


ENGINEERING RESEARCHES
Research, Methodology and Innovation

Editors
Halil Ibrahim KURT

Engin ERGUL

Lyon 2024





ENGINEERING RESEARCHES
Research, Methodology and Innovation

Editors
Halil Ibrahim KURT

Engin ERGUL

Lyon 2024



ENGINEERING RESEARCHES: Research, Methodology and Innovation

Editors • Prof. Dr. Halil Ibrahim KURT •  ORCID: 000-0002-5992-8853
Dr. Engin ERGUL •  ORCID: 0000-0003-3347-5400

Cover Design • Motion Graphics
Book Layout • Motion Graphics

First Published • March 2024, Lyon

e-ISBN: 978-2-38236-663-9

DOI Number: 10.5281/zenodo.10869302

copyright © 2024 by Livre de Lyon
All rights reserved. No part of this publication may be reproduced, stored 
in a retrieval system, or transmitted in any form or by an means, electronic, 
mechanical, photocopying, recording, or otherwise, without prior written 
permission from the Publisher.

Publisher • Livre de Lyon
Address •  37 rue marietton, 69009, Lyon France
website •  http://www.livredelyon.com
e-mail •  livredelyon@gmail.com



I

PREFACE

Today, it is very important for engineers and researchers to present their 
theoretical and applied studies in journals and books that offer publication 
opportunities in relevant fields. The book “ENGINEERING RESEARCHES: 
Research, Methodology and Innovation” brings together scientists and 
engineers who evaluate various engineering fields, giving importance to studies 
and applications from different disciplines, and some examples of experimental, 
theoretical and compilation studies that have been done recently in different 
fields are included.

The editor and the editorial board expect that this book will attract the 
attention of academics and researchers in the fields of engineering sciences and 
be useful to the scientific world. We would like to thank the chapter authors for 
their contributions, the referees who reviewed the studies, and the Livre de Lyon 
publishing house for preparing the book for printing.

Prof. Dr. Halil Ibrahim KURT and Dr. Engin ERGUL
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1. Introduction

Composite materials are obtained by combining two or more components 
in order to obtain a superior material by correcting each other’s 
weaknesses. In the production of composite materials, it is aimed to 

have high strength and durability features according to the usage area of the 
material obtained. Composite materials produced using different methods and 
components consist of a matrix phase, which is a continuous phase, and a 
reinforcement phase dispersed in this phase. (Ersoy, 2001)

Polymer concrete composites are composite materials in which polymer 
resin is used instead of cement, which reacts with water in normal concrete to 
bind aggregates together. They were first developed in the 1950s and became 
known in the 1970s. Today, it is used in precast structures, bridge panels, 
hazardous waste containers and machine parts. The use of polymers instead of 
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Portland cement in concrete increases the mechanical properties of concrete. It 
also makes concrete impervious to water and chemicals and resistant to abrasion. 
Due to these properties, polymer concretes are widely used as repair materials in 
sidewalks, roads and buildings. (Fattah ve Hawary, 1999)

Polymer is a macromolecular structure formed by a large number of small 
molecules called monomers, which are connected to each other by chemical 
bonds as a result of polymerization reaction under appropriate conditions and 
formed in a long, chain-like structure.Polymer chains can be linear, branched 
and cross-linked.Chain structure and size are the main factors determining the 
properties of polymers. (Saçak, 1998)

Polymer concrete composites are obtained by using polymer instead of 
all or part of the cement paste used in traditional concrete production.They 
are generally divided into three different classes according to their production 
methods.These are polymer concrete (PC), polymer modified concrete (PMC) 
and polymer impregnated concrete (PIC) (Ohama, 1997).

Polymer concretes are polymer and aggregate mixtures in which polymer 
is used as binder.In polymer concretes, polyester, polystyrene, acrylic and 
epoxy are mostly preferred as resins, but vinyl ester, furan and urethane are also 
used.Polymer concretes are used in drainage, underground pipe and chimney 
production and tunnel lining due to their advantages such as high strength and 
durability, low permeability and fast setting. 

Polymer-modified concrete is a type of polymer concrete obtained by 
adding polymers such as acrylic, styrene butadiene rubber (SBR), polyvinyl 
acetate and ethylene vinyl acetate between 10% and 20% of Portland cement. 
PMC production, which is more cost-effective than polymer concrete, can be 
supported by fiber reinforcement for higher bending strength and crack control.  

Polymer impregnated concretes are produced by impregnating low viscosity 
monomers such as methyl methacrylate into concrete and then polymerized by 
radiation or thermal effects. In this way, the compressive strength of concrete 
is increased three to four times. Due to the low permeability of the polymer, 
resistance to freeze-thaw and acid effect is obtained.  Due to these properties, 
it is preferred in many applications such as bridge supports, concrete pipe 
production and hazardous waste material containment. (Fowler, 1999)

Gorninski et al. (2004) studied the determination of the modulus of 
elasticity of polymer concrete specimens obtained by using fly ash and river 
sand as fillers and orthophthalic and isophthalic polyester resin as binders. They 
used the mixing ratios determined as cost-effective in their previous studies. 
The amounts of fly ash constituted 8%, 12%, 16% and 20% of the aggregate in 
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different batches.  As a result of this study, polymer concretes with compressive 
strength values ranging from approximately 100 MPa to 120 MPa were obtained. 
It was reported that fly ash increased the modulus of elasticity and compressive 
strength of polymer concrete.

Jafari et al. (2018) investigated the effect of the amount of resin used on 
mechanical properties in order to obtain the appropriate polymer/aggregate ratio 
in the production of polymer concrete. Damaged and undamaged experiments 
were carried out on specimens produced using 10%, 12% and 14% epoxy resin 
and aggregates of two different grain sizes (4.75-9.5 mm and 9.5-19 mm) and 
conditioned at temperatures of -15 °C, 25 °C and 65 °C. As a result of their 
studies, it was stated that the increase in the amount of epoxy resin and aggregate 
grain size increased the mechanical properties, but the increase in temperature 
decreased the strength. The best compressive and bending strength values were 
obtained for specimens with epoxy resin content of 14%, aggregate grain size of 
9.5-19 mm and conditioned at -15 °C.

Another research on polymer concretes produced with polyester resin is the 
effect of plastic waste addition on the mechanical properties of polymer concrete 
by Bulut and Şahin in 2017. Unsaturated polyester resin, quartz sand and gravel as 
filler material and plastic waste were used in the production phase. The mechanical 
properties of the specimens prepared with three different resin/filler ratios (10-
90%, 15-85% and 20-80%) were compared by adding plastic waste at 0%, 5%, 
15% and 25% of the filler material. The experimental results showed that the 
increase in the resin content increased the compressive strength of the specimens 
as the resin wrapped the filler material better and formed a strong adherence. It 
was reported that the highest compressive strength of 76.3 MPa was obtained in 
specimens with 15% resin content. It was observed that the addition of plastic 
waste decreased the compressive strength, but this decrease was less at 5% usage. 
17.1 MPa bending strength was obtained in specimens produced with a resin/filler 
ratio of 15-85% and 5% of the filler material with the addition of plastic waste. 
As a result of their study, they stated that the use of 5% plastic waste in the repair 
of concrete and asphalt roads in order to save energy, protect the environment and 
reduce costs will not cause any negativity (Bulut and Şahin, 2017).

Krzyzak et al. (2018) studied the behavior of the specimens obtained 
by using epoxy and expanded perlite between 0 and 32% by volume at 
high temperatures. The temperature values measured on the surfaces of the 
specimens and the mass losses occurring were revealed with experimental data. 
It was stated that the mass loss decreased with the increase in the proportion of 
expanded perlite, while the specimens without perlite deteriorated faster under 
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the influence of high temperatures. In the specimens where expanded perlite was 
used to form a layer on top, temperature values above 1000 °C were observed on 
the melting surfaces and it was observed that these layers were protective layers 
against heat transfer.

Pervious concrete differs from traditional concrete in that it contains 
interconnected voids. Only coarse aggregate, especially crushed stone, is used 
more in concrete and fine aggregate is not used. Thus, it is more air and water 
pervious than conventional concrete. Pervious concrete is also called “pervious 
sandless concrete” or “porous concrete”. (Bilgiç,2019)

The first and most important environmental benefit of pervious concrete is 
that it allows rain-flood water and surface runoff water to infiltrate underground. 
The infiltration of rainwater into the ground provides a great benefit to the 
renewal of groundwater. With increasing urbanization and decreasing rainfall 
rates, the underground water system is being damaged more and more every 
year, especially in cities. Pervious concrete helps water to permeate into the 
ground at the same rate as open soil areas, and sometimes even faster. This is 
because the water passing through the concrete evaporates less and more water 
can pass into the soil without being exposed to the open air. (Bilgiç,2019)

Due to population growth, rapid urbanization and construction, 
the consumption of natural resources and the problems arising from this 
consumption are increasing day by day. For this reason, scientists and technical 
staff are seeking to develop different methods to find solutions to these problems. 
Decreasing impervious surface area due to urbanization is one of these 
problems. Pervious concrete, a special type of concrete that helps rapid drainage 
of rainwater that cannot be transferred to the soil and transfer it to subsoil layers, 
is an innovative alternative to solve this problem. Pervious concrete has become 
increasingly popular due to its various ecological benefits, such as reducing 
rainwater noise between the pavement and the tire, reducing urban heat island 
effects, and partially retaining pollutants that may enter groundwater. Due to 
these environmental benefits, pervious concretes are increasingly being used in 
parking lots, driveways, secondary roads, sidewalks and walkways. Pervious 
concretes are considered a sustainable material, especially due to its open pore 
structure, and many of its positive properties are attributed to its open pore 
structure. This structure is associated with the macro-sized and interconnected 
nature of the voids within the concrete. This structure can usually be achieved 
with coarse aggregates with batch gradation. (Canbaz ve Çelikten, 1999)

In recent years, excessive rainfall due to climate change has jeopardized 
the safety of life and property in cities. This situation is more prevalent in 
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cities where the soil-air relationship is largely cut off due to concretization and 
rainwater is prevented from being absorbed by the soil.

In particular, pavements and roads to prevent urban deformations caused 
by increased flooding and excessive rainfall, to direct rainwater to the ground, 
to reduce the amount of water discharged by urban infrastructure, to regulate 
the atmospheric balance between soil and air and to allow groundwater renewal, 
It would be beneficial to use pervious concrete in construction works such 
as car parks, low water crossings, tennis courts, traditional concrete paving, 
slope stabilisation, greenhouses, aquatic centres and zoos, hydraulic structures, 
pavement drainage, spur and bank walls, noise barriers, walls.

The unit weight of pervious concrete is between 1500 and 1800 kg/m3 and 
the optimum Dmax is 12.5 mm. The Dmax value is usually limited to 22 mm. 
The reason for this limitation is to provide sufficient surface area for aggregate 
bonding, which can affect the mechanical and physical performance of pervious 
concrete. To obtain pervious concrete, the water/cement ratio is usually chosen in 
the range of 0.30-0.40. The compressive strength of pervious concrete generally 
ranges from 2.8 to 28 MPa and the bending strength from 1 MPa to 4 MPa.

The void content in pervious concrete affects infiltration rates and 
compressive strength. Optimisation of the mix design is necessary to determine 
the appropriate void content. Many studies have concluded that the properties 
and performance of pervious concrete depend on the water/cement ratio, 
aggregate/cemented material ratio, aggregate sizes and grades, type of binder 
material and compaction techniques.

A small amount of fine aggregate, typically 5-7%, is used to increase 
freeze-thaw resistance and improve mechanical properties. It has also been 
found that the use of mineral admixtures and superplasticisers increases the 
compressive strength, while the use of silica fume reduces the permeability of 
pervious concrete due to its fineness.

Pervious concrete helps to replenish groundwater, reduce slime pollution, 
prevent erosion, control local storm sewer systems and control the life cycle 
of a living entity in the aquatic ecosystem and terrestrial ecosystem. The use 
of pervious concrete allows rainwater to filter into the soil as a source of 
groundwater, so that surface runoff can be managed and aquifer levels in the soil 
can be maintained. It provides a great solution for stormwater management by 
integrating paving and drainage, therefore reducing the amount of land required 
to manage stormwater runoff and reducing the budget required for collection 
and detection systems for untreated stormwater runoff and the sewerage system. 
(Bilgiç,2019)
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In this study, pervious concrete, the importance of which has been 
emphasized more in recent years, was obtained with polymer binders. With 
the polymer resin to be used instead of cement paste, it is aimed to improve 
the strength properties of traditional cementitious pervious concrete due 
to its hollow structure and to produce a material that is more resistant to 
environmental effects encountered in the application area and has a longer 
service life. In addition, the aggregate gradation to be preferred in order to 
provide high hydraulic conductivity at appropriate strength values in pervious 
concrete works has been studied.

2. Material and Method

Crushed stone and river sand as filling material, polyester resin as binder, 
hardener and accelerator were used in the production of pervious concrete with 
polymer binder.

In the experimental study, orthophthalic based unsaturated polyester resin 
was used as binder as seen in Table 1.

Table 1. Properties of Resin

Appearance Colour Odour Flash 
Point

Resolution Viscosity
cps (25°C)

Specific 
Gravity

Liquid Colourless Strien 
odour

>23°C
<60°C

Water 
insoluble

350-500 1.17

In the experimental study, the filling material shown in Figure 1.
1) Crushed stone (7-8) mm 
2) River sand (3-4) mm 
3) River sand (2-3) mm was used.
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Hardeners are accelerators or heat-activated chemicals that regulate the 
curing of polyester resin. They initiate cross-linking reactions between the 
resin and reactive monomers. In this way, solidification of the resin is provided. 
Methyl ethyl ketone peroxide (Mek Peroxide) was used as hardener in the 
experimental study.

Accelerators are used in the curing of unsaturated polyester resins with 
organic peroxides at room temperature. Accelerator activates the hardener 
and enables the reaction to start. Cobalt octoate was used as accelerator in the 
experimental study. 

Firstly, cylindrical specimens with a diameter of 10 cm were prepared 
to determine whether permeability was achieved. In these productions, an 
specimens was made to determine the appropriate resin/aggragate ratio (R/A).  
Specimens were produced with (R/A) varying between 10% and 14% by mass 
for different aggregate granulometries. The specimens obtained are shown in 
Figure 2.
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The ratio of the void volume of a material to its total volume is defined as 
porosity and is expressed as %. Materials with voids have high porosity. The 
porosities of the specimens obtained by using aggregates of different sizes are 
shown in Figure 5. 
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Ultrasonic pulse test is one of the non-destructive test methods used for easy 
and harmless determination of concrete quality. It is based on the determination 
of the propagation speed of ultrasonic pulse waves generated between the 
transmitter and receiver sensors of the ultrasonic tester in concrete (Zebari et al., 
2017). Ultrasonic pulse velocity values were obtained by dividing the length of 
the specimen by the passage time of the wave. The results are shown in Figure 6.
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Pervious concretes are mostly preferred for concrete roads. Bending 
strength is more effective as strength in concrete roads and bending strength is 
more experimentally investigated. In this study, bending test with loading from 
the centre point, also known as three-point, was performed. Determined bending 
strengths are shown in Figure 7.
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4. Conclusion

It was observed that the porosity values of the pervious concretes varied 
between 28% and 38%, the specimens obtained by using crushed stone with 7-8 
mm grain size contained more voids, while the specimens obtained by using 
river sand with 2-3 mm grain size contained less voids, and the increase in the 
amount of resin slightly reduced the void ratio.

It was observed that the ultrasonic pulse velocity values of pervious 
polymer concrete specimens varied between 2.1 and 2.7 km/h, the ultrasonic 
pulse velocity values of the specimens obtained by using crushed stone with 
a grain size of 7-8 mm were larger and the increase in the amount of resin 
increased the ultrasonic pulse velocity  value slightly.

It was observed that the bending strength of the obtained specimens varied 
between 1.9 and 3.40 MPa, and the strength increased as the resin amount 
increased.  Higher values were obtained in specimens produced with smaller 
grain size aggregates. The highest bending strength value was obtained in 
specimens with 2-3 mm grain size and resin/aggragate ratio of 14%.

At the end of the experimental study, it was determined that polymer 
binders can be used as binders in the production of pervious concrete. It is 
recommended to investigate the change of properties of pervious polymer 
concrete in aggressive environments.
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1. Introduction

Ball mill grinding is a simple and efficient method for producing 
submicron or nanostructured powders. Ball milling is widely used 
for the production of nanocrystalline materials. In the literature, the 

difference between the terms mechanical alloying and mechanical grinding is 
that mechanical alloying is defined as the process of grinding mixtures in powder 
form (different elements or compounds), while mechanical grinding is defined 
as the grinding of powders of uniform composition (pure metals or alloys). 
While only grain size reduction is desired in mechanical grinding, compound 
formation is also desired in mechanical alloying. Mechanical alloying process 
is used as a general term covering both mechanical grinding and mechanical 
alloying (Erkuş, 2019).
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Mechanical alloying is one of the interesting and rapidly developing 
methods for the preparation of nanostructured powder materials on an 
industrial scale (Avar et al; 2019). Compared to solidification, it is easier to 
obtain the nanocrystalline phase by mechanical alloying. Since the mechanical 
alloying process takes place in the solid state, the conditions determined by 
the equilibrium diagrams can be exceeded. Therefore, it is possible to produce 
nanocrystalline alloys in a wider composition range at room temperature 
by mechanical alloying. Although many theoretical models describing the 
alloying process have been studied in order to predict the product obtained after 
alloying, the basic mechanisms of alloying are still unclear. The ball alloying 
energy induces significant mechanochemical phase changes during the ceramic 
powder production process. In addition, the products obtained from alloying 
can consist of many different phases, including contamination from the mill 
(Çelik, 2017).

There are many different types of mills used in the mechanical alloying 
of different elements and compounds. Spex mixer mill, vibrating mill, 
planetary ball mill, atritor mill are some of them. Among these mill types, 
the planetary ball mill is the most frequently used mill type. During the ball 
alloying process, it has been observed that the powders undergo elastic and 
plastic deformation due to the high energy generated between the balls and 
the grinding vials. During alloying, three different processes take place: 
cold-boiling, crushing and annealing of the powder particles. Mechanical 
alloying with a ball mill is a very complex process as the process depends on 
many process variables such as mill type, grinding conditions, temperature, 
chemical structure of the powder and properties of the grinding conditions 
(Timuçin et al., 2012).

The planetary mill is named after the planet-like movements of the grinding 
elements. The grinding vial on a rotating disk is also rotated around its own axis 
by a special mechanism. The centrifugal forces generated by the rotation around 
its axis and the rotation on the supporting support act on the contents inside 
the grinding vial. The forces generated by the reciprocal rotations also act in 
opposite directions and cause a frictional effect that causes the material to grind. 
As the balls inside the grinding vial become airborne and move through the vial, 
they collide with the walls of the vial and create the impact effect. The balls 
and powders in planetary ball mill vials are shown schematically in Figure 1 
(Soni, 2000).
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Figure 1. Representation Of The Movements Of Milling Balls And 

Powders İn Planetary Ball Mill. 

2. Mechanical Alloying Mechanism 

Planetary ball mills move in a similar way to the movement of the 
planets around the sun. In mechanical alloying, mixed powders or pre-
alloyed powders are loaded into the abrasion vial together with the 
abrasive and subjected to severe deformation. In this process, the powder 
particles are flattened in cycles, broken by cold welding and welded 
again. The fracture and boiling processes, as well as their velocities and 
dominant states, depend mostly on the deformation properties of the 
initial powder. The initial impact of abrasive balls causes flattening and 
cold deformation of ductile metal powders. Severe plastic deformation 
increases the surface volume fraction of the particles and cracks on the 
surfaces of the absorbed contaminants. Brittle intermediate metal 
powders disintegrate and decrease in size. Oxide dispersed particles 
disintegrate much more severely (Suryanarayana, 2001). Figure 2 shows 
the collision motions between vials and powder particles in a planetary 
ball mill. With continued mechanical deformation, there can be a 
reduction in the particle size of the fragments formed by this mechanism, 
and with an increase in the surface energy of the material, there can be 
other significant changes affecting the surface as well as chemical, 
physicochemical and structural properties. This is manifested by the 
presence of various crystal differentiations such as increased grain 
boundaries, voids, stacking defects and deformed and broken chemical 
bonds. Consequently, the alloying of mixtures of two or more solids 
causes micro-homogenization of the starting components and induces the 
formation and synthesis of new fine particles (Lü and Lai, 2013). 

Figure 1. Representation Of The Movements Of  
Milling Balls And Powders İn Planetary Ball Mill.

2. Mechanical Alloying Mechanism

Planetary ball mills move in a similar way to the movement of the planets 
around the sun. In mechanical alloying, mixed powders or pre-alloyed powders 
are loaded into the abrasion vial together with the abrasive and subjected to 
severe deformation. In this process, the powder particles are flattened in 
cycles, broken by cold welding and welded again. The fracture and boiling 
processes, as well as their velocities and dominant states, depend mostly on the 
deformation properties of the initial powder. The initial impact of abrasive balls 
causes flattening and cold deformation of ductile metal powders. Severe plastic 
deformation increases the surface volume fraction of the particles and cracks on 
the surfaces of the absorbed contaminants. Brittle intermediate metal powders 
disintegrate and decrease in size. Oxide dispersed particles disintegrate much 
more severely (Suryanarayana, 2001). Figure 2 shows the collision motions 
between vials and powder particles in a planetary ball mill. With continued 
mechanical deformation, there can be a reduction in the particle size of the 
fragments formed by this mechanism, and with an increase in the surface energy 
of the material, there can be other significant changes affecting the surface as 
well as chemical, physicochemical and structural properties. This is manifested 
by the presence of various crystal differentiations such as increased grain 
boundaries, voids, stacking defects and deformed and broken chemical bonds. 
Consequently, the alloying of mixtures of two or more solids causes micro-
homogenization of the starting components and induces the formation and 
synthesis of new fine particles (Lü and Lai, 2013).
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Figure 2. Collisional Movements Between Vial and Powder Particles in 

Alloying with Planetary Ball Mill. 

        Mechanical alloying has been applied to many different powder 
mixtures. Different alloying systems have been found according to the 
type of grinding material used and the mechanical, mutual reactivity and 
solubility properties of the components. Benjamin and Volin described 
the five progressive stages of alloying as follows. 

a) Flattening of particles: The particles are crushed into a thin layer.  

b) Particles begin to coalesce: The flattened particles coalesce to form 
thin layered structures or stratified compound particles.  

c) Formation of equal-sized particles: The layered structures are no 
longer flat, but thinner and rounder. This shape change occurs after 
extreme deformation of the powders.  

d) Random coalescence orientation: Particles of similar size begin to 
coalesce in different directions and the layered structures become smaller.  

e) Stabilization: The structure of matter begins to form gradually as 
particles formed in different directions coalesce [Benjamin and Volin, 
1974]. 

Figure 2. Collisional Movements Between Vial and 
Powder Particles in Alloying with Planetary Ball Mill.

Mechanical alloying has been applied to many different powder mixtures. 
Different alloying systems have been found according to the type of grinding 
material used and the mechanical, mutual reactivity and solubility properties of 
the components. Benjamin and Volin described the five progressive stages of 
alloying as follows.

a) Flattening of particles: The particles are crushed into a thin layer. 
b) Particles begin to coalesce: The flattened particles coalesce to form thin 

layered structures or stratified compound particles. 
c) Formation of equal-sized particles: The layered structures are no longer 

flat, but thinner and rounder. This shape change occurs after extreme deformation 
of the powders. 

d) Random coalescence orientation: Particles of similar size begin to 
coalesce in different directions and the layered structures become smaller. 

e) Stabilization: The structure of matter begins to form gradually as 
particles formed in different directions coalesce [Benjamin and Volin, 1974].
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Figure 3. Five Phases of Mechanical Alloying. 

       The starting powders to be mechanically alloyed can be two or more 
metallic, intermetallic or dispersoid powders. The mechanical alloying 
process starts with the disintegration and mixing of two or more original 
powders, which are combined after a certain period of grinding (dry or 
wet) to obtain the final product. The morphology of the powder exposed 
to the impact of the balls is modified. The effect of ball impact on the 
milled powders depends on the type of powder components. When 
powders are cold welded and excessively mechanically deformed as a 
result of initial ball-powder-ball collisions, it leads to flattening and 
hardening of the ductile metal. Therefore, the powders flatten and 
coalesce and atomically clean metal interfaces are formed. This results in 
very close contact between the powders and a layered composite structure 
consisting of various combinations of powder components (Erkuş, 2019) 

 

3. Grinding Systems in Mechanical Alloying 

      There are three different grinding systems in the mechanical alloying 
method. These are: Ductile - Ductile, Ductile - Brittle, Brittle - Brittle. In 
the early stages of grinding, the powder particles are ductile (if ductile-
ductile or ductile-brittle powder combinations are used) and have a high 
tendency to weld together to form large powder particles. At this stage, 
the particle size can grow, reaching up to three times the initial particle 
size. To control this, process control additives are added to the 
composition. At this stage of grinding, the composite particles have a 
stratified structure containing various combinations of the initial powder 
mixtures. With continued deformations, hardening continues, either by a 
fatigue mechanism or by re-fracture of the brittle laminated powder 
particles. In the absence of strong agglomeration forces, the size of the 

Figure 3. Five Phases of Mechanical Alloying.

The starting powders to be mechanically alloyed can be two or more 
metallic, intermetallic or dispersoid powders. The mechanical alloying 
process starts with the disintegration and mixing of two or more original 
powders, which are combined after a certain period of grinding (dry or wet) 
to obtain the final product. The morphology of the powder exposed to the 
impact of the balls is modified. The effect of ball impact on the milled powders 
depends on the type of powder components. When powders are cold welded 
and excessively mechanically deformed as a result of initial ball-powder-ball 
collisions, it leads to flattening and hardening of the ductile metal. Therefore, 
the powders flatten and coalesce and atomically clean metal interfaces are 
formed. This results in very close contact between the powders and a layered 
composite structure consisting of various combinations of powder components 
(Erkuş, 2019)

3. Grinding Systems in Mechanical Alloying

There are three different grinding systems in the mechanical alloying 
method. These are: Ductile - Ductile, Ductile - Brittle, Brittle - Brittle. In the 
early stages of grinding, the powder particles are ductile (if ductile-ductile or 
ductile-brittle powder combinations are used) and have a high tendency to weld 
together to form large powder particles. At this stage, the particle size can grow, 
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reaching up to three times the initial particle size. To control this, process control 
additives are added to the composition. At this stage of grinding, the composite 
particles have a stratified structure containing various combinations of the 
initial powder mixtures. With continued deformations, hardening continues, 
either by a fatigue mechanism or by re-fracture of the brittle laminated powder 
particles. In the absence of strong agglomeration forces, the size of the powder 
particles formed by this mechanism continues to decrease. Due to the continued 
impact of the grinding balls, the structure of the particles becomes stable and 
homogeneous in terms of initial composition. However, the particle size remains 
the same. Figure 4 shows a scanning electron micrograph showing the curved 
lamellar structure obtained during the grinding of a ductile-ductile component 
system (Ag-Cu) (Suryanarayana and Al-Aqeeli, 2013).

Figure 4. Electron Micrograph Showing The Curved Structure Obtained 
During Grinding Of A Ductile-Ductile Component System (Ag-Cu).

In the ductile-brittle system, ductile metal powders are first flattened by 
ball-powder-ball collisions, while brittle powders are broken. The broken brittle 
powders are embedded in the ductile component. Brittle components settle 
along the gaps between the layers. As a result of progressive grinding times, 
the powders undergo deformation hardening, the layers multiply and become 
smaller in size. With continued grinding, the layers become even smaller, 
the interlayer space increases and if the brittle powders do not dissolve, they 
are regularly dispersed into the ductile matrix. Figure 5 shows a schematic 
of the microstructural evolution during grinding of a ductile - brittle powder 
combination (Suryanarayana, 2001).
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Figure 5. Schematic Of Microstructural Evolution During Milling Of A 

Ductile - Brittle Powder Combination. 

       In systems comprising two or more brittle materials, alloying might 
not be anticipated. This is due to the lack of a ductile component, which 
prevents welding or joining, and alloying is not expected to take place in 
the absence of welding. Nonetheless, alloying has been observed in 
certain brittle-brittle systems, such as Si-Ge and Mn-Bi. Brittle powders 
disintegrate during grinding and the particle size decreases continuously. 
However, powder particles of very small size show a ductile behavior and 
no further size reduction is possible. This is also called the grindability 
limit. Figure 6 shows a transmission electron micrograph showing the 
homogeneous distribution of Er2O3 particles (Suryanarayana, 2001). 
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welding or joining, and alloying is not expected to take place in the absence 
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This is also called the grindability limit. Figure 6 shows a transmission 
electron micrograph showing the homogeneous distribution of Er2O3 particles 
(Suryanarayana, 2001).
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Figure 6. Electron Micrograph Showing Distribution Of Er2O3 Particles 
İn A Mechanically Milled Titanium Aluminide Alloy Matrix.
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4. Mechanical Alloying Parameters

The variables affecting the alloying process in mechanical activation are 
as follows: 

- Initial powder size
- Mill type
- Alloying material
- Ball diameter
- Sample rate 
- Occupancy rate in the environment 
- Mill atmosphere 
- Alloying speed 
- Alloying time
- Alloying vials

Initial powder size: In the mechanical alloying process, pure powders 
or pre-alloyed powders with an initial powder size distribution range from 1 
μm to 200 μm are used. Powder size is one of the most important parameters 
in mechanical alloying. When the initial powder size is coarse, sufficient 
mechanical alloying does not take place in the specified time and the time needs 
to be increased. However, in this case, excessive contamination occurs and this 
facilitates the emergence of unwanted different phases in the structure.

Mill Type: There are different types of high energy grinding devices used 
in mechanical alloying. Commonly used mills are SPEX shakers, planetary ball 
mills and atritor type mills. SPEX shakers are laboratory type grinders that can 
grind about 10-20 g of powder at a time. This type of grinder has a container 
that holds the grinding balls and the powder to be ground, and after the powders 
and balls are placed in this container, the device is shaken back and forth several 
thousand times per minute. The movement of the container during grinding 
can be described by an infinity sign. With each rocking of the vial, the balls 
strike the powder particles and/or the vial lids, thus performing the grinding 
process. Another type of grinder used for mechanical alloying is the planetary 
ball mill. The vials of these grinders move in a planet-like motion, hence their 
name. These vials are placed on a rotating carrier disk and rotate on this disk, 
which is rotated by a special mechanism, and on their own centers. Due to the 
centrifugal force created by both the carrier disk and the grinding vials rotating 
in its own center, the main material and grinding balls inside the grinding vials 
move (Kaçakgil, 2021).
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Ball Diameter: Alloying time increases with increasing ball diameter. 
Because; small diameter balls cause rapid particle shrinkage as they provide 
more impact effect for a given volume. If extremely fine powder size is desired 
to be obtained at the end of grinding, the ball diameter should be increased. In 
addition, another point to be considered in the use of balls is that the balls should 
be selected from a wear-resistant material. Thus, contamination that may occur 
as a result of alloying can be prevented.

Alloying speed: The higher the speed of the mill, the higher the energy 
input to the solid.  However, there are certain limitations to the maximum speed 
that can be used depending on the mill design. For example, by increasing the 
rotational speed in a conventional ball mill, the speed of movement of the balls 
will be increased. Above a critical speed, the balls will become attached to the 
inner walls of the vial, thus failing to fall and exert any impact force. Therefore, it 
is imperative to maintain the velocity just below this critical threshold, ensuring 
that the balls fall from their maximum height to generate the utmost impact 
energy. Another constraint at maximum speed is the potential for elevated vial 
temperatures due to the high speeds (or grinding intensity). In some cases, this 
may be a necessary parameter to promote homogenization and/or alloying of the 
solid. However, in some cases, this increase in temperature can be a disadvantage 
because the increased temperature accelerates the transformation process and 
causes the separation of saturated solid solutions or other semi-stable phases 
formed during alloying. In addition, the high temperatures generated can also 
contaminate the solids. During nanocrystal formation, the average crystal size is 
reported to increase due to increased dynamic recrystallization at higher milling 
intensities. 

Alloying time: Alloying time is one of the most important parameters. The 
times required vary depending on the type of mill used, density, ball-to-material 
ratio and temperature. Each combination of these parameters should be decided 
according to the solid to be used. However, it should be noted that if the solid is 
milled for longer than required, the level of contamination increases and some 
undesirable phases are formed.

Ball/Material ratio: The ratio of ball to solid material by mass is an 
important variable in the alloying process. This has been studied by different 
researchers from 1:1 to a very low value of 220:1. This ratio has specific effects 
required to achieve a certain phase in the solids being alloyed. At a high ball-to-
material ratio, due to the increase in the mass ratio of the balls, the number of 
collisions per unit time increases and, as a result, more energy is transferred to 
the solid particles and thus product formation occurs faster.
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Mill atmosphere: The mill atmosphere is also an important variable for the 
mechanical alloying process. The biggest impact of the mill atmosphere is dust 
pollution.

Alloying vial: In mechanical alloying, the material of the grinding vial 
is as important as the material of the balls. Because due to the impacts of the 
grinding balls on the inner wall of the vial, some of the material of the vial 
breaks away from the surface and mixes with the powder. This changes the 
chemical structure of the powder. For this reason, hardened steel, tool steel, 
hardened chromium steel, WC-Co are generally used as grinding vial materials 
(Güler, 2006).

5. Advantages of Mechanical Alloying

Mechanical alloying and mechanically alloyed materials have many 
advantages. We can list these advantages as follows:

- Although the alloying process is a solid state process, one of the phases 
that make up the composition may sometimes be present in the liquid phase. 
Some nitrides can also be produced by means of the atmosphere used in the 
alloying process.

- Mechanical alloying is one of several new processing techniques that 
enable the design of advanced materials.

- Alloys that are overly stable or have limited solubility within each other 
can be produced with higher dissolution rates.

- The most important role for the strength of ODS materials is played by 
the oxide particles homogeneously distributed in the matrix. These particles 
constitute an important barrier for dislocation movements. With mechanical 
alloying, it is possible to produce oxide particles very small (5-50 nm) and very 
close to each other (100-150 nm) in the structure.

- The structure of the powders obtained by mechanical alloying can be 
obtained completely homogeneous. Thus, the segregation problem is completely 
eliminated.

- Mechanical alloying is basically a powder metallurgy technique in which 
solid materials are processed in an inert environment in a ball mill. Liquids can 
be present in the process as a control agent or reactant.

- Unlike other production methods, thermodynamically alloying has no 
compositional limitations. Thus, it is possible to produce materials with very 
wide and unusual compositions.
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- It reduces the production cost of materials and alloys and enables them 
to be produced directly.

- It is possible to produce materials resistant to external influences.
- Suitable for fabrication.
- It is possible to produce and alloy a large amount of powder at a time.
- Considering the performance / unit price, it makes it possible to produce 

cheap materials (Milli; 2017).

6. Self-Cleaning By Mechanical Alloying

Self-cleaning performance of semiconductors can be improved by 
mechanical alloying. Self-cleaning of cementitious substrates is a topic that 
has recently been highly investigated. The self-cleaning effect occurs by 
photocatalysis reaction. Semiconductor materials are required for photocatalysis 
reactions to take place. Semiconductors are materials with a filled valence band 
and an empty conduction band in their atomic structure. Bands are the possible 
energy levels that an electron can occupy in a material.  A band filled with 
electrons and an empty band are separated by a band gap. In semiconductors, 
the width of the band gap is smaller than in electrical insulators, but they have 
a larger band gap compared to metals (Vasilache et al., 2012). Electrons in the 
outer orbital are called ‘valence electrons’. The main task of valence electrons is 
to ensure the bonding of atoms with each other. The band at the highest energy 
level where valence electrons are located is called the valence band. The band 
located outside the valence band and at the lowest level is called the conduction 
band. If a photon is absorbed from a UV source or from the visible region of 
the electromagnetic spectrum, an electron in the valence band is excited and 
jumps to the conduction band, creating a vacancy for that electron in the valence 
band. The reaction thus results in an excited electron(e-) - positive hole(h+) pair. 
This e- - h+ pair undergoes reduction and oxidation reactions of chemicals on 
the surface of the photocatalyst. The chemical structure of the semiconductor 
material remains unchanged if equal numbers of e- and h+ are consumed during 
the reactions (Ünal and Canbaz, 2022; Ângelo et al., 2013).
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Figure 7. The Main Reactions Of The Photocatalysis Mechanism Are: 

Electron-Hole Pair Formation (1), Separation And Migration Of Charges 
To Surface Reactions (2a) And Recombination (2b), And Active Surface 

Chemical Reactions (3) (Ângelo Et Al., 2013). 

        For the photocatalysis mechanism to be activated, the photon energy 
from the light source must be equal to or higher than the band gap energy 
of the semiconductor. Otherwise, the electron-vacancy pair will not be 
formed. The formed electron-hole pair comes to the surface by diffusion 
and performs oxidation and reduction reactions (Nakata and Fujishima, 
2012).                                            

                Ephoton > Ebg                           (1) 

         The photomineralization (degradation of organic compounds) of 
organic compounds on materials by photocatalysis reactions can be easily 
understood by the following master equation (Carp et al., 2004): 

  Organic Compound  
             
→             CO2 + H2O + Mineral Asid        (2) 

 

7.  Self-Cleaning Application with Mechanical Alloying 
 7.1. Method 

       Concretes that decompose organic compounds that come on it due to 
natural or human-induced pollutant sources with the photocatalyst in its 
structure are called self-cleaning concretes. Titanium dioxide (TiO2) is 
generally used as a photocatalyst in self-cleaning concretes. However, it 
has been observed that the photocatalytic activity capabilities of these 
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Electron-Hole Pair Formation (1), Separation And Migration Of Charges  
To Surface Reactions (2a) And Recombination (2b), And Active Surface 
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For the photocatalysis mechanism to be activated, the photon energy 
from the light source must be equal to or higher than the band gap energy of 
the semiconductor. Otherwise, the electron-vacancy pair will not be formed. 
The formed electron-hole pair comes to the surface by diffusion and performs 
oxidation and reduction reactions (Nakata and Fujishima, 2012).

    Ephoton > Ebg (1)

The photomineralization (degradation of organic compounds) of organic 
compounds on materials by photocatalysis reactions can be easily understood by 
the following master equation (Carp et al., 2004):

Organic Compound Semiconductor  CO2 + H2O + Mineral Asid (2)

7.  Self-Cleaning Application with Mechanical Alloying

7.1. Method

Concretes that decompose organic compounds that come on it due to 
natural or human-induced pollutant sources with the photocatalyst in its structure 
are called self-cleaning concretes. Titanium dioxide (TiO2) is generally used as a 
photocatalyst in self-cleaning concretes. However, it has been observed that the 
photocatalytic activity capabilities of these concretes are limited due to the high 
band gap energy of TiO2 used as photocatalyst and the need to improve these 
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capabilities has emerged.  In the researches, the idea of modifying TiO2 with 
various metals has come to the forefront. With this in mind, this study aims to 
investigate the photocatalytic properties and activity times of TiO2-containing 
concretes mechanically alloyed with zinc (Zn). As a photocatalyst material in 
concretes, mechanical alloying of TiO2 in anatase structure with zinc metal 
was carried out due to its high photocatalysis ability. The experimental studies 
aimed to determine the composition ratios showing the best photocatalytic 
performance. Fritsch brand planetary ball mill with a double container was used 
in mechanical alloying. The planetary ball mill, powders and balls of different 
diameters used in the study are shown in Figure 8.
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In the process of modification of TiO2 powder, the ratios of Zn powder to 
be loaded into TiO2 were first determined. As a result of preliminary studies, 
5% and 15% Zn was loaded into TiO2 as optimum ratios, especially for the 
mechanical alloying method. While determining the weights, attention was paid 
to the realization of effective collision in the vials. Balls weighing 1082.78 g were 
placed in the first vial and 1082.29 g in the other vial. Three different diameter 
balls (8mm, 14mm, 20mm) were selected for effective collision. These balls 
were added to both containers in the same number. As a result of the preliminary 
studies; ball weight/powder weight ratio was determined as 10:1, rotation speed 
as 200 rpm and rotation time as 4 hours. The weights of the powders and balls 
in the vials of the planetary ball mill are shown in Table 1.

Table 1. Amount of ingredients in the planetary ball mill.

Ball (gr) TiO2 powder (gr) Zn powder (gr) Total powder (gr)

1.Vial 1082.78 103.12 5.156 108.278

2.Vial 1082.29 94.112 14.116 108.229
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7.2. Results

Cube concrete specimens with dimensions of 7 ´ 7 ´ 7 cm were produced 
with Zn-TiO2 powder compounds obtained by mechanical alloying. The concrete 
specimens produced consist of four different groups. These groups are: Control 
specimens, specimens containing unmodified TiO2 at 5% of the cement content, 
specimens containing TiO2 modified with Zn at 5% of the TiO2 content and 
specimens containing TiO2 modified with Zn at 15% of the TiO2 content. These 
four groups are coded as 0T0Zn- 5T0Zn- 5T5Zn- 5T15Zn respectively. These 
concrete samples were stained with the Rhodamine-B contaminant specified 
in the Italian UNI 11259 standard and self-cleaning experiments were carried 
out in a closed environment and the color change rates on the concrete sample 
surfaces at the end of 26 hours and 7 days were calculated. Table 2 shows the 
discoloration values of the specimens at the end of 26 hours and 7 days.

Table 2. Degradation rates after 26 hours and 7 days

0T0Zn  
(%)

5T0Zn 
(%)

5T5Zn  
(%)

5T15Zn
(%)

26 Hours 4.75 45.81 51.28 52.89

7 Days 20.71 57.54 71.21 73.96

7.3. Discussion and Conclusions

When the 26-hour and 7-day decolorization values of the concrete samples 
were examined, it was observed that the maximum decolorization percentages 
were reached by concrete samples containing TiO2 mechanically alloyed with 
Zn. This result proves that the mechanical alloying method is a valid method to 
improve the self-cleaning performance of the material in cementitious systems. 
15% of TiO2 alloyed with Zn is more effective than the samples containing 5% 
of TiO2 alloyed with Zn. In the literature, there are studies on the alloying of 
TiO2 with metals with high photocatalysis ability such as silver. In this study, 
TiO2 mechanically alloyed with zinc using a planetary ball mill was found to 
positively improve the self-cleaning performance of TiO2 on concrete surfaces. 
It is recommended that this study should be further investigated by mechanically 
alloying different photocatalysts with different metals to obtain self-cleaning 
performance on cementitious systems.
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1. Introduction

Over the last ten years, there has been a rapid and significant advancement 
in microfluidic technology, and this trend is expected to continue 
throughout the next decade. Microfluidics is a technology that involves 

manipulating small amounts of fluids at very small scales, even down to the 
nanoscale. It has had a significant impact on various fields, including biomaterial 
fabrication, drug discovery, diagnostics, single-cell analysis, and electronics. 
Microfluidics offers precise flow control and high integration, which has led 
to advancements in materials science and the development of new applications 
(Nge, Rogers, & Woolley, 2013). Microfluidic platforms have opened up 
interesting possibilities for creating nanomaterials with unique architectures 
in the field of biomaterial manufacturing (Cheng & Wu, 2012). Microfluidic 
technology provides a dependable approach for producing nanoparticles, 
microfibers, and 3D structures by carefully controlling the multiphasic 
flows and using highly regulated methods (Lee, Chang, Wang, & Fu, 2011). 
These structures have intricate shapes and can be adjusted according to their 
composition. Microfluidics revolutionizes cell manipulation by introducing 
advanced procedures that enable the accurate manipulation of cellular function 
development and provide novel insights into the field of cell biology. Moreover, 
the sophisticated functionalities of microfluidics, such as its ability to handle 
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large amounts of samples efficiently, minimal use of reagents, and capacity 
for parallel processing, make it an excellent medical diagnostic platform for 
the isolation of CTCs (circulating tumor cells) and analysis of individual cells. 
These applications have demonstrated significant potential, transitioning from 
basic research to industrial applications. 

Currently, there is significant interest in the field of wearable electronics 
based on microfluidics, which combines flexible electronics with microfluidic 
devices for medical diagnosis and treatment. An inherent benefit of microfluidic 
chips is their ability to precisely control the movement of conductive fluids, 
thereby establishing a connection between electronic and biological processes. 
Microfluidic technology has the potential to fundamentally transform the current 
state of affairs and enable the development of novel applications. In this study, 
we investigated the influence of microfluidics on the production of biomaterials, 
manipulation of cells, and development of flexible electronics over the last ten 
years. Recent successful instances of microfluidic technology with a specific 
emphasis on human healthcare have been explored.

Technological breakthroughs in microfluidics sometimes stem from the 
development of novel compounds for equipment that provides trustworthy 
and long-lasting abilities. A variety of materials have recently been developed 
for manufacturing microfluidic instruments. Glass and silicon were utilized 
first, then paper, hydrogels, and polymers. In the early phases of microfluidic 
device development, silicon and glass were favored as substrates owing to their 
superior surface stability and accessibility. Unfortunately, the widespread use 
of microfluidics has been hindered by the high cost and strict requirements for 
silicon and glass. A novel type of liquid glass that does not require cleanroom 
space for the fabrication of microfluidic devices was developed. Amorphous 
silica nanopowder and a photocurable monomer mixture, which is readily 
reconstituted at room temperature, were combined to create this inexpensive 
liquid glass. Due to their affordability and longevity, polymeric materials 
including polystyrene (PS), polymethyl methacrylate (PMMA), polycarbonate 
(PC), and polydimethylsiloxane (PDMS) are now widely used in microfluidic 
devices. 

PDMS is widely used in microfluidics-based systems owing to its low 
cost, easy surface modification, and excellent gas permeability. Researchers 
have recently created a 3D-printable version of PDMS, which is a material used 
to fabricate microfluidic devices. They achieved this using stereolithography 
printing. To ensure that the 3D-printable PDMS had properties similar to those 
of regular PDMS, they used commercially available silicone methacrylate 
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macromers for a process called radical photopolymerization. Ethyl phenyl 
phosphinate was used as the photoinitiator. The incorporation of high-resolution 
stereolithography printing with 3D-printable PDMS holds significant promise in 
advancing the production of microfluidic devices in the next phase of 3D printing. 
PDMS is particularly well suited for combining microfluidics with flexible 
electronics owing to its excellent biocompatibility and low modulus, making it 
an ideal substrate. However, some constraints persist for microfluidic devices 
based on PDMS. An important obstacle is the integration of rigid reinforcing 
components with flexible PDMS materials. Another obstacle pertains to the 
enduring stability of surface alteration using PDMS. Scientists have outlined a 
straightforward method for chemically attaching commonly used thermoplastic 
materials to silicone rubber. This involves treating the surfaces of oxidized 
thermoplastics with (3-aminopropyl) triethoxysilane to introduce amino groups, 
which are then further oxidized using ultraviolet ozone. Using laser printing, 
microfluidic devices can be manufactured immediately and inexpensively. This 
method presents a novel way to create microfluidic devices, offering benefits, 
such as scalability and a wide range of materials.

Recently, there has been significant interest in paper-based microfluidics 
because of its easy disposal, wetting by capillary action, and large surface area. 
Paper, which is a porous matrix made by compressing cellulose fibers, is an 
excellent material for microfluidic devices. Paper-based microfluidic technology 
has significant promise for customized healthcare owing to its adaptable 
nature and capillary-driven wettability (Fig. 1). A barcode-like paper chip was 
created for immunoassays with multiplexing using a fast mass-manufacturing 
technique. This study successfully demonstrated the creation of a paper-based 
printed circuit board using the technique of printing electrofluids onto paper. 
This method enabled the installation of standard circuit components. By 
employing this printing approach on paper, the integration of microfluidics and 
electronics offers promising prospects for enhancing the functionalities of paper 
devices. Electrospun nanofibrous membranes are a very promising material for 
microfluidic chips owing to their extensive surface area. 

Microfluidic immunoassays may be performed on electrospun 
nanofibrous membranes, which provide a stable platform. When choosing 
the best materials for microfluidic devices, a number of elements must be 
considered, such as integration, cost, production, and modification. Silicon 
-polydimethylsiloxane (PDMS) is typically utilized in investigation facilities, 
whereas paper and plastics are more often encountered in microfluidic devices 
available for sale.



32    ENGINEERING RESEARCHES RESEARCH, METHODOLOGY AND INNOVATION
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drug delivery. However, these processes are significantly hindered by batch 
approaches, which have inherent weaknesses including restricted throughput, 
poor repeatability, and mediocre selectivity. Microfluidics offers potential 
solutions to these requirements through the adaptable configuration of 
microreactors, meticulous regulation of reaction variables, simultaneous 
execution of several reactions, and incorporation of feedback mechanisms. In 
addition, microfluidics enables collaboration with emerging manufacturing 
ideas such as 3D printing to create novel materials or capabilities that are 
difficult to obtain using large-scale approaches. This section focuses on 
current advancements in microfluidics as superior substitutes for producing 
nanomaterials with prospective applications in biological systems. 

2. Productıon 

2.1 Nanoparticle Synthesis 

Nanoscale particles have a wide range of applications, including 
sensing, drug delivery, bioimaging, catalysis, and diagnostic systems owing to 
their large specific surface area and impressive encapsulation ability. 
However, the current method of producing nanoparticles in batches presents a 
significant obstacle for their clinical implementation (Niculescu, Mihaiescu, 
& Grumezescu, 2022). Conventional techniques used for synthesizing batches 
of materials have a negative impact on the ability to reproduce an efficient 
and uniform size distribution in clinical research. In addition, it is challenging 
to perform rapid monitoring and precise control of the mixing process during 
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However, these processes are significantly hindered by batch approaches, which 
have inherent weaknesses including restricted throughput, poor repeatability, and 
mediocre selectivity. Microfluidics offers potential solutions to these requirements 
through the adaptable configuration of microreactors, meticulous regulation of 
reaction variables, simultaneous execution of several reactions, and incorporation 
of feedback mechanisms. In addition, microfluidics enables collaboration with 
emerging manufacturing ideas such as 3D printing to create novel materials or 
capabilities that are difficult to obtain using large-scale approaches. This section 
focuses on current advancements in microfluidics as superior substitutes for 
producing nanomaterials with prospective applications in biological systems.

2. Productıon

2.1. Nanoparticle Synthesis

Nanoscale particles have a wide range of applications, including sensing, 
drug delivery, bioimaging, catalysis, and diagnostic systems owing to their large 
specific surface area and impressive encapsulation ability. However, the current 
method of producing nanoparticles in batches presents a significant obstacle 
for their clinical implementation (Niculescu, Mihaiescu, & Grumezescu, 2022). 
Conventional techniques used for synthesizing batches of materials have a negative 
impact on the ability to reproduce an efficient and uniform size distribution in 
clinical research. In addition, it is challenging to perform rapid monitoring and 
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precise control of the mixing process during batch synthesis (Knauer & Koehler, 
2014). A microfluidic arrangement offers a uniform environment in which 
flow characteristics can be precisely adjusted in small-scale capillary systems. 
Microfluidic technology offers precise control over the material characteristics 
owing to its small channel dimensions and significant surface-to-volume 
ratio. In recent years, significant efforts have been made to develop advanced 
biomaterials using microfluidics-based systems such as liposomes, polymeric 
nanoparticles, and organic and inorganic hybrid nanoparticles. In addition 
to the need for homogeneity, the ability to control structures is an important 
consideration (Niculescu, Chircov, Birca, & Grumezescu, 2021). PLGA-lipid 
nanoparticles were synthesized using a two-stage microfluidic process. The 
flexibility of nanoparticles can be readily adjusted while maintaining consistent 
chemical composition, size, and surface chemistry. Microfluidics can be used to 
precisely manipulate the introduction of varying amounts of water between the 
PLGA and lipid layers. This resulted in the formation of nanoparticles that were 
either hard (without a water layer) or soft (with a water layer). 

In addition to the production of nanoparticles, microfluidic techniques have 
become more common in creating materials that are inspired by biology. This 
technique involves manipulating biological fluids in small channels, allowing 
for step-by-step assembly of artificial cells. These nanovesicles consist of a 
lipid bilayer that incorporates membrane proteins obtained from the leukocytes. 
Leukosomes, which are based on microfluidic technology, have a longer shelf 
life and maintain the basic capabilities of donor cells. The herringbone patterns in 
microfluidic channels may create chaotic fluid motion and enhance mass transfer, 
offering precise characteristics for lipid nanoparticles. This precise technology 
has greatly increased the complexity of artificial biology. Combining synthetic 
biology and microfluidic platforms that can be easily manipulated will stimulate 
innovative methods for building intricate and sophisticated synthetic cells.

2.2. Microfiber Production

In recent years, significant progress has been made in the field of micro- 
and nanofibrous development. These fibers possess exceptional qualities and 
properties, making them highly suitable for a range of applications, including 
smart textiles, drug delivery, tissue engineering, environmental protection, and 
energy generation/storage (Agnello et al., 2016). Various methods have been 
proposed for manufacturing these fibers. However, these methods are mostly 
restricted owing to inadequate control over the structure or lack of consistent 
and costly equipment. Progress in microfluidic platforms has led to significant 
advancements in fiber generation. Typically, manufacturing processes can be 
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categorized into two primary groups, distinguished by their respective solvent 
extraction and in situ crosslinking curative mechanisms. Innovative microfluidic 
methodologies employing capillary design have been devised to generate 
fibrous substances that exhibit a wide array of structural attributes (Ding et al., 
2023). To achieve the large-scale production of helical microfibers, a scalable 
fabrication system based on coaxial capillary microfluidics was developed. This 
system involves pumping a Na-alginate solution as the inner fluid and CaCl2 
solution as the outer fluid in opposite directions (Razzaq, Serra, Jacomine, & 
Chan-Seng, 2022). Once the ratio of the inner flow rate to the outside flow rate 
reached a certain threshold, the liquid jet initiated the production of helical 
microfibers inside the channel, exhibiting a random orientation. By manipulating 
the flow rate, helical microfibers with a certain diameter and pitch could be 
produced. Helical microfibers, once combined with magnetic nanoparticles 
or N-isopropylacrylamide, exhibit exceptional adaptability for the creation 
of intelligent microsprings. Researchers have developed coaxial microfluidic 
devices that can produce necklace-like knotted microfibers that are capable of 
carrying fluids and are highly compatible with living cells. The device uses 
sodium alginate as the outer layer and a solution of CaCl2 as the inner layer. The 
dispersion of Ca2+ ions leads to the formation of a solidified calcium alginate 
layer, resulting in the creation of empty channels. Sodium alginate, which is 
not cross-linked, consistently drips into a solution of CaCl2 and forms spindle-
shaped knots. Specifically, owing to the absence of oil in the process, it is feasible 
to encapsulate and cultivate live cells inside tangled microfibers. This presents 
a significant opportunity for future research in the field of bioengineering. In 
addition to producing microfibers with various structures and compositions, 
microfluidic systems can also be used to create larger cables and microfiber-
containing cells. This approach of using microfluidics is highly significant for 
manufacturing biomaterials and scaffolds with specific structures for tissue 
engineering. Compared with traditional methods of producing microfibers, 
microfluidic techniques offer precise regulation of blending and transportation 
processes, allowing for the creation of functional microfibers with desired 
structures and compartments. The limitation of using microfluidics-based 
microfiber manufacturing lies in its restricted throughput, which can possibly 
be solved by employing numerous devices in tandem.

2.3. Production of 3D Structures

Three-dimensional (3D) printing is a popular and efficient technique to 
create structures with specific geometries. It has been used in various fields such 
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as electrochemical devices, tissue engineering, adaptive robotics, and flexible 
electronics (He et al., 2015). Nevertheless, the advancement of 3D bioprinting 
has been hindered primarily by the challenge of accurately manipulating the 
positioning of various biomaterials or live cells to create complex 3D structures. 
Microfluidic technology enables accurate control over minuscule amounts of 
fluid inside the microchannels, making it well suited for additive manufacturing. 
Given the growing interest in 3D printing and microfluidics, novel advancements 
have been made to integrate these two methods for constructing 3D tissues. A 
novel 3D printing method is demonstrated using a custom microfluidic printhead, 
which enables the precise printing of two different materials. This programmable 
approach for assembling functional biomaterials significantly advances 
biofabrication technologies. Nevertheless, the development of intricately 
structured and efficient 3D tissues continues to encounter insurmountable 
obstacles. A CaCl2crosslinking solution was specifically formulated to serve 
as a structural template between several layers to ensure stability and prevent 
collapse (He et al., 2015, p. 3). Under the influence of UV light, GelMA 
undergoes covalent crosslinking to form three-dimensional structures. This 
method can generate high-resolution 3D structures and aid the development of in 
vitro heterogeneous biomimetic tissues. A recent study showcased a bioprinting 
platform that utilizes stereolithography and can fabricate several materials. 
This platform incorporates a microfluidic device that enables rapid switching 
among various bioinks. A typical digital micromirror device was used to pattern 
multiple materials. Compared to the current stereolithography platform, this 
bioprinting platform is capable of completing the washing process within a few 
seconds, resulting in a considerable improvement in printing speed. The future 
potential of this resilient platform is vast, particularly for the manufacture of 
intricate structures and tissues, including cells.

2.4. Utilizing microfluidics technology to develop biomaterials for drug 
delivery.

Progress in downsizing and integrating contemporary scientific and technical 
breakthroughs has led to the emergence of microfluidics-based platforms, 
which provide significant prospects and potential for engineers, biologists, 
and materials scientists. Microfluidics has enabled precise manipulation of 
fluids in microchannels, leading to the development of functional biomaterials. 
Microfluidic-based biomaterials have shown significant potential for effective 
and regulated medication administration. Microfluidics-based nanoparticles 
possess unique characteristics that enable the accurate encapsulation and 
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controlled discharge of active substances. Recent advancements in microfluidics 
have significantly expedited the clinical application of nanoparticles. In addition 
to their size and composition, microfluidic systems allow for the precise design 
of nanoparticle biocompatibility, surface properties, and rigidity, all of which 
have a profound impact on cellular uptake. Nanoparticles based on microfluidics 
have emerged as a very effective category of medicinal nanocarriers. Researchers 
have created hollow, rigid nanovesicles using a multistage microfluidic chip to 
distribute hydrophilic reagents. The accurate control of fluids and consistent 
blending in microfluidic devices are crucial for creating drug-loaded nanocarriers.

Microfluidic methods offer a unique foundation for simultaneously 
integrating different physical input and output modes, such as optics and 
electricity, to precisely direct the administration of pharmaceutically active 
agents to designated target sites. A microprobe made of silicon, which included 
microfluidic channels, was created to enable simultaneous neural recording and 
drug delivery. Despite the remarkable creativity and superiority of microfluidic 
technology compared to traditional approaches, there are still numerous 
challenges to overcome for its clinical implementation. A significant obstacle in 
microfluidic synthesis is the inability of PDMS microchannels to be compatible 
with some medications owing to solvent incompatibility. The current approach, 
which involves the use of solvents and lyophilization techniques, may have 
negative effects on some medications. Furthermore, there is a need to enhance 
the manufacturing rate of nanoparticles using microfluidic technology to meet 
the demands of clinical trials, guaranteeing adequate supply and superior 
quality. The use of parallel microfluidic devices allows for the parallelization 
and repeatability of microfluidics, enabling future industrial-scale manufacture 
of nanoparticles.

Ex vivo models, which involve the manipulation of cells, offer crucial 
insights into fundamental phenomena, such as disease progression, tissue 
architecture, and the evolution of life. Microfluidic technology is an efficient 
and powerful method for high-throughput, cost-effective analysis. 

3. The Manıpulation of Cells

3.1. Cellular Configuration

Historically, microfluidics has been used for the creation of small-scale 
arrangements of biomaterials, often using microfluidic printing or microcontact 
printing techniques, which may also be adapted to pattern cells using cell 
suspensions as ink. The precise arrangement of cells and creation of ideal 
patterns have greatly aided cellular research. Micropatterned cell cultures 
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provide unparalleled opportunities to investigate intricate and emerging 
biological phenomena involving interactions between cells (L. Y. Yeo, Chang, 
Chan, & Friend, 2011). Cell adhesion, which is crucial for cell regulation, is the 
basis for the formation of multicellular organisms. Through targeted removal of 
self-assembled monolayers (SAMs) using electrochemical methods, researchers 
have developed several techniques to control cell adhesion patterns and 
switching (Nge et al., 2013). Microfluidic channels are used to convey diverse 
cell types to designated positions and to generate areas with diverse surface 
characteristics. Cell-cell interactions can be classified into three forms: type-a 
involves the segregation of many cells, type-b involves the partial liberation of 
one cell while maintaining the containment of other cells, and type-c involves 
the complete liberation of cells. The enhanced capacity to create patterns of 
cells and the simplified process of implementation are anticipated by scientists 
to greatly facilitate the coculturing of various cell types. The combination of 
microfluidic channels with holey PDMS membranes allowed for the precise 
arrangement of various cell types on diverse surfaces. Additionally, this 
patterning technique can be used on substrates with topographical variations 
(Fig. 2). This technology offers novel strategies for studying cell interactions 
and significantly advances the cultivation of synthetic tissues in a controlled 
laboratory environment.. In summary, microfluidic patterning offers a very 
effective approach for manipulating cells, establishing a strong basis for studying 
cell-to-cell interactions, and fabricating tissues and organs.
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3.2. CTC Isolation

Circulating tumor cells (CTCs) are a rare occurrence in which malignant 
neoplastic cells are released from primary tumors or tumors that have spread to 
other parts of the body and enter the bloodstream. These cells have the potential to 
provide valuable insights into tumor and cancer treatments . Efforts to efficiently 
isolate CTCs have led to significant technological advancements; however, the 
identification of CTCs among billions of normal blood cells remains a technical 
challenge. Microfluidics-based systems, which are known for their high-throughput 
capabilities, have significant potential for cell sorting and detection of rare cells. 
Scientists have created microfluidic cell sorters that use inertial forces to separate 
circulating tumor cells (CTCs) from blood cells. This is achieved by combining 
a sorter with a membrane filter incorporated into the system. This system uses 
double spiral microchannels to hydrodynamically focus and separate large 
CTCs captured via a filter at the access point (Erickson & Li, 2004). A novel 3D 
microfluidic system, known as a cluster chip, was developed to efficiently capture 
CTC clusters directly from raw blood samples. The cluster chip consists of three 
triangular pillars: two of these pillars create a narrowing funnel that directs the cells 
towards the opening, while the third pillar divides the laminar flow. CTC clusters 
were trapped using a dynamic force equilibrium. The velocity of the chip flow is 
deliberately controlled to be slower than that of the human capillaries to maintain 
the structural integrity of CTC clusters. An alternative and efficient method 
for capturing circulating tumor cells (CTCs) involves the interaction between 
antibodies and antigens. A microfluidic system was created using graphene oxide 
(GO) to effectively collect circulating tumor cells (CTCs) owing to its extensive 
surface area. CTCs are released from the chip when the temperature falls below 
13-16 °C, which is the lower critical solution temperature for thermoresponsive 
polymers (Atencia & Beebe, 2005). Despite the many comprehensive studies 
on CTC screening, the use of these findings in clinical practice is challenging. 
Unlabeled microfluidic techniques sometimes exhibit limited specificity, leading 
to reduced purity. Label-dependent microfluidic methods exhibit a high degree of 
purity; however, their effectiveness is hindered by the heterogeneity of circulating 
tumor cells. The future focus of advanced microfluidics-based devices will be on 
enriching exosomes, circulating tumor DNA, and CTCs.

3.3. Analysis at the level of individual cells

Due to technical difficulties in analyzing individual cells, conventional 
studies in cell biology often focus on cell populations, disregarding crucial 
biological data included in the variances seen among individual cells. A 
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solitary cell is the minuscule unit of analysis that allows a comprehensive 
understanding of the formation of functional organs (Mu, Zheng, Sun, Zhang, 
& Jiang, 2013). The diversity of cells does not expose the composition of 
populations and the relationships between genes and their control, but also 
offers a significant understanding of the enigmas of life (Andersson & Van 
den Berg, 2003). Recent advancements in single-cell technologies have made 
substantial efforts to uncover variations among individual cells. Microfluidics 
has become a prominent technology for capturing, preserving, and analyzing 
single cells owing to its ability to control fluids on a small scale (Haeberle & 
Zengerle, 2007). In this platform, individual cells are enclosed within hydrogel 
microspheres, which can physically capture genomic DNA while allowing small 
molecules, such as enzymes, detergents, and small molecules, to pass through. 
The integration of microgel and droplet microfluidic technologies offers a very 
efficient approach for producing barcodes, characterized by exceptional quality 
and precise control (Lee et al., 2011). This droplet-based microfluidic system 
enables efficient immunological surveillance and antibody screening on a large 
scale. This technique involves the segregation of individual cells and assay 
reagents into droplets, which are then studied using two-dimensional droplet 
arrays to study their kinetics. 

Microfluidics-based technology demonstrates superior levels of integration 
and sensitivity compared to traditional approaches. Recently, scientists have 
directed their attention to the development of microfluidic technologies for 
internal shipment, a vital component of biological research. These systems can be 
used to manipulate cells with high precision. Compared to traditional methods of 
intracellular delivery, microfluidic systems are recognized as promising avenues 
to enhance this process. One such technique involves localizing the electric field 
in the cell, resulting in a significant reduction in the required voltage. Another 
technique involves the use of a microfluidic platform to mechanically deform 
cells as they pass through a constriction, thereby enabling membrane disruption-
based delivery. The future of microfluidic-based cell manipulation lies in the 
development of resilient systems that provide a high degree of adaptability 
and automation. Therefore, considerable resources should be allocated to this 
captivating field.

4. Organ-On-A-Chip Technology

4.1. Microfluidic Device Mimicking Blood Vessels

A multitude of medications are administered in the bloodstream, and 
the blood drug test provides essential information about medication and drug 
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exploration (Sebastian & Dittrich, 2018). The vascular system is crucial for the 
transportation of medicines across vascular walls and endothelial cells (Bhatia & 
Ingber, 2014). Recapitulating blood vessels in a laboratory setting offers distinct 
advantages in enhancing our understanding of intricate vascular processes (Kim, 
Wu, Young, & Haynes, 2014). Researchers have developed a novel approach 
for generating tubular structures in which different types of cells are deposited 
in distinct layers. This is accomplished using microfluidic channels to pattern 
cells in specific positions. A self-rolled 3D tubular construction may be created 
by covering a semi-cured PDMS membrane with a stretched PDMS membrane 
to create mismatched tension and then releasing the two PDMS layers. The 
adaptable technique not only offers an efficient method for 3D microfabrication 
but also creates opportunities for the development of tubular tissues filled with 
cells (Sebastian & Dittrich, 2018). The integration of microfluidic technology 
with electrospun nanofibers enables the creation of a complex scaffold that 
mimics blood vessels. The FDA-approved materials, poly(caprolactone) (PCL) 
and PLGA (Fig. 3), possess the ability to autonomously adapt and preserve 
the dimensions and form of the vessel after the degradation of the polymer 
(Angelopoulos, Evangelaras, & Koukouvinos, 2009). This approach is a novel 
method for fabricating synthetic blood vessels with predetermined geometries.
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Utilization of the microfluidic chip model may also explore the impact 
of nerves on the advancement of cancer, thus offering current perspectives in 
the field of anticancer treatment. However, traditional animal models are often 
costly and time-consuming (Sun, Warden, & Ding, 2019). A model that 
combines neurons and cancer cells enables efficient screening of drug 
development (Eduati et al., 2018). This system, which relies on microfluidics, 
can faithfully replicate the tumor microenvironment and facilitate the 
investigation of the interactions between nerve cells and cancer cells. In 
addition, scientists have used this microfluidic technique to evaluate 
medications for their ability to block the migration of cancer cells linked with 
neuritis (Tsui, Lee, Pun, Kim, & Kim, 2013). We used a high-throughput 
technique to assess the effectiveness of gold nanoclusters in delivering siRNA 
targeting nerve growth factors. These findings indicate that gold nanoclusters 
exhibit favorable biocompatibility and efficient loading of medications. This 
microfluidic model, which is both high-throughput and effective, offers an 
excellent platform for drug screening and toxicity assessment in clinical 
applications. 

A heart-on-a-chip system was recently created by combining biohybrid 
structurally colored hydrogels with microfluidic chips. Flexible inverse opal-
structured hydrogel films were constructed using bioactive GelMA as a 
pregel. A heart-on-a-chip has the potential to serve as a functional platform 
for drug screening and biological research by providing inherent color-sensing 
feedback. Despite significant advancements in the field of organs-on-chips, 
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Utilization of the microfluidic chip model may also explore the impact 
of nerves on the advancement of cancer, thus offering current perspectives in 
the field of anticancer treatment. However, traditional animal models are often 
costly and time-consuming (Sun, Warden, & Ding, 2019). A model that combines 
neurons and cancer cells enables efficient screening of drug development 
(Eduati et al., 2018). This system, which relies on microfluidics, can faithfully 
replicate the tumor microenvironment and facilitate the investigation of the 
interactions between nerve cells and cancer cells. In addition, scientists have 
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used this microfluidic technique to evaluate medications for their ability to 
block the migration of cancer cells linked with neuritis (Tsui, Lee, Pun, Kim, 
& Kim, 2013). We used a high-throughput technique to assess the effectiveness 
of gold nanoclusters in delivering siRNA targeting nerve growth factors. These 
findings indicate that gold nanoclusters exhibit favorable biocompatibility and 
efficient loading of medications. This microfluidic model, which is both high-
throughput and effective, offers an excellent platform for drug screening and 
toxicity assessment in clinical applications.

A heart-on-a-chip system was recently created by combining biohybrid 
structurally colored hydrogels with microfluidic chips. Flexible inverse opal-
structured hydrogel films were constructed using bioactive GelMA as a pregel. A 
heart-on-a-chip has the potential to serve as a functional platform for drug screening 
and biological research by providing inherent color-sensing feedback. Despite 
significant advancements in the field of organs-on-chips, the incorporation of 
microfluidic platforms continues to pose significant hurdles. The efficacy of drug 
and toxicity screening is substantially limited by the construction of most in vitro 
models on a single platform, as they fail to replicate the interaction of tissues in 
the body (Menon, Lim, & Lim, 2019). A wide range of functional models can be 
combined to automate the monitoring of biophysical parameters. This integration 
allows for the highly sensitive real-time monitoring of organoids. Organs-on-
chips show significant potential for monitoring drugs, although there are various 
obstacles to overcome before the process of drug discovery can be expedited. 
Current organ-on-chip systems are limited in their ability to perform basic drug 
tests on certain features. The intercellular connections within the multiorgan-on-
a-chip system are an additional factor to be considered in therapeutic settings. 
Ultimately, the accuracy of disease models necessitates the enhancement of both 
flexibility and dependability of these systems.
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In the realm of cellular manipulation within the biological domain, 
microfluidics introduces enhanced methodologies for regulating cell 
development in terms of their spatial and temporal dimensions. The improved 
capabilities of microfluidics, such as its ability to efficiently handle large 
amounts of samples, minimal use of reagents, and capacity for the 
simultaneous analysis of many cells, make it an ideal platform for isolating 
circulating tumor cells and conducting single-cell analysis (Fig. 4). Obstacles 
persist. Conventional microfluidic devices are often limited to processing 
relatively simple materials for cell separation. In addition, it is important to 
consider the cost and productivity of microfluidic platforms. 
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In the realm of cellular manipulation within the biological domain, 
microfluidics introduces enhanced methodologies for regulating cell 
development in terms of their spatial and temporal dimensions. The improved 
capabilities of microfluidics, such as its ability to efficiently handle large amounts 
of samples, minimal use of reagents, and capacity for the simultaneous analysis 
of many cells, make it an ideal platform for isolating circulating tumor cells 
and conducting single-cell analysis (Fig. 4). Obstacles persist. Conventional 
microfluidic devices are often limited to processing relatively simple materials 
for cell separation. In addition, it is important to consider the cost and productivity 
of microfluidic platforms.

5. Versatıle Biodevıce

Flexible electronics, capable of maintaining functionality while being 
mechanically deformed, provide clear benefits over current rigid electronics and 
have garnered significant attention in recent times. Contrary to contemporary 
electronic gadgets that include rigidity and non-biodegradability, organisms 
often exhibit softness, elasticity, and the ability to self-repair, akin to the human 
skin. 

5.1. Wearable Sensors

The distinctive characteristics of wearable electronics, including low 
modulus, great flexibility, and excellent stretchability, have garnered considerable 
interest (Chen, Zheng, Liu, & Xu, 2019). These devices can be used to monitor 
human activities and health status. Microfluidic technology, known for its 
precise manipulation of fluids, is well suited for wearable electronic systems 
and represents a new era in this field (Fallahi, Zhang, Phan, & Nguyen, 2019). 
Microfluidics are mostly used in wearable sensors for extracting, manipulating, 
and dispensing liquids. Microfluidics combined with wearable devices may 
effectively regulate medication release, thereby enabling precise medical 
treatment. Currently, there is growing interest in microfluidic technology and 
wearable electronics (Li, Ma, Cao, Pan, & Shi, 2020). The fundamental idea 
behind this wearable system is the use of microfluidics to assemble high-
strength components, thereby providing mechanical separation between the rigid 
elements and flexible enclosures. This intelligent approach not only focuses on 
the creation of wearable electronics for health monitoring, but also introduces 
hard-soft composite systems. This wearable electronic device has access ports 
that allow it to collect sweat directly from the skin when attached. In the 
integration of near-field communication electronics, quantitative information is 



THE EVOLUTION OF MICROFLUIDIC TECHNOLOGY . . .     43

automatically retrieved and evaluated in addition to color changes. This feature 
has the potential to detect the early signs of human health issues (J. C. Yeo & 
Lim, 2016).

The increasing popularity of wearable consumer electronics has led to 
a strong need for pressure sensors that are durable, affordable, and extremely 
sensitive, particularly for health-monitoring purposes. Microfluidic sensors often 
rely on fluctuations in capacitance or resistance in conductive fluids, such as 
ionic liquids and liquid metals (Koh et al., 2016). An innovative microfluoronic 
film, both pressure-sensitive and transparent, was presented. A microfluidic 
diaphragm pressure sensor was presented to attain a high resolution and low 
limit of detection. This sensor employs an equivalent Wheatstone bridge circuit 
and consists of four sets of sensing grids made of Galinstan microchannels. 

5.2. Adaptive Robotics

Adaptive robots have demonstrated superior adaptability to humans and the 
environment compared with traditional robots made of rigid materials (Nguewou-
Hyousse, Franchi, & Paley, 2018). This advanced technology has great potential 
in fields such as medicine and manufacturing. Microfluidics offers several 
advantages including high precision, easy integration, and compatibility with 
various materials. This integration has resulted in the development of delicate 
devices that exhibit humanlike behaviors, such as movement, deformation, 
growth, and response to external stimuli (Fang et al., 2022). Hydrogels, polymers, 
and elastomers are commonly used materials for constructing frameworks for 
adaptive robots in microfluidics, such as in the production of microchips (Filippi, 
Yasa, Kamm, Raman, & Katzschmann, 2022). The integration of electronics 
into flexible structures is essential to enable adaptive robots to sense, move, and 
control. This can be easily accomplished via microfluidics, which involves the 
application of conductive inks onto soft materials using printing, patterning, 
and packaging techniques (Shao et al., 2022). Progress in bio-microdevices, 
such as organ-on-a-chip, holds the potential for the development of adaptive 
robots based on biohybrids. This combination of fields is referred to as “soft 
microfluidics,” which involves the use of soft fluidics and soft biohybrids to 
enable adaptive robots.

Various research teams have thoroughly documented adaptive robots 
that use pneumatic or hydraulic actuators and control. A composite material 
consisting of an elastomer and paper was created using soft lithography 
(Chiolerio & Quadrelli, 2017). When subjected to pressures ranging from 100 to 
200 millibars, the pneumatic channel expanded in areas that were most flexible. 
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The presence of embedded paper stripes restricts the deformation of the channel, 
resulting in the asymmetrical elongation of the device. This technique enables 
the gadget to flex, rotate, and elongate in order to imitate the functionalities of 
a mussel. Nevertheless, the use of paper prevents the gadget from achieving 
full softness. The robot’s control system incorporates microfluidic logic and 
utilizes a multimaterial, an embedded 3D printing technique, to create air-filled 
pathways inside a molded, elastic robot structure. 

The use of live organisms, such as cells and microbes, in microfluidics 
has emerged as a novel approach to enhance the functionality of microdevices. 
Cardiomyocytes are often used to power microfluidic systems such as pumps 
and soft devices. Recently, biohybrids have been combined with structural color 
materials to achieve the ability to regulate themselves, similar to chameleons. 
The device was created by cultivating cardiomyocytes on a synthetic inverse 
opal hydrogel film, which resulted in the display of various colors as the cells 
underwent contraction and relaxation cycles. This paper provides a pathway 
towards the development of flexible and autonomous “living robots.”

6. Conclusion 

Over the past few decades, significant advancements have been achieved 
in the field of microfluidics-based biomaterials and biodevices. Microfluidic-
based biomaterials, such as those used for pharmaceutical transport, chemical 
examination, and organ regeneration, are expected to provide a wide array of 
novel products. Microfluidics-based biodevices have the potential to transform 
developing industries, such as flexible electronics and wearable devices, 
enabling applications that now only exist in science fiction. The next decades 
hold great promise in the field of microfluidics, with the potential for significant 
advancements and thrilling developments.

However, other obstacles must also be overcome. Microfluidic-based 
biomaterials continue to advance, leading to the production of more intelligent 
multifunctional biomaterials. However, it is necessary to design dependable 
and adaptable microfluidic systems that can be seamlessly integrated with 
cutting-edge technologies. Microfluidics, as a technological platform, enables 
the precise manipulation of fluids, exhibiting features of miniaturization and 
integration. Hence, it will assume a progressively significant function in the 
amalgamation of biomaterials, particularly for the meticulous management 
of material composition, enhancement of uniformity, and augmentation 
of controllability, all of which are arduous to accomplish via traditional 
approaches. In the next few years, it will be imperative to optimize the use 
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of microfluidics, which leverage the properties of laminar flow and droplets in 
microchannels, to devise novel techniques for the production of biomaterials that 
are otherwise challenging to obtain using traditional approaches. Furthermore, 
the advancement of microfluidics has focused on automating, integrating, and 
intelligently synthesizing biomaterials.

Microfluidic systems have shown significant promise in the field of 
biomedical research, particularly in the areas of cell biology and organs-on-
chip. Organs-on-chips, although more closely resembling live beings compared 
to traditional cell studies, nevertheless have challenges in accurately replicating 
the complexity of biological tissues. However, the use of microfluidics to 
study living creatures and enhance our understanding of people, as well as to 
investigate natural principles, will continue until organs-on-chips may replace 
animal experiments as well as trials in humans. The combination of flexible 
electronics and microfluidic technology offers promising opportunities for 
healthcare monitoring and diagnostics. In the foreseeable future, it is likely 
that microfluidics will be incorporated seamlessly into every element of human 
physiology. Microfluidics will have growing significance in several fields, 
ranging from pharmaceuticals to biological tissues, organs, and even smart 
wearable devices.
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1. Introduction

Maritime transportation encompasses the utilization of various 
waterborne vessels, such as ships, boats, and other watercraft, to 
convey individuals and commodities across different bodies of 

water. Shipping is responsible for around 80-90% of global trade, facilitating the 
transportation of more than 10 billion tons of solid and liquid bulk goods over 
the world’s oceans on an annual basis (Walker et al., 2018). Within this particular 
framework, maritime transportation is crucial in establishing connections among 
states worldwide, fostering trade, and making significant contributions to the 
overall global economy. The transportation of substantial quantities of goods 
and individuals across extensive distances is a crucial aspect of international 
trade (Rodrigue et al., 2020). For decades, it has been utilized as an essential 
means of transportation for commodities and individuals. There are ongoing 
advancements that are influencing the industry in accordance with technological 
advancements and environmental considerations (Wan et al., 2018).

Ro-Ro (Roll-on/Roll-off) transportation serves a significant role in 
the global logistics and transportation sector, facilitating the smooth transfer 
of commodities and vehicles across domestic and international locations. 
Approximately 73% of the ferry and Ro-Ro lines under consideration are deemed 
obligatory, as they lack alternative land routes; and approximately 63% serve as 
the sole connections between island regions and the mainland, while the absence 
of suitable infrastructure characterizes the remaining 10%, rendering road 
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transport unfeasible (Kotowska, 2015). This mode of transportation provides 
a pragmatic and economically efficient resolution for the conveyance of goods, 
hence assuming a pivotal function in the facilitation of commercial activities 
and exchange (Spaniol and Rowland, 2022). Ro-Ro vessels are a specific kind of 
maritime vessel that has been purposefully engineered to facilitate the streamlined 
conveyance of wheeled cargo, encompassing cars, trucks, trailers, and various 
other types of wheeled machinery. The nomenclature “roll-on/roll-off” is 
derived from the loading and unloading technique, wherein vehicles have the 
capability to autonomously enter and depart the vehicle using their own wheels 
(Göksu and Bayramoglu, 2023). Ro-Ro vessels possess specific characteristics 
and functionalities that render them very suitable for this particular use.

Car transportation services provide a convenient and efficient means of 
transporting vehicles, catering to both personal and corporate needs. Vehicle 
logistics has shown a notable increase over the past decade, with an average 
annual growth rate of 4% (Iannone et al., 2016). They offer a significant service to 
people and corporations seeking to transport their vehicles while minimizing the 
accumulation of traffic and any damage to the vehicle (Taiebat et al., 2018). Car 
transportation, sometimes referred to as vehicle transportation, is a specialized 
service dedicated to the movement of vehicles between different locations. This 
service is frequently utilized by people, businesses, automotive dealerships, 
and other entities for a multitude of objectives (Kaptan, 2022). Numerous ports 
across the globe, such as Vigo, Santander, Pasajes, Barcelona, Sagunto, Setúbal, 
Le Havre, Livorno, Sheerness (Medway ports), Bristol, Copenhagen, Malmö, 
Goteborg, Emden, Zeebrugge/Ghent, Antwerp, and Rotterdam, have undergone 
the installation of Ro-Ro terminals (Chen et al., 2021). The utilization of this 
method facilitates the worldwide transportation of individuals and commodities, 
as it enables automobile manufacturers, dealers, and customers to transfer 
vehicles efficiently and economically across international borders. An emerging 
paradigm in the automotive supply chain views the Ro-Ro port terminal as a new 
decoupling point between the supply chain forecast-driven and demand-driven 
sides if it can allow buffering, warehousing with pre-delivery inspections, and 
postponement customization (Dias et al., 2010).

Accidents, fires, or explosions occurring at these supply points can result in 
substantial consequences, encompassing the loss of human lives, environmental 
deterioration, and financial implications. There are multiple reasons that can 
contribute to ship accidents and fires, encompassing human mistakes, technical 
failures, adverse weather conditions, and navigational challenges (Weng and Yang, 
2015). The occurrence of ship accidents and fires underscores the significance of 
safety regulations, crew training, and regular equipment maintenance in order to 
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proactively minimize such incidents and mitigate their effects in the event that 
they happen (Brcko et al., 2023). Furthermore, there is ongoing collaboration 
between international organizations and maritime authorities to design and 
implement safety standards and response procedures in order to mitigate the 
occurrence and impact of accidents and marine incidents (Argüello, 2022).

The increasing quantity of electric vehicles being carried via maritime routes 
(Göksu and Bayramoglu, 2023) has raised concerns regarding the occurrence of 
EV fires aboard ships (Funk et al., 2023). Although electric vehicles are generally 
considered safe, there is a potential risk of fire if the batteries become damaged 
or experience excessive heat (Brzezinska and Bryant, 2022). In recent years, 
there have been numerous notable incidents involving fires in electric vehicles 
that occurred on ships. In the year 2022, the cargo vessel named Felicity Ace 
experienced a fire incident while in transit with a cargo load exceeding 4000 
electric vehicles (Allerth and Niklasson, 2022). The vessel submerged, resulting 
in the loss of all electric vehicles. In the year 2023, an incident occurred wherein 
a fire erupted aboard the cargo vessel named Fremantle Highway, which was 
transporting a cargo of approximately 3800 new cars and including 500 electric 
vehicles (Dnistran, 2023). The fire was ultimately suppressed; however, it 
resulted in the unfortunate fatality of a crew member and caused injuries to 
several others. Extinguishing electric vehicle fires aboard ships can pose 
challenges due to the persistent combustion potential of batteries, which may 
endure even after the flames have been suppressed (Dorsz and Lewandowski, 
2022). The reason for this phenomenon is that batteries have the potential to 
emit combustible gases when subjected to combustion (Cui, Liu, et al., 2022).

The primary objective of ship fire safety regulations is to mitigate the 
occurrence and prevent the spread of flames on board ships while simultaneously 
safeguarding the safety of passengers and crew members in the event of a 
fire incident. The rules are made by the International Maritime Organization 
(IMO), and they are then enforced by maritime officials at the national level 
(Gulbrandsen, 2013). The IMO established the International Convention for the 
Safety of Life at Sea (SOLAS), which contains the main regulations governing 
fire safety on board ships. According to the SOLAS convention, it is mandatory 
for all vessels to possess a fire safety plan, which necessitates the approval of 
the appropriate maritime regulatory authority (Zisimopoulos, 2016). The fire 
safety plan encompasses several key components, including a comprehensive 
depiction of the ship’s fire detection and extinguishing systems, procedures for 
identifying, reporting, and extinguishing fires, guidelines for evacuating the ship 
in the event of a fire, and provisions for training crew members on appropriate 
fire response procedures (Kang et al., 2017).
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In addition, SOLAS establishes precise criteria for the installation and 
operation of fire detection and extinguishing systems aboard maritime vessels. 
As an illustration, it is a requirement for all cruise ships to be equipped with a 
stationary fire suppression system (Tarelko, 2012). It is imperative for cargo 
vessels to be equipped with a fire detection system that encompasses all cargo 
holds and other confined areas (Kang et al., 2017). In conjunction with the 
SOLAS rules, shipboard fire safety is subject to many additional national and 
international laws.

An illustration of this can be seen in the laws established by the International 
Labour Organization (ILO) pertaining to fire prevention and firefighting protocols 
implemented aboard ships (Shan, 2022). Adequate training for the crew members 
on fire response procedures is also essential. Moreover, ships must maintain a 
specific quantity of fire-fighting equipment, including fire extinguishers, hoses, 
and masks (Wu et al., 2014). Lastly, regular fire drills are to be conducted on 
ships to ensure that the crew is well-acquainted with the fire safety plan and 
associated procedures. The significance of ship safety regulations lies in their 
ability to safeguard the lives and assets of both passengers and crew members. 
By following these guidelines, ship operators can lessen the likelihood of fires 
occurring and respond more effectively to them if they do.

2. Literature Review

Fires that occur on ships tend to rapidly propagate and provide significant 
challenges in terms of containment and suppression. Both passengers and certain 
members of the ship’s crew may lack familiarity with real-life fire incidents. 
Failure to effectively manage or promptly intervene in the initial stages could 
result in severe harm to the vessel, potentially resulting in loss of human life. 
Computational simulation methods are employed in the ship design process to 
forecast and mitigate the propagation of fire. The implementation of simulation 
might provide challenges due to the inherent limitations imposed by financial 
and time-based constraints on the design process. Nevertheless, it is advisable 
to employ dynamic fire models as a means of enhancing the assessment of heat 
and smoke patterns and dynamics in relation to their origins, spatial distribution, 
and prevailing environmental variables (Kang et al., 2017).

One of the studies that characterize the technical features of the fire that may 
occur caused from electric vehicles on ships encompassed the examination of the 
effects of electric vehicle fires on structures by Funk et al. (2023). The findings 
indicated that during the initial phases of a single-car fire in a well-ventilated 
enclose with an insulated ceiling, the gas temperatures at the uppermost part 
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of the enclosure above 1000°C for around 5 minutes. Furthermore, the rate at 
which the flame propagated from the initial car to the adjacent vehicles was seen 
to be most rapid under conditions of battery overcharging, resulting in a spread 
time of around three minutes.

The performance efficiency of water spray fire suppression systems 
(called “drencher systems”) aboard ro-ro cargo and passenger ships has been 
examined due to the rise of electric cars. In 2023, Arvidson and Westlund 
tested two geometrically comparable both gasoline-fueled and battery-electric 
vehicles under as similar test conditions as feasible. The heat dissipation rate, 
gas temperature above the vehicle, and target steel sheet surface temperature on 
the vehicle sides were measured during the test. Both vehicle types had separate 
yet similar flames. The EV battery pack fire develops slower, is smaller, and 
burns longer, requiring more extinguishing liquid.

The incidence of EV fire accidents resulting from the thermal runaway of 
lithium-ion batteries is becoming more prevalent. However, there is still a lack of 
understanding regarding the fire dynamics of EVs parked in a linear arrangement. 
Cui et al. (2022) conducted a study to investigate the fire development process 
and features of two EVs positioned in parallel inside an open space. The analysis 
focused on examining the combustion behavior and thermal fields of the EVs. 
The findings indicated that the initial indication of a fire in the battery electric 
vehicle was the emission of white smoke from the chassis. The manifestation 
of flames was not observed until the amassed smoke discharged and enveloped 
both electric automobiles. In the case of a single-vehicle fire, it was noticed that 
flames engulfed the entire vehicle during a span of around 7 minutes. On the 
other hand, in an incident involving two adjacent vehicles, it was noted that the 
flames encircled both vehicles for approximately 17 minutes.

According to Brzezinska and Bryant (2022), it is advisable to consider 
an approximate heat release rate (HRR) of 7 MW as the commonly accepted 
value for fire engineering design in car parks while exploring the boundaries 
of engineering knowledge pertaining to EV fire hazards. Furthermore, it 
may be inferred once more that the rate of EV fire growth surpasses that of 
conventionally fueled vehicles. According to existing literature, the suppression 
of electric vehicle fires has challenges primarily attributed to limited accessibility 
to the battery pack housed within the vehicle structure, as well as the potential 
hazards associated with re-ignition. Successful extinguishment of such fires 
often necessitates the utilization of substantial quantities of water.

According to the findings of (Cui, Cong, et al., 2022) study on plug-in 
electric vehicles (PHEVs) of the SUV (Sport Utility Vehicle) category, it was 
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determined that the transition from chassis flames to a fire in the passenger 
compartment occurred within a duration of 9 minutes and 11 seconds. The rear 
portion of the vehicle became fully engulfed in flames after a duration of 9 
minutes and 56 seconds, owing to the relatively sluggish advancement of the 
fire in the sedan-type PHEV. The PHEV fires exhibited a maximum temperature 
of 843.6°C, with a corresponding maximum fire height of around 3 meters. 
Additionally, the radiant heat emitted from the combustion of PHEVs was 
measured to be 1.151 kW/m2 at a distance of 1 meter.

The study used Bayesian Network (BN) analysis to clarify the significance 
of fires in the incidence of fires on Ro-Ro passenger ships, with the ultimate aim of 
enhancing the efficacy of operational countermeasures. Based on the findings of this 
investigation, BN has identified many fire-related incidents that are given priority 
as vehicle engine fire, vehicle electrical fire, used car electrical fire, refrigeration 
unit electrical fire, and spontaneous combustion of cargo (Bao et al., 2023).

The presence of fire hazards on ships is consistently evident throughout 
several studies conducted on the topic. Different researchers have employed 
various techniques to explore the parameters that contribute to the incidence 
of fire and the technical properties associated with these parameters. The 
primary objectives of these studies include the modeling of fire spread patterns, 
quantifying the energy released into the environment due to the fire, assessing 
surface temperatures, and identifying the underlying causes of the fire. Based on 
the aforementioned factors, a prioritization of risks is undertaken, precautionary 
measures are implemented to mitigate the occurrence of hazardous situations, 
and a set of rules and regulations are established to ensure compliance.

3. Main Characteristics of Car Carriers

Car carrier vessels are customized ships that are utilized for the transportation 
of many types of vehicles, including cars, trucks, buses, and construction 
machines (Fu et al., 2023). Additionally, there exist certain categories referred 
to as pure car carriers (PCCs) or pure car and truck carriers (PCTCs). Car carrier 
vessels include several distinctive characteristics that make them very suitable 
for the transportation of automobiles (Puisa, 2021):

• The aft ramp facilitates the expeditious and effective entry and exit of 
vehicles onto and off the vessel.

• Car carrier vessels are equipped with many decks to facilitate the 
accommodation of a maximum number of vehicles. Decks are commonly linked 
using internal ramps.
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• The decks of a car carrier vessel include the capability to be modified 
to accommodate various sizes of vehicles. The ship possesses the capability 
to facilitate the transportation of a diverse range of vehicles, including both 
compact cars and huge lorries.

• The unit of measurement known as Lanes in Meters (LiM) is utilized to 
quantify the capacity of a vehicle carrier ship.

Table 1 presents a compilation of Ro-Ro passenger ships with diverse 
dimensions, varying quantities of cars, and passenger capacity, all including the 
aforementioned attributes.

Table 1. The particulars of the current Ro-Ro passenger ships

Name
Length 

overall [m]
Breadth

[m]
Passenger 
capacity

Vehicle 
capacity

Charging on 
board

Vizzavona 188 28.70 800
130 cars &
155 trucks

Not available

Cruise Roma 253.80 30.40 3343 215 cars Not available
W.B. Yeats 194.80 31.60 1800 1216 cars Not available

Megastar 212 36 2800
150 cars &
250 trucks

Available

Amorella 169.40 28.20 2172
440 cars &
50 trucks

Not available

Sunflower 
Satsuma

192 27 709
134 cars &
121 trucks

Not available

Stena
Scandinavica

240 30 1300 300 cars Available

Spirit of 
France

212 31 2000
1059 cars &
180 trucks

Available

Galicia 215 28 1680
550 cars &
130 trucks

Available

Viking Glory 223 35 2800
600 cars &
90 trucks

Not available

Color Fantasy 224 35 2750 750 cars Not available
Fjord FSTR 109 31 1200 404 cars Available
Express 4 109 31 1006 425 cars Available
Visborg 200 32 1650 500 cars Available

Annually, a substantial number of vehicles are transported from 
manufacturing plants to dealerships and ultimately to consumers, resulting in a 
significant volume of movement. Car carrier ships own several supplementary 
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attributes. Firstly, they typically exhibit substantial dimensions, enabling them to 
accommodate numerous vehicles, often numbering in the thousands. Secondly, 
these vessels are equipped with a diverse array of security features, including 
fire detection and extinguishing systems, as well as cargo lashing systems, 
which serve to safeguard the transported vehicles (Spaniol and Rowland, 2022). 
Lastly, car carrier ships are meticulously designed to optimize fuel efficiency 
and minimize their environmental impact, thereby adhering to principles of 
sustainability (Wan et al., 2018). Also, these vessels hold a major role in the 
worldwide economy and persistently undergo advancements in order to respond 
to the demands of the automobile sector.

4. Current Situation on Electric Vehicles

The prevailing electric vehicle (EV) models currently being manufactured 
encompass various categories, namely BEV (battery electric vehicle), PHEV 
(plug-in hybrid electric vehicle), HEV (hybrid electric vehicle), and MHEV 
(mild hybrid electric vehicle) (Dorsz and Lewandowski, 2022). Battery electric 
vehicles (BEVs) are automobiles that exclusively include an electric motor or 
motors, deriving their power exclusively from the energy stored in the vehicle’s 
batteries. Plug-in hybrid electric vehicles (PHEVs) are automobiles that 
incorporate both an electric motor and an internal combustion engine. These 
two power sources operate in combination, depending on the vehicle’s power 
demands. Furthermore, PHEVs offer the capability to recharge their batteries 
directly from the electrical grid. Hybrid Electric Vehicles (HEVs) are a type 
of automotive technology that incorporates both a combustion engine as the 
primary power source and an electric motor as a secondary power source. On the 
other hand, Mild Hybrid Electric Vehicles (MHEVs) are a variant of HEVs that 
employ a similar design concept, but primarily utilize electric energy to operate 
electrical components within the vehicle, thereby reducing the workload on the 
combustion engine.

BEVs include several distinctive characteristics that differentiate them 
from conventional engines fueled by fossil fuels. The summarized characteristics 
encompass (Grunditz and Thiringer, 2016):

• BEVs are characterized by their lack of exhaust emissions, which 
renders them more environmentally friendly and beneficial to public health.

• BEVs exhibit reduced operational expenses due to the utilization of 
electricity as a more cost-effective energy source compared to fossil fuels.

• BEVs have the characteristic of immediate torque, enabling them to 
achieve rapid and seamless acceleration.
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• BEVs exhibit much-reduced noise emissions compared to vehicles 
fueled by fossil fuels, resulting in a more pleasurable driving experience.

The International Energy Agency (IEA) estimates the total number of EVs 
on the road in 2021 at 16.5 million, with a further 10 million cars sold in 2022 
(IEA, 2023). In the European Union (EU) in 2022, petrol-powered cars made up 
36.4% of all newly registered vehicles, while diesel cars made up 16.4% of all 
registrations. A total of 21.6% of newly registered passenger cars in the EU are 
classified as electrically chargeable vehicles, consisting of 12.1% BEVs and 9.4% 
PHEVs. Additionally, HEVs make up 22.6% of overall automobile sales. Figure 
1 illustrates the prevailing pattern in the fuel categories of newly manufactured 
automobiles for the period spanning from 2018 to 2022 (ACEA, 2023).
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EVs often offer a wide range of advantages when compared to vehicles 
solely powered by fossil fuels. First and foremost, electric vehicles exhibit 
a considerably reduced environmental footprint, rendering them a more 
ecologically sustainable mode of transportation. Moreover, electric vehicles 
exhibit a higher degree of cost-effectiveness in terms of operational expenses, 
attributable to their reduced energy consumption. Additionally, electric vehicles 
demonstrate superior efficiency in terms of energy conversion, hence augmenting 
their attractiveness as a feasible substitute for traditional automobiles. Given the 
continuous progress and growing accessibility of technology, it is expected that 
electric vehicles will assume a major role in the realm of transportation in the 
foreseeable future.

5. Electric Vehicle Fires and Incidents on Ro-Ro Ships

The presence of a large number of automobiles during the transportation 
of new and second-hand vehicles on ships increases the risk of damage to both 
the ship and its cargo (Koromila et al., 2021). Any malfunction or mistake can 
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trigger various factors that contribute to the extent of the damage (Yin et al., 
2023), potentially resulting in the loss of the ship, cargo, and even human life.

At the beginning of 2020, Norway emerged as the nation boasting the most 
substantial percentage of electric vehicles within its passenger automobile fleet, 
with EVs accounting for 17.3% of the total. When examining data pertaining to 
car fires, it is shown that electric vehicles account for 2.7% of reported incidents, 
despite constituting 17.3% of the overall passenger car fleet. This finding 
suggests that EVs have a significantly lower fire frequency compared to internal 
combustion engine vehicles (ICEVs), with a reduction of around eight-fold. The 
collection of data on car fires is conducted by the Swedish Civil Contingencies 
Agency (MSB). It has been observed that the occurrence of fires in ICEVs and 
EVs, including plug-in hybrid electric vehicles, is significantly lower in EVs 
compared to ICEVs, with a frequency of approximately one-tenth as common 
(Sun et al., 2020).

Based on the existing data, the primary inference drawn is that the 
occurrence of electric vehicle fires does not exhibit a higher likelihood compared 
to fires in internal combustion engine vehicles. However, it is noteworthy that 
the incidence of fires in ICEVs is around 8 to 10 times more than that in electric 
vehicles. Nevertheless, due to the novelty and limited quantity of electric 
vehicles, there is a mounting apprehension regarding the potential escalation of 
fires as the EV fleet expands and ages (Hynynen et al., 2023).

The incident known as the “Felicity Ace” accident, which transpired in 
recent years and garnered significant media attention, resulted in an estimated 
financial loss of roughly $500 million in 2022 (IUMI, 2022). The accident 
involving the fire of electric automobiles aboard the vessel named “Fremantle 
Highway” in the year 2023 resulted in an estimated financial loss of around 
$13 million for the Mercedes-Benz automobile company (Maritime Executive, 
2023). This particular company had a relatively modest cargo of 350 vehicles 
aboard the vessel at the time of the incident. It is worth noting that the first 
recorded occurrence of an electric vehicle fire onboard a ship was reported in 
2010 (Williamsson, 2022). The first accident reported in the literature, a fire in 
the battery of a compact SUV, occurred on 17 November 2010, during the Oslo-
Copenhagen voyage of the “Pearl of Scandinavia” ship. Similar events have 
continued to occur ever since.

DNV (Det Norske Veritas) has recently published research pertaining to 
fire incidents occurring in Ro-Ro spaces. The purpose of this report is to address 
the increasing safety concerns within this particular sector and offer shipowners 
valuable information. The study titled “Fires on Ro-Ro decks” conducted by 
DNV has investigated incidents of fires occurring in Ro-Ro spaces on various 
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types of vessels including Ro-Pax (Ro-Ro passenger) vessels, vehicle carriers, 
and standard Ro-Ro cargo vessels. The study has documented a total of 35 such 
fires that occurred between the years 2005 and 2016; and also, the research 
indicates that a total of 18 incidents occurred on Ro-Pax vessels throughout the 
period spanning from 2005 to 2016. During the identical time period, a total of 
nine incidents of fires were documented on pure car carriers (PCC) and pure 
car and truck carriers (PCTC), whereas eight incidents were reported on cargo 
Ro-Ro vessels. A prior publication by DNV in 2005 documented a total of 25 
incidents of fires occurring in Ro-Ro spaces during the period spanning from 
1990 to 2003 (Späth, 2016).

In September 2019, a maritime incident occurred wherein a cargo vessel, 
laden with a total of 4200 automobiles, experienced a catastrophic event resulting 
in its capsizing. The incident involving the capsizing of the cargo ship “Golden 
Ray” with a deadweight tonnage (DWT) of 20995 off the coast of Georgia, led 
to extensive financial losses amounting to over $200 million (Mok et al., 2023). 
This unfortunate event was mostly attributed to erroneous stability calculations 
pertaining to the ship. A total of $142 million in damages was incurred specifically 
in relation to the transported cargo (Riess and Gray, 2021).

The fire incident on the vessel “Höegh Xiamen” was attributed to a 
combination of factors, namely a malfunctioning vehicle battery and an 
electrical fault arising from the improper disconnection of a battery in a used 
vehicle (Bao et al., 2023). This unfortunate event occurred on a vehicle carrier, 
resulting in significant cargo damages estimated at $40 million (Osler, 2021). 
On June 4, 2020, a significant incident occurred at the port of Jacksonville, 
Florida, resulting in the loss of 2420 used automobiles (Cui, Cong, et al., 2022). 
On 17 June 2020, a fire accident occurred at the Port of Zeebrugge, Belgium, 
involving the vessel named “Polaris Highway”, which was registered under the 
Panama flag and had a deadweight tonnage of 20494 (Bush, 2020). 

On June 18, 2020, the Ro-Pax vessel known as the “Cruise Bonaria” 
experienced an incident with a fire on its cargo deck. The incident transpired 
when the vessel arrived at Olbia, Sardegna from Livorno. The ignition occurred 
within a refrigerated vehicle and was attributed to a negligent action. There were 
no documented instances of injuries. Grimaldi has advocated for more stringent 
cargo regulations in response to a series of cargo fires occurring on its vessels 
(Voytenko, 2020). On April 19, 2021, a fire of undetermined origin occurred 
aboard the vessel named “Zhong Hua Fu Qiang”, which was constructed in the 
year 2020 (Hu and Ma, 2022). During the occurrence that transpired while the 
vessel was departing from the harbor, there were a total of 230 automobiles and 
2300 individuals on board, and fortunately, no fatalities were reported.
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6. Characteristics of Battery Fires and the Risks of Transportation on 
Ro-Ro Passenger Ships

There exist notable distinctions between fires involving electric vehicles 
and those involving internal combustion engine vehicles (Cui, Liu, et al., 2022). 
Frequently, these entities exhibit distinctive patterns of conduct, characterized 
by the emission of voluminous formations of contrasting dark and light vaporous 
substances, accompanied by audible bursts, as well as the projection of flame-
like streams in a manner like to that of a jet, reaching temperatures as high as 
1000 degrees Celsius (Funk et al., 2023). The identification of these indicators 
can facilitate the prompt implementation of emergency measures. Thermal 
runaway refers to an autonomous chemical process occurring within a battery, 
which has the potential to initiate a fire (Yin et al., 2023). The phenomenon arises 
when a cell within the battery experiences excessive heat accumulation and is 
unable to dissipate it, so initiating a cascading effect that raises the temperature 
of adjacent cells (Wang et al., 2021). The level of charge, commonly referred 
to as state of charge (SoC), significantly influences the likelihood of thermal 
runaway in batteries. Specifically, batteries with SoC below 50% have reduced 
susceptibility to thermal runaway (Nguyen et al., 2019).

Figure 2. Thermal runaway and battery fire progression (a- battery module, b- 
the cell affected by short circuit, c- heating nearby battery cells, d- starting of the 
thermal runaway, e- cell ignition, f- car fire and explosion) (EVFireSafe, 2021)

Thermal runaway may also occur in an electric vehicle that has been 
exposed to flooding or seawater (Chen et al., 2022). In the occurrence of 
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water infiltration, the presence of saline water might establish a conduit for the 
generation of electrical sparks, so initiating thermal runaway (Schmidt, 2023). 
Therefore, Figure 2 has been compiled to represent the schematic view of the 
thermal runaway process and battery fire progression (EVFireSafe, 2021).

Table 2. Potential risks for car transportation on Ro-Ro passenger ships

Mechanical aspects Systemic aspects Procedural aspects
• Vibration • Alarm system capability • Instruction for fire teams

• Power grid system design
•  Availability of manual 

and remote switch-off
•  Passenger information 

system

• Electric cables
•  Monitoring of the power 

system
•  Signage and marking at 

the charging location

• Ventilation of car decks
•  Voltage and frequency 

deviations

•  The protocols pertaining 
to the storage, connection, 
and disconnection of 
cables.

•  Protection classes of the 
electrical devices

•  Compatibility with the 
power management 
system installed onboard

•  Special handling of risky 
goods/battery condition

•  Protection of the ship 
structure from explosion

•  Alarm and monitoring 
system integration in the 
vessel

•  Compatibility from 
electromagnetic field

•  Optimization of the power 
system parameters

•  Protection the components 
and cables from 
mechanical damages

Numerous research is conducted in both academic and sectoral settings to 
provide insights into this matter. The occurrence of fire mishaps in automobile 
battery packs is mostly attributed to the phenomenon known as thermal runaway, 
as documented by (Wang et al., 2021). This implies that batteries undergo an 
uncontrolled exothermic reaction resulting in a rapid increase in temperature. 
Due to the volatile operational conditions inherent to electric vehicles, the 
battery packs are susceptible to experiencing thermal runaway in the event of 
exposure to thermal damage, electrical failure, or mechanical abuse. Moreover, 
it is worth noting that EVs include a higher quantity of high energy density 
combustibles compared to internal combustion engine vehicles. Consequently, 
fires involving EVs exhibit distinct features such as heightened flame intensity, 
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quick propagation, and the potential for explosions (Cui and Liu, 2021). The 
suppression of electric vehicle fires may only be achieved by the utilization 
of specifically engineered firefighting equipment, such as electric vehicle fire 
enclosures (EVFE) and water spray systems (Cui, Cong, et al., 2022).

The consequences of a disaster arising on a Ro-Ro vessel that entails 
passengers are considerably more extensive and severe, when evaluating the 
potential risks associated with the transportation of vehicles and passengers on 
Ro-Pax vessels, it is imperative to take into account many elements. Table 2 
presents a comprehensive compilation of potential hazards; yet, it should be 
noted that it needs to conduct a fully exhaustive assessment (EMSA, 2022).

In addition to the mentioned risks, variables such as challenging weather 
and sea conditions, ship stability, external fire events, loading-unloading errors, 
theft, and intentional damage can also lead to the initiation of a fire incident and 
subsequent damage to vehicles transported on Ro-Ro ships.

7. Rules and Regulations about Carrying Electric Vehicles on Ro-Ro 
Passenger Ships

The regulation concerning the transportation of electric automobiles via 
maritime vessels is now undergoing continual development due to the evolving 
nature of technology and the dynamic growth of Ro-Ro usage. However, 
numerous international and national regulations exist regarding the ocean 
transportation of electric vehicles.

The point of view of this study is the evaluation of the IMDG (International 
Maritime Dangerous Goods) Code, specifically Chapter 2.9, which pertains to 
the transportation of battery-powered vehicles on ships. Chapter 2.9 specifically 
addresses the handling of “Miscellaneous dangerous substances and articles 
(class 9) and environmentally hazardous substances”. Furthermore, it should be 
noted that substances and objects falling under class 9 are further categorized 
within section 2.9.2.2 and listed below (IMDG, 2018).

• UN 3090 LITHIUM METAL BATTERIES (including lithium alloy 
batteries)

• UN 3091 LITHIUM METAL BATTERIES CONTAINED IN 
EQUIPMENT (including lithium alloy batteries)

• UN 3091 LITHIUM METAL BATTERIES PACKED WITH 
EQUIPMENT (including lithium alloy batteries)

• UN 3480 LITHIUM-ION BATTERIES (including lithium-ion polymer 
batteries)
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• UN 3481 LITHIUM-ION BATTERIES CONTAINED IN EQUIPMENT 
(including lithium-ion polymer batteries) or

• UN 3481 LITHIUM-ION BATTERIES PACKED WITH EQUIPMENT 
(including lithium-ion polymer batteries)

Cells and batteries, regardless of whether they are integrated within 
equipment or manufactured beside equipment, and possess lithium in any state, 
ought to be classified under the relevant UN codes, specifically 3090, 3091, 
3480, or 3481. If the conditions described in Section 2.9.4 are met, it is feasible 
to execute them in accordance with the mentioned entries, especially in the 
“Manual of Tests and Criteria” (IMDG, 2020).

In relation to the International Maritime Dangerous Goods (IMDG) Code, 
the following substances or products that pose a risk during transportation, but 
don’t meet the criteria for classification under any other class, are listed below 
(IMDG, 2020).

• UN 3171 BATTERY-POWERED VEHICLE or
• UN 3171 BATTERY-POWERED EQUIPMENT

The products transported under this entry encompass many types of 
vehicles or equipment that are powered by wet batteries, sodium batteries, or 
lithium batteries. These batteries are installed within the articles themselves, 
which may include electrically powered cars, lawnmowers, wheelchairs, and 
other mobility aids.

The SOLAS Convention delineates the fundamental criteria governing the 
construction, outfitting, and operation of ships, with the aim of supporting their 
safety (Zisimopoulos, 2016). The aforementioned encompasses regulations 
pertaining to the arrangement, equipment, electrical components, fire prevention 
measures, life-saving devices, radio communication systems, navigational 
safety, and transportation of cargo. The regulatory standards specified below 
pertain to the regulations encompassed by the SOLAS convention, as relevant 
to the scope of this study (IMO, 2023b).

• SOLAS Chapter II-2, Regulation 15 – “Instructions, onboard training 
and drills”: Implementing effective training protocols and conducting exercises 
for personnel on board who are tasked with executing ship procedures in 
emergency situations in order to mitigate the effects of fire. 

• SOLAS Chapter II-2, Regulation 16 – “Operations”: The objective of 
this regulation is to furnish guidance and instructions related to the appropriate 
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management of ships and cargo in terms of fire safety. In order to accomplish 
this, operational booklets on fire safety shall be supplied on board, and the 
venting of flammable vapors from cargo tanks shall be regulated.

• SOLAS Chapter II-2, Regulation 20 – “Protection of vehicle, special 
category and ro-ro spaces”: In order to effectively satisfy the fire safety 
objectives outlined in this chapter, it is imperative to implement supplementary 
safety measures for ships equipped with vehicle, special category, and ro-ro 
areas. In order to fulfill this objective, it is imperative to install fire protection 
systems that are capable of effectively safeguarding the ship against fire hazards 
that may arise in vehicle, special category, and ro-ro spaces. Additionally, it is 
crucial to ensure the segregation of ignition sources from these aforementioned 
spaces. Furthermore, it is essential to provide sufficient ventilation in vehicle, 
special category, and ro-ro spaces.

• The SOLAS Chapter III, Part B, specifically focuses on the “Requirements 
for ships and life-saving appliances”. Within this chapter, Section I addresses 
the regulations pertaining to both passenger ships and cargo ships. Regulation 
19 specifically deals with “Emergency training and drills”. Additionally, Section 
II of this chapter is dedicated to passenger ships, with Regulation 29 focusing on 
the “Decision support system for masters of passenger ships” and Regulation 30 
addressing the conduct of “Drills”.

During its 101st session held from 5 to 14 June 2019, the Maritime Safety 
Committee (MSC) granted approval to the “Interim Guidelines for Minimizing 
the Incidence and Consequences of Fires in Ro-Ro Spaces and Special Category 
Spaces of New and Existing Ro-Ro Passenger Ships”. These guidelines were 
developed by the Sub-Committee on Ship Systems and Equipment. The 
following subjects are applicable to both newly constructed and currently 
operational vessels by interim guidelines (IMO, 2023a).

• Inspection of ship’s power supply equipment and cables
• Maintenance plan for electrical cables and their sockets in Ro-Ro and 

special category spaces intended for power supply to vehicles or cargo units
• Electrical cables
• Shock/waterproof rating of electrical connections
• Circuit breakers
• Electrical connections and disconnections of cargo units and electrical 

vehicles
• Check points at patrols
• Strengthening of the requirement for elimination of sources of ignition
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Ship owners and ship operators have a legal obligation to comply with all 
pertinent rules and regulations. By strictly adhering to the defined norms and 
regulations, it is possible to augment the safety of carrying electric vehicles 
through marine vessels. The ongoing development of regulations and standards 
for the transportation of electric vehicles via ships is a significant aspect to 
consider, given the recent developments in technology and the rapid growth of 
the sector.

8. Conclusion

The occurrence of electric car fires in both closed and open land areas 
reduces the severity of the hazardous scenario but to a relatively limited 
extent. In the context of maritime transportation, it is important to note that 
the absence of open spaces poses a unique challenge when it comes to fire 
incidents. In such scenarios, the ship’s current tools are utilized to address and 
mitigate fires that occur in the open sea. The absence of external firefighting 
teams or equipment at sea necessitates a more meticulous examination of the 
difficulties involved in transporting such vehicles on ships. The emission of 
hazardous gasses and various chemical substances resulting from a fire incident 
involving an electric vehicle with a compromised or overheated battery has the 
potential to impede the prompt reaction of maritime personnel. Furthermore, the 
occurrence of an explosion poses a potential risk to navigation as it may result 
in detrimental effects on the ship’s machinery and equipment. One of the most 
perilous scenarios involves a potential incident where a vehicle, while carrying 
a passenger, catches fire on the vehicle deck of a Ro-Ro cruise ship. Such an 
occurrence has the potential to inflict substantial harm to human life, property, 
and the environment.

In addition to the considerations, there are several issues pertaining to the 
transportation of electric vehicles via maritime vessels. The increased weight of 
electric vehicles in comparison to conventional vehicles will result in a reduction 
in their load-carrying capability. The rise in vehicle weight results in a reduction 
in the number of vehicles that can be accommodated within a given area on a 
Ro-Ro vessel that is exclusively occupied by electric vehicles. Furthermore, the 
requirement for regular charging of these vehicles poses a notable challenge. In 
this scenario, it is necessary to conduct an extensive analysis and make necessary 
modifications to both the ship’s electrical generation system and the car deck 
arrangement. Furthermore, it is imperative to assess whether the ship’s crew 
possesses adequate expertise in effectively addressing emergencies, as well as 
to evaluate the adequacy of the crew’s number.
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Despite the inherent risks and limitations, a significant increase in the 
maritime transportation of electric vehicles is expected in the foreseeable 
future. The increasing worldwide popularity and market demand for electric 
vehicles can be ascribed to this phenomenon. To mitigate the hazards inherent 
in the maritime transportation of electric vehicles, it is advisable to conduct 
comprehensive inspections of such vehicles prior to their boarding onto ships, 
and then transport them in an isolated location to ensure their safe conveyance. 
Furthermore, it is imperative to incorporate comprehensive fire detection and 
extinguishing systems, offer extensive training to crew members, and secure the 
adoption of measures pertaining to these aspects by global maritime agencies in 
accordance with distinct guidelines and regulations.
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1. Introduction

Space trusses which are widely used in technology have found wide 
application in the fields of construction of buildings, industrial plants, 
highway and railway bridges, antenna towers, off-shore platforms and 

space constructions. 
Avent and Issa have studied on the beam element stiffness matrix for 

x-braced trusses.  They have also compared the results of the trusses considered,
with the results of solid beams (Avent and Issa, 1982).  Besides, Schmidt and
Hanaor have investigated the behaviour of space trusses subject to limit forces
and the failure of the system with several restraints (Schmidt and Hanaor,
1979).  Sheu and Schmit have studied on the minimum weight design of elastic
redundant trusses under multiple static loadings (Sheu and Schmit, 1972). Ökten
and Kasap have studied on the behavior of the tubular square space trusses
consisting of hollow bars under torsion with bending in elastic and elastic-
plastic region as well (Ökten and Kasap, 1997).

The aim of this study is to investigate the elastic and elastic-plastic behavior 
of square tubular space trusses subject to bending.

_____________________
*This chapter produced from the first author's doctoral thesis titled "Dikdörtgen 
Kesitli Tübüler Uzay Kafes Kirişlerin Elastik Ve Elastik-Plastik Analizi".
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A typical example of a tubular space truss is given in Figure 1. 
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Figure 1. Typical tubular space truss 

The dimensions of the space truss are assumed as follows; 

span length  : L = 4 m  ; 6 m  ;  8 m ; 12 m 
cross-section           : b / h = 1 m / 1 m  
vertical bar spacing  : a = 1 m ; 2 m  
 

The tubular space trusses consist of rods with hollow cross-
sections. The type of steel used in the rods is St 37. Cases of trusses with 
or without inner diagonals are considered. 

As shown in Figure 2, tubular space trusses are considered under 
three different support conditions corresponding to the roller, hinged and 
fixed supports. 

 
Figure 2. Support conditions 

Loading conditions. Three different kinds of loading are applied to 
the tubular space trusses (Fig 3). Loads are applied to the joints and 
consist of one or two equal vertical forces or a force couple. 

Basic assumptions of the analysis are given below: 

 Joints are  ideal hinges 
 In horizontal and vertical planes of space truss and in the plane of the 
cross-section of the truss it is assumed that diagonals do not intersect 
each other.     
 The behavior of steel is assumed to be ideal elastic- plastic. 
 It is assumed that cross sectional areas of bars can be arbitrary.  
 It is assumed that the system is not subject to any lateral buckling. 
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Figure 2. Support conditions

Loading conditions. Three different kinds of loading are applied to the 
tubular space trusses (Fig 3). Loads are applied to the joints and consist of one 
or two equal vertical forces or a force couple.

Basic assumptions of the analysis are given below:

• Joints are  ideal hinges
• In horizontal and vertical planes of space truss and in the plane of the 

cross-section of the truss it is assumed that diagonals do not intersect each other.    
• The behavior of steel is assumed to be ideal elastic- plastic.
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• It is assumed that cross sectional areas of bars can be arbitrary. 
• It is assumed that the system is not subject to any lateral buckling.
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Figure 3. Loading conditions 

 
2. Elastic Analysis 

Tubular square space trusses described in the first section have 
been designed for three loading cases (bending, torsion with bending, 
torsion) under the service load of Ps =120 kN using the allowable stress 
method. Firstly, the system is solved as elastic by the computer program 
using the matrix deflection method, by assuming an arbitrary cross-
sectional size (area, A,radius of inertia, i) for each bar group (bar groups: 
vertical bars, transversal bars, upper chords, lower chords, horizontal, 
vertical and inner diagonals). Cross-sections of the bars are designed 
according to the forces assumed as max  all, and the system is solved 
with these new dimensions. Here all is taken as 140 N/mm2 and 
buckling calculations have been performed by  numbers method. Space 
trusses, which are investigated, are designed as explained above and the 
cross sectional areas of the bar groups in each system is given in Table 1. 

Designing process of the square space truss is performed by the 
allowable stress method at service loading. At the same time, vertical 
displacements of the joints have also been determined under combined 
loading of bending.  E is taken as 21000 kN / cm2 

Vertical displacements of lower points of middle cross section of 
space trusses under bending are given in Table 2. According to these 
results, deflection-span  (-L) diagrams are drawn for each system (Fig. 
4). 
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Figure 3. Loading conditions

2. Elastic Analysis

Tubular square space trusses described in the first section have been 
designed for three loading cases (bending, torsion with bending, torsion) under 
the service load of Ps =120 kN using the allowable stress method. Firstly, the 
system is solved as elastic by the computer program using the matrix deflection 
method, by assuming an arbitrary cross-sectional size (area, A,radius of inertia, 
i) for each bar group (bar groups: vertical bars, transversal bars, upper chords, 
lower chords, horizontal, vertical and inner diagonals). Cross-sections of the 
bars are designed according to the forces assumed as smax @ sall, and the 
system is solved with these new dimensions. Here sall is taken as 140 N/mm2 
and buckling calculations have been performed by w numbers method. Space 
trusses, which are investigated, are designed as explained above and the cross 
sectional areas of the bar groups in each system is given in Table 1.

Designing process of the square space truss is performed by the allowable 
stress method at service loading. At the same time, vertical displacements of the 
joints have also been determined under combined loading of bending.  E is taken 
as 21000 kN / cm2

Vertical displacements of lower points of middle cross section of space 
trusses under bending are given in Table 2. According to these results, deflection-
span  (d-L) diagrams are drawn for each system (Fig. 4).
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Table 1. Cross-sectional areas of bars (cm2) (b/ h = 1 m / 1 m)

Vertical
Spacing

a = 1 m a = 2 m

Support 
Conditions Roller Hinged Fixed Roller Hinged Fixed

Inner 
Diagonals L exist absent exist absent exist Absent exist absent Exist absent Exist absent

Verticals
4m
6m
8m
12m

5.13
4.95
4.89
4.86

4.95
4.77
4.68
4.62

4.92
4.86
4.86
4.80

4.68
4.65
4.62
4.59

5.01
4.95
4.95
4.92

5.01
4.92
4.86
4.83

5.46
-

5.61
5.55

5.55
-

5.37
5.37

4.65
-

5.43
5.43

3.93
-

4.62
4.95

5.34
-

5.55
5.52

5.31
-

5.46
5.66

Transversal 
bars

4m
6m
8m
12m

2.58
2.90
2.97
3.15

2.37
2.43
2.76
2.58

1.80
2.13
2.37
2.79

2.07
2.28
2.40
2.58

1.98
2.13
2.40
2.82

2.16
2.28
2.43
2.70

2.91
-

5.34
6.03

2.91
-

4.44
4.77

0.63
-

3.12
4.11

0.63
-

3.03
4.05

0.63
-

2.52
3.69

0.63
-

2.91
4.02

Table 1. Cross-sectional areas of bars (cm2) (b/ h = 1 m / 1 m) (Continue)

Vertical
Spacing

a = 1 m a = 2 m

Support 
Conditions Roller Hinged Fixed Roller Hinged Fixed

Inner 
Diagonals

L exist absent exist absent exist Absent exist absent Exist absent Exist absent

Upper 
chords

4m
6m
8m
12m

7.44
11.28
15.24
22.71

7.68
11.46
15.24
23.19

6.99
11.10
15.18
22.63

7.47
11.52
15.48
23.31

3.18
5.16
7.23
11.22

3.72
5.82
7.98
12.09

6.54
-

14.01
21.63

7.56
-

16.20
24.69

5.31
-

12.51
20.31

5.61
-

15.48
24.30

0.63
-

6.18
9.72

0.63
-

8.08
12.39

Lower 
chords

4m
6m
8m
12m

5.85
10.26
14.58
23.20

8.55
12.78
17.24
25.62

3.30
4.98
6.90
10.77

3.84
6.06
8.34
12.51

3.51
5.40
7.47
11.43

4.14
6.33
8.52
12.63

4.35
-

8.01
15.44

8.85
-

17.64
25.92

0.63
-

5.85
8.94

0.63
-

7.65
11.43

0.63
-

6.44
9.87

0.63
-

8.40
12.57

Vertical 
Diagonals

4m
6m
8m
12m

5.85
6.12
6.18
6.27

6.30
6.48
6.66
6.54

6.66
6.96
7.05
7.17

6.66
6.93
6.99
7.05

6.18
6.24
6.24
6.24

6.21
6.36
6.45
6.39

9.48
-

9.12
9.27

9.87
-

9.87
9.87

11.46
-

11.52
12.12

11.73
-

12.12
12.39

9.75
-

9.60
9.60

9.81
-

9.66
9.57

Horizontal 
Diagonals

4m
6m
8m
12m

4.02
4.14
4.08
4.14

2.70
2.88
3.30
3.15

3.81
4.17
4.08
4.11

2.61
2.85
3.03
3.51

3.93
4.08
4.08
4.08

2.67
3.00
3.24
3.60

6.33
-

8.10
8.85

5.10
-

7.38
7.95

5.37
-

7.65
8.67

3.81
-

6.90
7.80

5.46
-

6.63
7.80

0.63
-

5.85
7.35

Inner
Diagonals

4m
6m
8m
12m

4.71
4.56
4.53
4.44

-
-
-
-

4.56
4.56
4.50
4.41

-
-
-
-

4.62
4.59
4.56
4.53

-
-
-
-

5.13
-

5.19
5.07

-
-
-
-

4.29
-

5.04
5.01

-
-
-
-

4.35
-

5.07
5.04

-
-
-
-
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Table 2. Deflection values at the middle of the 
space trusses and K values (d values are cm)

L a inner Roller Hinged Fixed

(m) (m) diagonals d d¢ K K¢ d d¢ K K¢ d d¢ K K¢

1 exist 0.33 0.23 0.0296 0.0208 0.22 0.34 0.0135 0.0208 0.18 0.11 0.0082 0.0052

absent 0.29 0.19 0.0321 0.0208 0.22 0.30 0.0153 0.0208 0.17 0.10 0.0091 0.0052

4 2 exist 0.29 0.26 0.0233 0.0208 0.17 1.35 0.0026 0.0208 0.14 0.60 0.0012 0.0052

absent 0.25 0.19 0.0279 0.0208 0.17 1.34 0.0026 0.0208 0.14 0.60 0.0012 0.0052

6 1 exist 0.62 0.48 0.0270 0.0208 0.45 0.75 0.0125 0.0208 0.36 0.24 0.0077 0.0052

absent 0.57 0.42 0.0279 0.0208 0.44 0.65 0.0142 0.0208 0.34 0.21 0.0085 0.0052

1 exist 1.02 0.82 0.0260 0.0208 0.76 1.28 0.0123 0.0208 0.59 0.41 0.0074 0.0052

absent 0.95 0.75 0.0263 0.0208 0.73 1.14 0.0135 0.0208 0.55 0.37 0.0077 0.0052

8 2 exist 1.09 1.19 0.0190 0.0208 0.66 1.53 0.0090 0.0208 0.53 0.48 0.0057 0.0052

absent 0.85 0.72 0.0245 0.0208 0.60 1.19 0.0105 0.0208 0.50 0.37 0.0070 0.0052

1 exist 2.10 1.79 0.0244 0.0208 159 2.82 0.0118 0.0208 1.19 0.91 0.0068 0.0052

absent 2.00 1.69 0.0247 0.0208 1.19 2.52 0.0127 0.0208 1.12 0.83 0.0070 0.0052

12 2 exist 2.23 2.28 0.0203 0.0208 1.41 3.31 0.0089 0.0208 1.11 1.05 0.0055 0.0052

absent 1.82 1.62 0.0233 0.0208 1.28 2.64 0.0101 0.0208 1.02 0.82 0.0064 0.0052

Figure 4. Deflection-span  (d-L) diagrams

As a second approach, the same space trusses are considered as consisting 
of only upper and lower chords like a solid beam and the deflections (d¢) at the 
middle of  these beams are calculated with equation below (Fig. 5).
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Figure 5. The space trusses are considered like a solid beam 
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3P L '  ' 

E I
Kd =  (1)

In this equation, inertia I is taken as below.

   2 2
up up low lowI 2 A  h   2 A  h= +  (2)

If deflection at the middle of space trusses is

   
3P L    

E I
Kd =  (3)

K will be

   3

E I    
P L

K d=  (4)

And K-L curves depicting the relationship between K values and span are 
given in Fig 6. 
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Figure 6. K-L curves

Deflections at the middle of the span of a tubular space truss loaded by 
service load (Ps = 120 kN) are given in Table 2. According to these values, span-
deflection diagrams are shown in Figure 4. The equations of the curves obtained 
by the method of least squares have been found as follows. 

    d = c Ld (5) 

While the coefficients K¢ in equation (1) are constant (for example K ' 
=1/48 for roller and hinged systems) for a solid beam, they are variable for 
trusses and given as

    K = m Ln (6)
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Coefficients c, d, m and n appearing in the relations depend on vertical 
bar spacing, on whether there are inner diagonals or not and on the support 
conditions (Table 3). Values of L and d are given in meters and centimeters 
respectively. 

Table 3: c, d , m  and  n  coefficients

Inner a Support Condition
Diagonals (m) Roller Hinged Fixed
exist

1
c ; d
m ; n

0.0310 ; 1.687
0.0373 ; 0.173   

 0.0180 ; 1.802                      
0.0158 ; 0.122

0.0166; 1.719    
0.0104; 0.167

2 c ; d 0.0221 ; 1.863         0.0118 ; 1.929                0.0103 ; 1.888          
absent

1
c ; d             
m ; n

0.0249  ; 1.759  
0.0436  ; 0.236

0.0187  ; 1.771  
0.0192  ; 0.170    

0.0158  ; 1.713     
0.0129  ; 0.246    

2 c ; d 0.0204  ; 1.802         0.0133  ; 1.836         0.0114  ; 1.811      

Deflection values are determined according to the existence or absence of 
inner diagonals, different support conditions and different vertical bar spacing. 
Then the effects of inner diagonals, support conditions and vertical bar spacing 
on deflection are investigated.  

3. Elastic-Plastic Analysis

The elastic-plastic analysis has been performed for only fixed supported 
space trusses using the load increment technique. The service loads have been 
increased until the maximum stress reached smax @ sy in a bar (or a group of 
bars) and so the first yielding is obtained, the bar stresses obtained for this loading 
are denoted in the table by s1. It has been assumed that bars approaching sy 
(s @ 235 N/mm2) at the end of this loading yield. Then, they are taken out from 
the system and the new system with other bars is loaded again from zero with 
an increasing DP1 load and then Ds stresses are obtained in the bars. At some 
bars, the value of (s1 + Ds1 @ sy) DP1 loading is calculated while the value 
of s1 + Ds1 does not exceed the value of sy and the stresses s2  are obtained 
as a sum of s1 and Ds1 stresses. Bars in which the s2 stress approaches sy 
are taken out from the system and DP loading is applied again. Similarly, Ds 
stresses have been calculated and total stresses have been obtained. DP loading 
process is repeated while the failure load of the space truss has been computed 
as bars in which stress approaches to sy are taken out at each step. So, elastic-
plastic analysis is performed. The values of deflection which occurs at each step 
are added to the previous deflection values and so deflection values at yielding 
are obtained. 
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The load capacity of space trusses at yielding (loads corresponding to 
yielding) and displacement (d) in the cross-sections in the middle of the span 
of space truss are found; the deflections are given in the Table 4.  Using these 
values, load-deflection (P- d) curves in  bending  are given in the Fig.7 and Fig. 8.

Table 4. Deflections at the middle of space trusses at the yielding time
L
 m 

A
M 

Inner
Diagonals

Support
Condition

4 1

Exist

Roller
Pi 201.10 202.95 203.40 205.05 208.24 211.65

di
0.54 0.5466 0.5529 0.5769 0.6359 0.7226

Hinged
Pi 199.40 201.15 202.15 202.55 202.65 214.10

di
0.38 0.386 0.390 0.394 0.418 0.568

Fixed
Pi 195.00 201.00 204.00 205.50 210.00 226.35 229.40

di
0.29 0.299 0.306 0.310 0.345 0.378 0.395

Absent Fixed
Pi 197.50 198.10 199.60 201.80

di
0.28 0.2809 0.2831 0.2881

8

1

Exist

Roller
Pi 201.34 201.40 201.51 203.78 203.89 206.19

di
1.71 1.7115 1.7196 1.9196 1.9292 2.2510

Hinged
Pi 194.48 200.12 201.77 202.61 207.60 207.77

di
1.22 1.262 1.279 1.304 1.454 1.4593

Fixed
Pi 201.90 203.00 217.67 223.88 227.76 228.21 233.41 234.99

di
0.99 0.9984 1.1484 1.2134 1.2643 1.2805 1.4765 1.5935

Absent Fixed
Pi 199.01 202.72 203.29 204.67

di
0.91 0.927 0.9293 0.9350

2

Exist

Roller
Pi 202.13 202.30 202.71 202.84 204.47 205.83

di
1.84 1.8419 1.8468 1.8492 1.9102 2.0392

Hinged
Pi 201.81 202.07 203.16 203.23 204.62 205.73 209.51

di
1.11 1.1115 1.1225 1.1232 1.1482 1.1792 1.2294

Fixed
Pi 199.72 201.65 202.18 202.45 221.02 221.50 221.62 245.14

di
0.88 0.8867 0.8921 0.8940 1.0340 1.0381 1.0392 1.2692

Absent Fixed
Pi 201.44 201.94

di
0.83 0.8311

12 1

Exist

Roller
Pi 201.34 203.38 204.73

di
3.53 3.95 4.42

Hinged
Pi 201.43 204.70 207.05 207.58 208.11

di
2.68 2.90 3.07 3.19 3.82

Fixed
Pi 202.21 211.26 215.78 218.32 218.67 220.28

di
2.01 2.21 2.31 2.62 2.69 3.26

Absent Fixed
Pi 201.72

di
1.88

Pi  is  kN, di  is cm
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The real safety factors (Pu / Ps) are found using the ratio between the load 
carrying capacity at failure and service load.  Ductility du / d1) of systems are 
found using the ratio between the values of deflection at failure and at the first 
yielding (Table 5). 

Table 5. P, d ratios

Ratios Inner
Diagonals

Support
Condition

L  ( m )
4 8 12

Pu / Ps

exist

a = 1 m a = 1 m a = 2 m a = 1 m
Roller 1.763 1.712 1.715 1.706
Hinged 1.784 1.731 1.746 1.734
Fixed 1.966 1.958 2.043 1.835

absent Fixed 1.682 1.705 1.683 1.681

du / d1

exist
Roller 1.338 1.316 1.108 1.252
Hinged 1.495 1.196 1.107 1.425
Fixed 1.362 1.609 1.442 1.621

absent Fixed 1.028 1.027 1.001 1.000

9 

The real safety factors (Pu / Ps) are found using the ratio between 
the load carrying capacity at failure and service load.  Ductility u / 1) 
of systems are found using the ratio between the values of deflection at 
failure and at the first yielding (Table 5).  
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Figure 7. (P-) curves in  bending for a=1.  

 

 

 
Figure 8. (P-) curves in  bending for L=8 m 

The changes (increase and decrease) in the real safety factors and 
ductility are found by using the ratio between real safety and ductility 
according to the existence or absence of inner diagonals with different 
vertical bar spacing. 

 

4. Conclusion 

The results of elastic and elastic-plastic analysis of tubular square 
space truss according to bending effect are found as follows.  

Figure 7. (P-d) curves in  bending for a=1. 
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4. Conclusion

The results of elastic and elastic-plastic analysis of tubular square space 
truss according to bending effect are found as follows. 

The values of deflection at the middle of span of the truss under bending 
are given as function of the span. These relationships concerning deflections for 
the system without inner diagonals are exponential.

The crossectional area of the upper and lower members of the space trusses 
is reduced at the presence of inner diagonals (as compared to the case without 
inner diagonals). It is seen that there is a 28% increment in the deflection due to 
the effect of inner diagonals.

It is observed that there is 14%, 50% increment in the real safety and 
ductility, respectively, in the cross section of the space trusses with inner 
diagonals. It can be said that there is a positive effect of inner diagonals on the 
real safety and ductility capability. For the space trusses without inner diagonals, 
it is observed that failure occurs near the primary yielding loading case, there is 
no ductility.
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Positive effect of the reactions on the supports of space trusses is observed 
at increasing the number of reactions. Deflection decreases by 31% in hinged 
systems as compared to roller systems; 47% and 24% in fixed systems as 
compared to roller and hinged systems, respectively. 

Generally reduction value up to 23% in the deflections with the increase in 
the vertical bar spacing in space trusses is observed. This reduction increases in 
cases of short spans. 

The real safety in the trusses does not change so much in roller and hinged 
systems and in fixed systems without inner diagonals but it increases 4% in 
fixed systems with inner diagonals when  the vertical bar spacing  is increased 
two times. However, 7-14 % reduction in the ductility for the systems with inner 
diagonals is found. It can be said that the increase in the vertical bar spacing has 
negative effect on the ductility. 
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1. Introduction

The rise in global temperatures and the rapid depletion of fossil fuels 
have prompted the widespread establishment and growth of renewable 
energy facilities. Solar energy, being a sustainable and clean alternative, 

is abundant in nature and is increasingly replacing traditional fossil fuels. 
However, the immediate variability in power output from photovoltaic (PV) 
energy plants, used for solar electricity generation, presents a challenge, leading 
to sudden imbalances in power generation. These abrupt shifts in PV energy-
related power systems have raised concerns. Researchers are tackling this issue 
by employing artificial intelligence-based algorithms to predict power, aiming 
to forecast energy generated by PV plants and proactively address and mitigate 
potential imbalances.

Almonacid et al. (2014) introduce a novel approach based on a dynamic 
artificial neural network to forecast the output of an FV energy plant one 
hour in advance. The study results demonstrate the viability of the proposed 
method in predicting FV plant power output with acceptable accuracy one hour 
ahead. Cervone et al. (2017) present a methodology utilizing Artificial Neural 
Networks (ANN) and an Analog Ensemble for creating 72-hour deterministic 
and probabilistic predictions of power generated by FV energy plants. This 
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approach incorporates inputs from a numerical weather prediction model and 
calculated astronomical variables. The findings reveal that the hybrid model 
yields the best results and is well-suited for large-scale computations. Shuang et 
al. (2019) suggest a new medium-to-long-term forecasting method for wind and 
photovoltaic power production. Their approach is based on a copula function and 
a long short-term artificial intelligence network. Essential meteorological factors 
impacting wind and photovoltaic energy production are efficiently extracted using 
a copula function. Independent wind/photovoltaic prediction models based on 
a long short-term artificial intelligence network are established, compared with 
a persistence model, and optimized with the most effective input conditions. Li 
et al. (2016) assess the effectiveness of two commonly used methods, Artificial 
Neural Network (ANN) and Support Vector Regression (SVR), in forecasting 
energy production from a solar PV energy plant in Florida for 15 minutes, 1 hour, 
and 24 hours ahead. They suggest a hierarchical approach based on well-tested 
machine learning algorithms. Mohammed et al. (2018) devise an intelligent 
algorithm utilizing Genetic Algorithm (GA) to optimize the energy management 
and design of a hybrid system consisting of wind, PV, tidal, and storage batteries 
in an independent system located in Brittany, France. They propose solutions for 
load demand under diverse climate conditions, considering various scenarios 
and numerous constraints over a 25-year period. Theocharides et al. (2020) 
tackle this challenge by introducing a hybrid method with enhanced accuracy 
for day-ahead hourly average photovoltaic power predictions, employing data-
driven machine learning techniques and statistical post-processing. The findings 
suggest that the application of linear regression coefficients to the predicted 
outcomes of the improved day-ahead photovoltaic power production neural 
network improves accuracy by addressing solar radiation prediction biases. 
Given the impact of unpredictable weather conditions on the output power of 
photovoltaic energy plants, the demand for a sophisticated prediction model is 
escalating rapidly. VanDeventer et al. (2019) propose a Genetic Algorithm-based 
Support Vector Machine (GA-SVM) model for short-term power prediction in 
a residential-scale PV energy plant. The GA-SVM model initially categorizes 
historical weather data using an SVM classifier and is subsequently fine-
tuned using genetic algorithms through a collaborative approach. Abedinia et 
al. (2018) propose a novel prediction approach, combining a neural network 
with a metaheuristic algorithm as a hybrid prediction model. The metaheuristic 
algorithm optimizes the free parameters of the neural network, and the results 
demonstrate the superiority of this approach over other prediction methods. 
The obtained prediction results play a crucial role in optimizing the utilization 
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of solar energy plants and managing the electrical grid. Barrera et al. (2020) 
develop a solar energy prediction model using artificial neural networks based 
on open data. Accurate prediction of solar energy output can significantly 
improve the efficiency of sustainable energy investments. Comparing the results 
with existing literature in terms of Mean Squared Error (MSE), our developed 
prediction model is observed to enhance accuracy.

Upon reviewing the literature, it is evident that various artificial intelligence-
based algorithms have been employed to optimize the operation of solar PV 
energy plants or address power imbalances caused by weather conditions. Due 
to the faster convergence of cultural algorithms compared to other evolutionary 
algorithms, this study believes that effective results can be achieved in PV 
power energy plants. Consequently, this study introduces, for the first time in 
the literature, a solar PV energy plant output power prediction using a CA based 
artificial intelligence method.

2. Material and Methods

2.1. Cultural Algorithm

Cultural Algorithms (CA) were initially introduced by R. G. Reynolds 
in 1994 as a form of evolutionary algorithm. These algorithms are based on 
computational models that utilize various agent-based techniques, drawing upon 
acquired experience and knowledge over time. This facilitates the practical 
implementation of the learning process, aligning with the principles of human 
social-cultural evolution. The cultural process enhances the effectiveness 
of finding optimal solutions within a search space and contributes to the 
identification of the overall optimal solution. Cultural changes in an optimization 
problem model represent the transmission of information within and between 
populations.

The core principle of CA is to preserve socially accepted beliefs while 
eliminating unacceptable ones. CA comprises two main components: the 
population space and the belief space. The fitness of each individual in the 
population is determined by a fitness function, and an acceptance function 
identifies which individuals influence the belief space. Information gathered 
during population searches, such as the best solution in the population, is preserved 
in the belief space in each generation (Talbi, 2009). Individuals identified by the 
acceptance function impact the belief space through the update function. The 
information in the belief space influences the selection of individuals in the next 
generation through the influence function. The interaction and collaboration 
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between these two spaces resemble the evolution of human culture (Reynolds 
and Peng, 2004). The essential components of CA are depicted in Figure 1. 

4 

 
Figure 1. Overall framework of the Cultural Algorithm. 

Utilizing a binary evolutionary approach, the Cultural Algorithm 
incorporates periodic entry of lower-level populations into top-level 
beliefs. Conversely, a high-level belief is cultivated to exert influence on 
these elite individuals, forming subgroups (Ma and Wang, 2009). This 
mechanism results in an increased diversity within the population and, as 
a result, enhances convergence characteristics. 
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Model 

In this research, a multilayer feed-forward artificial neural network 
(ANN) model was selected, and for the training of its weight and bias 
variables, the Cultural Algorithm (CA) was employed. This combined 
structure is referred to as MLNN-CA. The application of the Cultural 
Algorithm to train the multilayer neural network (MLNN) involves 
addressing two primary considerations: defining the weights and biases as 
the search vector for the Cultural Algorithm and selecting an appropriate 
fitness function for the training process. 

Given that all weights and biases within an MLNN can be organized into 
a vector, its representation is straightforward. This vector serves to 
represent each individual within the search space of the Cultural 
Algorithm. The overall steps of the proposed MLNN-CA approach are 
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Figure 1. Overall framework of the Cultural Algorithm.

Utilizing a binary evolutionary approach, the Cultural Algorithm 
incorporates periodic entry of lower-level populations into top-level beliefs. 
Conversely, a high-level belief is cultivated to exert influence on these elite 
individuals, forming subgroups (Ma and Wang, 2009). This mechanism results 
in an increased diversity within the population and, as a result, enhances 
convergence characteristics.

2.2. Cultural Algorithm applied to Train the Neural Network Model

In this research, a multilayer feed-forward artificial neural network (ANN) 
model was selected, and for the training of its weight and bias variables, the 
Cultural Algorithm (CA) was employed. This combined structure is referred to 
as MLNN-CA. The application of the Cultural Algorithm to train the multilayer 
neural network (MLNN) involves addressing two primary considerations: 
defining the weights and biases as the search vector for the Cultural Algorithm 
and selecting an appropriate fitness function for the training process.

Given that all weights and biases within an MLNN can be organized into a 
vector, its representation is straightforward. This vector serves to represent each 
individual within the search space of the Cultural Algorithm. The overall steps 
of the proposed MLNN-CA approach are depicted in Figure 2.
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Figure 2. Diagram illustrating the operation 
of neural networks utilizing a cultural algorithm.

The procedural steps for implementing the Cultural Algorithm in training 
a neural network model are outlined as follows:

1. Initialization: For training purposes, search vectors and belief spaces 
within the population are randomly generated. Each search vector within a 
belief space denotes potential coefficients and bias values for a multi-layered 
neural network. The study’s dataset is divided into training and testing sets for 
application in both phases.

2. Fitness Evaluation: The effectiveness of each solution within the 
population is assessed using a fitness function. Typically, the Mean Squared 
Error is selected as the fitness function, depending on the neural network training 
model and the specific problem under consideration.

3. The accepted population undergoes updates in the belief space.
4. Steps 2 to 3 are iteratively executed until a termination condition is 

satisfied.
5. The optimal solution obtained is utilized to construct a multi-layered 

neural network, marking the commencement of the testing phase.



90    ENGINEERING RESEARCHES RESEARCH, METHODOLOGY AND INNOVATION

The Mean Squared Error (MSE), depicted in Equation 1, calculates the 
average of squared errors across all training examples, serving as the fitness 
function. Each error corresponds to the disparity between the output values of 
the actual multi-layered neural network.
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Where ECp is the short-term output power value generated from the 
multilayer neural network and ECo is the actual short-term output power 
value. The basic code for the MLNN-CA structure employed in the research is 
illustrated in Figure 3.

Figure 3. The basic code for the MLNN-CA structure.

3. Result and Discussions

In this study, it is utilized real-time data collected hourly from an inverter 
in a photovoltaic (PV) power plant. The study involved effective simulation 
using two distinct methods by processing the acquired data. The chosen 
approach in this investigation is the Multilayer Neural Network – Cultural 
Algorithm. The optimization method is employed to train the network. Initially, 
the Cultural Algorithm is operated with a randomly distributed population in 
the search space. The success of each particle in this space is evaluated using 
an objective function that determined its fitness value. The process involved 
updating particle information based on the algorithm’s structure, creating a new 
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generation, and repeating these steps until a termination criterion is met. After 
training, the Artificial Neural Network (ANN) was constructed using optimal 
values from the best particle, and the testing phase ensued. The training phase 
employed 80% of the data, while 20% was reserved for testing to assess the 
network’s success.

The data for training and testing the artificial neural network is collected 
in Turkey for the year 2016. Using the ANN, predictions were made for the first 
three months of 2017, and the results are compared with real data. The input 
layer of the network is fed with ambient temperature, solar radiation, and PV 
panel temperature. The output layer represented instantaneous PV plant power.

In this method, the network structure included 8 neurons in the hidden 
layer, 3 neurons in the input layer, and 1 neuron in the output layer. The decision 
on the number of neurons in the hidden layer is achieved through trial and error, 
experimenting with different numbers to find the most suitable configuration. 
The network training involved 24 weight parameters (between input and hidden 
layer), 9 bias parameters (belonging to hidden and output layer), and 8 weight 
parameters (between hidden and output layers).

The study’s outcomes were assessed using the Mean Absolute Percentage 
Error (MAPE) criterion. This metric quantifies the average percentage difference 
between the predicted values and the actual values. The MAPE is computed by 
employing the following Equation.
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 is the actual result and the predicted result. N is the number of 
data in the data set.

The programs created for each method underwent 20 iterations, and the 
optimal outcomes from these runs were selected. The prediction results, derived 
from the optimization studies, were then compared based on the Mean Absolute 
Percentage Error (MAPE) criterion. Table 1 presents the MAPE values and 
regression results obtained from three distinct methods.

Table 1. Test phase results

Method MAPE Regression value
MLNN-CA 17,1937 0,98533

Also, the real-time results and test results obtained with MLNN-CA are 
shown graphically in Figure 4.
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Figure 5 displays the regression graphs generated at the conclusion of 
the testing phase. These graphs illustrate the connection between the intended 
outcome and the results achieved through the MLNN-CA method. Upon 
reviewing these graphs and regression values, it becomes evident that there is 
a correlation between the outcomes obtained using the MLNN-CA method and 
the desired results.
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Figure 6 shows the error graph of the prediction result obtained using the 
optimization method.
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The error change graphs obtained during the training of the multilayer 
neural network with different heuristic methods are shown in Figure 7. The 
findings of this study highlight the effectiveness of the MLNN-CA method in 
predicting short-term output power for a solar PV power plant based on real-time 
data from Turkey. As the installation of solar PV power plants continues to grow 
globally, the instability of their output power remains a significant challenge. 
This study addressed the importance of accurate short-term power predictions, 
especially considering the impact of unbalanced power flow on system controls 
when these plants are connected to the grid. The results obtained through 
mathematical and graphical analyses demonstrate that the MLNN-CA method 
performs exceptionally well in forecasting three-month forward power output. 
The method’s high performance is crucial for anticipating and mitigating sudden 
power fluctuations, thereby enhancing the overall stability and reliability of the 
PV power plant within the larger energy system. The study’s focus on utilizing 
real-time data from a specific solar PV power plant in Turkey adds practical 
relevance to the findings, showcasing the method’s applicability in a real-world 
context. The successful application of the MLNN-CA method in short-term 
power prediction contributes valuable insights to the broader field of solar energy 
and grid integration. It is worth noting that as solar energy continues to play a key 
role in the global transition to sustainable energy sources, the development and 
refinement of accurate prediction methods, such as the MLNN-CA approach, 
will be crucial for maximizing the efficiency and reliability of solar PV power 
plants. Further research and application of advanced forecastingtechniques can 
contribute to addressing the challenges associated with the intermittency of solar 
power and enhance the overall performance of solar energy systems.

4. Conclusion

With the increasing global potential for solar energy, the installation of 
solar PV power plants is on the rise. Despite their widespread deployment, these 
plants face a significant challenge-their output power is inherently unstable. 
Given their connection to the grid, fluctuations in power output can disrupt 
system controls. Therefore, accurately predicting short-term power output and 
implementing measures to mitigate sudden fluctuations are crucial. This study 
focused on predicting short-term output power from a solar PV power plant 
in Turkey, utilizing real-time data. The MLNN-CA method was employed for 
forecasting future power outputs. Analysis of the obtained mathematical and 
graphical results underscores the MLNN-CA method’s strong performance in 
predicting three-month forward power output.
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1. Introduction

The natural balance and diversity of ecological ecosystems are altered by 
weed invasions, and many plant and animal species are put in danger of 
extinction (Pyšek et al., 2012). In light of this, weed control is crucial 

for agricultural productivity. The socioeconomic standing of farmers and 
organizations that are important in disseminating information about weeds, as 
well as the impact of weed management methods on weed intensity in rice and 
wheat crops, were the main points of emphasis for Singh and Garde (Singh & 
Gharde, 2020). AHP identified the key organizations that are crucial in helping 
farmers learn about weed management methods. According to Bessette et al. 
(Bessette, Wilson, Beaudrie, & Schroeder, 2019), an intuitive online decision 
support tool was composed and put into use to help organic farmers define 
their goals for the farm, assess the effectiveness of their practices, and assess 
solutions that had been recommended by a panel of experts. In their paper, 
Lohr et al. (Lohr, Passeretto, Lohr, & Keighery, 2015) presented a model that 
made use of the pairwise comparison equations in the AHP, four metrics that 
characterize the logistical challenges associated with conducting operations 
in Western Australia’s Pilbara islands, and two well-known indicators of an 
island’s conservation value. 
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Many chemical pesticides contain harmful compounds that have been 
linked to soil and water degradation, as well as adverse effects on human 
health, biodiversity, and farm viability. Due to an over reliance on herbicides 
and the massive rise of weeds resistant to herbicides, agricultural systems in 
the Europe have become less sustainable and more susceptible (Tataridas, 
Kanatas, Chatzigeorgiou, Zannopoulos, & Travlos, 2022). In order to minimize 
the use of herbicides and guarantee crop protection, the study sought to offer 
a comprehensive framework for sustainable crop and weed management. 
Managing weeds is a difficult task in the production of crops. An emerging weed 
control technique for sustainable agriculture is integrated weed management, 
which includes the use of bioherbicides. The influence of bioherbicides on 
weed physiology, already marketed products, and potential factors influencing 
bioherbicide efficacy were all covered by Hasan et al. (Hasan, Ahmad-Hamdani, 
Rosli, & Hamdan, 2021). Site-Specific Weed Management was obtained 
possible by Integrated Weed Management and Unmanned Aerial Vehicles 
(drones). This approach was extremely effective and good for the environment. 
An overview of precision weed management was determined by Esposito et al. 
(Esposito, Crimaldi, Cirillo, Sarghini, & Maggio, 2021), with an emphasis on 
the potential and real-world applications of the most cutting-edge sensors on 
the market. 

This study was composed the AHP approach to investigate a main criteria 
and sub-criteria for sustainable weed management in the Çukurova Region of 
Turkey. The primary requirements included were non-chemical tools, cultivation 
techniques and new technologies; however, the most crucial requirement was 
the use of non-chemical tools to ensure the sustainability of citrus, legume, and 
cereal crops.

2. Materials and Methods

First of all, the main criteria and sub-criteria for the region are determined. 
And then, sub-criteria appropriate to the region are selected. In figure 1, non-
chemical tools, new technologies and cultivation techniques are as main 
criteria. Under the main criteria of non-chemical tools, there are natural and 
bio-herbicides, mechanical weeding, crop residues, mulches, and solarization, 
beneficial microorganisms and seed coating. Under the main criterion of 
cultivation techniques, it consists of crop rotation and diversification, tillage, 
seeding rates and intercropping. Remote sensing and weed detection, site 
specific weed management and bio and nano-technology sub-criteria are related 
to the new technologies main criterion (Tataridas, et al., 2022).
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Sustainable weed management 
criteria

Non-chemical tools
· Naturel and Bio-herbicides
· Mechanical weeding
· Crop residues,mulches, and solarization
· Beneficial microorganisms
· Seed Coating

Cultivation techniques
· Crop rotation and diversification
· Tillage
· Seeding rates
· Intercropping 

New technologies
· Remote sensing and weed detection
· Site-specific weed management
· Bio and nano-technology

Figure 1. Sustainable weed management criteria 
for Çukurova region (Tataridas, et al., 2022)

AHP was developed as a model by Saaty (Saaty, 1977) for solving 
decision-making problems. AHP is a decision-making technique that provides 
the percentage distribution of choice points based on the decision-making 
scenario. It is utilized to define decision success. The steps are taken to solve a 
decision-making problem with AHP are described below (Saaty, 1977).

Step 1: The Decision Making Problem is defined.

There are two steps involved in defining the problem of decision-making. 
Decision points are identified in the first phase. The factors influencing the 
decision points are identified in the second step.

Step 2: Comparison Matrix Between Factors is composed.

A square matrix serves as the comparison matrix between the factors. The 
matrix components on the diagonal of this matrix take the value 1 i.e. when i=j. 
A one-to-one and reciprocal comparison of the elements is made based on how 
important they are in relation to one another. The importance scale in Table 1 is 
used for one-to-one comparison of factors.
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Table 1. Importance scale (Saaty, 1977)

Importance Value Definitions
1 Case where both factors are of equal importance
3 1. case 2. case of being more important than case
5 1. case 2. a case of being more important than a case
7 1. case 2. it has a very strong importance compared to the case
9 1. case 2. a situation in which it has absolute superior 

importance compared to the case
2,4,6,8 Intermediate value

Comparisons are demonstrated for values that lie above the diagonal of the 
comparison matrix, where all values are 1. Naturally, for the components below 
the diagonal, using Equation (1) will be sufficient for A Matrix. 
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Step 3: Percentage Importance Distributions of Factors are determined

The factors’ relative relevance within a given logic is displayed in the 
comparison matrix. However, the column vectors that make up the comparison 
matrix are utilized to ascertain the weights of these elements overall, or, to put it 
another way, their percentage importance distributions. Equation (2) is used to 
calculate B Column vectors.
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Percentage importance distributions that display the factors’ relative 
importance can be obtained by utilizing the C matrix. For this, the arithmetic 
mean of the row components forming the C matrix is taken as shown in Equation 
(3) and the W column vector, called the Priority Vector, is obtained.
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Step 4: Consistency in Factor Comparisons is measured

One can assess the consistency of the priority vector discovered and, 
consequently, the one-to-one comparisons made between the factors, using the 
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Consistency Ratio that is produced. The decision maker’s consistent comparisons 
are indicated by the estimated ratio value being less than 0,10. A value larger 
than 0,10 denotes a discrepancy in the decision maker’s comparisons or an error 
in the AHP computation.

Step 5: For Each Factor, Percentage Importance Distributions at the 
Decision Point are found

This step is the same as the previous one, but this time, for each factor, the 
decision points’ percentage importance distributions are found.

Step 6: Finding the Result Distribution at Decision Points

As a result, the percentage distribution of decision points is displayed in 
the column vector. The choice points’ relative relevance is also displayed by this 
distribution.

3. Results

The main criteria selected for the Çukurova Region for sustainable weed 
management were determined as non-chemical tools, cultivation techniques 
and new technologies (Table 2). The criterion with the highest weight value 
of 0,58 was non-chemical tools. According to the opinions of the experts, the 
consistency index of the results was 0, and since this value was less than 0,1, it 
was concluded that they were consistent.

Table 2. Main criteria for sustainable weed management

Main Criteria
Non-chemical 
tools

Cultivation 
techniques

New
technologies Weight

Non-chemical tools 1 2 5 0,58

Cultivation 
techniques

0,5 1 3
0,31

New technologies 1/5 1/3 1 0,11

The most weighted sub-criterion was natural and bio-herbicides with a 
value of 0,43 for non-chemical tools and 0,44 of crop rotation and diversification 
for cultivation techniques (Table 3). It was resulted in remote sensing and 
detection sub-criteria with a value of 0,76 for new technologies. 
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Table 3. Sub-criteria for sustainable weed management

Non-chemical Tools 
Sub-Criteria

W
Cultivation
Techniques 
Sub-Criteria

W
New 
Technologies Sub-
Criteria

W

Naturel and Bio-
herbicides 0,43

Crop 
rotation and 
diversification 0,44

Remote sensing 
and weed detection 0,76

Mechanical weeding 0,23 Tillage 0,38
Site specific weed 
management 0,14

Crop residues,
mulches, and solarization 0,17 Seeding rates 0,10

Bio and nano- 
technology 0,10

Beneficial 
microorganisms 0,12 Intercropping 0,08

Seed Coating 0,05

Considering the Çukurova Region, evaluations were investigated for 
citrus, cereal and legume alternative crops, with which evaluated sustainable 
weed management. Citrus emerged as important alternatives for natural bio-
herbicides with a value of 0,73, cereal for mechanical weeding and crop residues, 
mulches, and solarization with values of 0,74 and 0,76, respectively, and legume 
for beneficial microorganisms and seed coating with values of 0,67 and 0,56 
(Table 4).

Table 4. Non-chemical tools sub-criteria for alternatives

Sub 
Criteria

Naturel 
and Bio-
herbicides

Mechanical 
weeding

Crop 
residues,
mulches, and 
solarization

Beneficial 
microorganisms

Seed 
Coating

Citrus 0,73 0,06 0,10 0,24 0,06

Cereal 0,19 0,74 0,76 0,09 0,38

Legume 0,08 0,20 0,14 0,67 0,56

The values of 0,67 and 0,65 for cereal crop rotation and diversification and 
seeding rates, respectively, and 0,73 and 0,74 for legume crop, were predominant 
for the tillage and intercropping sub criteria (Table 5).
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Table 5. Cultivation techniques sub-criteria for alternatives 

Sub 
Criteria

Crop rotation and 
diversification Tillage Seeding rates Intercropping

Citrus 0,06 0,08 0,12 0,17
Cereal 0,67 0,19 0,65 0,09
Legume 0,27 0,73 0,23 0,74

Legume was choice for remote sensing and weed detection with a value of 
0,67 and for site-specific weed management and bio and nano-technology with 
values of 0,65 and 0,73 for citrus, respectively (Table 6).

Table 6. New technologies sub-criteria for alternatives

Sub 
Criteria

Remote sensing and weed 
detection

Site spesific weed 
management

Bio and nano-
technology

Citrus 0,10 0,65 0,73
Cereal 0,23 0,12 0,19
Legume 0,67 0,23 0,08

4. Discussion

When non-chemical tools sub-criteria were considered in general, 
mechanical weeding and crop residues, mulches, and solarization obtained 
similar results for cereal (Figure 2). Consistency indexes were respectively 
given the values of 0,06, 0,09, 0,01, 0,09, 0,07 to give a consistent result.
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While there are similar values for the cultivation techniques sub-criteria 
in citrus, there was a closeness between crop rotation and diversification 
and seeding rates for cereal and legume, and a closeness between tillage and 
intercropping (Figure 3). The consistency index turned out to be consistent with 
values of 0,01, 0,03, 0, 0,06. 
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For new technologies sub-criteria, cereal values were close to each other, 
and for citrus, site specific weed management bio and nano-technology values 
were close to each other (Figure 4). Consistency index values were 0,07, 0, 0,06.
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5. Conclusions

The topic of sustainable weed management has been preferred theme in 
recent years, particularly for the agriculture discipline that serves the entire 
world. This study was composed sustainable weed management in the Çukurova 
Region in Turkey. AHP method was used by using expert opinion. The main 
criteria were non-chemical tools, cultivation techniques and new technologies, 
and the most important main criterion was non-chemical tools for sustainability. 
Among the citrus, legume and cereal crops grown in the region, the final AHP 
score was listed as citrus with a value of 0,26, cereal with a value of 0,40, 
legume with a value of 0,34. It has been determined that these criteria are most 
applicable to cereal, then legume and finally citrus. In future studies, different 
methods for different crops can be used for sustainable weed management.
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1. Introduction

Nowadays, there is a significant inclination towards electrification in 
transportation as environmentally friendly alternatives due to reasons 
such as air pollution, fossil fuel usage, and greenhouse gas emissions. 
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The increase in sustainability-related issues in recent years has become an 
important element in the search for a green environment (Ma et al., 2020, Duan 
et al., 2020, Duan, et al., 2021).

Turkey’s greenhouse gas emissions in 2021 amounted to 564.4 Mt CO2 
equivalent, as stated in the 2023 Greenhouse Gas Emission Inventory Report. 
Consequently, the aggregate amount of greenhouse gas emissions, amounting to 
523.9 Mt CO2 equivalent in the year 2020, exhibited a growth of 7.7 percent in 
comparison to the preceding year. In 2021, energy-related emissions accounted 
for the highest proportion of total greenhouse gas emissions in terms of CO2 
equivalent, with a share of 71.3 percent. This was followed by industrial processes 
and product consumption, which contributed 13.3 percent, agricultural, which 
contributed 12.8 percent, and the waste sector, which contributed 2.6 percent. 
(https://data.tuik.gov.tr/Bulten/Index?p=Sera-Gazi-Emsyon-Istatistikleri-1990-
2021-49672&dil=1).

Greenhouse gas emissions created by energy sources also include 
transportation. Hence, transportation is an indispensable source of movement 
for a society. It affects the economy, and no activity in the social economy 
can be done without transportation. Moreover, more than 90% of the fuel 
consumed in the transportation sector is provided by fossil fuels. Therefore, the 
most important problem of the transportation sector is to reduce dependence 
on fossil fuels while maintaining good performance (Netz et al., 2007), which 
makes transportation more important than ever to change the current energy 
consumption situation and reduce environmental pollution. In recent years, 
along with electric vehicle production technologies, electricity generation 
infrastructures have also developed and attracted increasing attention. While 
many companies have announced their plans to produce electric vehicles 
(Querini and Benetto, 2014), several other countries have begun to replace 
internal combustion engine vehicles (ICMAs) (Cai et al., 2014), making EVs a 
suitable alternative vehicle (Yazdekhasti et al., 2021).

Based on this, it may be possible to carry out studies to increase 
sustainability by using renewable energy sources. The literature widely 
documents the integration of renewable energy sources into charging electric 
vehicles (İnci et al., 2022).

In principle, EVs can be charged in a centralized or decentralized manner 
(Amjad et al., 2018). For decentralized charging, where AC is the only available 
option, long charging time is often needed overnight (Amjad et al., 2018, 
Makeen et al., 2018). As a result, researchers tend to apply fast-charging central 
stations supplied from the electric grid and renewable energy sources to fast 
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charge electric vehicles in DC (Domínguez-Navarro et al. 2019). The increasing 
use of fast charging stations brings with it many risks for users.

FMEA is one of the risk assessment methods commonly used in the 
literature. In this context, some studies addressing charging processes can be 
found in the literature. Haghbin (2016) detected the 3.3 kW onboard battery 
charging failure mode for the electric part of an electric vehicle charger 
by FMEA analysis. FMEA results suggest that it can be used to prioritize, 
investigate, and analyze major fault conditions in semiconductors, DC link 
capacitors, and sensors. Kivela et al., (2021) determined the risk assessment 
and derived functional safety requirements for the charging process using 
their own methods. Rastayesh et al., (2019) obtained critical components by 
classifying risk analysis with FMEA parts used in backup power applications in 
the telecommunications sector.

To address complex problems and avoid sequencing errors, many scientists 
have proposed fuzzy FMEA methods based on fuzzy information and multi-
feature decision making method (Liu et al., 2013; Peng et al., 2021). Zhang 
et al., (2022) conducted service life cycle analysis and risk assessment using 
new integrated fuzzy FMEA methods for risk control and service optimization 
of self-service electric vehicles. Nuchpho et al., (2019) discussed the failure 
analysis of Indian railway signaling systems through fuzzy risk priority number 
(RPN) and FMEA. Chin et al. (2008) presented two approaches, fuzzy expected 
value method (FEVM) and fuzzy FMEA, for a complex infrastructure project.

The literature indicates that while the frequency of the use of fast 
charging stations is increasing, the risks associated with it are also increasing. 
It is important to determine these risks correctly, to prevent the identified risks, 
and to prevent the risk formation from its source. In this study, the structural 
elements of the charging station are divided into three main groups, namely 
system, user, and ergonomics, allowing the identification of potential risks 
throughout the charging process. In this context, risk analysis from the user 
perspective has been conducted and compared using classical FMEA and fuzzy 
FMEA approaches for DC fast charging stations.

2. Classical and Fuzzy FMEA

Classical Failure Mode and Effects Analysis (FMEA) is a proactive 
approach that anticipates and prevents system failures. FMEA utilizes three 
risk factors: occurrence (O), detectability (D), and severity (S). O represents the 
frequency of hazards, D denotes the predictability of risks, and S signifies the 
severity of the risk to the system. The risk priority number (RPN) is calculated by 
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multiplying the rankings of the failure modes, which are input parameters. Three 
input parameters are evaluated on a scale of 1 to 10 (Chin et al.,2008). Priority 
is given to the input parameters with the highest RPNs following multiplication. 
These results enable experts to determine failures and their causes. Experts set 
a threshold value to categorize failures, and corrective measures are needed for 
failures with a value over 100 RPN. These results enable experts to determine 
failures and their causes. Experts set a threshold value to categorize failures, and 
corrective measures are needed for failures with a value over 100 RPN.

FMEA is frequently used in studies, although it has specific constraints. 
The primary drawbacks of FMEA are as follows(Khasha et al. ,2013):

·	 Different combinations of O, S, and D can lead to identical RPN values, 
although failure modes sharing the same RPN may have different associated risk 
factors.

·	 In FMEA, O, S, and D are viewed as equally important. However, the 
importance of these characteristics may vary. 

·	 RPN is calculated by multiplying the three input components 
independently, without accounting for potential indirect connections among 
them.

·	 The three parameters in FMEA calculations do not encompass all the 
causal factors that may result in a failure mode, including errors, inconsistencies, 
uncertainties, and ambiguities. 

Fuzzy logic overcomes these constraints by employing linguistic vari-
ables. Using language variables to describe failure modes is simpler than using 
numerical assignments. The input parameters endure fuzzification by members-
hip functions. The fuzzy parameters are evaluated by decision rules.

3. FMEA Risk Analysis for DC Station

Electric vehicle usage rates are increasing due to the reduction of green gas 
emissions to the environment and the increasing price of fossil fuel resources. 
This increase brings with it the need for electricel vehicle charging stations. 
Since vehicle charging takes an average of 20-60 minutes, charging is usually 
done by the vehicle driver without the help of a support operator. The work steps 
performed at the electric vehicle charging station can be summarized as follows.

· Vehicle arriving at the station
· Removing the plug from the station
· Placing the plug in the vehicle
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· Starting the charging process
· Completing charging
· Payment processing

The vehicle driver’s responsibility for each phase exposes the user to risks 
of varying degrees in the event of encountered hazards during the process. The 
risks at the charging station have been assessed in three categories: system-
related hazards, user-related hazards, and ergonomic risks.

The hazards that may occur under each main heading and the risks that 
may occur due to these hazards are given in Table 1. According to the FMEA 
analysis of the identified risks, O, S and D values were determined by the expert 
team. The expert team consists of 4 expert and has 10 years of experience in 
the electric vehicle ecosystem and components. The RPN results from the 
FMEA analyze were categorized into three classes: 0-40, 41-100 and 100+ were 
classified as low, medium and high, respectively (Ford Motor Company, 1998). 
Table 1 provides the risk class determined by the RPN value of each risk. The 
most significant risk identified for users at DC fast charging stations is ‘C5- 
Finishing the charge with the emergency stop button - New customers cannot 
start charging’ with an RPN value of 432. The least critical risk is ‘E5- Station 
place / size and shape - Inability to benefit from service / limb use’ with an RPN 
value of 4, as shown in Table 1. Classical FMEA analysis identifies 4 system-
related risks in the low-risk category, 6 in the medium-risk category, and 5 in 
the high-risk category. Additionally, there are 6 user-related risks in the low-risk 
category and 2 in the high-risk category, as well as 5 ergonomic hazards in the 
low-risk category and 1 in the high-risk category.



112    ENGINEERING RESEARCHES RESEARCH, METHODOLOGY AND INNOVATION
Ta

bl
e 

1.
 F

M
EA

 fr
om

 U
se

r P
er

sp
ec

tiv
e 

of
 D

C
 F

as
t C

ha
rg

in
g 

St
at

io
ns

H
az

ar
d 

cl
as

s 
N

o
Po

te
nt

ia
l h

az
ar

ds
 m

od
es

 
Su

bh
az

ar
ds

 
no

H
az

ar
ds

O
S

D
R

PN
    

R
PN

C
la

ss

Sy
st

em
 

B
as

ed
 

R
is

ks

S1
Er

ro
r i

n 
th

e 
in

te
rf

ac
e 

(to
uc

h 
sc

re
en

 n
ot

 w
or

ki
ng

)
S1

D
is

co
nn

ec
tio

n 
of

 sy
st

em
 a

cc
es

s a
nd

 c
ha

rg
in

g 
se

rv
ic

e
2

9
2

36
L

S2
Sy

st
em

 h
ea

tin
g

S2
U

se
r s

af
et

y 
ha

za
rd

 a
nd

 e
xp

os
ur

e 
to

 e
xc

es
si

ve
 

en
er

gy
2

9
9

16
2

H

S3
Po

w
er

 o
ut

ag
e

S3
D

is
co

nn
ec

tio
n 

of
 sy

st
em

 a
cc

es
s a

nd
 c

ha
rg

in
g 

se
rv

ic
e

3
10

1
30

L

S4
Pa

ym
en

t i
ss

ue
s

S4
-1

Fa
ilu

re
 to

 m
ak

e 
pa

ym
en

t
1

3
6

18
L

S4
-2

La
ck

 o
f c

ha
rg

in
g 

se
rv

ic
e

1
9

6
54

M

S5
In

su
la

tio
n 

m
ea

su
rin

g 
de

vi
ce

 
no

t w
or

ki
ng

S5
-1

El
ec

tri
ca

l a
nd

 th
er

m
al

 sa
fe

ty
 h

az
ar

d 
fo

r t
he

 u
se

r
1

10
9

90
M

S5
-2

Ex
tre

m
e 

en
er

gy
 e

xp
os

ur
e

1
10

7
70

M

S6
Th

e 
en

er
gy

 m
et

er
 d

oe
s n

ot
 

m
ea

su
re

 p
ro

pe
rly

S6
-1

In
co

rr
ec

t c
al

cu
la

tio
n 

of
 p

ay
m

en
t

2
5

7
70

M
S6

-2
D

ec
re

as
ed

 b
at

te
ry

 li
fe

2
8

9
14

4
H

S7
C

om
m

un
ic

at
io

n 
pr

ot
oc

ol
 

er
ro

rs
S7

Fa
ilu

re
 to

 c
on

ne
ct

 to
 th

e 
ve

hi
cl

e 
an

d 
pr

ov
id

e 
ch

ar
gi

ng
 se

rv
ic

e
2

9
8

14
4

H

S8
Fi

lli
ng

 th
e 

st
at

io
n 

w
ith

 
w

at
er

S8
-1

El
ec

tri
ca

l a
nd

 th
er

m
al

 sa
fe

ty
 h

az
ar

d 
fo

r t
he

 u
se

r
1

10
10

10
0

H
S8

-2
Ex

tre
m

e 
en

er
gy

 e
xp

os
ur

e
1

8
9

72
M

S9
C

or
ro

si
on

S9
-1

El
ec

tri
ca

l a
nd

 th
er

m
al

 sa
fe

ty
 h

az
ar

d 
fo

r t
he

 u
se

r
1

10
10

10
0

H
S9

-2
Ex

tre
m

e 
en

er
gy

 e
xp

os
ur

e
1

8
9

72
M

S1
0

Sh
or

t c
irc

ui
t

S1
0

Fi
re

1
10

1
10

L



RISK ANALYSIS OF DC FAST CHARGING STATIONS . . .     113

U
se

r-
B

as
ed

 
R

is
ks

C
1

C
ab

le
 d

ro
p

C
1

M
ec

ha
ni

ca
l d

ef
or

m
at

io
n 

in
 th

e 
ca

bl
e

4
5

2
40

L

C
2

C
ra

sh
in

g 
in

to
 th

e 
st

at
io

n
C

2-
1

Si
m

pl
e 

in
ju

ry
2

4
1

8
L

C
2-

2
St

at
io

n 
is

 o
ut

 o
f o

pe
ra

tio
n

3
9

1
27

L
C

3
U

se
r u

na
bl

e 
to

 in
se

rt 
gu

n
C

3
In

ab
ili

ty
 to

 b
en

efi
t f

ro
m

 c
ha

rg
in

g 
se

rv
ic

e
5

3
1

15
L

C
4

Th
ef

t (
ca

bl
e, 

pc
, p

ow
er

 
so

ur
ce

)
C

4
St

at
io

n 
is

 o
ut

 o
f o

pe
ra

tio
n

5
9

4
18

0
H

C
5

Fi
ni

sh
 c

ha
rg

in
g 

w
ith

 
em

er
ge

nc
y 

st
op

 b
ut

to
n

C
5

N
ew

 c
us

to
m

er
s c

an
’t 

st
ar

t c
ha

rg
in

g
6

9
8

43
2

H

C
6

D
ro

p 
th

e 
ca

bl
e 

on
 th

e 
gr

ou
nd

 
an

d 
dr

iv
e 

ov
er

 it
 w

ith
 a

 c
ar

C
6

M
ec

ha
ni

ca
l d

ef
or

m
at

io
n 

in
 th

e 
ca

bl
e

3
5

2
30

L

C
7

B
re

ak
in

g 
th

e 
sc

re
en

C
7

In
ab

ili
ty

 to
 st

ar
t/e

nd
 c

ha
rg

in
g 

an
d 

pa
ym

en
t 

tra
ns

ac
tio

ns
2

9
1

18
L

Er
go

no
m

ic
 

R
is

ks

E
1

Ex
ce

ss
iv

e 
ov

er
 ti

m
e 

w
hi

le
 

ch
ar

gi
ng

E
1

Ps
yc

ho
-s

oc
ia

l e
ffe

ct
s

4
4

2
32

L

E
2

Li
gh

tin
g 

(c
ol

or
 a

nd
 li

gh
t 

in
te

ns
ity

) p
ro

bl
em

s a
t t

he
 

ch
ar

gi
ng

 st
at

io
n

E
2

In
ab

ili
ty

 to
 b

en
efi

t f
ro

m
 c

ha
rg

in
g 

se
rv

ic
e/

Se
cu

rit
y 

pr
ob

le
m

2
7

1
14

L

E
3

En
vi

ro
nm

en
ta

l T
em

pe
ra

tu
re

E
3

H
ea

lth
 R

is
k 

/ B
ei

ng
 a

ffe
ct

ed
 b

y 
ve

ry
 h

ot
 o

r 
ve

ry
 c

ol
d 

w
ea

th
er

1
4

1
4

L

E
4

To
ol

s &
 e

qu
ip

m
en

t 
(c

ha
rg

in
g 

ca
bl

e 
le

ng
th

, 
w

ei
gh

t e
tc

.)
E

4
In

ab
ili

ty
 to

 b
en

efi
t f

ro
m

 th
e 

se
rv

ic
e/

in
ju

re
d 

w
ris

t
4

4
1

16
L

E
5

St
at

io
n 

pl
ac

e 
/s

iz
e 

an
d 

sh
ap

e
E

5
In

ab
ili

ty
 to

 b
en

efi
t f

ro
m

 th
e 

se
rv

ic
e 

/li
m

b 
in

ju
ry

2
2

1
4

L
E

6
C

yb
er

 a
tta

ck
E

6
Se

cu
rit

y 
ris

k
3

8
9

21
6

H



114    ENGINEERING RESEARCHES RESEARCH, METHODOLOGY AND INNOVATION

4. Application of Fuzzy FMEA

Risk analyses are carried out to determine the importance levels of risks 
and take action according to their ranking. If the company’s workforce and 
budget resources are limited, the effective use of company resources, in other 
words, determining the risk for which precautions need to be taken, becomes 
a significant problem. In the classical FMEA approach, O, S, and D values 
are multiplied when determining the RPN value. This situation has a very low 
probability value (1), a risk that is easy to detect (1) but has a very high severity 
(10); It causes a risk with a probability level of (2), a detectability level of 
average (5), and a risk with almost no severity (1) to have the same RPN value. 
This situation may prevent the risks from being considered a priority, which 
will have critical consequences if they occur. In this context, in this study, fuzzy 
logic decision rules for fast charging stations were determined, and the hazards 
in Table 1 were evaluated using Fuzzy-FMEA (F-FMEA). 

The F-FMEA scale utilized in our research was developed by developing 
the classic FMEA scale for DC fast charging stations units and implementing 
the code using the Fuzzy Logic Designer Tool in Matlab 22b. In the F-FMEA 
analysis, each input (O, S and D) and output (RPN) were taken into account at 3 
levels and 27 decision rules were created together with the expert team. Figure 
1 illustrates the utilization of the ‘Mamdani min max’ approach. Figures 2 and 
3 in this study display the fuzzy design, illustrating both the inputs and output. 

The F-FMEA includes three levels with three inputs and one output. 
The Z-shaped, triangular, and S-shaped membership functions were utilized 
to represent low, medium, and high levels of definition, respectively. Figure 
2 shows the membership function for the input, while Figure 3 shows the 
membership function for the output. Both Figures 2 and 3 display membership 
functions with low, medium, and high values. Table 2 contains the membership 
function values generated by the F-FMEA scale.
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Figure 1. Design of F-FMEA
 

 

 

 

 

Input variable ‘O, S, and D’

Figure 2. Membership function plots of input variables
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Figure 3. Membership function plots of output variable (RPN)

Table 2. Fuzzy Scale for Inputs 

Defining Fuzzy number

Low Z-shaped [1,4]

Medium Tria [3,6,9]

High S-shaped [6,10]

The hazards of the DC fast charging stations were calculated using 
classical FMEA methodology based on decision rules and the risk assessment 
team assessed the risks using F-FMEA. The classical FMEA, F-FMEA, and risk 
classification system generated in this study are displayed in Table 3.

The prioritizing of risks differs between classical FMEA and F-FMEA, as 
demonstrated in Table 3. The hazards were classified according to their scores 
and RPN values, with corresponding categories given in Table 3.
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Upon assessment based on Table 3, it is obvious that the risk categories 
of hazards have shifted along with the risk ratings. According to the classical 
FMEA approach, the most important hazards are C5, which is in the user-related 
risks group, E6, which is in the ergonomics-related risks group, and C4, which 
is in the user-related risks group. The F-FMEA evaluation ranks S9-1 as the 
most critical hazard in the system-related risks group, followed by S5-1 and S2 
in the same group. F-FMEA analysis, created by taking into account process-
specific evaluations, shows that system-related hazards are important for the 
process.

The confusion matrix in Table 4 displays the alterations in risk class due 
to Classical FMEA and F-FMEA. Table 4 indicates that 12 out of 29 hazards 
have been reclassified to a higher class. This situation shows that in the classical 
approach, the importance levels of hazards in lower risk classes are evaluated 
below the required criticality.

Table 4. Confusion Matrix

Low F-FMEA
Low-Medium Medium High

Classical 
FMEA

Low 8 1 6
Medium 1 5
High 8

5. Conclusion

With increasing individual sensitivity about greenhouse gases and the aim 
of controlling them by law, electric vehicle usage rates are increasing day by 
day. This increase has caused more vehicle users to charge their vehicles at DC 
fast charging stations. In our country, assistance is received from operators in 
meeting the fuel needs of internal combustion engine vehicles, which causes 
individual users to have no experience in vehicle charging. In our country, the 
fact that operators receive help in meeting the fuel needs of vehicles causes 
individual users to have no experience in vehicle charging. This study identified 
potential hazards during the charging process based on the structural components 
of the charging station, categorized into three primary groups: system, user 
and ergonomics. Risk priority scores were then assigned accordingly. While 
determining the RPN values, the FMEA method was taken into account and 15 
of the 29 hazards determined were in the Low group, 9 in the Medium group 
and the remaining 7 hazards in the High group. F-FMEA was developed for 
DC fast charging stations to address the limitation of obtaining RPN values by 
multiplying hazards from the O, S, and D scales in FMEA evaluation. While 
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system-related hazards were not among the top 3 priority hazards in the FMEA 
evaluation, according to the F-FMEA results, 2 of the first 3 hazards were in the 
system-related hazards group. This outcome will provide manufacturers with 
insights on enhancements or actions to be implemented during the design stage 
of DC fast charging stations.

In addition, according to the F-FMEA evaluation, it is seen that the class of 
12 hazards has moved to the upper class. The goal is to reduce potential hazards 
at DC fast charging stations by emphasizing their relevance and facilitating 
quicker response and resolution.In this study, for the first time in the literature, 
classical FMEA and F-FMEA risk analysis for DC fast charging stations was 
performed and the results were compared.

In future studies, different risk analysis methods can be taken into account 
or optimization studies can be carried out in creating action selection plans. 
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