engineering of
Serbia - ICPES 2023, 26-27 October 2023, Novi Sad, Serbia, pp. 181-188.

[71 Demeri, M.: Advanced High-Strength Steels, Science, Technology and Application,
ASM International, USA, 2013.

[8] Bleck, W., Briihl, F., Ma, Y., & Sasse, C.: Materials and processes for the third-
generation advanced high-strength steels; BHM Berg-und Hiittenmannische
Monatshefte, vol. 164, no. 11, 466-474, 2019. https://doi.org/10.1007/s00501-019-
00904-y. Springer.

Mobility & Vehicle Mechanics, Vol. 51, No. 1, (2025), pp 65-74



MVM — International Journal for Vehicle Mechanics, Engines and Transportation Systems
NOTIFICATION TO AUTHORS

The Journal MVVM publishes original papers which have not been previously published in
other journals. This is responsibility of the author. The authors agree that the copyright for
their article is transferred to the publisher when the article is accepted for publication.

The language of the Journal is English.
Journal Mobility & Vehicles Mechanics is at the SSCI list.

All submitted manuscripts will be reviewed. Entire correspondence will be performed with
the first-named author.

Authors will be notified of acceptance of their manuscripts, if their manuscripts are adopted.

INSTRUCTIONS TO AUTHORS AS REGARDS THE TECHNICAL ARRANGEMENTS
OF MANUSCRIPTS:

Abstract is a separate Word document, “First author family name_ABSTRACT.doc”. Native
authors should write the abstract in both languages (Serbian and English). The abstracts of
foreign authors will be translated in Serbian.

This document should include the following: 1) author’s name, affiliation and title, the first
named author’s address and e-mail — for correspondence, 2) working title of the paper, 3)
abstract containing no more then 100 words, 4) abstract containing no more than 5 key
words.

The manuscript is the separate file, ,,First author family name_Paper.doc* which includes
appendices and figures involved within the text. At the end of the paper, a reference list and
eventual acknowledgements should be given. References to published literature should be
quoted in the text brackets and grouped together at the end of the paper in numerical order.

Paper size: Max 16 pages of B5 format, excluding abstract

Text processor: Microsoft Word

Margins: left/right: mirror margin, inside: 2.5 cm, outside: 2 cm, top: 2.5 cm, bottom: 2 cm
Font: Times New Roman, 10 pt

Paper title: Uppercase, bold, 11 pt

Chapter title: Uppercase, bold, 10 pt

Subchapter title: Lowercase, bold, 10 pt

Table and chart width: max 125 mm

Figure and table title: Figure _ (Table _): Times New Roman, italic 10 pt

Manuscript submission: application should be sent to the following e-mail:

mvm@kg.ac.rs ; lukicj@kg.ac.rs
or posted to address of the Journal:
University of Kragujevac — Faculty of Engineering
International Journal M V M
Sestre Janji¢ 6, 34000 Kragujevac, Serbia

The Journal editorial board will send to the first-named author a copy of the Journal offprint.



MVM — International Journal for Vehicle Mechanics, Engines and Transportation Systems
OBAVESTENJE AUTORIMA

Casopis MVM objavljuje orginalne radove koji nisu prethodno objavljivani u drugim asopisima, §to
je odgovornost autora. Za rad koji je prihvacen za Stampu, prava umnozavanja pripadaju izdavacu.

Casopis se izdaje na engleskom jeziku.
Casopis Mobility & Vehicles Mechanics se nalazi na SSCI listi.
Svi prispeli radovi se recenziraju. Sva komunikacija se obavlja sa prvim autorom.

UPUTSTVO AUTORIMA ZA TEHNICKU PRIPREMU RADOVA

Rezime je poseban Word dokument, “First author family name_ABSTRACT.doc”. Za
domace autore je dvojezican (srpski i engleski). Inostranim autorima rezime se prevodi na
srpski jezik. Ovaj dokument treba da sadrzi: 1) ime autora, zanimanje i zvanje, adresu prvog
autora preko koje se obavlja sva potrebna korespondencija; 2) naslov rada; 3) kratak
sazetak, do 100 reci, 4) do 5 kljucnih reci.

Rad je poseban fajl, ,First author family name_Paper.doc* koji sadrzi priloge i slike
ukljucene u tekst. Na kraju rada nalazi se spisak literature i eventualno zahvalnost.
Numeraciju kori§¢enih referenci treba navesti u srednjim zagradama i grupisati ih na kraju
rada po rastu¢em redosledu.

Duzina rada: Najvise 16 stranica B5 formata, ne ukljucujuéi rezime

Tekst procesor: Microsoft Word

Margine: levo/desno: mirror margine; unurasnja: 2.5 cm; spoljna: 2 cm, gore: 2.5 cm, dole:
2cm

Font: Times New Roman, 10 pt

Naslov rada: Velika slova, bold, 11 pt

Naslov poglavlja: Velika slova, bold, 10 pt

Naslov potpoglavlja: Mala slova, bold, 10 pt

Sirina tabela,dijagrama: max 125 mm

Nazivi slika, tabela: Figure __ (Table _): Times New Roman, italic 10 pt

Dostavljanje rada elektronski na E-mail: mvm@kag.ac.rs ; lukicj@kg.ac.rs
ili postom na adresu Casopisa
Redakcija ¢asopisa M VM
Fakultet inZenjerskih nauka

Sestre Janji¢ 6, 34000 Kragujevac, Srbija

Po objavljivanju rada, Redakcija ¢asopisa Salje prvom autoru jedan primerak casopisa.



MVM Editorial Board
University of Kragujevac
Faculty of Engineering
Sestre Janjic 6, 34000 Kragujevac, Serbia
Tel.: +381/34/335990; Fax: + 381/34/333192

www.mvm.fink.rs




	Cover_1_2025
	Editorial_board
	Content_Vol_51_No_1
	ELECTRICAL HAZARDS IN ELECTRIC VEHICLES: RISKS AND SAFETY MEASURES
	Introduction
	1. Overview of EVs Statistics and Law in the Republic of Serbia
	1.1 EVs ELECTRICAL HAZARDS
	1.2 Internal Electrical Hazards

	2. SAFETY MEASURES
	Conclusion
	References

	DIMENSIONING OF THE TORSION BAR OF THE SUSPENSION SYSTEM IN THE PHASE OF THE CONCEPTUAL DESIGN OF A PASSENGER VEHICLE FROM THE PERSPECTIVE OF MINIMAL VIBRATIONS
	Introduction
	1. METHOD
	1.1  Torsion bar model

	2. OPTIMIZATION METHOD
	3. DATA ANALYSIS
	4. Conclusion
	References

	A COMPARATIVE ANALYSIS OF THE ROLE OF INDUSTRIAL AND HUMANOID ROBOTS AS DRIVERS OF EFFICIENCY AND FLEXIBILITY IN THE AUTOMOTIVE INDUSTRY
	Introduction
	1. THEORETICAL FRAMEWORK FOR THE IMPLEMENTATION OF INDUSTRIAL AND HUMANOID ROBOTS AIMED AT ENHANCING EFFICIENCY AND FLEXIBILITY IN PRODUCTION
	2. COMPARATIVE ANALYSIS OF THE IMPLEMENTATION OF INDUSTRIAL AND HUMANOID ROBOTS IN THE AUTOMOTIVE INDUSTRY
	2.1. Implementation of Industrial Robots
	2.2. Implementation of Service and Humanoid Robots

	CONCLUSION
	References

	REVIEW OF THE USE OF NANOTECHNOLOGIES AND NANOMATERIALS IN THE AUTOMOTIVE INDUSTRY: DEVELOPMENT, APPLICATIONS AND FUTURE DIRECTIONS
	Introduction
	1 HISTORICAL DEVELOPMENT OF NANOTECHNOLOGIES AND NANOMATERIALS
	2 WHAT IS NANOTECHNOLOGY?
	2.1. Key Types of Nanomaterials Used in the Industry
	a) Nanoparticles:
	b) Carbon Nanotubes (CNTs):
	c) 3. Graphene:
	d) 4. Nanolayers:
	e) 5. Nanocomposites:

	3 APPLICATIONS OF NANOTECHNOLOGY AND NANOMATERIALS IN THE AUTOMOTIVE INDUSTRY
	a) Reduction of Vehicle Weight
	b) Improvement in Wear and Corrosion Resistance
	c) Enhancement of Engine Performance and Fuel Combustion Systems
	d) Development of Advanced Batteries for Electric Vehicles
	e) Enhancement of Safety Systems and Sensors
	f) Optimization of Interior and Exterior Coatings
	g) Environmentally Friendly Materials and Sustainability

	4 DETAILED ANALYSIS OF THE ADVANTAGES AND CHALLENGES OF USING NANOMATERIALS IN THE AUTOMOTIVE INDUSTRY
	4.1 Advantages of Using Nanomaterials
	a) Reduction in Vehicle Weight
	b) Increased Efficiency of Energy Systems
	c) Improved Safety
	d) Durability and Resistance
	e) Aesthetics and Functionality

	4.2 Challenges of Using Nanomaterials
	a) High Production Costs
	b) Complexity of Processing and Integration
	c) Environmental and Health Risks
	d) Lack of Standardization and Regulation


	5 PREDICTIONS AND DISCUSSION ON FUTURE DEVELOPMENTS IN NANOTECHNOLOGIES AND NEW APPLICATIONS IN THE AUTOMOTIVE INDUSTRY
	a) Further Reduction in Weight and Increase in Vehicle Strength
	b) Development of Smart Materials and Sensors
	c) Advances in Energy Systems and Energy Storage
	d) Environmentally Sustainable and Biodegradable Materials
	e) Vehicle Personalization and Customization Using Nanotechnology
	f) Innovations in Safety Technologies

	6 RECOMMENDATIONS FOR FURTHER RESEARCH AND DEVELOPMENT OF REGULATIONS FOR NANOTECHNOLOGIES AND NANOMATERIALS
	CONCLUSION
	7 ACKNOWLEDGMENTS
	References

	APPLICATION OF HIGH STRENGTH STEELS IN AUTOMOTIVE INDUSTRY
	INTRODUCTION
	1 REVIEW OF THE GENERAL CHARACTERISTICS OF THE AHSS
	2 The second generation AHSS
	2.1 The TWIP (TWinning Induced Plasticity) steels
	2.2 The L-IP (Lightweight Induced Plasticity) steels
	2.3 Austenitic stainless steels

	3 The third generation AHSS
	3.1 The Q&P (Quenching and Partitioning) steels
	3.2 The medium Mn steels
	3.3 The TBF (Trip Aided Bainitic Ferrite) steels

	4 CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

	Authors_Notification
	Back_matter



