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Preface

In the ever-evolving landscape of science and technology, the fields of 
engineering and environmental sciences have emerged as the vanguards 
of innovation and sustainability. These domains intersect and intertwine, 
shaping the future of our world. This book is a testament to the pursuit 
of knowledge and progress in these crucial areas. A diverse array of topics 
is proposed that not only reflect the current state of these disciplines but 
also illuminate the path ahead. Our aim is to provide a comprehensive 
overview of the developments in engineering and environmental sciences, 
offering a valuable resource for scholars, researchers, and practitioners. The 
chapters contained within this book span a wide spectrum of subjects, each 
contributing a unique facet to the ever-expanding mosaic of knowledge.

The opening chapters delve into the world of advanced materials and 
innovative engineering practices. Self-healing composites, with their 
transformative ability to repair structural damage autonomously, promise 
to revolutionize industries ranging from aerospace to construction. 
Lattice structures and FDM printed parts explore the intricate balance 
between design and function, pushing the boundaries of what is possible 
in manufacturing and construction. The next contributions traverse the 
frontier of biotechnology and its applications. Nanobiotechnology takes 
us into the realm of the infinitesimally small, where nanomaterials and 
techniques hold immense potential for fields such as medicine, energy, and 
environmental remediation. Biomaterials open doors to the development 
of biocompatible materials, spurring advancements in healthcare and 
regenerative medicine. Microbial safety underscores the importance of 
understanding and managing microorganisms in various environmental 
contexts. Other chapters explore the broader systems and environmental 
aspects of engineering. Server queueing models provide insights into 
optimizing digital infrastructures, crucial in an increasingly interconnected 
world. Climate-smart agriculture offers solutions to feed a growing global 
population while mitigating the impacts of climate change. Deep learning 
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architectures, inspired by the human brain, unlock new horizons in artificial 
intelligence and data analysis.

Thank you for joining us on this exciting expedition into the fields of 
engineering, science, and the environment. The voyage ahead is filled with 
challenges, but it is also packed with limitless possibilities and discoveries 
waiting to be made.

Sincerely,

Prof. Raul D.S.G. CAMPILHO
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Chapter 1

Experimental Characterization of Self-Healing 
Composite Structures to Low-Velocity Impact 
Applications 

A.F.V. Pedroso1

R.D.S.G. Campilho2

R.J.B. Rocha3

M.A. Gomes4

Abstract

One of the main problems within aeronautical industries is the collision, in 
low-flight, take-off and landing, between the fuselage of the aircraft and birds. 
This occurrence results in irreversible damage and consequent repairs of the 
composite material that composes the aircraft structure. The focus of this 
work is to find a solution that drastically reduces the lack of residual strength 
of composite materials, combining laminates of hybrid fibre fabrics from 
carbon with Dyneema® with a self-healing elastomeric adhesive Reverlink™ 
in a composite sandwich with a honeycomb core. Comparison is undertaken 
with a more traditional approach that considers the epoxy Araldite® 2015 
adhesive instead. Low-velocity impact tests were made, and the experimental 
results enabled the comparison of both solutions. The test trials showed an 
improved impact behaviour of the Reverlink™ solution and regeneration 
after the first impact. Thus, the proposed solution can be considered instead 
of traditional sandwich joining with epoxy adhesives.

1 Departamento de Engenharia Mecânica, Instituto Superior de Engenharia do Porto, Instituto 
Politécnico do Porto, R. Dr. António Bernardino de Almeida, 431, 4200-072 Porto, Portugal.
Email: andre.pedroso@outlook.pt

2 Departamento de Engenharia Mecânica, Instituto Superior de Engenharia do Porto, Instituto 
Politécnico do Porto, R. Dr. António Bernardino de Almeida, 431, 4200-072 Porto, Portugal. 
INEGI – Pólo FEUP, Rua Dr. Roberto Frias, 400, 4200-465 Porto, Portugal

3 INEGI – Pólo FEUP, Rua Dr. Roberto Frias, 400, 4200-465 Porto, Portugal
4 ISQ, Avenida Professor Dr. Cavaco Silva, 33 Taguspark, 2740-120 Porto Salvo, Portugal
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1. Introduction

Although composite materials offer high values of specific characteristics, 
associated with the strength of the fibres and low density of the constituents, 
these present a brittle behaviour. To mitigate the problems arising from 
loading, such as microcracks in the matrix, self-healing materials were 
created, inspired by living organisms [1, 2]. Self-healing materials come 
from various families of materials and can be of the polymeric, metallic, or 
ceramic type, and even a composite of these [2]. There has been a huge focus 
on the study of new solutions for polymeric materials, due to their lower 
mechanical strength and susceptibility to damage. Self-healing polymeric 
materials can be separated into two mechanisms [3]: (1) autonomous: the 
materials, which can be doped, start the regeneration process based on the 
energy transmitted by the fracture performed, and (2) non-autonomous: the 
materials are only able to initiate the regeneration process after the fracture 
using external stimuli. Focusing on autonomous materials, there are two types 
of self-regeneration. The first type is intrinsic, including thermally reversible 
covalent bond (TRCB) polymers, ionomers, supramolecular chemical-based 
materials (such as hydrogen bonding), thermosetting resin with unreacted 
epoxide, and polymers with dynamic covalent bond exchange (DCBE) [4, 
5]. For any of these variants, the activation energy will always come from 
the cracking, and no external activation energy is required. The second type 
is extrinsic, divided into structural and conventional thermosetting polymer 
matrices, and shape memory polymer (SMP) matrices with the close-then-
heal (CTH) approach. In this case, there is a need for doping with an external 
regeneration agent, such as microcapsules [6], whose regenerator is a base of 
urea-formaldehyde, hollow fibres and biomimetic microvascular networks 
[2, 5, 7].

Impact in composite materials poses an added challenge, in the design 
of solutions, given their heterogeneous nature. According to Ismail, et 
al. [8], the ranges of impact velocities (v) are discretized as follows: (1) 
low-velocity impact (LVI) if v≤10 m/s, medium velocity impact (MVI) if 
10<v≤50 m/s, and high-velocity impact (HVI) if 50<v≤1000 m/s. For the 
application of composite materials in impact situations, the highest possible 
fracture toughness is recommended, as this will ensure greater and better 
absorption of energy from the impact. Specifically, in the case of carbon 
fibres, it is generally found that the higher the tensile strength (σu), the 
greater the energy required to propagate the crack (Gc) [9, 10]. According 
to the literature, some composite systems are particularly suited for impact 
applications, such as Dyneema®, carbon fibre (CF) and glass fibre (GF) with 
Hexcel HexFlow® RTM6 epoxy resin [11], Dyneema®/aluminium with 
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epoxy resin [12], heterocyclic aramid fibre reinforced plastics (HAFRP) 
with 315 K epoxy resin [13], carbon fibre/Nomex® honeycomb with epoxy 
resin [14], and GF/Reverlink™ HR-NR (HN-50-NC) with Araldite LY 
8615 epoxy resin [15]. Heimbs, et al. [11] experimented, through three 
types of tests (Charpy, drop-weight and ballistic), the behaviour of CF, GF 
and Dyneema® laminates subjected to impact. The authors concluded that 
comparing the normalized penetration energy, the Dyneema® laminate with 
24-plies and [0°/90°]12 layup had a better performance in the ballistic test. 
GF, on the other hand, had a slightly better performance than Dyneema® in 
the remaining tests. CF had the worst performance. Sordo and Michaud [15] 
presented a study of GF laminates with two different matrices: Reverlink™ 
HR-NR (HN-50-NC) and epoxy resin (Araldite LY 8615), to compare 
them in dynamic mechanical analysis (DMA). The GF/Reverlink™ laminate 
was also tested in a three-point bending test and LVI. In flexural tests, self-
healing had an efficiency after 24 h time (η24h)=65% of mechanical strength, 
and 72% of flexural stiffness was recovered. In the LVI test (with 20 J), it 
was possible to observe the complete self-regeneration of the elastomeric 
matrix after 28 days.

The focus of this work is to find a solution that drastically reduces the lack 
of residual strength of composite materials, combining laminates of hybrid 
fibre fabrics from carbon with Dyneema® with a self-healing elastomeric 
adhesive Reverlink™ in a composite sandwich with a honeycomb core. 
Comparison is undertaken with a more traditional approach that considers 
the epoxy Araldite® 2015 adhesive instead. Low-velocity impact tests were 
made, and the experimental results enabled the comparison of both solutions.

2. Materials and methods

2.1. Framework and methodology

This research is part of the MOSHO project, which is intended to develop 
and integrate advanced solutions for repairing aeronautical structures in 
composite materials. The fundamental objective of this work is to study, 
evaluate and characterize the dynamic behaviour of self-healing sandwich 
structures subject to low-velocity impact loads, and to verify the strength 
and stiffness recovery. Subsequently, a second impact test campaign will be 
carried out in order to characterize the energy absorption behaviour after self-
healing. Initially, thermo-mechanical tests were performed to characterize 
the applied materials, i.e., Dynamic Mechanical Analysis and Differential 
Scanning Calorimeter tests. After the specimens’ manufacture, drop weigh 
impact tests were performed.
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2.2. Materials

The selected material for the face sheets was the Dyneema® Carbon 
DDCFX005 (Torayca FT300-40B and Dyneema® SK99) fabric, whose 
main characteristics are given in Table 1 and Table 2.

Table 1. Construction characteristics of Dyneema® Carbon DDCFX005.

Construction Warp Weft

Yarn Material Dyneema® SK99/Torayca FT300-40B

Twill ratio Dyneema®/CF 1:2

Yarn number Dyneema®/CF 880/2000 dtex

Dyneema® Content in Weight 18 wt%

Weave 2/2 Twill

Table 2. Dyneema® Carbon DDCFX005 characteristics.

Property Typical Value

Setting
Warp [thread/cm] 6.0

Weft [thread/cm] 6.0

Fabric Areal Weight – FAW [g/m2] 195

Moisture Content [%] Max. 0.5

The material was impregnated at SHD composites (UK) with MTC510 
epoxy resin. Additionally, the prepreg mechanical properties were evaluated 
at INEGI facilities. Table 3 summarizes the obtained properties.
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Table 3. Dyneema® Carbon DDCFX005 mechanical properties.

Standard Property Measured values

ASTM D3039/D3039M – 14 E11, E22 (T) 47.61 GPa

σ1t, σ2t 523.26 MPa

ASTM D3518/D3518M – 13 G12 3.55 GPa

τ12 83.33 MPa

ASTM D6641/D6641M – 16e1 E11, E22 (C) 32.64 GPa

σ1c, σ2c 161.70 MPa

ASTM D7291/D7291M – 15 E33 2.00 GPa

σ3c 11.64 MPa

ASTM D5379/D5379M – 12 G23 2.07 GPa

τ13, τ23 84.88 MPa

ASTM D5528 – 13 DCB, GIc 0.91 N/mm (kJ/m2)

ASTM D7905/D7905M – 14 ENF, GIIc 1.79 N/mm (kJ/m2)

ASTM D3846 – 08 (2015) DEN (T) 198.19 N/mm (kJ/m2)

DEN (C) 5.00 N/mm (kJ/m2)

ISO 14130:1997(E) ILSS, τ0SH 31.73 MPa

ν12c, ν13c 0.04 [-]

ν12t, ν13t 0.04 [-]

Caption: C – compression; DCB – double cantilever beam; DEN – 
double-edge notched; E11 – longitudinal modulus of elasticity; E22 – transverse 
modulus of elasticity; E33 – out-of-plane transverse modulus of elasticity; 
ENF – end-notched flexure; G12 – transversal shear modulus, in plane 12; 
G23 – transversal shear modulus, in plane 23; GIc – Fracture toughness for 
mode I fracture; GIIc – Fracture toughness for mode II fracture; ILSS – 
interlaminar shear strength; T – traction; ν12 – Poisson coefficient, in plane 
12; ν13 – Poisson coefficient, in plane 13; σ1t – Longitudinal tensile stress; 
σ2t – Transverse tensile stress; σ1c – Longitudinal compression stress; σ2c – 
Transverse tensile stress; σ3c – Transverse compression stress, direction 3; 
τ0

SH – interlaminar shear stress; τ12 – Shear stress, in plane 12; τ13 – Shear 
stress, in plane 13; τ23 – Shear stress, in plane 23.

• Core

The Nomex® honeycomb (reference A1-3-64:A1), supplied by I.MA.TEC 
(Italy) is selected for the core. The dimensions and general characterizations 
of the honeycomb are listed in Table 4.
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Table 4. Characteristics of the used Nomex® honeycomb.

Density=64 kg/m3 The thickness of the wall cell (t)=0.12 mm

Cell size (w)=3 mm Overall thickness=10 mm

The Nomex® honeycomb elastic properties were calculated taking into 
account the hexagonal cell’s geometry and the analytical model by Malek 
and Gibson [16], and are presented in Table 5.

Table 5. Elastic Properties of the used Nomex® honeycomb.

E1=0.45315 MPa G12=0.11331 MPa ν12=0.99557

E2=0.45382 MPa G13=38.618 MPa ν13=0.00051

E3=257.98 MPa G23=63.106 MPa ν23=0.00051

Figure 1. Self-healing test: a) Reverlink™ sliced in two parts and b) complete healing 
after a small hand pressure for 30 seconds.

2.3. Specimen fabrication and impact testing

Sandwich panels with 150×100 mm2 were manufactured (Figure 2). 
The sandwich consists of two skin sheets, each has five layers, with the 
formerly mentioned layup of [(45,-45)/(45,-45)/(90,0)/(45,-45)/(45,-45)]. 
The overall thickness of the skin (five plies) is 1.25 mm and the Nomex® 
honeycomb core thickness is 10 mm. Reverlink™ was used to adhere the 
honeycomb with the two skins.
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Figure 2. Sample of a sandwich panel with Reverlink™.

The sandwich skins were manufactured through autoclave curing 
according to the supplier’s recommended cycle. All activities (cutting and 
stacking) before autoclave curing are performed in a clean room designed 
and built for classification 10K, ISO 7. The prepreg materials are processed 
according to the following steps:

1. Remove the prepreg roll from the freezer and wait until it reaches 
room temperature;

2. Cut the layers according to the required geometry and orientation;

3. Create the layup using multiple layers:

(i) Attach an L-square ruler to the workbench to assist in the 
alignment of the plies;

(ii) Position the first ply using the ruler as a guide and select the 
orientation according to the first angle of the layup sequence. A 
guide table is filled for each ply to avoid layup errors;

(iii) Place the second layer with the fibres facing downwards and in 
the correct direction without removing the paper film;

(iv) Apply pressure to the layer with the aid of a spatula, always in 
the direction of the fibres and from the inside to the outside of 
the layer (to guarantee no entrapped air). If necessary, apply heat 
(e.g., with a hot air gun) to improve adhesion between layers. 
After this process, remove the paper film from the last layer, 
always according to the direction of the fibres;

(v) Repeat this process until the last ply is stacked. Note that, the 
paper film of the last layer should be kept to avoid contamination 
of the laminate.
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4. If necessary, correct the dimensions of the laminate;

5. Identify the laminate with a sample code and stacking sequence.

It should be noted that, when it is not possible to stack all the plies in the 
working window, the partially stacked laminate must be stored in the freezer. 
Metal plates and airtight bags should be used to avoid loss of flatness and 
moisture absorption, respectively. The prepreg skins were cured according 
to the following cycle:

1. Apply 2.4 bar gauge autoclave pressure;

2. Heat at 2°C/min to 100°C;

3. Dwell at 100°C for 240 minutes;

4. Cool at -2°C per minute;

5. Vent autoclave pressure when the component reaches 60°C.

After, the honeycomb was cut to the required dimensions. The 
Reverlink™ is intended to bond the skins and honeycomb core, as depicted 
in Figure 2. The manufacture of Reverlink™ involves mixing the D.E.R.™ 
epoxy resin 330, supplied by Merck® and the amine (SC6), supplied by 
Arkema®. According to the manufacturer indications, the epoxy resin was 
heated to a temperature of up to 80°C, and the amine (SC6) to 100°C, 
before mixing the two components, followed by the curing process during 
24 h at 120°C. Considering the appropriate procedures, coupons for impact 
testing (150×100 and 300×300 mm2) were manufactured. The necessary 
amount of material was weighted to achieve a Reverlink™ layer of 1 mm 
thickness. Then, the honeycomb was placed on top of the laminate and left 
to cure for 6 h at 140°C. The same procedure was carried out to build the 
other half of the sandwich, giving the final coupons depicted in Figure 3.

Figure 3. The final look of the sandwich coupons.
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The apparatus used for the drop-weight impact test is illustrated in Figure 
4. The procedures inherent to the test are found in the ASTM D7136/
D7136M – 15 standard, which requires that at least five valid specimens 
be tested. To evaluate the Reverlink™ self-regeneration, two tests of 20 J 
are recommended for each sandwich structure and the following procedures 
were implemented:

1. The first LVI will cause a loss of mechanical resistance, as well as 
stiffness. From here damage area (Adamage) and maximum depth 
(↧ damage) are measured;

2. A 24h conditioning at a temperature (T) of 90°C proceeded to 
accelerate the self-healing process of Reverlink™, as described by 
Sordo and Michaud [15];

3. The second LVI is performed 24h after the self-healing initiation. 
Adamage and ↧ damage are measured once again.

Figure 4. Drop weight impact test: (a) setup and (b) impactor tip and mass detail.
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3. Results

3.1. Data analysis

Table 6 presents the values obtained of Adamage and ↧ damage to the sandwich 
composites with Reverlink™. Ei is the applied impact energy.

Table 6: Values of the various LVI parameters, and Adamage and  damage, in the first drop-
weight test, for the five sandwich structures with Reverlink™

Sp
ec

im
en

Impact Conditions Damage after 1st impact

Øesf 
(mm)

m (kg) h (m) vi (m/s) Ei (J) Penetration
Adamage 
(mm2)

↧ damage 
(mm)

1

12.50 11.46 0.178 1.87 20.00 Yes

243.30 7.72

2 238.70 8.19

3 223.20 4.11

4 261.00 8.06

5 244.40 6.29

Legend: Adamage – damaged area; h – free fall height; m – impact assembly mass;  – 
maximum depth; Øesf – hemispherical impactor diameter.

Having Reverlink™ as a cohesion element between the laminates and 
honeycomb core, a median damage area (X̄Adamage) of 242.12 mm2 was 
measured in the sandwich impact surface, with a sample standard deviation 
of damage area (sAdamage) of 13.53 mm2 and a coefficient of variation of 
damage area (%sAdamage) of 5.59%. For ↧ damage, a median value (X̄↧ damage) of 
6.87 mm was obtained, with a sample standard deviation (s↧) of 1.72 mm 
and a coefficient of variation (%s↧) of 25.02%. The high value of %s↧ 
is mainly due to specimen 3. Table 7 presents Adamage and ↧ damage for the 
sandwich composites with Araldite® 2015, tested to three different Ei values. 
Comparing the data of specimen 02-20J (although there is no statistically 
equal representation for Ei=20 J) with the Reverlink™ data, lower values of 
Adamage are obtained for the Reverlink™ case, as it is shown in Table 8.
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Table 7: Values of the various LVI parameters, and Adamage and  damage, in the single drop-
weight test, for the four sandwich structures with Araldite® 2015

Sp
ec

im
en

Impact Conditions Damage after only impact

Øesf 
(mm)

m (kg) h (m) vi (m/s) Ei (J) (1)
Adamage 
(mm2)

↧ damage 
(mm)

02-10J-1

12.50 11.46

0.089 1.32 10.00 No 78.54 NE

02-10J-2 0.089 1.32 10.00 No 78.54 NE

02-20J 0.178 1.87 20.00 Yes 314.16 NE

02-30J 0.267 2.29 30.00 Yes 314.16 NE

Legend: (1) penetration; NE – not evaluated.

Table 8: Adamage values, from the first drop-weight test, for the five sandwich structures 
with Reverlink™, and respective differences, ΔAdamage, with the specimen with Araldite® 

2015

Araldite® 
2015

Reverlink™

Specimen 02-20J 1 2 3 4 5

Adamage (mm2) 314,16 243,30 238,70 223,20 261,00 244,40

ΔAdamage (mm2) [-] -70,86 -75,46 -90,96 -53,16 -69,76

Legend: ΔAdamage – damage area differential.

The values of ΔAdamage exalt the absorption and damping energy capacity 
of Reverlink™ since the 20 J LVI could not translate into an equal value of 
Adamage nor destruction of the sandwich structure with Araldite® 2015. After 
24h conditioning to the sandwich structures with Reverlink™, at T=90°C, 
the 2nd LVI test is fulfilled. Table 9 highlights the impact conditions, identical 
to the 1st LVI, and both Adamage and ↧ damage. Comparison of Adamage to those 
of Table 6 shows identical values. In the ↧ damage domain, the presented values 
are expectedly higher, compared with the 1st LVI, obtaining a X̄↧ damage of 
10.26 mm. Moreover, s↧ value of 0.55 mm and a %s↧ value of 5.32% were 
attained, which demonstrates that the consequences of a 2nd LVI resulted in 
higher repeatability.
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Table 9: Values of the various LVI parameters, and Adamage and  damage, in the second drop-
weight test, for the five sandwich structures with Reverlink™

Sp
ec

im
en

Impact Conditions Damage after 2nd impact

Øesf 
(mm)

m 
(kg)

h (m)
vi 

(m/s)
Ei (J) Penetration

Adamage 
(mm2)

↧ damage 
(mm)

1

12.50 11.46 0.178 1.87 20.00 Yes

243.30 9.88

2 238.70 10.06

3 223.20 11.18

4 261.00 10.30

5 244.40 9.86

Analysing the difference of maximum depth values (Δ↧ damage) depicted in 
Table 10, it is possible to conclude that there was a quantity of Reverlink™ 
that flowed towards the places where the impact took place, aiming at 
filling possible cracks with the elastomer to dampen and restore some local 
mechanical strength and stiffness. This phenomenon is reflected in the 
Δ↧ damage values, which are lower than the ↧ damage values obtained in the 1st 
LVI, excepting specimen 3.

Table 10: Values of  damage, from the first and second drop-weight tests, for the five 
sandwich structures with Reverlink™, and respective differences

Specimen
1st Impact 2nd Impact

↧ damage (mm) ↧ damage (mm) Δ↧ damage (mm)

1 7.72 9.88 2.16

2 8.19 10.06 1.87

3 4.11 11.18 7.07

4 8.06 10.30 2.24

5 6.29 9.86 3.57

Analysing the Δ↧ damage values from Table 10 it is possible to affirm that 
there was self-healing activity from Reverlink™ due to the conditioning, 
otherwise, the values of ↧ damage from the 2nd LVI would be double from the 
1st LVI values. In this case, it is known that Reverlink™ efficiently self-heals 
65% within 24 hours (η24h), hence Δ↧ damage values obtained don’t represent 
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30 % of the 1st LVI ↧ damage values obtained in specimens 1,2 and 4 and 50 % 
in specimen 5. 

3.2. Visual analysis of the failed specimens

Figure 5 shows a visual comparison between specimen 1 with Reverlink™ 
and with the only specimen with Araldite® 2015, both tested to a 20 J LVI. 
In Figure 5 (a), it is visible that the Nomex® core is exposed, having resulted 
from the penetration, which caused the laminate fracture. In Figure 5 (b), 
core exposure is not observable. In this case, only perceptible fracture and 
Dyneema® matrix debonding were found, resulting from compression 
effects and fibre carbon (CF) crushing.

Figure 5: Sandwich drop-weight specimen with a) Reverlink™ specimen 1; b) Araldite® 
2015

Figure 6 provides the visual comparison of the resulting damage between 
the 1st LVI (a) and the 2nd LVI (b), having specimen 1 as an example. The 
core exposure to the exterior is compared between Figure 6 (a) and (b), 
which is more significant after the 2nd LVI, and it is patent the complete 
laminate fracture due to a 2nd Dyneema® fibre crushing and to matrix cracks, 
visible in the damaged perimeter (Pdamage).
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Figure 6: Specimen 1, front face after a) 1st LVI, b) conditioning and 2nd LVI

3.3. Discussion and comparative evaluation

In the present study of the 150×100 mm2 Reverlink™ sandwich 
structures, subjected to a drop-weight impact, it was found that Adamage values 
were smaller than the homologous specimen with Araldite® 2015 obtained 
since the Reverlink™ elastomer has a higher capacity to dissipate energy 
due to its high εu value. Nevertheless, it was found that in all sandwich 
structures with Reverlink™, when penetrated, the Nomex® core was always 
exposed and visible to the naked eye (except in specimen 3), which was 
not visible in the specimen 02-20J with Araldite® 2015. This difference is 
intrinsically related to the resilience modulus (Ur) of the Araldite® 2015. 
While the Reverlink™ has a higher capacity to dissipate energy in the plastic 
regime or better toughness, the Araldite® 2015 has better resilience due to 
the significantly higher Young’s modulus. In the self-healing domain, the 
same is verifiable through ↧ damage values obtained for the 1st and 2nd LVI 
events, although it is believed that improved values would be achieved if 
the specimens were stratified as exemplified in Figure 7, and bonded in an 
autoclave. First, the 1 mm thick layers of Reverlink™ would be manufactured 
in polysiloxane (silicone) moulds, and then the laminates and Nomex® would 
be joined in an autoclave, as is the case in the manufacture of aeronautical 
components. In this case, it is believed that this manufacturing process 
would be more beneficial to self-regeneration and filling of cracks than the 
current manufacturing process.
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Figure 7: Exploded view of the layering of the 150×100 mm2 sandwich structure to 
be manufactured in an autoclave (designed and taken from the SOLIDWORKS® 

software)

4. Conclusions

The present work addressed the typical lack of residual strength of 
composite materials to impact loadings, by combining carbon/Dyneema® 
composites in a sandwich structure with Nomex® core and Reverlink™ 
as joining material. The experimental work carried out was based on LVI 
tests executed by drop weight impact tests, after having characterized the 
sandwich materials, with emphasis on the Reverlink™. Repeated impacts 
were applied to the same laminates to ascertain the healing capabilities of the 
Reverlink™ layers. The trials essentially showed that the specimens joined 
with Reverlink™ had a significant Adamage reduction (up to approximately 
90% for a single specimen), due to the energy absorption and damping of 
this material over the Araldite® 2015. The repeated impact of the Reverlink™ 
joined sandwich structures revealed no changes in Adamage. Moreover, 
by analysing Δ↧ damage between both impacts to each sandwich coupon, a 
significant reduction was found compared to the initial ↧ damage, thus showing 
that regeneration actually took place. However, in the Reverlink™ structures, 
the Nomex® core was always exposed, due to the higher resilience modulus 
of the Araldite® 2015. In general, it is considered that the Reverlink™ is 
able to improve the impact characteristics of the sandwich structures, over a 
conventional epoxy adhesive, and that 2nd impact regeneration takes place. 
Thus, this innovative material can be an effective replacement for composite 
sandwich structures under impact loads.
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Chapter 2

Utilizing the Unique Mechanical Properties of 
Lattice Structures For Energy Absorption in 
Aerospace Applications 

Erkan Tur1

Abstract

This work explores the utilization of the unique mechanical properties of 
lattice structures for energy absorption in aerospace applications. Lattice 
structures, characterized by their periodic arrangement of interconnected 
struts or beams, exhibit exceptional strength-to-weight ratios and energy 
dissipation capabilities. This study aims to investigate the potential of lattice 
structures in enhancing energy absorption during impact events, such as crash 
landings or bird strikes, in aerospace components. Through a combination 
of experimental testing, computational simulations, and analytical modeling, 
the research will analyze the mechanical behavior of lattice structures under 
varying loading conditions. The findings will contribute to the development 
of lightweight and resilient aerospace components that can effectively absorb 
and dissipate impact energy, thereby improving overall safety and structural 
integrity.

1. Lattice Structures

The aerospace industry is a sector that constantly seeks innovative solutions 
to enhance the safety and efficiency of its vehicles. One such method involves 
the utilization of lattice structures due to their unique mechanical properties, 
particularly in terms of energy absorption. In recent years, one method 
that has shown considerable promise involves the use of lattice structures. 
These structures, characterized by their unique mechanical properties, 
are particularly noteworthy for their energy absorption capabilities. This 
work offers an in-depth exploration of how lattice structures are integrated 
into aerospace applications for energy absorption, contributing to the 
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development of more effective crash protection systems in aircraft and 
spacecraft and additionally weight reduction in aerospace vehicles.

Understanding Lattice Structures

Lattice structures are complex geometric configurations made up of 
repeating unit cells, creating a network of interconnected struts. These cells 
create a network of interconnected struts or beams that form the overall 
structure. The beauty of lattice structures lies in their high strength-to-
weight ratios, making them an ideal choice for applications where weight 
is a critical factor, such as in the aerospace industry. Moreover, they provide 
impressive energy absorption capacities, primarily due to their ability to 
undergo significant plastic deformation under load without experiencing 
catastrophic failure.

Energy Absorption and Aerospace Applications

In the context of aerospace applications, energy absorption is a critical 
characteristic. It is particularly significant concerning crashworthiness – the 
ability of an aircraft or spacecraft to safeguard its occupants in the event of 
an accident. The primary aim in such scenarios is to absorb and dissipate 
the energy of an impact, thereby reducing the forces transmitted to the 
occupants, and thus minimizing potential injuries.

Lattice structures can serve this purpose effectively, thanks to their unique 
deformation mechanisms. When subjected to an impact, the struts in a lattice 
structure can bend, buckle, or fracture, absorbing energy in the process. 
This energy absorption happens progressively, from cell to cell, providing a 
controlled and efficient means of managing impact forces.

Integration of Lattice Structures in Aerospace Vehicles

Lattice structures can be utilized in various components of an aircraft or 
spacecraft. For example, they can be incorporated into the design of seats 
to absorb energy and protect occupants in a crash. The lattice structures in 
the seat would be designed to deform in a controlled manner upon impact, 
absorbing energy and reducing the forces transmitted to the occupant. 
Similarly, lattice structures can be used in the construction of fuselage frames 
or landing gear components, where they can absorb energy during hard 
landings or crashes. The lattice structure can be designed to deform and 
absorb energy upon impact, while still maintaining sufficient structural 
integrity to prevent catastrophic failure.
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Furthermore, lattice structures can be designed with different types of 
unit cells and various materials to achieve the desired energy absorption 
characteristics. For instance, using more robust materials can increase the 
structure’s energy absorption capacity, while different unit cell designs can 
provide various deformation mechanisms, such as bending, buckling, or 
fracturing, each offering different energy absorption behaviors.

Manufacturing of Lattice Structures for Aerospace Applications

Advancements in manufacturing technologies, particularly additive 
manufacturing or 3D printing, have greatly facilitated the integration of 
lattice structures in aerospace vehicles. Unlike traditional manufacturing 
methods, additive manufacturing allows for the creation of complex lattice 
structures with a high degree of precision and customization, enabling 
designers to optimize the structure’s properties for specific applications.

For instance, the geometry of the unit cell, including the shape, size, 
and orientation, can be precisely controlled to influence the mechanical 
behavior of the lattice structure. Similarly, the material used to create the 
lattice structure can be chosen based on the desired properties, whether it be 
high strength, lightweight, or superior energy absorption.

The Role of Material Selection in Lattice Structures

Material selection plays a significant role in the design of lattice structures 
for aerospace applications. The choice of material can directly influence the 
weight, strength, and energy absorption capacity of the structure. Commonly 
used materials include metals like aluminum and titanium, polymers, 
and composites. Aluminum, for instance, is lightweight and has a good 
strength-to-weight ratio, making it suitable for many aerospace applications. 
However, for applications where higher strength or temperature resistance is 
required, titanium may be a better choice. Polymer lattice structures, on the 
other hand, can offer excellent energy absorption capacity due to their ability 
to undergo large plastic deformations. Composite materials, which combine 
the properties of different materials, can be designed to provide an optimal 
balance of weight, strength, and energy absorption.

Exploring Different Lattice Designs

The design of the lattice structure, particularly the unit cell geometry, also 
has a significant influence on its properties. Common unit cell designs include 
cubic, tetrahedral, and octet truss structures. Cubic structures are simple to 
design and manufacture but may not provide the best energy absorption 
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capacity. Tetrahedral structures offer better energy absorption but can be 
more challenging to manufacture due to their more complex geometry. 
Octet truss structures, which combine the features of cubic and tetrahedral 
designs, can provide excellent strength and energy absorption capacity. 
However, their complex geometry can pose challenges for manufacturing 
and quality control.

Challenges and Future Directions

Despite the significant potential of lattice structures in aerospace 
applications, several challenges need addressing. The manufacturing of 
lattice structures, particularly through additive manufacturing processes, 
can be time-consuming and costly. Moreover, the quality control of these 
structures can be challenging due to their complex geometries. Ensuring 
the consistent and reliable performance of lattice structures over time and 
under varying environmental conditions is another significant issue, given 
the demanding operational environment of aerospace vehicles.

On the other hand, the future of lattice structures in aerospace applications 
looks promising. As research continues and manufacturing technologies 
advance, it is expected that these challenges will be overcome, and the use of 
lattice structures will become even more prevalent and sophisticated.

Furthermore, the potential for integrating other advanced materials or 
technologies with lattice structures offers exciting possibilities. For instance, 
the incorporation of smart materials or sensors into lattice structures could 
allow for self-monitoring or self-healing capabilities, further enhancing the 
safety and reliability of aerospace vehicles.

Lattice Geometric Sequences

Lattice geometric sequences refer to a specific type of mathematical 
sequence that exhibits a geometric progression within a lattice or grid-like 
structure. In a lattice geometric sequence, each term is derived by multiplying 
the previous term by a constant ratio. What sets lattice geometric sequences 
apart is that the terms of the sequence are positioned in a lattice pattern, 
forming a two-dimensional grid. This lattice structure allows for unique 
properties and relationships to emerge between the terms. The lattice 
geometric sequences find applications in various areas of mathematics, such 
as number theory, combinatorics, and fractal geometry. They are used to 
study patterns, symmetries, and self-similarities within the lattice structure. 
Moreover, lattice geometric sequences have practical implications in 
computer science and cryptography, where they are employed in generating 
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random numbers, designing encryption algorithms, and constructing 
error-correcting codes. By exploring the properties and behaviors of lattice 
geometric sequences, mathematicians and researchers gain insights into the 
intricate connections between algebraic and geometric concepts. The study 
of lattice geometric sequences contributes to a deeper understanding of 
patterns and structures in mathematics and provides a foundation for further 
investigations in related fields.

Unit Cell Design of Lattice Structures

Design Principles and Considerations

Designing an efficient unit cell requires considering multiple factors. 
The shape and topology of the unit cell, such as truss-based, honeycomb, 
or octet truss configurations, influence the mechanical behavior and load-
bearing capabilities of the lattice structure. The dimensions of the struts, 
including length, cross-sectional area, and orientation, impact the strength 
and stiffness of the lattice. Material selection is another critical aspect, as 
different materials exhibit varying mechanical properties, such as elasticity, 
strength, and fatigue resistance.



24 | Utilizing the Unique Mechanical Properties of Lattice Structures For Energy Absorption...

Figure 1 – Unit Cell Designs for Uniform Lattice Structures

Shape and Topology

The shape and topology of the unit cell significantly influence the 
mechanical behavior and load-bearing capabilities of the lattice structure. 
Different configurations, such as truss-based, honeycomb, or octet truss, 
offer distinct advantages and trade-offs. Truss-based lattice structures feature 
interconnected struts forming a series of triangles, providing excellent 
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load-bearing capabilities. Honeycomb configurations consist of hexagonal 
cells, offering high stiffness and efficient energy absorption. Octet truss 
configurations, with interconnected cubic-like cells, provide a combination 
of strength and lightweight properties. The choice of shape and topology 
depends on the specific application requirements, considering factors 
such as load-bearing capacity, weight reduction goals, and manufacturing 
constraints.

Dimensions of Struts

The dimensions of the struts within the unit cell are critical in determining 
the strength, stiffness, and overall mechanical properties of the lattice 
structure. Factors to consider include strut length, cross-sectional area, and 
orientation. Longer struts increase the overall size of the lattice structure 
and may provide higher stiffness. However, longer struts can also result in 
increased weight. Cross-sectional area influences the load-bearing capacity 
and resistance to bending or buckling. Larger cross-sectional areas enhance 
strength but may compromise weight reduction goals. The orientation of 
the struts affects the structural behavior and load distribution within the 
lattice structure. Optimizing the dimensions of the struts involves a careful 
balance between strength, stiffness, weight, and manufacturability.

Figure 2 – Strut Determination for Lattice Structures

Material Selection

Material selection is a crucial consideration in unit cell design, as different 
materials exhibit varying mechanical properties. The choice of material 
depends on the desired characteristics of the lattice structure, such as 
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strength, stiffness, and fatigue resistance. Metals, polymers, and composites 
are commonly used materials in lattice structures. Metals offer high strength 
and stiffness but may be heavier. Polymers provide lightweight options 
and can exhibit excellent damping properties. Composites, combining 
different materials, allow for tailoring the mechanical properties to specific 
requirements. Selecting the appropriate material involves considering 
factors such as the intended application, environmental conditions, cost, and 
manufacturing constraints.

Structural Optimization

Structural optimization techniques play a vital role in unit cell design, 
allowing engineers to enhance the performance of lattice structures. The goal 
of optimization is to maximize the mechanical properties while minimizing 
weight or other design constraints. Computer-aided design tools, such 
as finite element analysis (FEA) and topology optimization algorithms, 
facilitate the optimization process. FEA simulations help evaluate the stress 
distribution, deformation patterns, and failure modes within the lattice 
structure. Topology optimization techniques iteratively optimize the layout 
and connectivity of the lattice structure, removing material where it is 
not required and redistributing it to areas experiencing high stress. These 
optimization techniques enable engineers to identify the optimal unit cell 
design that meets specific performance objectives.

Manufacturability and Fabrication Techniques

The unit cell design of lattice structures can be integrated with multiscale 
design approaches. Multiscale design aims to optimize the material properties 
and structural behavior at different length scales within the lattice structure. 
This involves incorporating hierarchical or graded structures, where the 
unit cell design may vary across different sections of the lattice structure. By 
tailoring the unit cell design at different scales, engineers can enhance specific 
properties, such as local stiffness, energy absorption, or fatigue resistance, 
based on the specific loading conditions or environmental requirements. 
The design principles and considerations discussed in this section highlight 
the essential factors involved in unit cell design for lattice structures. The 
shape and topology, dimensions of struts, material selection, structural 
optimization, manufacturability, and integration with multiscale design all 
contribute to the overall mechanical behavior and performance of lattice 
structures. By carefully considering these principles and utilizing advanced 
design and manufacturing techniques, engineers can create lattice structures 
with tailored mechanical properties, lightweight characteristics, and 
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optimized performance for various applications in aerospace, automotive, 
civil engineering, and beyond. The continued research and development 
in unit cell design will lead to further advancements in lattice structures, 
unlocking their full potential in diverse industries.

Uniform Lattice Structures

Uniform lattice structures refer to lattice configurations where the unit 
cells are identical and regularly arranged throughout the structure. These 
structures offer several advantages, including simplicity in design, ease of 
fabrication, and predictable mechanical behavior. The uniform arrangement 
of unit cells ensures homogeneity in the lattice structure, resulting in 
consistent material properties and load distribution.

Table 1 – Unit Cell and Specimen Parameters

One of the key benefits of uniform lattice structures is their ability to 
achieve lightweight yet strong designs. By carefully selecting the material 
and adjusting the dimensions of the unit cells, engineers can tailor the 
mechanical properties of the lattice structure to meet specific requirements. 
The regular arrangement of unit cells allows for efficient load transfer and 
stress distribution, leading to improved structural integrity and load-bearing 
capabilities.
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Figure 3 – 3D Printed Prototypes of the Lattice Structures Produced by MJF Method

Uniform lattice structures find applications in various fields, including 
aerospace, automotive, and biomedical engineering. In aerospace, they are 
utilized to design lightweight components such as aircraft frames, wing 
structures, and engine parts, where weight reduction is critical for fuel 
efficiency. In the automotive industry, uniform lattice structures contribute to 
the development of lightweight and crash-resistant components, enhancing 
both safety and performance. Biomedical engineering benefits from the use 
of uniform lattice structures in implantable devices, where the structures 
can provide sufficient mechanical support while facilitating cellular ingrowth 
and tissue integration.

Designing uniform lattice structures involves considering factors such as 
unit cell geometry, size, and material selection. The geometry of the unit cell, 
such as cubic, hexagonal, or diamond, affects the overall mechanical behavior 
and properties of the lattice structure. The size of the unit cell determines 
the overall scale and density of the lattice, impacting weight and stiffness 
characteristics. Material selection is crucial, as different materials exhibit varying 
mechanical properties, such as strength, elasticity, and biocompatibility.
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Fabrication techniques such as additive manufacturing (3D printing) 
enable the production of uniform lattice structures with complex geometries 
and precise control over unit cell arrangements. Additive manufacturing 
allows for the realization of intricate lattice designs that were previously 
challenging or impossible to achieve using traditional manufacturing 
methods.

In conclusion, uniform lattice structures offer an attractive combination 
of lightweight, strength, and predictable mechanical behavior. Their regular 
arrangement of identical unit cells provides consistent material properties 
and load distribution throughout the structure. With their versatility 
and design flexibility, uniform lattice structures have broad applications 
across industries, contributing to advancements in aerospace, automotive, 
biomedical engineering, and beyond. Continued research and development 
in this field will further expand the possibilities and unlock the full potential 
of uniform lattice structures in diverse engineering applications.

Unit Cell Design Based on Geometric Wireframe

Unit cell design based on geometric wireframe involves the creation of 
lattice structures by utilizing interconnected geometric wireframe elements. 
This approach offers a flexible and versatile method for designing lattice 
structures with intricate geometries and tailored mechanical properties.

The design process begins by constructing the unit cell using wireframe 
elements such as beams, struts, or trusses. These elements form the skeletal 
framework of the lattice structure, providing the desired strength, stiffness, 
and load-bearing capabilities. By adjusting the dimensions, orientation, 
and connectivity of the wireframe elements, engineers can customize 
the mechanical properties of the lattice structure to meet specific design 
requirements.

One of the key advantages of unit cell design based on geometric 
wireframe is the ability to achieve lightweight structures with optimized 
performance. The open framework of interconnected wireframe elements 
reduces the overall weight of the lattice structure while maintaining its 
structural integrity. This design approach also offers opportunities for 
efficient energy absorption and vibration damping, making it suitable for 
applications where impact resistance and dynamic response are important.

The unit cell designs based on geometric wireframe find applications 
in various fields, including aerospace, architecture, and advanced 
manufacturing. In aerospace, these lattice structures are employed in 
lightweight components such as aircraft panels, engine components, and 
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space frame structures, allowing for weight reduction without compromising 
strength. In architecture, geometric wireframe lattice structures enable the 
creation of unique and visually striking designs for building facades, roofs, 
and interior structures. In advanced manufacturing, this design approach 
facilitates the fabrication of lattice structures with complex geometries using 
techniques like additive manufacturing, enabling customized and highly 
optimized designs.

Designing unit cells based on geometric wireframe involves considerations 
of the wireframe element shape, connectivity, and dimensions. Computer-
aided design tools, such as 3D modeling software, assist engineers in 
creating and optimizing wireframe-based unit cells with precise control over 
geometry and connectivity. Additionally, simulation techniques like finite 
element analysis aid in evaluating the mechanical behavior and performance 
of the designed unit cells under various loading conditions.

Unit cell design based on geometric wireframe provides a versatile and 
customizable approach to creating lattice structures with intricate geometries 
and tailored mechanical properties. The interconnected wireframe elements 
offer lightweight and efficient load transfer characteristics. This design 
approach finds applications in aerospace, architecture, and advanced 
manufacturing, contributing to advancements in lightweight and high-
performance structures. Continued research and development in this field 
will further enhance the understanding and optimization of unit cell designs 
based on geometric wireframe, leading to innovative lattice structures for 
various engineering applications.

On the design of the unit cells, designers can freely use CAD software 
to design the geometric structure of unit cells, and then analyze the 
performance of the unit cells by finite element or experimental methods, and 
finally form a uniform lattice structure according to a certain arrangement 
of unit cells. [1]

Yong Chen suggested a 3D texture mapping method, 3D microstructures: 
Tetrahedron, Octahedron, Cube, Vector (top row, from left to right); 
Icosahedron, Dodecahedron, Tetrakaidecahedron, Triacontahedron (bottom 
row, from left to right). [2]
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Figure 4 - 3D microstructures: Tetrahedron, Octahedron, Cube, Vector (top row, from 
left to right); Icosahedron, Dodecahedron, Tetrakaidecahedron, Triacontahedron 

(bottom row, from left to right)

For the synthesis of microstructures, 3D microstructures need to be 
mapped into a design space in order to form an internal structure. Ideally the 
generated internal structure should be adaptive to the outside part shape. It 
should also satisfy the given design requirements. For example, a component 
design should minimize stiffness for some compliance properties, or it should 
minimize weight to obtain a desirable dynamic performance, etc. Therefore 
the synthesis of microstructures is the process of determining where to put 
microstructures in a design space to achieve the given design requirements. 
There are two types of approaches for the synthesis of microstructures. First 
one is a uniform approach by using a microstructure as a pattern to duplicate 
in all directions to cover the design space [3-4]. This approach is generally 
used for uniform cellular structures. Second one is adaptive approaches 
by using structural optimization to adapt structures based on design 
requirements. Joo et al. [5] presented a ground structure approach which 
uses a grid of potential bars connecting any tow nodes in a design space. 
Nodal locations are fixed and the resulting optimum topology is a subset 
of the ground truss. Bendsoe and Kikuchi [6] presented a homogenization 
method employing a composite material as the basis for defining space in 
terms of material density. Wang [7] presented a unit cell approach for non-
uniform structures include lightweight structure and compliant mechanism.
The uniform approach is simple. It is comparably easier to analyze the 
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properties of uniform cellular structures. Many researchers have studied a 
variety of microstructures and related mechanical properties. However, the 
structural design based on the uniform approach is usually not optimal since 
the geometries are not adaptive to neither the outside part shape nor design 
requirements. The adaptive approaches generally can get a better structural 
design. However, since they treat both structural topology and geometry 
as design variables, a huge number of design variables exist. Some variables 
such as structural connectivity are discrete. 

Figure 5 – General Structure Configuration Model of a Tetrahedron in XML

Consequently, the optimization problem is quite challenging which 
requires significant computational resource. Many approaches address it by 
considering limited design spaces. The generated results may also be irregular 
and unnatural to designers. More importantly, the adaptive approaches 
generally provide no control for designers to adjust the generated results. [2] 
This method proposed to generate a custom lattice structure, which makes 
the design of lattice structure easy.

Figure 6 - 3D Texture Mapping Method [2].
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Unit Cell Design Based on Mathematical Algorithm

Unit cell design based on a mathematical algorithm involves using 
mathematical principles and algorithms to determine the optimal 
arrangement and properties of the unit cells within a lattice structure. This 
approach allows for the creation of lattice structures with specific mechanical 
characteristics and performance criteria.

By employing mathematical algorithms, engineers can systematically 
generate unit cells that meet desired design objectives, such as maximizing 
strength-to-weight ratio, enhancing stiffness, or optimizing energy absorption 
capabilities. These algorithms consider factors like load distribution, material 
properties, and structural constraints to determine the ideal configuration 
and dimensions of the unit cells.

One of the advantages of unit cell design based on mathematical algorithms 
is the ability to efficiently explore a wide range of design possibilities. By 
leveraging computational tools and optimization techniques, engineers can 
iteratively analyze and refine the unit cell designs to achieve the desired 
performance outcomes. This approach also enables the discovery of new 
and innovative unit cell configurations that may not be intuitive through 
traditional design methods.

Unit cell designs based on mathematical algorithms have applications 
in various fields, including aerospace, automotive, and civil engineering. 
In aerospace, these lattice structures can be utilized in components like 
lightweight aircraft frames, engine casings, and space frame structures. In the 
automotive industry, they can contribute to the development of lightweight 
and crash-resistant vehicle components. In civil engineering, these designs 
find applications in bridges, trusses, and other load-bearing structures.

Unit cell design based on mathematical algorithms offers a systematic 
and efficient approach to creating lattice structures with tailored mechanical 
properties. By leveraging computational tools and optimization techniques, 
engineers can explore a vast design space and identify optimal configurations 
that meet specific performance criteria. This approach has broad applications 
in various industries and enables the development of lightweight, strong, 
and efficient lattice structures for diverse engineering applications.

Triply Periodic Minimal Surface (TPMS)

Triply Periodic Minimal Surfaces (TPMS) are mathematical surfaces 
that possess unique properties and have found applications in various 
fields, including material science, architecture, and biomimicry. TPMS are 
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characterized by their ability to partition space into repeating units, resulting 
in structures with continuous curvature and minimal surface area. These 
surfaces are self-intersecting and have intriguing geometries that exhibit high 
porosity and interconnected void spaces. Due to their regular and symmetrical 
nature, TPMS are particularly suitable for designing lightweight structures 
with enhanced mechanical properties, such as load-bearing capabilities and 
energy absorption. TPMS-based lattice structures offer a promising avenue 
for achieving optimal material utilization, improved functionality, and 
innovative designs in engineering applications.

Figure 7 - Unit cell based on TPMS: (a) Schwartz P[8]; (b) Schoen IG[8]; Schwarz 
D[8]; Schoen IWP[8]; (e) Fischer - Koch S[9]; (f) Schoen FRD[9].
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Unit Cell Design

Figure 8 – Schoen Gyroid and Schwartz Diamond Unit Cell Designs

Unit Cell Design Based on Topology Optimization

Topology optimization is the one of the mostly used method to obtain 
lattice structures. [1]

By optimizing unit-cell struts’ sizes (i.e., thickness, length and diameter, 
etc.) and geometries, topology optimization effectively obtains lattice 
structures new kind of programmable uniform lattice structure material with 
Poisson’s ratio between -0.8 and 0.8 by optimizing the unit cells. In large 
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deformation up to 20% even more, the Poisson’s ratio of lattice structure 
was almost constant. [10]

Most frequently used method for topological optimization is 
Homogenization method. Topology optimization of uniform lattice 
structure:

Figure 9 - Topology optimization of uniform lattice structure: (a) unit cell; (b) lattice 
structure, Figure c and d represents topology structures of unit cells with negative 

Poisson’s ratio, also named as auxetic formation.[11]

FEA Simulation Results for Lattice Structures

The results have identified that under quasi-static loading the Octagonal 
lattice offers the optimum energy absorption characteristic among the six 
types of studied unit cell structures.
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Figure 10 – FEA Setup and Boundary Conditions of a Lattice Structure

Non-Uniform Lattice Structures

Non-Uniform Lattice Structure Generation Techniques

Non-uniform lattice structure generation techniques involve the creation 
of lattice structures where the unit cells vary in size, shape, or connectivity 
throughout the structure. These techniques offer increased design flexibility, 
allowing for the customization of mechanical properties and functionalities 
in different regions of the lattice. One approach to generating non-
uniform lattice structures is through topology optimization algorithms. 
These algorithms use mathematical optimization principles to iteratively 
redistribute material within the lattice structure, removing material where 
it is not required and reinforcing areas experiencing high loads. This 
optimization process results in non-uniform unit cell distributions that 
are tailored to specific loading conditions, resulting in improved structural 
performance. Another technique involves using advanced manufacturing 
processes, such as additive manufacturing, to fabricate non-uniform lattice 
structures. By adjusting the printing parameters or employing multi-material 
printing, engineers can create lattice structures with varying cell sizes, shapes, 
or material compositions. This allows for the design of complex lattice 
geometries with localized mechanical properties to meet specific performance 
requirements. Non-uniform lattice structure generation techniques find 
applications in various industries. In aerospace engineering, they can be used 
to design components that require localized stiffness or vibration damping 
properties. In biomedical applications, non-uniform lattice structures can 
be tailored to match the mechanical properties of biological tissues for 
improved integration and compatibility. Additionally, non-uniform lattice 
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structures offer opportunities in energy absorption, acoustic insulation, and 
lightweight structures in automotive and architectural applications. Non-
uniform lattice structure generation techniques provide design flexibility 
and customization capabilities, allowing for the creation of lattice structures 
with varying unit cells. By leveraging topology optimization algorithms 
and advanced manufacturing processes, engineers can tailor the mechanical 
properties and functionalities of lattice structures to specific regions or 
requirements. These techniques open up new possibilities for optimized and 
application-specific lattice designs in various industries.

Non-Uniform Lattice Structures Based on Functional Gradient 
Design

Compared with uniform lattice structures, gradient structures show 
different mechanical properties. Various gradient properties can be obtained 
to achieve different levels of functionalities and characteristics, by varying 
the design parameters such as cell size, strut length, and strut diameter of the 
unit cells in lattice structures.

  

Figure 11 – Gradient Designs, (a) gradient discrete; (b) gradient increasing; (c) 
gradient decreasing.

Non-Uniform Lattice Structures Based on Structural Optimization

The optimization method of non-uniform lattice structure usually 
includes two main steps:

1 defining an infrastructure in the design domain in advance. 

2 optimizing single or multiple parameters of each unit cell according to 
the results of topology optimization, then the non-uniform lattice structure 
can be obtained. 
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Structural optimization includes size optimization, shape optimization, 
and topology optimization.

Methods for gradient design of non-uniform lattice structures as SGM, 
SMS and HOC.

1- Size Gradient Method (SGM)

Different from the relative density method, the distribution of unit cell 
structure of different size as the optimization objective. The specific way 
was to locate the unit cells in the area with similar unit Young’s modulus, 
replacing the “relative density model” of topology optimization with the 
distribution of cells of different sizes. Then, by using the young’s modulus 
as the transfer medium instead of the “relative density,” the mechanical 
properties of the lattice structure were closer to the topological optimization 
results.

Figure 12 – SGM Design of Non-Uniform Lattice Design

2- Size Matching and Scaling Method (SMS)

In this optimization method, the optimization process was simplified into 
two variables, i.e., the maximum and minimum diameter of the connecting 
rod. In this method, first, the stress distribution of the lattice structure with 
intermediate scale similar to the stress distribution of the solid structure 
was observed, and then based on the local stress state, the cell structure was 
selected from the predefined cell library to complete the pre-designed lattice 
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cell structure. Then, by optimizing the element of the support structure, the 
size of the lattice structure was adjusted to support the stress state. 

On the right, the fuselage of the micro air vehicle with high strength, 
high rigidity and light weight designed by SMS method.

Figure 13 – SMS Method of Non-Uniform Lattice Design

3- Homogenization, Optimization and Construction Method 
(HOC)

This method mainly adopted three key technologies: homogenization, 
optimization, and construction (HOC). By introducing the constitutive 
law of homogenized material, the equivalent continuous solid was used to 
represent the lattice structure. The constitutive law of homogenized material 
was a function of the characteristic parameters of the lattice microstructure, 
such as the relative density and the orientation of the lattice. The direct result 
was to get a continuous solid model, whose geometry can be optimized 
quickly by using the continuous topology optimization theory.

Therefore, the optimized distribution of characteristic parameters (such 
as average density) of lattice microstructure was obtained. Finally, mapping 
the obtained characteristic parameters of microstructure to a single unit cell 
could construct a non-uniform lattice structure, given on the right. The HOC 
method avoided the topology optimization of the explicit lattice structure, 
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but it could still maintain the accuracy and reliability by establishing the 
appropriate micro-mechanical model.

Figure 14 – HOC Method for Non-Uniform Gradient Design

2. CONCLUSION

Lattice structures, with their unique mechanical properties, provide 
a promising avenue for enhancing energy absorption in aerospace 
applications. Their integration into various components of aircraft and 
spacecraft can significantly improve crashworthiness, contributing to safer 
and more resilient aerospace vehicles. However, the successful application 
of lattice structures in this field requires ongoing research and technological 
advancement, particularly in terms of optimizing lattice structure design, 
improving manufacturing processes, and understanding the long-term 
performance and durability of these structures. The advent of lattice 
structures in aerospace applications signifies a shift towards more efficient, 
safer, and environmentally friendly design solutions. As research in this field 
progresses, the boundaries of what is possible continue to expand, promising 
an exciting future for the aerospace industry.

Despite these significant advancements, there is still a vast scope for 
exploration in this field. For instance, studying the behavior of different 
types of lattice structures under various impact conditions could provide 
valuable insights for design optimization. Similarly, investigating the effect 
of different materials on the energy absorption capacity of lattice structures 
could lead to the development of new, more efficient aerospace components.
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Furthermore, the potential of integrating lattice structures with other 
advanced technologies or materials, such as sensors or smart materials, could 
open up new avenues for innovation. Overall, the study and application of 
lattice structures in aerospace applications presents a vibrant and promising 
field of research, poised to make significant contributions to the safety 
and efficiency of future aerospace vehicles. As these challenges associated 
with the design and manufacturing of lattice structures, their potential in 
aerospace applications is undeniable. As research continues and technologies 
advance, it is expected that these challenges will be overcome, leading to 
wider adoption of lattice structures in the aerospace industry. The potential 
for integrating lattice structures with other advanced technologies and 
materials, such as sensors or smart materials, offers exciting possibilities for 
future research and innovation. These advancements could pave the way for 
self-monitoring or self-healing aerospace components, further enhancing the 
safety and reliability of future aerospace vehicles.

As the aerospace industry continues to seek more efficient, safer, and 
environmentally friendly design solutions, the role of lattice structures is set 
to become increasingly important. With ongoing research and innovation, 
the use of lattice structures in aerospace applications presents a promising 
future, with the potential to significantly enhance the safety and performance 
of aircraft and spacecraft.

With the rise of additive manufacturing techniques, particularly Selective 
Laser Melting (SLM) and Electron Beam Melting (EBM), the production 
of intricate lattice structures has become more accessible. These techniques 
allow for the creation of complex geometries with high precision, which 
was previously impossible or impractical with traditional manufacturing 
methods. SLM and EBM operate by selectively melting metal powder layer 
by layer according to a digital 3D model. These processes provide significant 
advantages for producing lattice structures, including the ability to create 
complex internal geometries, high material utilization rates, and the ability 
to use a wide range of materials.

However, these techniques also come with challenges. The process 
parameters, such as power density, scan speed, and layer thickness, can 
significantly affect the final product’s quality. Additionally, due to the high 
energy input, residual stresses may build up during the process, potentially 
leading to distortions or cracks in the final product. One of the exciting 
advancements in the field of lattice structures is the development of multi-
material lattice structures. These structures use different materials in 
different parts of the lattice to achieve desired properties. For example, a 
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lattice structure might use a high-strength material in the struts for strength 
and stiffness, while a different, more ductile material is used in the nodes for 
better energy absorption.

Creating multi-material lattice structures is a challenging task that requires 
advanced manufacturing techniques. One such method is multi-material 
additive manufacturing, where different materials are selectively deposited 
according to the desired design. This technique allows for a high degree 
of customization and can create lattice structures with tailored mechanical 
properties. Another critical aspect of lattice structures in aerospace applications 
is their potential for thermal management. Aerospace vehicles often operate 
under high thermal loads, and effective thermal management is crucial for 
their performance and safety. Lattice structures, with their large surface 
area to volume ratio, can be effective for heat dissipation. Furthermore, by 
designing the lattice with different materials or geometries, it is possible 
to control the thermal expansion or conductivity of the structure, further 
enhancing its thermal management capabilities.
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Chapter 3

Post-Processing Methods to Improve Surface 
Finish for FDM Printed Parts 

Meltem Eryildiz1

INTRODUCTION

Additive manufacturing (AM), also known as 3D printing, is primarily 
used for prototyping and tool production and is gaining more and more 
importance in industrial manufacturing. New design opportunities, products, 
and manufacturing methods are being created thanks to technological 
developments (Dizon et al., 2021). A wide range of industries uses AM, one 
of the manufacturing methods with the fastest growth rates. The primary 
benefits of AM are its ability to make complex shapes, low cost, and lack of 
the need for specialized tools to create finished products (Mohamed et al., 
2015). Fused deposition modeling (FDM) is one of the AM technologies 
that is frequently utilized due to its low maintenance costs and ability to 
manufacture complicated parts quickly. A vast variety of materials can be 
used with the FDM process (Mathew et al., 2022). The FDM method has 
received a lot of attention in academic literature, and its use in the fields 
of medicine, engineering, and the arts has been investigated. However, the 
application of the FDM process is limited to certain areas. The primary causes 
of limited use include the poor mechanical properties of polymers created by 
the FDM process, the slow production rate, the poor quality of the surface 
finish, and the inability to create large-scale parts. Research focusing on 
improving these limitations can be divided into two parts. Research focusing 
on improving these limitations can be divided into two parts. The first part 
of the research focuses on the improvement in technology, and the second 
part focuses on the treatment of finished parts. Post-processing is the process 
of changing finished parts to get the desired engineering characteristics (Liu 
et al., 2019; Chocan et al., 2017).

1 Department of Mechanical Engineering, Beykent University, Istanbul, Türkiye
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Post-processing refers to any operations carried out after the removal of 
parts from a 3D printer. There are two types of post-processing: primary 
and secondary. Primary processes are the procedures that must be carried 
out on all 3D-printed parts in order to prepare them for usage in a particular 
application. Secondary post-processing is the optional part finishing that 
enhances their properties, performance/functions, or even their appearance. 
The removal of support and cleaning are typically primary post-processing 
actions, whereas painting and vapor smoothing are secondary post-
processing actions that are not necessary/essential but would depend on 
the requirements and purposes of the user. Ex situ physical or chemical 
techniques, such as the application of a new layer of material or coating, 
can be used to provide wetting, gloss, scratch resistance, chemical resistance, 
heat resistance or thermal shielding, electromagnetic shielding, and other 
properties. These important surface properties enable post-processing to 
greatly increase the number of applications and use cases in many industries. 
The ability of post-processing to generate stimuli-responsive features, like 
in 4D printing, is another potential use for it. Post-processing is crucial to 
meet tight tolerances, provide surfaces that are similar to those of injection-
molded products, increase durability, and improve mechanical, chemical, 
and aesthetic properties. As it produces aesthetic effects while enhancing 
mechanical, geometric, and other high-value features, it enables the delivery 
of a product with the most potential value and impact. (Dizon et al., 2021).

This study explains the goals of post-processing methods to improve 
surface finish for FDM printed parts, evaluates its benefits and drawbacks, 
and discusses the techniques used up to the aesthetic properties of 3D-printed 
materials.

FUSED DEPOSITION MODELLING (FDM)

Fused deposition modeling is an additive manufacturing technology that 
uses the X-Y-Z axis movements to move a heated thermoplastic filament 
through a nozzle and solidify it where it is needed (Figure 1). The nozzle, 
which is used to heat the filament at a specified temperature, is the primary 
component of the FDM machine. The motors are employed to regulate 
the motion of the nozzle in the X, Y, and Z axes. Lead screws control this 
motion, and the controller ensures motion in accordance with the G-Code. 
The bed is a heated area on which the part is solidified (Saraf and Bodiya, 
2021)
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Figure 1. Schematic of FDM process

When an object is 3D printed using the layer-by-layer method of FDM, it 
is possible to produce stair-stepping artifacts, also referred to as the staircase 
effect as shown in Figure 2. The conversion of a CAD (Computer Aided 
Design) model into the STL (Streiligraphy format) results in a staircase 
effect. Surface roughness is mostly impacted by the staircase effect. When an 
object’s curves vary, the offset between its printed layers causes the staircase 
effect. On curved and oblique surfaces, this impact is more apparent. An 
expected roughness on the final surface of an FDM part results from this 
effect, which is mostly affected by how one slice adheres to another. The 
layering of cooling thermoplastics may be affected by variations in the 
coefficient of thermal expansion (CTE). Reducing the layer thickness 
can lessen the severity of the staircase effect, however, this solution does 
not solve the issue entirely. Usually, additional manual post-processing is 
necessary. Post-processing is commonly carried out to produce the desired 
texture and enhance the mechanical properties of the final product. (Mathew 
et al., 2022; Dizon et al., 2021). 

Figure 2. Illustration of staircase effect on FDM parts
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The quality of parts is typically expressed in terms of their surface finish. 
If the product’s surface is smooth, the fracture is less likely to start. If the 
product’s surface is rough, fractures begin to form and cause structural 
damage. The corrosion resistance of the product is also influenced by 
the surface finish. Although the surface of the part cannot be thoroughly 
smoothed out in the current precision of the FDM printing technology 
alone, FDM printing on a fully flat surface is a demanding and difficult task. 

The pre-process technique comprises the optimum setting of processing 
parameters such as nozzle temperature, layer thickness, raster angle, contour 
width, build orientation, and air gap when a 3D CAD file is transformed into 
a G-code file for FDM processing. In addition, the adaptive slicing method 
was created in order to balance surface finishing and building time in the best 
possible way. Many researchers have tried to achieve a smooth surface at pre-
processing by changing process parameters and slicing methodologies, but 
they have all been unsuccessful (Frazier, 2014; Pandey et al., 2004; Mathew 
et al., 2022). Thus, several post-processing techniques are used to improve 
the surface quality of the FDM part after printing.

SURFACE FINISH IMPROVEMENT THROUGH 
POSTPROCESSING METHODS FOR FDM PARTS

Most FDM 3D-printed parts require post-processing procedures to 
produce functional and useful devices. Several post-processing techniques 
have been used in various research to reduce the surface roughness of the 
built parts. Vapour smoothing, sanding, gap filling, annealing, polishing, 
painting, coating, machining, laser polishing, etc. are a few of the post-
processing methods.

Vapour Smoothing

The sanding process might not be suitable for small or complicated 
geometries. On the other hand, vapour smoothing might be advantageous 
for the complex forms created by 3D printing. Using chemical reagents’ 
vapour to dissolve secondary bonds between the FDM-manufactured 
polymer strands, it is possible to soften the outer layers of 3D-printed 
components. FDM-printed part is often post-processed by dissolving its 
surface layer with solvents. As a result, the vapour smoothing technique can 
produce smooth surfaces. (Mathew et al., 2022)

Hot vapour, cold vapour, and immersion in pure acetone are the three 
vapour procedures to improve the surface finish of FDM parts (Figure 3). 
In a hot vapor treatment, a part is subjected to a solvent vapor (acetone is 
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usually used for ABS) that absorbs into the part’s surface layer and lowers 
the surface viscosity. In a process similar to viscous sintering, the high peaks 
of surface roughness “flow” into the valleys of the surface roughness driven 
by surface tension (Neff et al., 2018). It involves exposing the 3D-printed 
part to saturated acetone vapors in a small space (generally in a glass 
enclosure). The layer lines fade as a result of the vapors condensing on the 
print’s top layer. (Mathew et al., 2022; Dizon et al., 2021). As seen in Figure 
3a, this results in a smoother, shinier surface finish. In cold vapor treatment, 
a paper towel soaked in acetone is attached to the container. The 3D printed 
part is placed inside the container and then the liquid acetone vaporizes 
and starts dissolving the layer lines of the 3D printed part (Figure 3b). The 
smoothing is more gradual and no heat is used in the cold vapour treatment. 
Hot vapour smoothing is quicker but more difficult to control and non-
uniform vapour evaporation can generate non-uniform surface treatment. 
In immersion in pure acetone (Figure 3c), the concentration and dipping 
time must be accurately optimized because this treatment is characterized by 
a very aggressive and rapid reaction that could damage the sample (Colpani 
et al., 2019).  

Figure 3. The vapour procedures to improve the surface finish of FDM parts a) hot vapour b) 
cold vapour c) immersion in pure acetone (Mathew et al., 2022)

There are significant limitations to these vapor polishing methods to 
take into account. Some solvents are more dangerous than others, thus 
appropriate safety measures must be used when applying the hot vapour 
post-processing method. (Dizon et al., 2021). The delayed release of solvent 
from paper towels in enclosed containers during the cold vapour treatment 
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procedure took an excessively long time, and users were unable to watch the 
parts being processed. Dipping parts directly into liquid solvent created an 
unpredictable or inconsistent finish and only affects a smaller portion of the 
parts (Mazlan et al., 2018). 

Researchers found that the average surface roughness is significantly 
impacted by the vapour smoothing time. This process indirectly smoothens 
the outer layer of the print, giving it a shiny look. However, this approach 
has an impact on the part’s dimensional accuracy because the amount of 
material being removed cannot be controlled. Moreover, the 3D-printed 
part’s mechanical properties could be negatively impacted by this method. 
(Mathew et al., 2022; Dizon et al., 2021).

Sanding

For the manual sanding procedure, a 3D-printed part is smoothed out 
with sandpaper or a sander to remove any noticeable imperfections. It is 
advised to use sandpaper with increasing grades (i.e., 100, 240, 400, 600, 
1500, and 2000), initially sanding the print with a larger grade of paper 
to eliminate bumps and scratches. Although this technique might result 
in a desirable texture, it is challenging to use with complicated surfaces or 
low glass transition (Tg) polymers. (Dizon et al., 2021). The fundamental 
advantage of this procedure is that it does not require any specific equipment 
or chemicals and the process can be done on areas that have visible lower 
surface roughness.

Sandblasting is a technique for improving the surface finish and removing 
burrs from printed parts using a sandblasting gun. It is advised to maintain 
the gun 30 cm away from the printed part. The primary purpose of the 
sandblasting method is to decrease the parts’ surface roughness. (Diegel et 
al., 2019).

Surface polishing 

Following manual sanding, polishing is a post-processing step that 
often involves using a cloth or piece of tissue paper to apply acetone to 
the 3D-printed pieces. In comparison to acetone treatment and vapor 
smoothing, polishing takes less time. (Saraf and Bodiya, 2021)

Annealing

The internal thermal stress that develops during manufacturing and the 
anisotropy of FDM parts are both reduced by the annealing post-process, 
which boosts interlayer adhesion and enhances mechanical properties. 
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Annealing also promotes the relaxation of residual stresses developed during 
cooling after the building process, thanks to the molecular mobility of the 
amorphous fraction.(Lluch-Cerezo et al., 2021)

This method of post-processing involves raising the temperature over 
the glass transition temperature while keeping it below the melting point of 
the material. When done correctly, annealing produces a stronger and stiffer 
part. (Dizon et al., 2021).

If the annealing temperature is higher than the melting point of the 
material, a complete remelting of the part is obtained. A complete remelting 
of the part would certainly decrease voids more, but dimensional tolerances 
would be completely lost. Thus, restricted remelting could be beneficial to 
lessen this disadvantage, for instance by carrying out this post-processing 
inside a mold formed of a granular substance, such as powdered salt 
(Malagutti et al., 2022), ceramic powder (Lluch-Cerezo et al., 2021).

The infill density must be 100% for both post-processing techniques to 
prevent voids and deformations (Szust and Adamski, 2022).

Use of Lasers

Laser polishing is a relatively recent industrial process that has the potential 
to improve surface quality. It has several benefits over traditional polishing 
techniques, such as better suitability for processing complex 3D parts, using 
less production time, and generating no tool or part wear (Mushtaq et al., 
2023). The employment of lasers as a post-processing technique in the FDM 
process has received a great deal of attention. The dimensional accuracy and 
the surface finish of the parts have been the main focus. (Saraf and Bodiya, 
2021).

Mazlan et al. (2017) improved the surface of the FDM parts using a 
laser post-processing technique. On the surface roughness, the effects of 
laser speed and power are investigated. Chen et al. (2019) investigated the 
feasibility of surface-finishing polylactic acid (PLA) parts printed using 
FDM with laser polishing. They suggested that laser polishing would be a 
useful technique for smoothing the surfaces of FDM parts. Ba et al. (2021) 
showed the surface roughness of the laser-polished PLA FDM surfaces was 
reduced from over Ra 15 µm to less than 0.25 µm. Kumbhar and Mulay 
(2016) studied the improvement of surface roughness of ABS FDM parts 
using a CO2 laser, and the results show that the value was reduced from Ra 
4.2484 µm to 0.228 µm. Moradi et al. (2020) studied the post-processing 
of PLA sheets created by FDM 3D printing by using CO2 laser cutting and 
dimensional accuracy was improved.
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Gap Filling

This makes use of readily available, affordable materials to give an 
FDM print surface a degree of protection and aesthetic appeal. Gaps from 
incompletely printed layers may arise due to toolpath restrictions and other 
factors. Filling voids and gaps with epoxy or fillers is known as gap filling. 
Larger gaps might be filled with a filler, but this will require more sanding 
to remove excess material. (Dizon et al., 2021).

Vibratory Finishing

An equipment known as a vibratory bowl is used in the vibratory finishing 
process to enhance the surface properties. The surface roughness is enhanced 
by abrasive action (Saraf and Bodiya, 2021). The media and parts rub up 
against each other in a circular motion as a result of the vibratory finishing 
equipment. This method can be applied to both big and small 3D-printed 
objects. Many small, rough FDM parts can be polished in a single batch.

Sharp edges are slightly rounded during vibratory finishing because of 
its abrasive nature. However, finishing thin-edge detail parts in this method 
will result in delamination and a burr. Similarly, large sections of mesh 
are not likely to withstand vibratory finishing. According to Fischer and 
Schöppner’s (2014) study on vibratory finishing, reduced edge, and corner 
rounding is especially beneficial when grinding at a lower speed for FDM-
printed ABS parts.

Ball Burnishing

Ball burnishing is a type of post-processing that enhances the surface 
properties of FDM printed parts by using a burnishing tool on a lathe. The 
procedure is limited in that it can only be used on surfaces that can be easily 
machined (Saraf and Bodiya, 2021). Ball burnishing is a mechanical finishing 
method that depends on the plastic deformation of the treated surface and 
offers several benefits because it is neither abrasive nor chemically reactive 
with the model material (Bruijin et al., 2021). A highly polished tool called 
a ball-burnished tool is used to press peaks into valleys on pre-machined 
surfaces (Figure 4).
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Figure 4. Schematic of Ball burnishing FDM sample

In addition to the improved surface quality of FDM samples, the fatigue 
life and impact energy can also be enhanced with the ball-burnishing method. 
Both surface toughness and roughness can be enhanced by burnishing. The 
major purpose of increasing surface strength is to increase fatigue resistance 
under dynamic loads (Vinita et al., 2012; Bruijin et al., 2021).

Coating Surfaces 

This is the application of any paint or resin mixture that would enhance 
the print’s appearance. Painting can be done manually using a brush or air 
spray. This method is quite easy to use. (Dizon et al., 2021). Figure 5 shows 
the purposes of coating onto the 3D printed samples. The coating is used 
to cover products to fill in the spaces between the “stairs”, resulting in a 
smooth surface. To that goal, a variety of materials including waxes and 
chemically hardened resins can be utilized (Kuczko et al., 2017).

Miguel et al. (2019) used polymeric materials to cover FDM parts using a 
brush to reduce the water absorption capacity. They employed polyurethane 
elastomer and liquid silicone as two different types of coating polymers 
because of the outdoor water proof applications of these polymers. 
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Figure 5. Coating purposes of 3D parts (Zigon et al. 2020)

Zigon et al. (2020) coated PLA and ABS printed parts, and the surface 
roughness of non-coated and coated 3D-printed samples was investigated. 

Machining

Hot Cutter Machining by using turning, milling, and grinding processes 
was created by Pandey et al. (2006) as a simple material removal technique 
to finish FDM prototypes. Although the surface quality was significantly 
improved, this process was only employed on flat parts since the blade-like 
cutter cannot be used on freeform surfaces with convex or complex features.

CNC finishing of FDM parts was developed by Boschetto et al. (2016) 
and their results show that the average roughness was reduced and the surface 
homogeneity was reliably maintained. CNC machining could significantly 
reduce the surface roughness of FDM products. To achieve the best results, 
additional study is required to improve the machining settings and process 
parameters.

The use of CNC machining for post-processing requires that certain 
allowances be planned in a base CAD model and that the product walls be 
kept at an appropriate minimum thickness, to prevent damage during the 
machining process. (Kuczko et al., 2017).

CONCLUSION

AM has many important advantages, such as the ability to produce 
prototypes quickly, lower industrial costs and expenses, reduce waste, and 
increase production flow flexibility. However, surfaces have poor finishing. 
The staircase effect is related to a discrete division of an object into layers. 
Especially for curved edges and freeform surfaces, it has a significant impact 
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on the visual quality of the FDM 3D printed parts. It is a significant factor 
in reducing the surface roughness and shape accuracy of the FDM 3D 
printed parts. The post-processing techniques can enhance the visual appeal 
and geometric accuracy of 3D-printed products and It is possible to reduce 
the staircase effect. The various post-processing methods that can be used 
have been outlined in this paper, and the benefits and drawbacks of each 
methodology have also been discussed.
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Chapter 4

Importance of Nanobiotechnology for Removal 
of Microorganisms from Wastewater 

Bahar Yılmaz1

1. Introduction

Water is the essential compound necessary for life. Water pollution threatens 
human health with the development of industry and increase in population 
[1, 2]. Heavy metals show toxicity to living things even at low concentrations 
[2]. Arsenic is one of the deadliest substances known since ancient times. The 
most common nanotechnological application used in groundwater cleaning 
is zero-valent iron nanoparticles [3]. Iron oxide is used as an environmentally 
friendly nanoabsorber and photocatalyst in wastewater treatment [4]. A 
layer of iron particles is created by injecting fixed or mobile zero-value iron 
nanoparticles into certain rocks. The iron particle cloud provides removal of 
organic pollutants [4, 5]. Iron oxides are composed of different magnetic 
properties and different chemical components. Since magnetic iron oxide 
nanoparticles have a large surface area, they play an important role in the 
removal of heavymetals with high efficiency [6, 7].

Figure 1. Iron oxide
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The use of nanotechnology in water treatment has been increasing in 
recent years and nanocompounds in various structures are emerging [5,6].

Figure 2. Nanomaterials

Nanomaterials have many applications such as antimicrobial properties, 
nano-scalar size, modifiable surface area, and high surface area/volume ratio.

Figure 3. Nanomaterials
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Natural Organic Nano Materials

Many biological systems on earth are natural, but contain a functional 
nanomaterial. As seen in Figure 4; Gecko lizard with a “spatula” structure 
under its feet, wing structure of some butterfly species, natural colloids such 
as milk and blood, hard materials such as skin, feathers, hair, beak, horn 
and claw, paper, cotton, coral, mother-of-pearl and even in our own bone 
structure. as organic nanomaterials [8].

Figure 4. Natural organic Nanomaterials

The most widely used nanoparticles are nano-Ag, CNTs, TiO2, nano-Au, 
aqueous fullerene nanoparticles, fullerol, bimetallic nanoparticles and SiO2 
[2]. ATiO2-AgS composite is preferred over silver-based nanoparticles for 
the biodegradation of fungal cells and viruses [8].

Figure 5. Various metal nanoparticles and their application areas
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The predominant microorganisms found in wastewater are bacteria 
[9,10]. In addition, viruses, protozoans and fungi are microorganisms 
that cause wastewater pollution [10]. Therefore, decontamination of these 
microorganisms is important. First of all, systems based on chlorination 
cannot provide the necessary efficiency in killing microbes [11].

Figure 6. Microscope Images of microorganisms in wastewater

Nanomaterial-based applications are effective in destroying all 
microorganisms. In addition, these nanomaterials can pave the way for new 
treatment plants that operate in an environmentally friendly way and are 
sustainable in the long run [1].

Figure 7. Treatment of wastewater with nanomaterials
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Some nanomaterials have strong antimicrobial activities, especially 
nanosilver, nanocopper, nano-Fe2O3, nano-ZnO, carbon nanotubes and 
fullerenes [2]. Metals and metal oxides, on the other hand, are receiving 
increasing interest in the removal of microorganisms from water due to their 
high antimicrobial properties and low cost [2].

As a result of all this, major wastewater treatment plants around the 
world use nanotechnological methods to remove various pollutants from 
water. Pathogens, consisting of various fungi, bacteria, viruses and protozoa, 
can remain in the water after treatment from wastewater. These pathogens 
can be carried into drinking water and cause harmful water consumption. 
Therefore, the detection and removal of pathogens is the main purpose of this 
section. A common method for simultaneous disinfection of all pathogens 
does not yet exist. Therefore, the development of nanotechnology is used 
as an important technique for efficient removal of biological waste in water.

2. Material and Method

2. 1. Composite Membranes

The ever-increasing population, environmental pollution and ecological 
degradation cause people to lead a healthy life with pollutants such as 
chemicals, heavy metals, pesticides and various microorganisms.

2. 2. Activated Carbon Filters

Activated carbon filters are processes used to retain undesirable taste, 
odor, color, trihalomethane, some organic compounds, humic acid and 
organic substances in water.

2. 3. Membrane Filtering

Membrane plants are generally used in drinking and utility water 
treatment, industrial use water production and reuse, domestic and industrial 
wastewater treatment, process and drinking water extraction from sea water, 
metal removal and recovery, etc. used in the fields.

2. 4. Cartridge Filters

Cartridge filters generally filter with 0.1-100 micron precision. It is widely 
used in domestic uses, at very low capacities, and before reverse osmosis 
(RO) membranes to extend membrane life and reduce contamination.
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2. 5. Metal nanoparticles

Nanoparticles have unique physical, electronic, chemical, mechanical, 
thermal, magnetic, optical, dielectric and biological properties with their 
nano-sized structures.

a. Silver (Ag) Nanoparticles

b. Gold (Au) Nanoparticles

c. Iron (Fe) Nanoparticles

d. Zinc (Zn) Nanoparticles

e. to. Copper (Cu) Nanoparticles

f. Titanium (Ti) and Titanium oxide (TiO2) Nanoparticles

2. 6. Nanofiltration

Nanofiltration has been used recently and is a membrane separation 
process with a molecular weight inhibition limit between UF and RO.

2. 7. Ultrafiltration

Ultrafiltration is used to separate particles between 0.1 and 0.01 µm. 
The separation process in the membranes depends on the particle size of the 
substance, but also on the molecular and colloid shapes, the structure of the 
membrane, and the relationships between the membrane and the trapped 
substances.

2. 8. Nanofibers

Nanofibers are effective at penetrating the membrane layers of virus 
particles and causing biofouling. With this effect, nanofibers can affect 
wastewater treatment.

2. 9. Other nanotechnological methods

Decontamination of microorganisms such as bacteria, fungi and viruses 
with nanoparticles may involve different mechanisms. For example, these 
may include mechanisms such as production of hydroxyl radicals, damage to 
proteins and cell membranes through inactivation of enzymes, suppression 
of DNA replication, interference with metabolic interventions, disruption of 
protein oxidation and electron transport.
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3. Results

New technologies that destroy microorganisms in wastewater and/or 
drinking water without producing products harmful to human health and 
the environment are a great need globally. Nanoparticles are becoming part 
of more and more products due to their industrial advantages. An adequate 
legal framework regulating the use of these substances, their release into the 
environment or their effects on living things has not yet been established in 
the world [12, 13]. However, the number and diversity of studies examining 
the effects of nanoparticles on ecosystems and living things has not increased 
enough to form a clear view [14]. Studies are generally aimed at examining 
the effects of nanoparticles on microorganisms. In this section, information 
is given about the detection of microorganisms in treatment waters, the 
properties of nanoparticles and their environmental consequences. In 
addition, studies examining the effects of nanoparticles on the microorganism 
removal process of treatment waters, which are very limited in the literature, 
were compiled and the results obtained under different conditions were 
compared [15, 16, 17]. In this study, the effects of specifically investigated 
Au, Ag, Zn, Fe, Cu and Ti NPs on the removal of microorganisms in a 
wide concentration range were compared [2, 18]. Nanoparticles, which 
are widely used today, are a potentially toxic substance for microorganism 
removal, whose environmental and economic advantages are indisputable 
[19, 20]. Detailed studies should be carried out to determine the effects of 
nanoparticles, whose transport to treatment plants will increase in the future, 
on the removal of microorganisms and the measures that can be taken in this 
regard [21, 22]. Particularly, studies on the amount of nanoparticles reaching 
wastewater treatment plants and their forms when they arrive, and focusing 
on the removal of nanoparticles from wastewater treatment systems will 
provide very important information in terms of removal of biological wastes 
from wastewater [23]. In recent years, nanoparticles have attracted attention 
in terms of removing biological pollutants from wastewater. Because new 
technologies such as nanoparticles that decontaminate biological pollutants 
in wastewater without producing harmful by-products are a serious need 
globally [24]. Nanomaterials are structures with properties that make 
biological waste an attractive separation medium for wastewater treatment 
[25]. One of the most important factors in the success achieved by using 
nanomaterials is the surface area/mass ratio. The greater the ratio of surface 
area to mass in nanomaterials, the greater the success. These nanomaterials 
can be functionalized with various chemical groups and also attached to 
most of the targeted pollutants [18]. Nanomaterials derived with metal ions 
have high selectivity towards anions in solutions as well as biological wastes. 
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Therefore, nanomaterials offer an enormous opportunity in wastewater 
treatment and improvement of environments [21]. Significant advances 
have been made in nanomaterials for cost effectiveness and environmental 
sustainability. Therefore, it would be valuable to use nanoparticles to remove 
biological pollutants from wastewater. These nanomaterials can also be 
developed into smart materials with environmental sensors and/or actuators 
to increase their selectivity and performance. For this reason, the removal 
of biological pollutants from wastewater using nanotechnology provides a 
positive environment for the environment. Scientific studies continue on the 
properties and effects of these nanomaterials in various environments.
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Chapter 5

Biomaterial Application Areas of Pesticides 

Mukaddes Keskinates1

Mevlut Bayrakci2

Pesticides are widely used in agricultural production throughout the 
world to protect plants against pests, fungi, and weeds. Therefore, residues 
of pesticides are extensively dispersed in drinking waters,  groundwaters, and 
soils. (Nasrabadi at all. 2011)  Pesticides, agriculture, forestry, parks, industrial 
sites, sports fields, etc. chemical substances that are widely used in the 
fields. (Agrawal et al. 2010). They are used in lawn management, industrial 
vegetation control, public health, and control of rodents and insects that can 
act as vectors, often used for parks. Pestisitlerin çalışma amacı, yabani otların 
ve zararlıların uzaklaştırılması, önlenmesi, azaltılması veya yok edilmesidir. 

Pesticides can also be divided into groups according to the origin of their 
active substance:

1. Inorganic substances

2. Natural organic ingredients

a) Herbal substances

b) Petroleum oils etc.

3. Synthetic organic substances

a) Chlorinated hydrocarbons

b) Organophosphoruses

c) Other synthetic organic substances (nitrogen compounds, 
pyrethroids)
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Agricultural production includes the use of different agrochemicals 
and, in many cases, complex product mixes that can be incorporated into 
different environmental phenomena that cause widespread contamination 
through seepage, runoff, drainage and drift, such as accidental pesticide 
spills. Pesticides can be classified according to their purpose as insecticides, 
herbicides, bactericides, fungicides, miticides, molluscicides, nematicides, 
wood preservatives, and rodenticides. (Foo and Hameed 2010) Depending 
on their chemical structures, they can be classified as organochlorines, 
organophosphorus, carbamates, chlorophenols and synthetic pyrethroids. 
(Hamza et al. 2016) Chemical pollutants are released directly into the 
environment as a result of accidents such as spillage during transportation, 
leakage from disposal sites, storage, or industrial facilities. (Khan et al. 2004) 
When pesticides are applied to agricultural products, they can reach the soil 
through sprinkler water and wind. (Hamza et al. 2016) For these reasons, 
pesticides are highly toxic. They can destroy the environment and biodiversity 
by causing many diseases with chronic abnormalities in humans. (Jariyal et 
al. 2015). In the past few decades, various methods have been developed and 
applied effectively to separate pesticides from both the effluent stream and 
soil, and to purify mixtures of substances. There are basically three methods 
to remove the presence of environmental pollutants in different matrices. In 
general, chemical and physical processes are very common, but biological 
processes are also frequently used. Surface and underground waters, which 
are taken as a source for agricultural activities, are faced with serious 
deteriorations that may have dangerous consequences for the environment 
and human health due to the use of pesticides, especially in regions where 
these activities are intense. (Chen et al., 2019) As a result, the use of 
biological treatment systems is emerging as an important strategy to reduce 
the impact of pesticides on the environment. Nano Biological treatment 
systems are designed to break down and decompose pesticides to improve 
the treatment and detoxification of pesticide-containing wastewater in a 
simple and cost-effective way. (Jime´nez-Gamboa et al., 2018) The increased 
risk of pollution in water supplies has now become a major environmental 
concern due to the increasing number of different and persistent compounds 
detected. According to the studies, the selection of organic materials to be 
used as bio nanomaterials is of critical importance. Biofilter efficiency in 
pesticide detection and removal is dependent on the absorbent capacity 
of the material and the versatile presence of active microbial biomass to 
degrade different residues even at high concentrations. (Coppola et al., 
2011) Pesticide residues have significant environmental effects on aquatic 
ecosystems and living things. The occurrence of diseases from pesticides is 
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a matter of significant environmental concern due to the increasing number 
of different and persistent compounds detected. Substantial procedures are 
needed for the identification and removal of pesticides from drinking water 
and soil sources, with appropriate regulatory controls. Chemistry based 
on bio nanomaterials has primarily utilized the properties of adsorption, 
photocatalysis, membrane separation or biodegradation. In chemical 
processes that prefer bionanomaterials for separation, they primarily used 
the properties of adsorption, photocatalysis, membrane separation or 
biodegradation. (Ghost at all, 2009) Innovative pesticide removal methods 
have been developed to create more efficient systems. Nanotechnology has 
received a lot of attention recently, especially in the industrial community. For 
the removal of pesticides, there are structures called bionano materials and 
a wide variety of physicochemical properties that form with reactive media. 
Bionanomaterials can also be functionalized with various chemical groups to 
increase their efficiency for the removal of desired target compounds.

Pests and diseases account for about a third of global crop loss. Therefore, 
pesticides are vital to produce arable crops. Pesticide use is increasing in 
most countries. (Figure 1)

Figure 1. Pesticide use per hectare of cropland, 2017 (Ourworld in Data)

  

At the same time, billions of dollars are spent worldwide on pesticide use. 
Unearthed and Public Eye broadcasting organizations, which examine 2018 
sales of chemicals used in agriculture, announced that 35% of the sales of the 
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world’s leading agrochemical companies were pesticides classified as “highly 
harmful pesticides (YZP)” to humans, animals, or ecosystems. (Winally) 
(Figure 2)

Figure 2. Highly harmful pesticides in the World (Unearthed)

Because of their continuous use, pesticides enter water bodies 
through subsurface drainage and runoff, rendering water unfit for human 
consumption. Figure 3 shows the pathways and fate of pesticides discharged 
into the aqueous medium. These pollutants emerging in the aqueous 
environment have led to environmental pollution and degradation. (Hang 
et al,2019)



Mukaddes Keskinateş / Mevlut Bayrakcı | 75

Figure 3. Pathways of pesticides in the environment through the hydrological cycle 
(Wikimedia Commons, 1999). 

Due to water and soil pollution from exposure to chemicals, researchers 
resort to various remediation techniques. Major remediation techniques 
include containment, separation, adsorption, condensation, membrane 
filtration and destruction, biofiltration, chemical / photochemical / plasma 
oxidation, removal technologies. 

LOOKING AT THE MOST COMMON USED PESTICIDES;

Aldrin

Aldrin is a colorless, chlorinated cyclo-diene solid. High exposure to 
Aldrin is carcinogenic and can also cause damage to the immune, endocrine, 
nervous and cardiovascular systems. The researchers also deduced that Van 
der Waals and dipole forces play important roles in the biosorption process. 
Higher temperatures favor the evacuation of the adsorbate from the active 
sites due to the increased release energy. (A. Bakka et al, 2018)
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Figure 4. Aldrin Structure

Carbaryl

Carbaryl is a carbamate-based pesticide used to control insects and other 
crop-damaging creatures. Carbaryl is a negatively charged molecule. In 
aqueous media, carbaryl forms compounds that have a very mutagenic effect 
on living things, even at very low concentrations.

Figure 5. Carbaryl Structure

Deltamethrin

Deltamethrin is also a colorless and odorless solid with a specific gravity 
of 1.5. (Z. Al-Qodah et al,2006)

Figure 6. Deltamethrin Structure
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Imidacloprid

Imidacloprid is a colorless crystalline solid pesticide with a melting point 
of 136.4 °C and water solubility of 0.51 g/l at 20 °C. It is a powerful insecticide 
used against insects, grasshoppers and termites. High concentrations cause 
disorientation and drowsiness in humans. In one study, Mandal and Singh 
performed the absorption of imidacloprid on a biosorbent prepared from 
eucalyptus bark. (A.Mandal et al, 2016)

Figure 7. Imidacloprid Structure

Oxamyl

Oxamil is a colorless crystalline solid with a melting point of 100-102°C. It 
has a sulfur-containing odor. Oxamyl is a pesticide used to control nematode 
infestation. Oxamil causes genomic DNA damage in living things. As a 
result, it causes nausea, abdominal pain, excessive sweating, osteoporosis, 
blurred vision, and miosis. (S. Agarwal et al, 2016) The pH change in the 
medium has no effect on its adsorption.

Figure 8. Oxamyl Structure

Triadimenol

Triadimenol is a white, odorless, powdered pesticide. (R. Al-Shawabkah, 
2015)
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Figure 8. Triadimenol Structure

Diazinon

Diazinon is a dark brownish liquid pesticide with a slight ester odor 
and a specific gravity of 1.116 g/l. It is one of the most widely used 
organophosphorus pesticides in agriculture. It is toxic to the environment. 
It can cause nervous disorders in living things. (M.H. Dehghani et al, 2019)

 

Figure 9. Diazinon Structure 

1. Current Applications for Pesticides Removal 

Adsorption is a well-known separation process and an effective method 
for both water and soil cleaning applications. The adsorption method has 
proven to be superior to other techniques for water reuse in terms of cost, 
flexibility and simplicity of design, ease of use, and insensitivity to toxic 
pollutants. The adsorption process is a surface phenomenon that depends on 
the porosity of the available regions of the adsorbent and the width of the 
specific surface area, as well as various types of interactions. 
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Carbon nanotubes represent a new class of nanomaterials and consist 
of one or more concentric tubular graphite carbons. Carbon nanotubes, 
as both single-walled nanotubes and multiwalled nanotubes, are unique 
macromolecules that have a one-dimensional structure, thermal stability, and 
special chemical properties. (Firozjaee at all, 2017) These nanomaterials have 
been shown to have good potential to remove different types of pesticides. 
In general terms, the adsorption of chemicals on carbon nanotubes may 
involve one or more mechanisms such as covalent bonding, hydrophobic 
interactions, hydrogen bonding, π-π interactions, and electrostatic 
interactions. (Pyrzynska at all, 2011) Organic molecules with C=C bonds 
or benzene rings, such as polycyclic aromatic hydrocarbons and polar 
aromatic compounds, are adsorbed on the carbon nanotube through the 
π-π interaction. (Smith at all, 2015) Adsorption can also occur through 
hydrogen bonding between functional groups such as COOH, OH, NH2 
and organic molecules. (Yang at all, 2008)  At the same time, electrostatic 
attraction is one of the adsorption mechanisms that cause the adsorption of 
some organic chemicals such as antibiotics and dyes on derivatized carbon 
nanotubes in the appropriate pH range. (Ghaedi at all, 2012) The functional 
groups can change the water uptake capacity of carbon nanotube surfaces 
and make them more hydrophilic and suitable for the absorption of relatively 
low molecular weight and polar compounds. (Cho at all,2018) 

Graphene is a kind of carbon nanomaterial that is of great interest in 
purification, removal and different fields due to its unique physical and 
chemical properties. Some studies have shown that applications of graphene 
as an adsorbent for pesticide removal yield significant results. (Maliyekkal 
et al, 2012) Maliyekkal and his grups found that for effective interactions 
between graphene and a pesticide, water with its polar structure plays 
an important role in mediating. Some researchers studied the removal of 
persistent halocarbon pesticides from water using graphene. Sen Gupta et al, 
2015) Carbon-based nanomaterials such as graphene can adsorb aromatic 
ring pollutants via π–π interactions. (Smith et al, 2015) Graphene can be 
derivatized by combining it with other materials to increase its pesticide 
adsorption capacity. Again in this study, graphene-coated silica as a highly 
efficient sorbent was efficient for the removal of organophosphorus pesticides 
from water. (Liu et al, 2013)

For membrane filtration, the physical and chemical properties of the 
selected membrane are important factors for pesticides removal. Important 
parameters to consider when choosing a suitable membrane are the state of 
its porous structure, the molecular weight limit, the degree of desalination, 
and the quality of the membrane material. Molecular weight cutoff, which 
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corresponds to the retention of 90% of the molecular weight of a solute, is 
widely used by most membrane manufacturers as a measure of the retention 
properties of nanofiltration membranes. (Plakas et al, 2012)  In conclusion, 
the removal of pesticides by nanofiltration and reverse osmosis membranes 
is a complex process in which various membranes and solute parameters, as 
well as feedwater composition and processing conditions, play a role. Overall, 
there is sufficient evidence that separation (sieving) by the membrane due 
to size difference is the main mechanism that determines the retention of 
pesticides. In the case of membranes with an average pore size larger than 
that of compounds to be retained, rejection can vary depending on pesticide 
affinity for the membrane. For instance, hydrophobic pesticides are not well 
retained by nanofiltration membranes; this is attributed to the increased 
adsorption on the membrane surfaces that facilitates their subsequent 
diffusion to the permeate side. Moreover, the rejection of polar pesticides 
appears to be reduced due to polar interactions with the charged membranes. 
On the other hand, for charged pesticide molecules, both size separation and 
electrostatic interactions seem to control the degree of separation. One of 
the most important considerations when treating water or liquid materials 
from organic micropollutants such as pesticides is membrane fouling. 
Studies of the effect of organic contamination on pesticide rejection have 
shown that contamination alters the surface properties of the membrane 
and, as a result, pesticide rejection can vary greatly compared to untreated 
membranes. Therefore, it is of great importance in membrane applications to 
determine the type of organic and other compounds that have the potential 
to accumulate on the membrane, in order to know the effect of such 
deposits on membrane surface properties and thus rejection. Accordingly, 
determining the adequate characterization of the membrane surface, as well 
as the composition of the feed water, is of great importance for process 
design. As a result, however, nanofiltration membranes alone may not be 
sufficient to remove pesticides. (Plakas et al, 2012) 

Various bio-treatment systems have been designed for the treatment of 
pesticide-containing wastewater using microorganisms that can decompose 
pesticides. Bio-blends are often made from substances rich in amorphous 
biopolymers to increase pesticide retention, soil, and microorganisms. Soil 
samples collected from pesticide-rich locations will have microorganisms 
that will better serve as endogenous biodegradation microorganisms. It is 
not easy to digest pesticides using microorganisms, due to the toxicity of 
pesticides on various bacteria and fungi. (Goodwin et al, 2017) Biological 
treatment is divided into aerobic and anaerobic treatments. Among 
pesticides, chlorinated pesticides are known to be digested by aerobic 
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treatment. The process includes the oxidation and cleavage of the ether 
bond and the hydroxylation of the chlorophenol to form chloro catechol, 
and once the aromatic ring is open, the compound can be easily digested by 
regular bacterial metabolism into water and carbon dioxide. Di-chlorinated 
pesticides can also be digested anaerobically by reductive dehalogenation. 
(Saleh et al, 2020) Pesticides are difficult to bio digest, but once the 
appropriate environment is provided, the biodegradation system can be 
easily maintained. Pre-treatments are sometimes necessary, for example, 
the breakdown of certain pesticides by photochemical degradation or 
enzymatic reactions might facilitate their biological digestion. (Huang et 
al., 2018). Pesticide treatment requires extensive scientific analysis, choosing 
inappropriate treatment technologies can result in more toxic by-products. 
Various pesticides have different chemical and physical characteristics, 
therefore they have different environments. The method for designing 
the best biological pesticide removal process is to relate the physical and 
chemical properties of the pollutant to its environmental effects, including 
solubility, molecular weight, and reactivity with free radicals. All of these will 
help in choosing the best process or combination of processes for optimum 
pesticide removal. The adopted treatment techniques should also be 
countries’ appropriate, in a way that they suit each country’s environmental 
conditions and they rely on the available resources (adsorbents and others), 
which will increase the cost-effectiveness of the treatment plant. (Saleh et al, 
2020)

2. What is bionanomaterial ?

Nanotechnology is an advanced field of science that examines the 
properties, synthesis, and applications of nanosized (1-100 nm) materials, 
which is considered one of the cleanest technologies. (Altindal et al.,2020) 
The possibility of increasing the functionality of material at the nano level 
has attracted the attention of researchers, and therefore, interest in using 
nanostructured materials has increased in almost all fields. The nanosize of the 
produced material helps them exhibit unique properties such as mechanical, 
optical, chemical, biological, physical, structural, electrical, and catalytic. 
The particular combination of nanotechnology and biotechnology, which 
focuses more on biology, has created a new multidisciplinary field known 
as bionanotechnology, which aims to bridge the gap between traditional 
microtechnology and molecular approaches. The combination of science and 
technology is important today in terms of increasing the material potential 
and eliminating the existing gap between different fields of science such as 
physics, chemistry, and biology. If a nano-sized material consists of various 
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biological molecules such as nucleic acids, metabolites, proteins, lipids, such 
materials are called bionanomaterials. (Singh et al.,2021) Bionanomaterials 
are cutting-edge materials that find deep uses in different fields such as sensors, 
agriculture, environment, biomedicine, space science, veterinary sciences, 
pharmacology, chemical industry. Recently, these bionanomaterials have 
attracted great attention in the field of agriculture because of the fact that 
agriculture is recognized as one of the most important sectors, producing raw 
materials for the food and feed industries, and therefore the need to develop 
the agricultural field. (Mukhopadhyay, 2017) Bu biyo nanopartiküller, nano 
boyutlu pestisitlerin, böcek ilaçlarının ve gübrelerin geliştirilmesi gibi geleneksel 
tarım uygulamalarını geliştirerek hem mahsul üretimini hem de ortaya çıkan 
ürünün kalitesini artırıyor. Today, different bio nanoparticles are used to 
develop various sensors that can monitor soil and water quality and evaluate 
the pesticide ratio in the soil to ensure the efficient growth of plants. Moreover, 
these bionanomaterials are used to detect pollutants from the environment, 
used for dye removal, wastewater treatment, bioremediation, etc, and, 
therefore, can be utilized in the environment domain. (Mukhopadhyay, 2017)

3. Bionanomaterials for use in agriculture 

The increase in industrialization due to population is a harbinger that the 
world will face a food shortage towards the middle of the 21st century. For 
this reason, the importance of agriculture has increased with the increase in 
the interest in nutrition. The fact that agriculture is the field that provides 
raw materials to the food industry is the most important sector in terms of 
helping the country’s economy to increase. However, due to the increase in 
the use of chemical-based pesticides, fertilizers and other natural pollutants 
during the day, agricultural lands and important water resources have been 
polluted, which has a significant impact on living things. For this reason, 
researchers aimed to increase healthy plant production by using the least 
harmful chemicals and to develop sustainable resources for agricultural 
practices. Bionanotechnology has proven to make a great contribution to the 
development of new and advanced technologies in the field of agriculture 
in terms of its rapid effect and the use of low-cost tools at the nano level. 
The goal of bionanotechnology in agriculture is to reduce the excessive 
use of chemicals and increase nutrient uptake and agricultural product 
range. Bionanomaterials are obtained from organic compounds, which are 
biopolymers that positively affect both human health and the environment. 
It is known that bionanomaterials both increase the amount of crops by 
positively affecting plant growth and affect environmental health in many 
ways by determining and removing pesticides in the soil.
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Some bionanomaterials;

It fights the harmful effects of insects.

It reduces the effect of harmful herbicides, fungicides and insecticides.

It provides the necessary gene to the cell to develop efficient plants.

It is known to help both the detection and removal of nutrients and 
pollutants in the cell. (Singh et al.,2021) Many metal-laden bio nanomaterials 
stimulate seed growth in many plants such as wheat, maize, rice, and spinach. 
(Li R et al, 2019) (Jhanzab H et al, 2019) (Mahakham W et al, 2016) 
(Taran N et al, 2017) (Srivastava G et al, 2014) In addition to all these, 
bionanotechnological materials have an important place in the food industry 
as they have a great potential in changing and increasing the flavor, color, and 
nutritional values of foods, increasing the shelf life of foods, and protecting/
storing the integrity of foods. Bu nedenle biyonanoteknoloji, nano boyutlu 
biyolojik materyaller kullanarak gıda endüstrisinde kökten yeni ürünler ve 
süreçler geliştirmeyi amaçlayan alanlardan biri olarak kabul edilmektedir. 
(Aigbogun I E, et al, 2017) Bionanomaterials are helping to improve 
the food industry by addressing areas such as the biological separation of 
proteins and the detection and removal of chemical contaminants. For this 
purpose, carbon nanotubes, semiconductors, and metal bionanomaterials 
have been used as they exhibit extraordinary electrical and optical properties. 
Moreover, several bionanodelivery vehicles have been developed, like lipid-
based nanoencapsulators or bio nanocarriers, bio nanoemulsions, bio 
nanolaminates, biopolymeric nanoparticles, etc. These bio-nano delivery 
systems can greatly increase the bioavailability of bioactive substances 
through a variety of pathways. (Yu H et al, 2018) It was observed that 
green synthesized silver nanoparticles (AgNPs) can act as adulticides in 
some pest species. These nano-biopesticides can be used as a sustainable 
farming system to preserve the quality of the environment for the health 
of future generations. These biopesticides made up of bionanomaterials are 
safe to use for both living beings and the environment. (Dhakal R, 2019) 
Green nanotechnology is a ‘key enabler technology’ that is changing and 
revolutionizing the concept of sustainable agriculture and occupies an 
important position in precision agriculture. In this sense, the superiority of 
nano fertilizers in terms of bioavailability has attracted great attention due to 
the serious disadvantages of conventional fertilizers. 

In addition, these bionanomaterials help remove toxic pollutants from the 
soil that can cause soil degradation, increase soil porosity, decrease soil fertility, 
reduce nutrient content, and harm both plants and other living things. Some 
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pollutants such as organic solvents, pesticides, pharmaceuticals, personal care 
products (PPCPs), polychlorinated biphenyls (PCBs), polycyclic aromatic 
hydrocarbons (PAHs) can be easily and rapidly reduced, degraded by light, 
or adsorbed from the soil after it has been injected with bionanomaterials. 
(Raliya R et al, 2016) Bionanomaterials help increase water-holding 
capacity and soil absorption, leading to sustainable agriculture that helps 
solve future drought problems and falling water levels. It is well known 
that superabsorbent polymer structures hold large amounts of water and can 
also absorb moisture if a suitable environment is provided. It was observed 
that the poly(acrylamide co-acrylic acid)/Al ZnFe2O4 nanocomposite based 
hydrogel showed excellent water holding capacity even in a loamy soil. 
(Shahid S A, et al, 2012) Nanosensors can detect agricultural diseases and 
soil quality in agriculture, detect pollutants, proteins, DNA, etc. used to 
detect. These nanosensors have a short response time, but the sensitivity, 
specificity, and speed of a nanosensor can be increased efficiently by adding 
bionanomaterials. Bionanosensors are more sensitive than nanosensors. 
(Wilner et al, 2018) Various bionanomaterials have been used to develop 
products that can detect pesticide residues. In this sense, Ag nanoparticles 
were used in a study to detect herbicide at a very low-density detection 
level. (Dubas S T et al, 2008) Today, fluorescent nanosensors are used 
because of their speed and high sensitivity. Their uniqueness helps them to 
quickly detect pesticides in the soil. In one study, fluorescent liposome-based 
bionanomaterials are used to detect organophosphorus pesticides such as 
dichlorvos and paraoxon. (Liu et al, 2008) 

4. Utilities of bionanomaterial for the environment 

Environmental pollution has become a major global problem and 
with the rapid increase in population, globalization, and industrialization, 
overcoming this problem has become an urgent need. If environmental 
pollution is not prevented, our planet may face a global natural crisis by 
2050. Efforts have been made for a long time to prevent this. For this, 
scientists focus on developing materials that can be used for a long time, 
make daily life easier and at the same time be beneficial to the environment. 
Distinctive designs and modifications of materials are being studied for 
some purpose to help them find their potential in the environmental field. 
For these purposes, bionanotechnology has made and is progressing in the 
use of materials such as nano biosensors to detect pollutants, bioremediation 
methods, and wastewater treatment. With the rapid progress in biomaterials 
sciences, it has become easier to establish the relationship between structure-
activity and controlled synthesis of nanomaterials; these bionanomaterials 
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find a significant number of applications in the environmental field. (Singh 
K. R, et al, 2021)

Figure 10. A schematic drawing showing the uses of bionanomaterials in the 
environment. (Ghahremani D, et al, 2017)

Supply and storage of fresh water is a major concern, as freshwater bodies 
are depleted due to increased contamination of water reservoirs by different 
organic and inorganic pollutants. (Gopinath A,et al. 2018) Accumulation 
of non-biodegradable inorganic pollutants in the human body has negative 
effects on human health. (Holt, 2000) The treatment of wastewater in order 
to convert it into a reusable form is a necessary need to meet all kinds of 
water needs of people in the future.

Currently, various biopolymer-based nanocomposites have been 
used to treat wastewater, including clay hydrogel nanocomposites, 
chitosan-based polymer nanocomposites, and cellulosic nanocomposites. 
Bionanocomposites exhibit excellent mechanical properties, biocompatibility, 
selectivity, high adsorption capacity, stability, and biodegradable properties. 
They also show better selectivity, adsorption capacity, and stability than the 
other nanoparticles.

In addition, water pollution is increasing to alarming levels due to 
drug overuse and drug residues. Pollutants cause dangerous effects on 
the endocrine system and hormones and can seriously affect the genetic 
structure. Emerging inorganic pollutants can be converted to chiral 
metabolites that are receptor-specific and cause acute side effects. As 
the world is suffering from a global epidemic of severe acute respiratory 
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syndrome-coronavirus-2 (SARS-CoV-2), water pollution caused by these 
emerging pollutants has now become a global concern. (Crane M., et al 
2006) Naproxen, a non-steroidal anti-inflammatory drug that reduces 
various pain and inflammation-causing hormones, has been attempted to 
be removed from water by modifying the nano clay with β-cyclodextrin and 
then polymerizing it with polyvinylpyrrolidone (PVP) to produce more 
surfaces for higher adsorption. It has been shown that the adsorption of 
naproxen according to the pH of the medium is affected by certain factors 
such as the initial concentration of naproxen and the amount of adsorbent. 
Based on the adsorption efficiency results of 92.2%, it can be concluded 
that this easy adsorption method can be used to efficiently remove naproxen 
from an aqueous medium using a modified nanocomposite. (Dietrich D. R., 
et al 2002) Carbon-based bionanomaterials exist in different forms such as 
diamond, graphite, fullerenes, and carbon nanotubes, and all these carbon-
based bionanomaterials have contributed to the removal of pollutants 
from water and to the production of renewable and clean forms of energy. 
(Jayaraman T., et al 2018)

Various metal-based bionanomaterials, such as Ag or titanium dioxide 
nanoparticles (AgNP/TiO2NPs), are known to exhibit photocatalytic 
activity in colloidal water. In this type of work, the excited electrons are 
then accepted by the oxygen dissolved in the water, which are converted 
into oxygen anion radicals that form unsaturated bonds with the organic 
molecules of the dye and convert them into simple organic molecules, which 
causes the dye to degenerate rapidly with a color or disappear. Similarly, 
other bionanomaterials such as polysaccharide-based hydrogels have shown 
their potential to remove synthetic dyes as they are composed of various 
functional groups such as -OH, -COOH and NH2, which help them adsorb 
both cationic and anionic dyes. (Bandara E. R., et al 2020; Wypij M et 
al, 2020) Nanotechnology also helps to detect various pollutants, toxic 
intermediates, and heavy metals in different environments using nano 
biosensors. (Bellan L. M., et al, 2011; Shahbazi R., et al, 2018 ) These 
nanosensors are considered to be of prime importance in this field, as 
they are extremely sensitive, portable, and easy to use, unlike conventional 
techniques. These nanosensors are used to detect organic compounds, heavy 
metals, soil pollutants such as pesticides and toxins, and their concentrations 
in soil, water, and air. (Amini B., et al 2017; Kaushal M., et al, 2017) Son 
zamanlarda arsenik, cıva, kurşun, bakır ve krom gibi ağır metal iyonlarını 
tespit etmek için aptamer, DNAzyme ve NAzymes tabanlı nano biyosensörler 
geliştirilmiştir. DNAzyme-based nano biosensors show the ability to detect 
Pb2+ ions up to 10 nM with high selectivity over other metal ions. Studies 
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on the separation of metals such as lead, arsenic, and selenium in drinking 
water by DNAzyme-based sensors are intensively studied. In addition, 
various aptamer-based sensors are being studied to detect microorganisms 
such as viruses, bacteria, and fungi in water. (Davydova A., et al, 2016 )

CONCLUSION

With the agricultural sector, population growth, and globalization, the 
demand for food is increasing but at the same time, farmland is decreasing, 
which creates the urgent need to improve and modernize traditional farming 
practices. With the introduction of bionanotechnology, studies in the field 
of agriculture have gained a lot of growth as innovative techniques have 
been introduced to increase crop production and nutrient content. Produced 
bionanomaterials are highly used in the development of nano fertilizers, 
nano pesticides, and nano insecticides that do not contain chemical residues. 
Bionanomaterials are also used to develop nanosensors to detect pollutants 
and nutrient levels in the soil. Bionanomaterials have proven their versatile 
utility in the environment, helping to rehabilitate heavy metals, inorganic 
and organic pollutants, and detect pollutants in water, soil and air, while also 
benefiting the removal of these pollutants. With the increase in chemical 
pollution in nature, new alternative techniques have become a necessity 
to reduce pollution. The development of bioremediation materials that 
can easily degrade pollutants in water and soil and the development of 
nano biosensors to detect pollutants have been important developments. 
Bionanomaterials also play an important role in wastewater treatment as 
they pollute freshwater bodies. Bionanomaterials show the possibility of 
tackling these disadvantages and having a promising future. 
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Chapter 6

Production, Functional Properties and Microbial 
Safety of Edible Seed Sprouts 

Hülya Şen Arslan1

Abstract

Various scientific studies are conducted to find out the direct relationship 
between foods and health, and the importance of foods or food components 
on certain functions in the body. Edible seeds, such as pulses and cereal 
grains, are important nutritional components for humans. Your seeds; 
It has an important role in human nutrition globally because it is high in 
protein, vitamins, minerals and dietary fiber. The germination process of 
some seeds and plants by increasing the water ratio and providing suitable 
temperature conditions for a certain period of time is called seed sprouts or 
in other words microsprouts. Depending on the sprouting process of these 
microsprouts, changes occur in the composition of the seed as a result of 
some enzymatic activities. It shows that germination can accumulate various 
bioactive compounds such as vitamins, γ-aminobutyric acid (GABA) and 
polyphenols in germinated seeds and sprouts. These bioactive compounds 
can be synthesized or converted de novo during the germination process. 
Changes; Dietary fiber content, vitamins, minerals, flavonoids and phenolic 
components increase, and accordingly, some seed sprouts are defined as 
functional food. In this study, production techniques of sprouts as a safe 
food, consumption patterns and compounds formed by sprouting the seed 
are explained.

1. The History of Edible Sprouts

Today, the search for alternative food sources continues in many parts of 
the world. Among these searches, there are foods rich in nutrients that are 
beneficial to human health. Some plants and seed sprouts that have been 
germinated as a tradition from the ancient times to this time are consumed 
(Şenlik and Alkan, 2021). China is one of the oldest known sprout-consuming 

1 Dr., Karamanoğlu Mehmetbey University, Faculty of Engineering, Department of Food 
Engineering, Karaman, Turkey



94 | Production, Functional Properties and Microbial Safety of Edible Seed Sprouts

nations. It is known that germinated grains were consumed approximately 
5000 years ago. However, it is known that in the 1700s, sailors suffered 
from scurvy, or salty sputum disease, due to malnutrition during their long 
voyages, and this disease was caused by vitamin C deficiency. In order to 
prevent this malnutrition, it is known that lime, lemon, and various legume 
sprouts are consumed and the possibility of scurvy is prevented and losses are 
reduced with scurvy disease (Kılınçer, 2018; Sivritepe, 2010). It is known 
that Turks, on the other hand, used germinated wheat and legumes when 
they lived in Central Asia, and made sweets such as ugut and azik (Kılınçer, 
2018). In Western countries, researches were conducted against sprouts in 
the second half of the twentieth century, especially during the Second World 
War (Sivritepe, 2010).

2. What are Microsprouts?

Sprout is the germination process of various plants and seeds within 
a certain period of time after the basic environmental conditions such as 
suitable humidity, temperature and light are met. Germination is live seeds 
that have reached morphological and physiological maturity (Haıt and Gül, 
2021). With germination, some biochemical and physiological changes 
occur with the growth of the seed in order to provide energy and essential 
components for the continuation of the plant’s generation. These are the 
changes that occur such as the breakdown of proteins, lipid oxidation, 
conversion of complex carbohydrates to simple sugars, absorption of water, 
and cell differentiation (Şenlik and Alkan, 2021). In other words, micro-
sprouts are young vegetable greens that are approximately 2.5-7cm in length. 
Micro shoots are suitable for consumption of parts such as stems, leaves 
and roots. The size of the microsprouts is quite small, they are plants with 
their unique aromatic flavors and available in different colors and textures. 
Microgreens also represent a product group that can diversify and enrich diets 
in vegetarian and vegan nutrition. Greens can be harvested and consumed at 
different developmental stages according to their consumption preferences. 
The first germinated structure formed in the seed is called “sprout”. The 
sprouts are the products that are in the form of buds that do not contain 
true leaves and are consumed immediately after the germination of the seed. 
Microgreens, on the other hand, are greens harvested after the formation of 
the first true leaves of the seeds, unlike sprouts (Işık et al. 2022).

Today, widely consumed seed sprouts; It is produced by germinating 
many plant and vegetable seeds such as radish, wheat, clover, broccoli, 
soybean and pulses. Vitamin, mineral, enzyme, antioxidant and bioactive 
compounds occur as a result of the biochemical changes occurring in the 
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seeds during the formation of sprouts (Yetim et al., 2010). These bioactive 
compounds are called phytochemicals. Such sprouts contain considerably 
higher amounts of phytochemicals than seeds (Işık et al., 2022).

3. Production Techniques of Micro Sprouts

Seeds can be sprouted in many ways and in containers. These may 
include glass jars, pottery, plastic or stainless steel trays, wooden barrels, 
plastic buckets, and various metal containers. It should be noted that the 
material that does not adversely affect the flavor of the seed sprouts and 
does not cause health problems is preferred. Different methods are used to 
produce seed sprouts at home or in commercial enterprises. Although the 
sprouts are very easy to produce in home conditions, microbial activities are 
not paid much attention in production under home conditions. Pathogenic 
microorganisms can be contaminated in sprouts produced under home 
conditions. If microphiles are consumed raw, they have risk factors that can 
cause foodborne diseases as a result of a possible contamination. One of 
the points to be considered in the production of sprouts is to inactivate 
pathogenic microorganisms especially when they are in seed form and, if 
possible, to inactivate microorganisms before consumption (Işık et al. 2022).

Jar Method: Seeds are soaked in water and placed in a suitable jar. By 
calculating the seed volume until the harvest time, the amount of seed 
to be placed in the jar is determined. The mouth of the jar is closed with 
cheesecloth or a similar material. The edges are then firmly attached with a 
rubber band. After filling the jar with water, the seeds inside are wetted and 
the water in the jar is drained back. Afterwards, the jar is placed in a bowl 
or on a flat surface, tilted on its side, and a support is placed on the bottom 
and the seeds are prevented from remaining in the water. Kılınçer, 2018).

Tray Method: Several layers of paper towels are placed on the bottom 
of a waterproof tray. After this absorbent layer is moistened, excess water 
is filtered and the soaked seeds are spread on the surface. In order to speed 
up the germination process, the tray is placed in a polyethylene bag so that 
less moisture loss is achieved. It is placed in a cabinet or climate cabinet 
with good ventilation at 18-25°C. The seeds are taken to a bright place 
away from direct sunlight 1-2 days before the harvest of the sprouts. It 
should be ensured that the absorbent layer, which will be checked at regular 
intervals, remains constantly moist. If necessary, the absorbent layer should 
be moistened, but excess water should not accumulate on the bottom of the 
tray (Kılınçer, 2018; Sivritepe, 2010).
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Large-scale Commercial Seed Sprout Production Method: Seed washing 
and disinfection is carried out in robust, easy-to-use and stainless steel boilers. 
Seeds are ready for germination in 30 minutes, including device preparation 
time, water filling and drainage. Seeds are placed in stainless steel and 
cylindrical rotating systems consisting of one or more chambers. In these 
systems, where water distribution, drainage and aeration are optimized, the 
seeds germinate at 18-25°C temperatures and in the dark, depending on the 
species. Afterwards, the seed sprouts are washed with cold water at 4°C. In 
the meantime, the seed coat and other waste materials are removed. Finally, 
the seeds are purified from excess water for 45 seconds in drying devices 
rotating at high speed (Kılınçer, 2018; Sivritepe, 2010).

4. Consumption of Edible Seed Sprouts

Microphytes are generally consumed raw. Among the sprouts consumed 
raw, there are sprouts such as cabbage, broccoli, canola, radish, arugula, 
mustard, onion, leek, sunflower, clover. Kidney beans and other varieties of 
kidney beans are available for consumption by cooking. For consumption 
raw or cooked, foods such as soybeans, mung beans, peas, lentils, wheat, 
barley, oats, rye can be consumed both raw and among the sprouts that can 
be consumed by cooking. It can be mixed into beverages when consumed 
raw, added to salads, added to breakfast cereals, used as an ornamental 
decoration on soups and meals. In consumption by cooking, there are 
consumption forms such as adding into bread dough, making biscuits, 
soups, pancakes, sauces, pies, casseroles, vegetable dishes (Sivritepe, 2010). 
Another purpose of consumption by cooking is to obtain a microbially safe 
food, reducing the phytic acid activity and cooking is an important factor 
for the denaturation of toxic compounds. Processes such as cooking or 
boiling are used to remove the toxic effect and bitter taste in some plants 
and sprouts. In some boils, it may be necessary to change the boiling water 
several times to remove the bitter taste (Üstüner, 2022). In some plants, 
it has important effects on drying. For example, Arum and Dracunculus 
species are known to have toxic components. Arum species are calcium 
oxalate crystals, oxalic acid soluble oxalates, and plants with abundant 
volatile substances with strong local effects, and are known to cause an 
uncomfortable feeling similar to pins and needles in the mouth and tongue 
when consumed raw and fresh. In the study of Aladi et al. (2022) stated 
that the leaves of these plants do not have a toxic effect when consumed 
after drying by the local people or when they are boiled and used in meals 
by removing the boiling water.
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5. Effect of Sprouting on Components

In general, germination of seeds with low water content and high nutrient 
content increases the biolactic properties of nutrients such as protein, 
vitamins, dietary fiber and carbohydrates, decreases the effectiveness of 
toxins and enzyme inhibitors and increases digestibility. Sprouts are plants 
rich in antioxidants that reduce the negative effects of free radicals (Arın 
et al., 2014). Many germinated grains have a higher content of vitamin C 
and polyphenols than mature vegetables, so their resistance to free radicals 
is quite good. In some studies, the phytoestrogen contents and functional 
properties of some plants belonging to the germinated alfalfa, wheat, and 
cabbage family were examined, and as a result of these examinations, it was 
observed that there were significant increases in bioactivity (Arın et al., 
2014; Kılınçer, 2018).

5.1. Carbohydrates

It is stated that the sprouting process has a reducing effect on the amount 
of carbohydrates in the basic grains. The increase in the activities of degrading 
enzymes during sprouting leads to a decrease in the amount of starch. In 
sprouted grains, the enzyme amylase catalyzes the hydrolysis of starch stored 
as amylose and amylopectin into simple sugars (glucose, maltose, and a small 
amount of sucrose). While this event increases the digestibility of grains, it 
also creates an energy source for seed growth (Şenlik and Alkan, 2021).

5.2. Proteins

Significant increases in proteins occurred due to the germination process. 
In some studies, legumes such as barley and oats were germinated and it 
was reported that there was a significant increase in protein amounts after 
this germination. In another study with oats, it was determined that the 
protein amount increased by 3% and the lysine content by 30% due to 
germination (Hayit and Gül, 2021). In addition, it has been determined 
that there are some positive changes in protein bioavailability depending on 
sprouting. Protein (albumin, globulin, gluten, prolamin) in the structure 
of cereals and legumes is hydrolyzed to oligopeptides, peptides and amino 
acids by the protease enzyme during sprouting. In this way, increases in the 
bioavailability of proteins occur (Şenlik and Alkan, 2021).

5.3. Lipids

Depending on the sprouting of grains and legumes, reductions in oil 
content can be observed. This decrease is thought to be due to the use of 
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lipids as an energy source due to sprouting. Lipids, which contain organic 
elements in different chemical structures such as phospholipids, glycolipids, 
steroids and waxes, are present in the living tissues of grains and legumes in 
the form of triacylglycerols (TAG). Mobilization of TAG (triacylglycerols) 
from fat masses starts with sprouting, and thanks to some collaborative 
studies, they release free fatty acids by hydrolyzing the ester bonds of TAG 
with lipase enzyme as a result of metabolic activities. Free fatty acids are then 
reduced through β-oxidation and glycosylate cycles (Kılınçer, 2018).

5.4. Phytates/Phytic Acid and Minerals

Leguminous seeds also contain some antinutritional substance with and 
without protein. Antinutritional substances have a strong chelating capacity 
and prevent the absorption of elements such as iron, zinc, manganese, 
calcium and copper by the body. These antinutritional substances are 
defined as phytic acids. It is thought that the reasons why they contain these 
substances are to protect the plants from insect damage and to adapt to 
natural conditions more easily. In order to increase the nutritional quality 
of such legumes, these phytic acids should be eliminated. It is possible to 
do this in a variety of ways. Phytic acid is known to be denatured by the 
appropriate temperature treatment process. Another method can be to 
germinate these grains. It was observed that the activity of phytase enzyme 
increased with germination. For example, the phytase enzyme found in 
barley and rye increased significantly due to germination. Depending on the 
phytate concentration, the lower the phytate, the higher the bioavailability 
of phosphorus and minerals. In another study, it was learned that there was 
a 40-59% decrease in the amount of phytic acid with the germination of 
5 different lentils for 2 days. However, according to recent studies, it is 
thought that phytic acid may have benefits on human health. In a study 
conducted on mice, it is thought that phytic acid reduces cholesterol levels 
and may be antioxidant and anticarcinogenic (Abellán et al., 2019; Şenlik 
and Alkan, 2021; Kılınçer, 2018).

5.5. Polyphenolic and Phenolic Compounds

Polyphenols are divided into subgroups such as flavonoids and phenolic 
acids. They are especially abundant in legumes, grains, olive oil, vegetables, 
fruits, tea, cocoa and red wine. A large number of different plant phenolic 
compounds have been identified. The amount and distribution of natural 
and synthesized herbal phenolics vary depending on the plant species, 
tissue type and growing conditions of the plant. Phenolic compounds give 
fruits and vegetables their distinctive sour taste. It was stated that the total 
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amount of phenolic substances increased as the germination time increased. 
While there is no increase in the phenolic composition in the first 24 hours 
of germination, there are significant increases in the next 36-48 hours 
(Awulachew, 2021; Şenlik and Alkan, 2021).

5.6. Vitamin E (Tocopherols)

It is tocopherols, which are part of vitamin E that make up powerful 
natural antioxidants. As a result of a study on 25 different micro-sprouts, 
vitamin E, which has 4 isomer forms (α, β, γ and δ) in nature, including 
tocopherol and tocotrienol, was found to be the most α and γ in green 
daikon radish. Other researchers cited high vitamin E content in daikon 
radish, as well as in red amaranth microgreens and broccoli microsprouts. It 
has also been stated that the vitamin E content of microsprouts is quite high 
compared to mature species (Işık et al., 2022).

5.7. Vitamin C (Ascorbic acid)

Ascorbic acid, also known as vitamin C, has an important effect on human 
nutrition, and in a study it was mentioned that it is found in red cabbage 
sprouts the most among 25 different microgreens. In radish microgreens, it 
was determined to be 106.3 mg/kg. It is known that the content of vitamin 
C is found on the same plants in the microsprouts more than in the mature 
form. In their study, Ebert et al. (2015) mentioned that the amount of 
ascorbic acid is higher in the mature state of kale and amaranth plants, but 
these amounts are less in their shoots.

6. Effects of Seed Sprouts on Human Health

Cancer is one of the most important causes of death worldwide. 
Flavonoids and phenolic compounds such as gallic acid, chlorogenic acid, 
ferulic acid, benzoic and salicylic acids, quercetin, kaempferol, vitamin C, 
glucosinolates are various bioactive compounds with anticancer activity. 
Protective elements in the diet showing anticancer properties; selenium, 
folic acid, vitamin B12, vitamin D, chlorophyll and antioxidants. Studies 
have tested the anticancer content of broccoli sprouts for gastric cancer and 
prostate cancer due to the sulforaphane content of broccoli sprouts, and it 
has been mentioned that broccoli sprouts have the properties to slow down 
or stop these types of cancer. It is known that sprouts have more antioxidant 
content than seeds. In another study, it was mentioned that kumestrol, 
obtained from soybean sprouts, suppresses prostate cancer (Karabulut and 
Yemiş, 2019; Kalaycı and Kaya, 2022)
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High blood pressure or hypertension, which is a symptom of cardiovascular 
diseases, is one of the important causes of death. High blood pressure can be 
controlled through diet. Wu et al. (2013) observed that the brown rice diet 
has an antihypertensive effect. It has been stated that there is a significant 
increase in the amount of ferulic acid with germination of brown rice and 
it is effective in reducing blood pressure in diabetic and hypertensive rats 
caused by streptozotocin. Nakaruma et al. (2016) examined buckwheat 
and mung bean sprouts in a study they conducted and investigated their 
antidiabetic effect in fructose-induced spontaneous hypertensive rats. 
The findings showed that buckwheat sprout powder caused significant 
reductions in heart rate and serum triglycerides. It has been mentioned that 
there are significant decreases in heart rate and serum triglycerides with the 
consumption of mung bean seed sprouts (Kalaycı and Kaya, 2022).

7. Food Safety of Sprouts

Consumers perceive fresh products as reliable products. However, seed 
sprouts can be contaminated with pathogenic microorganisms during the 
sprouting stage and harvest stages before the seeds are sprouted during the 
production stages. Seed sprouts are commonly consumed raw or minimally 
processed foods. A contaminated seed can rise to very high levels of 
pathogenic microorganisms during the germination stage. The presence of 
sufficient water, heat and nutrients in the environment for the sprouting 
process is quite sufficient for microbial growth. In order to reduce the risk of 
pathogenic microorganisms, the seed must first be purified from pathogenic 
microorganisms. Bacteria on the seed surface will enter the inner parts 
of the seed with germination, and it will not be possible to remove the 
microorganisms by washing the sprouts. For this reason, consuming seed 
sprouts by applying heat treatment is accepted as a more effective method. In 
order to remove seeds from pathogenic microorganisms, ionizing radiation, 
high pressure technologies and chemical substances are used (Işık et al. 
2022.; Yetim et al., 2010).

8. Changes in Germination of Some Seeds

In studies where buckwheat grains were sprouted, significant differences 
were observed in their components. During the sprouting process, ascorbic 
acid and monosaccharide contents increased, while sugar contents such as 
disaccharide, trisaccharide and tetrasaccharide decreased compared to the 
seed. It was determined that the sprouts were rich in essential amino acids 
compared to the buckwheat seed. It was determined that the amounts of 
alanine and glutamic acid in buckwheat seeds increased by 80 times and 3 
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times, respectively, after 5 days of sprouting. The amounts of phenylalanine 
and valine were found to increase 32 times and 5 times, respectively, after 7 
days of sprouting. In addition, while cystine amino acid was never found in 
the seed, the amount of this amino acid reached a detectable level on the 3rd 
day of germination and was observed as 31.9 (mg/100 g) at the end of the 
7th day (Ekici et al., 2019; Yetim et al., 2010). )

It has been observed that isoflavone compounds in chickpeas in seed form 
increase due to the sprouting of chickpeas. It was determined that ß-carotene 
content, protein digestibility and protein solubility were also significantly 
improved in chickpea sprouts. It was observed that the ß-carotene content of 
the sprouts was highest in the sprouts of 3 days, and the protein digestibility 
reached the highest level in the sprouts of 4 days. While it is seen that 
4-day-old chickpea sprouts have high oil and ascorbic acid content, it has 
been observed that the phytic acid content, which adversely affects the 
bioavailability of humans such as the digestion of mineral substances and 
the absorption of proteins, is 40% lower and thus protein digestibility is also 
quite good (Kılınçer, 2018; Yetim et al. ., 2010).

It is one of the vegetables whose consumption is increasing rapidly due 
to anticarcinogenic compounds such as selenium element and isothiocyanate 
in broccoli. As a result of a study, it was observed that this selenium element 
and isothiocyanate content were higher in broccoli sprouts. (Yetim et al., 
2010). In a study conducted to understand how genetic structure affects 
the phytochemical quality of broccoli sprouts, broccoli seeds were sprouted 
for 14 days. While broccoli seeds do not contain vitamin C, it has been 
determined that the vitamin C content increases as a result of the sprouting 
process and this increase varies significantly according to the sprouting 
time and cultural diversity. It has been reported that there are significant 
differences between the phenolic compound and glucosinolate content and 
antioxidant activity values of seeds and sprouts of different broccoli cultures 
(Özkaynak Kanmaz E.)

Radish sprouts are known to be rich in compounds such as vitamin C, 
vitamin A, calcium and potassium, as well as glucosinolates and phenolic 
compounds that have positive effects on health. For these reasons, radish 
sprouts are stated as a good antioxidant. In a study, a radish sprout germinated 
for 4 days was examined and as a result of this examination, vitamin B1 
calcium magnesium copper and zinc were compared. It has been observed 
that the sprouts contain 3 times more vitamin B1 than the seeds, and there 
are serious increases in the amounts of calcium, magnesium, copper and 
zinc.
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9. Conclusion

The consumption of this seed sprout, which has just become widespread 
in our country, should be increased with new researches and the public 
should be informed. In this way, these sprouts, which are rarely seen in the 
shopping aisles in the markets, can be offered to many people by taking their 
place in the markets. In addition to the consumption of this seed sprout 
as freshly processed or less processed, it can also be aimed to enrich the 
product by using it as a natural additive to some foods. Instead of waiting 
for the seed sprouts to be ready on the market shelves, it is also possible to 
grow and consume these sprouts naturally at home. When the contents of 
many seeds and seed sprouts were examined, it was seen that there was a 
great positive change. The fact that these seed sprouts have functional food 
properties and contain more nutrients than seeds in terms of human health 
has been an important reason for the increase in consumption. In addition, 
these seed sprouts are produced in all seasons and consumed fresh, which is 
an important opportunity.
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Chapter 7

Attainment Enhancements Of Capricious Server 
Queueing Models By Fuzzy Ordering Approach 

Ramesh. R1

Seenivasan. M2

Abstract 

In this article we trot out a blue print to find the attainment enhancements 
in terms of crisp values for fuzzy queuing model with a capricious server, 
where the arrival rate, service rate, breakdown rate and repair rate are all 
fuzzy numbers. Here the inter arrival time, service time, breakdown and 
repair rates are Triangular and Trapezoidal fuzzy numbers. Our abstraction is 
to convert the fuzzy inter arrival rate, service rate breakdown rate and repair 
rate into crisp values by associating ranking function method. Then apply the 
crisp values in the traditional queuing theory formulas. Habitually ranking 
fuzzy numbers disports a herculean position in decision making under fuzzy 
terrain. Our ranking method proposed is most loyal, simple to apply and can 
be used for all types of queuing problems. 

1. INTRODUCTION

The basic definitions, theorems [4],[9],[16] and models of queueing 
theory are very prestigious for our research aspiration. In our ceaseless life 
situation, most of the time we pertain the Fuzzy logic and applications 
[18],[19],[37]. In most queuing models, it is not possible to keep the server 
functional at all times, and service can thus be interrupted. The notablerationale 
for this is the breakdown of the server. There can also be scheduled service 
interruptions such as during weekends or holidays. Regarding queuing 
model with server breakdown, Gaver [13] first presumed an ordinary M/G/I 
queuing system with interrupted service and priorities. Li et al. [20,21] and 
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Wang [35] investigated the comportment of the unreliable server, and the 
effect the server breakdowns and repairs in the M/G/I queuing models and 
he investigated the controllable M/HK/I queuing systems with an unreliable 
server .Choudhury. et al.[7] sketched an unreliable server retrial queue with 
two phases of service and general retrial times under Bernoulli vacation 
schedule. Ramesh and Kumaraghuru [24.] are assessed the performance 
measures of fuzzy queuing model with an unreliable server using ranking 
function method. More authors [12,15,17,23,38] are analyzed about 
unreliable servers with breakdowns and repairs freshly.

By the way of Zadeh’s [37] extension principle, we recast the fuzzy 
queue with an unreliable server into a family of crisp queues . For notational 
convenience our model in this paper will be inferred by FM/FM(FM,FM)/1 
where the first to the fourth FM represents the fuzzified exponential arrival, 
service, breakdown and repair rate respectively. In contrast M/M(M,M)/1 
model represents the exponential arrival (Poisson), service, breakdown and 
repair rates all at once. Seenivasan et.al [32-34] explained more queueing 
models.

Multifarious authors have so far employed multihued ranking techniques 
to measure the achievements of the fuzzy queues.. In Kaufmann and 
Gupta [18], an approach is presented for the ranking of fuzzy numbers. 
Abbasbandy S, Hajjari T [1] alleged a subjective approach for ranking fuzzy 
numbers. Liang et al.[22] refined a ranking method based on gravity center 
point. Dat et al.  [10] offered a method for ranking fuzzy numbers by using 
the Centroid based method. Chu and Tsao [8] propounded a method for 
ranking fuzzy numbers with the area between the centroid point and original 
point. Deng and Liu [11] suggested a centroid-index method for ranking 
fuzzy numbers.  Wang and Lee [36] also inured the centroid concept in 
developing their ranking index. Chen and Chen [6] nominated a method for 
ranking generalized trapezoidal fuzzy numbers. Ramesh and Kumaraghuru 
[25] laid a method for ranking fuzzy numbers with Centroid of Centroids in 
non pre-emptive priority queues. Ramesh and Hari Ganesh [26] presented a 
paper under Expansion Center Fuzzy Ranking Method in M/M/m/m Fuzzy 
Loss System. Ramesh  and Hari Ganesh [27]nominated a new approach 
under Wingspans Fuzzy Ranking Method in M/M/1/N Fuzzy Queueing 
Models with Discouraged Arrivals. Ramesh et.al approached with more 
ranking methods [28] to [31] in various queueing models. 

In this article we forward a method that is able to provide achievement 
expedients in terms of crisp values for fuzzy queuing model with an unreliable 
server with four fuzzy variables, namely fuzzified exponential arrival rate, 
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service rate, breakdown rate and repair rate by new fuzzy ranking. Here 
ranking function method has been used to reach crisp values. This strategy is 
very easy to discover the realistic crisp values of the queueing models.

2. PRELIMINARIES

Definition (Fuzzy set)

A fuzzy set is intent by a membership function mapping elements of a 
domain space or universe of discourse Z to the unit interval [0,1].

 (i,e) A~  = {(z, A~µ (z)); z Є Z}. 

Here A~µ : Z →[0,1] is a mapping called the degree of membership 
function of the fuzzy set A~  and A~µ (z)is called the membership value of z 
Є Z in the fuzzy set A~ . These membership grades are often represented by 
real numbers ranging from [0,1].

Definition (Normal)

A fuzzy set A~  of the universe of discourse Z is called a normal fuzzy set 
if there exists at least one z Є Z such that A~µ (z )= 1. 

Definition (Convex)

A fuzzy set A~  is convex if and only if for any z Є Z, the membership 
function of A~  satisfies the condition 

A~µ {λ 1z +(1-λ) 2z } ≥ min { A~µ ( 1z ), A~µ ( 2z )}, 

0 ≤ λ ≤ 1.

Definition (Triangular fuzzy number)

A triangular fuzzy number A~ (z) can be depicted by A~ ( 1a , 2a , 3a ;w) with 

membership function A~µ (z) given by



108 | Attainment Enhancements of Capricious Server Queueing Models by Fuzzy Ordering Approach

Definition (Trapezoidal fuzzy number)

A trapezoidal fuzzy number A~ (z) can be portrayedby A~ ( 1a , 2a , 3a , 4a

;w) with membership function A~µ (z) given by

Definition (Generalized fuzzy number)

A fuzzy set A~ , interpreted on the universal set of real numbers R, is 
said to be a generalized fuzzy number if its membership function has the 
following characteristics:

1) A~µ : R → [0,w] is continuous;

2) A~µ (z) = 0 for all z ∈(−∞, 1a ] [ 4a ,∞);

3) A~µ (z) strictly increasing on [ 1a , 2a ] and strictly decreasing on [ 3a , 4a ];

4) A~µ (z) = w, for all z ∈[ 2a , 3a ], where 0 <w ≤ 1.

Definition (L-R type generalized fuzzy number)

A Fuzzy number A~ = ( 1a , 2a , 3a , 4a ;w)is forenamed to be an L-R type 
generalizedfuzzy number if its membership function is given by

A~µ (z) =  

WhereL and Rare reference functions.

Definition (Generalized Triangular fuzzy number)

A generalized Triangular fuzzy number A~ (z) can be symbolized by A~ (

1a , 2a , 3a ;w) with membership function A~µ (z) given by
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Definition (Generalized Trapezoidal fuzzy number)

A generalized trapezoidal fuzzy number A~ (z)  can be revealed by A~ ( 1a
, 2a , 3a , 4a ;w)  with membership       function A~µ (z) given by
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3. FUZZY QUEUING MODEL WITH A CAPRICIOUS 
SERVER

Contemplate a fuzzy queuing system with an unreliable server and 
two different types of breakdowns. In type I, the server may breakdown 
even if there are no customers in the system and in type II, the server may 
breakdown when there is at least one customer in the system. It is suspected 
that the customers arrive at a single server facility as a Poisson process with 
fuzzy rateλ~ , the service times as an exponential distribution with fuzzy rate
µ~ , the server may have a breakdown following Poisson process with fuzzy 
rateα~ , and the repair follows an exponential distribution with fuzzy rate β~  
are approximately known and can be represented by convex fuzzy sets.Let

, ,  and  denote the membership functions of ,µ~

,α~ and β~ . Then we reserve the subsequent fuzzy sets:
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Where U,V,X and Y are the crisp universal sets of the arrival , service, 
breakdown  and repair rates respectively. Let F(u,v, x, y) intimate the system 
characteristic of interest. Since u, v, x and y are fuzzy numbers. F(u, v, x, y) 
is also a fuzzy number.. Let T1 and T2represent the membership function of 
the expected time that the system is idle in type I and type II respectively.

T1=  F(u, v, x, y) =                       (i) 

T2 = F(u, v, x, y) =       (ii)

In steady-state, it is required that 

0 < < 1 and 0 < < 1.

4. CENTROID OF CENTROIDS 

The centroid of a trapezoid can be considered as the balancing point of 
the trapezoid (Fig.1).Divide the trapezoid into three plane figures. These 
three plane figures are a triangle (PAQ), a rectangle (QABR) and another a 
triangle(RBS) respectively. Let the centroids of the three plane figures are 
denoted by 21,CC  and 3C  respectively. The centroid C of these centroids 
is taken as the point of reference to define the ranking of generalized 
trapezoidal fuzzy numbers. The reason for selecting this point as a point of 
reference is that each centroid point 21,CC  and 3C  are balancing points of 
each individual plane figure and the centroid of these centroid points is a 
much more balancing point for a generalized trapezoidal fuzzy number.

Figure 1.Centroid of centroids
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line 31CC  is 
3
wy = and 2C  does not lie on the Line 31CC . So 21,CC  

and 3C  are non-collinear and they form a triangle. We defined the centroid 

),( 00~ yxCA (i.e., C) of the triangle with centroids 21,CC  and 3C  of the 

Generalized Trapezoidal Fuzzy Number  );,,,(~
4321 waaaaA =

.

The centroid ),( 00~ yxCA of Generalized Triangular Fuzzy Number

);,,,(~
4321 waaaaA =  as  

. (Here 2a = 3a )

The ranking function of the Generalized Trapezoidal Fuzzy Number 
);,,,(~

4321 waaaaA = which maps the set of all fuzzy numbers to a set of 
real numbers is defined as 

The ranking function of the Generalized Triangular Fuzzy Number

);,,(~
421 waaaA = which maps the set of all fuzzy numbers to a set of 

real numbers is defined as

5. NUMERICAL EXAMPLE

During the horrible pandemic situation, consider a critical position that 
our government has decided to declare a complete lockdown (including 
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bank, transports, vegetable markets and all shops except medical shops) for 
one month from tomorrow. In this situation all the people wanted urgently 
to withdraw the cash from ATM centers. Unluckily in a particular place, 
there is only one ATM is working. People using a single channel arrival 
stream according to Poisson process. The time required for withdrawal of 
cash process may be interrupted (computer, server, or insufficient money 
problems) pursuing a Poisson process. The recovery times of the problem 
interrupted displaces an exponential distribution. The process resumes 
as soon as the interruption ends. In attempting to evaluate the single-
channel process, the manager of the system wishes to ascertain how many 
hours that the system is idle. It is reputed that this system succeeds, FM/
FM(FM,FM)/1/∞ and the expected time that the system is idle can be 
speculated by the proposed enterprise. 

For Trapezoidal fuzzy number

Illustration: 

Suppose the arrival rate, service rate, breakdown rate and repair rates are 
trapezoidal fuzzy numbers distinguished by 

=  [2,4,5,7;1], = [12,14,16,20;1], 

= [0.05, 0.1, 0.2, 0.5;1], = [2,3,5,6;1] per hour. 

Now we calculate Ranking by bearing centroid of centroids ranking 
method.

R( 1
~λ ) = R(2,4,5,7;1) 

          =       = 1.76

R( ) = R(12,14,16,20;1) 

          =      = 5.94

R(α~ ) = R(0.05, 0.1, 0.2, 0.5;1)

          =      = 0.07
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R( β~ ) = R(2,3,5,6;1) 

          =                  = 1.56

According to (i) and (ii)

The expected time that the system is idle in type I

v
u

yx
yyxvuFT −
+

== ),,,(1

                       = 0.66

Similarly we can proceed for some illustrations we got

Table 1:System idle units (hrs)

Fig 2: Arrival Rate Vs Service Rate
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Fig 2 determines that, if the defuzzified values of the arrival rate and 
service rate increased then the idle time of the system are increased with 
respect to the table 1.

The expected time that the system is idle in type II 

vy
yxuyxvuFT )(1),,,(2

                    = 0.69

Similarly we can proceed for some illustrations we got

Table 2:System idle units (hrs)

Fig 3: Arrival Rate Vs Service Rate



Ramesh. R / Seenivasan. M | 115

Fig 3 determines that, if the defuzzified values of the arrival rate and 
service rate increased then the idle time of the system are increased with 
respect to the table 2.

For Triangular fuzzy number

Illustration: 

Suppose the arrival rate, service rate, breakdown rate and repair rates are 
triangular fuzzy numbers specified by 

=  [2,4,7;1], = [12,14,20;1], α~  = [0.05, 0.1,  0.5;1], β~  = 
[2,3,6;1] per hour. 

Now we calculate Ranking by pertaining centroid of centroids ranking 
method.

R( ) = R(2,4,7;1) 

=    = 1.60

R( ) = R(12,14,20;1)

=    = 5.6

R(α~ ) = R(0.05, 0.1, 0.5;1) 

=   = 0.05

R( β~ ) = R(2,3,6;1) 

=    = 1.26

According to (i) , (ii)

The expected time that the system is idle in type I 

v
u

yx
yyxvuFT −
+

== ),,,(1
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                       = 0.68

Similarly we can proceed for some illustrations we got

Table 3:System idle units (hrs)

Fig 4: Arrival Rate Vs Service Rate

Fig 4 determines that, if the defuzzified values of the arrival rate and 
service rate increased then the idle time of the system are increased with 
respect to the table 3.

The expected time that the system is idle in type II 

vy
yxuyxvuFT )(1),,,(2

+
−==
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                    = 0.70

Similarly we can proceed for some illustrations we got

Table 4:System idle units (hrs)

Fig 5: Arrival Rate Vs Service Rate

Fig 5 determines that, if the defuzzified values of the arrival rate and 
service rate increased then the idle time of the system are increased with 
respect to the table 4.

CONCLUSION

In this article, we have foresighted a fuzzy queuing model with an 
capricious server. Our new fuzzy ranking which make our model generic and 
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well-rounded from application point of view. It has been used in operations 
and service mechanism for adjudging the system achievement. Besides, the 
fuzzy problem has been transformed into crisp problem using these ranking 
indices. Since the achievement expedients such as the expected idle time for 
two types are crisp values, the manager can take the tidy and nifty verdict. 
We wind up that the solution of fuzzy problems can be obtained by Ranking 
function method very congruously. The track alleged in this article furnishes 
pragmatic findings for system manager and interpreters.
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Chapter 8

Water-Use Efficiency in Climate-Smart 
Agriculture 

Fatma Bozkurt1

Tefide Kızıldeniz2

Abtsract

Climatic change is described as “continuing and slow-developing differences 
in climate conditions that have significant local effects on a large scale, 
regardless of their cause.” Climate-smart agriculture is a method to promote 
climate change that demands sustainable agricultural expansion for food 
security. It entails improving circumstances in terms of technology, policy, and 
investment. This approach seeks to increase productivity in fisheries, forestry, 
and agriculture, in a sustainable manner, to familiarize people with global 
climate change, to build resilience to shocks and variability in the context of 
adaptation strategies, and to minimize and remove greenhouse gas emissions 
in the scope of mitigation strategies, for the purpose of improve national 
food security and improvement goals. By putting in place strategies and 
technology that maximize the use of water resources, we may reduce water 
consumption and associated energy usage, lowering the carbon footprint of 
water-related activities. Irrigation systems utilized in this context are classified 
into three types: rainfall harvesting, fog harvesting, and dew harvesting 
systems. The purpose of this study was to perform a literature analysis on 
water use efficiency in climate-smart agriculture and to investigate how water 
use efficiency may be attained in climate-smart agriculture systems. As a 
consequence, these climate change research projects will continue to develop 
in the future.
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INTRODUCTION

Climate change is definite as “changes in the average state and/or 
variability of the climate over periods of decades or longer, regardless of 
the cause.” If considerable CO2 and other greenhouse gas emissions are not 
reduced in the next years, global warming of 1.5 to 2 °C will be surpassed in 
the twenty-first century (IPCC, 2021; Plötz et al., 2023). CO2 accumulations 
have increased by 40 % compared to pre-industrial levels, primarily due to 
emissions from fossil fuel combustion and, secondarily, from net changes in 
land use. If comprehensive measures are not taken to address climate change, 
the report highlights that if the predictions regarding increased hurricanes, 
droughts, and rising sea levels come true, our country, which is surrounded 
by seas on three sides, will be at significant risk (IPCC, 2014). 

Climate change may lead to increased water demands beyond the predicted 
increase for non-climatic factors, mainly as a result of enhanced utilize for 
agricultural irrigation. These increased burdens on water resources will not 
only affect the dependability of water sources but similarly have impacts on 
navigation, water ecosystems, recreation, and energy production, as well as 
water quality management. The likelihood of increased flood risk is probable, 
which would imply a decrease in flood protection standards (Arnell, 1998).

Global warming, one of the gravest global issues, has begun to express 
itself in numerous ways around the globe. The global warming’s influence 
on water supplies, which are indispensable for health, food production, 
industry, and sustainable ecosystems, is inevitable. Global warming is 
increasing the significance water resources and the significance of water is 
further amplified due to the risk of desertification in many regions around 
the world. The reduction of water resources, which is one among the most 
popular significant the effects of global warming, is reaching dimensions that 
hinder sustainable living. In order water resources must be managed wisely 
in order to maintain natural balance and ensure the long-term growth of 
human populations, a manner that meets present and future needs (Karaman 
and Gökalp, 2010). Numerous studies and investigations have been released 
in various scientific journals and worldwide reports regarding the impacts 
of climate change on water resources. These studies predominantly focus 
on the continents of Europe, North America, and Australia. Most of these 
studies make use of hydrological models guided by scenarios based on climate 
model simulations. Progress in methodologies for studying the influences of 
climate change have prioritized investigating the impacts of downscaling 
from climate model scale to watershed scale in a variety of ways, including 
using regional climate models to generate scenarios, implementing scenarios 
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to detected climate data, and assessing their impacts. In general, this research 
have shown that alternative approaches of scenario development from the 
same origin (a global-scale climate model) can result in large variances in 
anticipated climate change consequences (Estrela et al., 2012).

Decreased water availability is generally associated with higher UV-B 
radiation quality and intensity in many places. The projected climate change 
scenarios for the next 10 years increase the likelihood of significant water 
scarcity events in the Mediterranean region, particularly due to a notable 
decrease in rainfall during hot seasons. Changes in average cloud cover can 
have an impact on solar radiation, particularly UV-B radiation. The quality 
and intensity of absorbed UV-B radiation can be emitted in conjunction with 
infrared radiation and PAR (photosynthetically active radiation), which are 
influenced by the cloudiness regime of the time, season, and latitude. In the 
Southern Hemisphere, UV-B radiation quality and intensity are generally 
higher due to lower ozone levels. UV-B radiation quality and intensity, as 
a factor of climate change, function as a growth modulator through the 
transition transitioning from main to secondary metabolism. Evidence 
has developed in recent years demonstrating a link between water scarcity 
stress in plants and UV-B radiation. UV-B radiation and water constraint 
can both produce negative changes in plants, resulting in lower production, 
disturbances in physiological systems, and stunted development (Kızıldeniz, 
2021).

Climate-Smart Agriculture (CSA) is a method aiming at improving 
technical, investment, and policy conditions to promote sustainable 
agricultural growth for food security in response to climate change (Palombi 
and Sessa, 2013). Climate-Smart Agriculture is a strategy for transforming 
and redirecting agricultural production in response to the facts of climate 
change (Lipper et al., 2014).

The objective is to boost agricultural output from crops, animals, and fish 
while maintaining food and nutrition security and contributing to increased 
revenue creation. This should be accomplished without harming the 
environment. The goal is to adapt to climate change by lowering exposure to 
short-term hazards, increasing resilience to shocks and long-term pressures, 
and sustaining vigorous ecosystems that offer environmental benefits to 
farmers. The goal is to minimize and/or remove greenhouse gas emissions, 
which includes lowering emissions for every kilogram of food, fiber, and fuel 
generated. This involves minimizing agricultural deforestation, increasing 
the ability of soils and trees to function as carbon sinks, and controlling the 
atmosphere to absorb CO2 (Thornton et al., 2018).
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Due to all these reasons, this study aims to ensure water use efficiency in 
climate-smart agriculture systems by implementing climate-sensitive smart 
farming practices.

Climate-Smart Agriculture is implemented in two parts: adaptation and 
mitigation measures aimed at mitigating the impacts of climate change. 
Adaptation, also known as resilience, is the process of making adaptations to 
climatic unpredictability and altering average climate conditions to prepare 
for climate change, reduce harm, and capitalize on good possibilities. 
Mitigation of climate impacts refers to anthropogenic interventions aimed 
at reducing the sources of greenhouse gases or enhancing their sinks, thereby 
addressing climate change (IPCC, 2007). To put it another way, mitigation 
entails taking steps to lessen the sources of climate change by lowering the 
quantity of heat-trapping gases discharged into the Earth’s atmosphere 
(FAO, 2011).

ADAPTATION EFFORTS IN CLIMATE-SMART 
AGRICULTURE FOR WATER USE EFFICIENCY

This research examines the impacts and indicators of climate change in 
global, regional, and/or urban locations, beginning with the worldwide 
relevance of climate change. Furthermore, the study analyzes coping capability 
and sensitivity categories in the framework of susceptibility to climate 
change. Based on the vulnerability and observed climate change’s effects on 
regional and urban locations, adaptation and mitigation recommendations 
for regional and urban areas are being evaluated (Kahraman and Şenol, 
2018).

Along with the good advances brought about by the incorporation of 
technology into our lives, several solutions have been presented to reduce 
the harm done to the environment and nature, particularly in terms of 
reducing the effects of climate change. The common denominator 
mid these is to emphasize the alignment with social and environmental 
factors in combating climate change, as well as prioritizing strategies for 
reducing climate impacts. In recent years, Climate-Smart Forestry (CSF) 
techniques have been developed to minimize the effects of climate change 
on the integrity and functionality of forest ecosystems and ensure their 
sustainability in the future. These strategies strive to decrease potential 
effects owing to climate change as much as possible and enable adaptation 
to the adverse impacts resulting from these changes (Sargıncı ve Beyazyüz, 
2022). These strategies are techniques for sustainable and adaptive forest 
management that are backed up by criteria and indicators to lead actual 
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implementations in forests and the forest industry. The aim of this study is 
to highlight scientific research on climate and climate change undertaken 
internationally and, in our country, as well as recent advances and actions 
adopted to address this issue. Furthermore, the study will seek answers to 
questions regarding how climate change is defined globally and in Turkey, 
the approaches taken to address the issue through various possibilities, 
along with the possible outcomes of climate change on forests (Sargıncı ve 
Beyazyüz, 2022).  

REDUCTION OF AGRICULTURAL ACTIVITIES CAUSED 
BY CLIMATE CHANGE IN CLIMATE SENSITIVE 
SMART AGRICULTURE FOR WATER USE EFFICIENCY 
(MITIGATION) STUDIES

The major potential for mitigation, according to the IPCC, lies in 
the increase of carbon sinks, which are natural carbon reservoirs adept of 
sequestering more carbon from the atmosphere than they produce (IPCC, 
2007). Carbon sinks may be found in forests. Different techniques to 
improving these carbon sinks exist in agriculture, such as adding trees and 
shrubs into agricultural systems, as done in agroforestry systems, to boost 
biomass and carbon.  Restoring damaged soils to their natural condition, 
managing livestock populations, and upgrading pastures can all help to 
increase the rate of soil carbon sequestration (IPCC, 2007).

SUSTAINABLE WATER USE MANAGEMENT 
TECHNOLOGIES IN CLIMATE SENSITIVE SMART 
AGRICULTURE IRRIGATION SYSTEMS USED IN 
CLIMATE SENSITIVE SMART AGRICULTURE

We can examine the irrigation systems used in climate-smart agriculture 
in three categories: rainwater harvesting systems, fog harvesting systems, 
and dew harvesting systems.

RAIN HARVESTING SYSTEMS

Rainfall harvesting is the gathering and storage of rainfall that falls on the 
earth’s surface, especially in water-stressed desert and semi-arid countries. 
Rainwater harvesting is presented as a good solution for settlements where 
there is insufficient rainfall, inadequate water supply infrastructure, and 
limited surface and groundwater resources (Alpaslan, 1992). Rainwater 
harvesting, with its origins dating back to prehistoric times, has been a 
practice employed by many civilizations. Rainwater harvesting devices 
have been known to exist for thousands of years in many parts of the world 
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and are still in use today (İnci et al., 2011). The first evidence of rainwater 
collection in China’s Gansu region dates back 6000 years (Stahn et al., 2016). 
Methods of rainwater harvesting were encountered during the Classical and 
Hellenistic periods.

The technique of rainwater harvesting consists of two parts: the collection 
point where the water is gathered, and the place where it is utilized (İnci et 
al., 2011).

Figure 1. Working principle of water harvesting systems (Ekinci, 2015)

Water running down the hill is collected using the rainwater collecting 
method. It may be used on nearly any sort of slope. The method’s primary 
goal is to offer dependable water supply in locations where subterranean 
and surface water resources do not exist or cannot be developed affordably 
(Kantaroğlu, 2009). Arid, semi-arid and semi-humid areas; areas where 
water supply is lower than the plant water requirement due to low 
precipitation, irregular distribution of precipitation between seasons, 
high temperature; areas where annual precipitation surpasses 150 mm 
and precipitation falls in winter; The areas where the annual precipitation 
surpasses 200 mm and the precipitation falls in the summer season and is 
not stored in a reservoir or pool are the areas suitable for water harvesting 
(Kantaroğlu, 2009).

Water collecting is helpful since it is simple and economical. It may be 
used on nearly any slope. Water transmission losses are quite minimal when 
compared to huge irrigation systems. Increasing productivity in meadows 
and arable lands where rainfall is insufficient can be counted as the reason 
for the application of agricultural water demand. The advantages of water 
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harvesting include being easy, inexpensive, reproducible, effective and 
compatible. In addition to many social and economic benefits of water 
harvesting, it also reduces the need for groundwater and reduces water 
consumption costs (Qureshi et al., 2010).

There are also some disadvantages of rainwater harvesting practices. 
Firstly, although the installation and cost of small-scale systems are feasible, 
as the intended volume of harvested rainwater increases, the requirements 
for equipment, storage, and automation systems also increase, leading to 
higher initial investment costs and technical maintenance. In other words, 
when considering the dimensions of urban planning, medium to high costs 
are encountered. In other words, when considering the dimensions of urban 
planning, medium to high costs are encountered. In addition, rainwater 
harvesting systems, regardless of their size, require regular maintenance 
as with any other system and application. Rainwater harvesting systems, 
being highly susceptible to external factors and contamination, particularly 
in transport systems such as pipes and gutters, require periodic maintenance 
due to the presence of algae and fungi growth, as well as exposure to insects 
and rodents (Yenigün and Tunalı, 2022). Since rainwater collection systems, 
which are quite open to external factors and contamination, are open to algae 
and fungi, flies and rodents that form and cling to transport systems such as 
pipes and gutters, periodic system maintenance is mandatory (Yenigün and 
Tunalı, 2022). 

Another disadvantage of rainwater harvesting systems is the difficulty in 
planning. Although meteorological forecasts provide close data on average 
rainfall, rain is an unpredictable natural phenomenon and the volume of 
rainwater harvested during and/or after a dry period may be less than needed. 
On the other hand, for periods with abundant rainfall, the structures used for 
rainwater storage such as tanks, reservoirs, and cisterns should be adequately 
sized. A storage area that has reached its capacity during a rainfall period 
may not be able to collect any further rainwater, leading to an additional 
burden on sewage and drainage systems (Yenigün and Tunalı, 2022).
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Figure 2. Classification of rainwater harvesting methods (Ekinci, 2015)

 

Figure 3. Micro Water Collection Systems (Ekinci, 2015); a) ridges made at the 
ICARDA research farm in Syria), b) Semi-circular embankments lined up in stages on 

the land, c) Loss system, d) A landscaped land with Negarim
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Figure 4. Valley Floor Systems (Ekinci, 2015), a) Small farm pond in Syria, b) the 
stone walls of the valley floor in the northwest of Egypt, c) Terrace systems in Yemen, d) 
A landscaped land with Negarim, e) Runoff strips, f) an interrow system that collects 

runoff in a pond in Australia, g) Contour terraces

Figure 5. A developing land after rainwater harvest (Yosef et al., 2015)
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FOG HARVESTING SYSTEMS

Fog harvesting is a sustainable, simple, and cost-effective technique for 
collecting water from the air. In deserts, arid regions, and densely populated 
countries, fog collection devices are installed to create clean, safe, and 
drinkable water sources.

Figure 6. Demonstration of fog harvesting systems (Khalil et al., 2021)

The size of the droplet, the wind speediness, and the shape of the 
gathering surface all influence fog droplet collection. Fog droplets range in 
size from 1 to 30 m (Batisha, 2015).

Gravity drives the collection and transport system. Water droplets 
collected in the net travel down and drip into a trough at the net’s bottom, 
where they are piped to a storage tank or cistern. Water output rates from 
a mist collector typically vary from 200 to 1,000 liters per day, with daily 
and seasonal variations. Larger mist droplets, faster wind speeds, and tighter 
mesh holes improve collecting efficiency. When fog in dry and semi-arid 
coastal sites is captured using a modest and low-cost gathering equipment 
known as a fog collector, an alternative freshwater supply for these areas can 
be created. Collecting fog water is a cost-effective technology (Özcan and 
Pakyürek, 2019).
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Figure 7. The way water is collected in fog harvesting systems (Jewell, 2018)

Fog occurring in high-altitude areas has the potential to have higher 
water content compared to fog formed at sea level. This is due to the speed 
of the wind blowing at high altitude. Fog at high elevations is critical for 
alternative freshwater generation in dry and semi-arid regions. By adopting 
a modest and low-cost gathering mechanism known as a fog collector, 
fog occurring in dry and semi-arid coastal regions may be captured as an 
alternative freshwater supply for these areas (Korkmaz, 2020). Fog is made 
up of liquid droplets. In its most basic form, fog is a cloud that contacts 
the ground, and the type of fog is defined by the physical mechanism that 
produces it. When a cloud passes over a mountain with its base just above the 
sea or land, the mountain becomes fogged in. Fogs shaped by the advection 
of clouds over higher terrains have larger liquid water content than fogs 
produced over land or sea surfaces (Batisha, 2015).

The following are the benefits and drawbacks of fog harvesting 
(Anonymous, 2023a).,

1. It does not require any energy to function.

2. During seasons of low water availability, it relieves strain on local 
freshwater reserves.
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3. Atmospheric water is normally pure, free of hazardous microbes, and 
ready for use in irrigation. Construction of fog collecting technology is 
reasonably easy and may be carried out in the field after the component 
parts are integrated and technical supervision is given. The building 
procedure is not labor-intensive; just basic skills are necessary, and 
the device requires no energy to function once installed. Considering 
the suitability of fog harvesting, especially for communities living 
in remote mountainous areas, it enhances the quality of life for 
communities in arid coastal and mountainous regions by providing 
an additional source of freshwater.

4. It often produces pure water that may be utilized immediately upon 
harvesting.

It reduces the expense and requirement for transporting freshwater 
to inaccessible places. Fog harvesting technologies are dependent on an 
unreliable water source as fog formation is often unpredictable. However, 
fog can form in certain spots, notably along the western continental border 
of South America’s hilly coastal regions. Furthermore, even calculating 
the estimated amount of water that may be gathered in a certain place is 
difficult (Schemenauer & Cereceda, 1994). This technique may provide an 
investment risk unless a pilot project is first conducted to determine the 
possible water yield yield in the region in issue.

Figure 8. Demonstrating the way, it works in fog harvesting systems (Korczak et al., 2020)
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DEW HARVESTING SYSTEMS

Rainwater harvesting, fog water harvesting, and dew harvesting, often 
known as dew collecting, are three major non-traditional water-harvesting 
alternatives. Overall, these systems benefit from ease of installation and 
power-free operation.  They do, however, have drawbacks in terms of 
seasonality, geographic site, and bad climates. Various investigations on 
diverse climates, altitudes above sea level, and outlines and materials for 
dew collectors have been undertaken. However, in order to be used as 
an alternative or additional water source, dew collecting requires a more 
comprehensive understanding of its performance in relation to environmental 
and geographical characteristics (Ernesto & Jasson, 2015).

The potential applications of dew harvesting can be listed as follows 
(Anonymous, 2023b):

1. Large unused lands.

2. Areas with a wide diurnal temperature range (day tonight at least 12 
°C).

3. Low-wind areas (where winds cause evaporation) are recommended 
to have an upper limit of 4 m s-1 at a height of 10 m.

4. In areas where dew formations occur, the average wind speeds are 
significantly higher, ranging from 1-2 m s-1, which is higher than the 
speediness of 0.1-0.2 m s-1 found in continental regions.

5. It is observed that dew yield increases when cloud cover decreases, as 
radiative cooling is enhanced.

6. The highest dew yield corresponds to the highest humidity and the 
lowest cooling temperature.

7. The condensing material should be sufficient (insulated, water-
resistant, sloped).
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Figure 9. Large dew condenser (Anonymous, 2023b)

Rainwater harvesting, fog water harvesting, and dew harvesting, 
also known as condensation harvesting, are three main unconventional 
solutions used as alternative or complementary water sources. In general, 
these solutions have the benefit of being simple to deploy and operate 
without the use of energy. They do, however, have drawbacks with regard 
to seasonality, geographical site, and bad climates. Various investigations 
on diverse climates, altitudes above sea level, and structures and materials 
for dew collectors have been undertaken. However, when employed as 
an alternative or additional water supply, dew collecting necessitates a 
more comprehensive understanding of its performance in relation to 
environmental and geographical characteristics (Ernesto and Jasson, 2015). 
Passive dew harvesting can be a suitable option as an irrigation water source 
in arid regions.

The advantages of dew harvesting can be listed as follows:

1. Water quality could be good.

2. It is not affected by drought.

3. It could possibly be an additional water source to the rainwater 
harvest.

4. Especially dew is a low cost system for irrigation ($1 per plant).

5. It can be done at home level.
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The disadvantages of dew collection are as follows (Anonymous, 2023b);

1. Relatively small amounts of water can be collected.

2. Water collection variability, which also changes according to the 
season. It is necessary to replenish water from other sources.

Figure 10. Dew harvesting systems (Quadir, 2021)

CONCLUSION

Studies related to climate change are aggregated day by day, and the 
concepts of climate change and water consumption efficiency gaining 
importance. The climate-smart agricultural strategy, which is sensitive to 
climate conditions, has been widely discussed for its contributions to 
adaptation and mitigation efforts in climate variability. Global warming 
has added value to water resources, and the importance of water has 
increased even further as many regions of the world face security-emergence 
risks. One of the most serious implications of global warming is the loss 
of water supplies, is reaching levels that can hinder life. Water resources 
need to be used today and in a manner that can meet the requirements 
of the future. The irrigation systems used in climate-smart agriculture 
are categorized into three sections: rainwater harvesting, fog water 
harvesting, and dew harvesting. Necessary measures should be taken to 
combat drought, and the value of water resources should be recognized.  
We should be aware of the importance of water, from agricultural irrigation 
to the water we use in our homes and use it appropriately and in sufficient 
quantities. We should consider scientific researches and recommendations 
associated with climate change and implement them in our lives.
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Chapter 9

Advancements in Deep Learning Architectures: 
Progressing from Convolutional Neural 
Networks to Recurrent Neural Networks and 
Beyond 

Erkan Tur1

Introduction

Deep learning, a subset of machine learning, has witnessed a 
transformative evolution over the past few decades. From its early roots in 
artificial neural networks to the sophisticated architectures of today, deep 
learning has become a cornerstone in the field of artificial intelligence, 
powering numerous applications and innovations.

1.1. The Evolution of Deep Learning

The journey of deep learning began with simple perceptrons in the 1960s, 
which later evolved into multi-layer perceptrons in the 1980s. However, the 
real breakthrough came with the advent of backpropagation, which allowed 
for the efficient training of deeper networks. The resurgence of neural 
networks in the 21st century, fueled by the availability of large datasets and 
powerful computational resources, led to the development of deep learning 
models that could automatically learn hierarchical feature representations 
from raw data [1].

In recent years, the field has seen rapid advancements, with the 
introduction of architectures like Convolutional Neural Networks (CNNs) 
for image processing and Recurrent Neural Networks (RNNs) for sequence 
modeling. The success of deep learning in various benchmarks and 
competitions further solidified its position as a leading technique in AI [2].

1 Middle East Technical University, Department of Arts and Sciences
 ORCID: 0000-0002-3764-2184, erkan.tur@metu.edu.tr
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1.2. The Role of CNNs, RNNs, and LSTMs

CNNs, inspired by the human visual system, have become the de facto 
standard for image classification tasks. Their unique architecture, consisting 
of convolutional and pooling layers, allows them to automatically and 
adaptively learn spatial hierarchies of features from images [3].

RNNs, on the other hand, are designed to recognize patterns in 
sequences of data, making them ideal for tasks like speech recognition 
and time series forecasting. However, traditional RNNs suffered from the 
vanishing gradient problem, which limited their ability to learn long-term 
dependencies. This challenge was addressed with the introduction of Long 
Short-Term Memory Networks (LSTMs), a special kind of RNN that can 
learn and remember over long sequences and is relatively immune to the 
vanishing gradient problem.

1.3. Organization of the Chapter

This chapter provides a comprehensive overview of advanced deep 
learning architectures, starting with the fundamentals of CNNs, RNNs, and 
LSTMs. Subsequent sections delve into the intricacies of these algorithms, 
their applications, and recent advancements. The chapter concludes with a 
look at emerging architectures and future directions in deep learning.

2. Convolutional Neural Networks (CNNs)

Convolutional Neural Networks (CNNs) have become the cornerstone 
of deep learning in computer vision [4]. Their architecture is specifically 
designed to process data with a grid-like topology, such as an image, which 
can be viewed as a grid of pixels. Over the years, CNNs have demonstrated 
remarkable capabilities in various image-related tasks, transforming fields 
like object recognition, image segmentation, and even natural language 
processing when dealing with structured data [5]. The success of CNNs can 
be attributed to their ability to learn spatial hierarchies of features, capturing 
intricate patterns in data. In this section, we will comprehensively explore 
CNNs, from their foundational components to advanced architectures and 
their application in the real world.

2.1. Convolutional Layers

Convolutional layers are the primary building blocks of CNNs. They are 
responsible for scanning the input data (like an image) with a filter or kernel 
to produce feature maps. These maps highlight specific features in the input 
data, such as edges or textures.
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2.1.1. The Convolution Operation: A Closer Look

The convolution operation is the core building block of CNNs [6]. It 
involves sliding a filter over the input data and performing element-wise 
multiplications followed by a summation. This operation is fundamental in 
feature extraction, allowing CNNs to recognize patterns in data [7].

 • Cross-Correlation vs. Convolution: While the terms are often used 
interchangeably in deep learning literature, there’s a subtle difference 
between them. In convolution, the filter is flipped before sliding, while 
in cross-correlation, it isn’t. For symmetric filters, the operations are 
identical.

 • Strided Convolutions: By skipping certain positions while sliding 
the filter, strided convolutions reduce the spatial dimensions of the 
output. This can lead to faster computations but might result in loss 
of spatial information.

 • Channel-wise Convolution: This technique involves applying 
convolution separately to each input channel (like RGB channels in 
an image). It’s crucial for multi-channel input data and helps capture 
inter-channel correlations.

2.1.2. Role of Activation Functions

After the convolution operation, the results pass through an activation 
function, introducing non-linearity to the model. This non-linearity allows 
CNNs to learn complex patterns and relationships in the data.

 • Rectified Linear Unit (ReLU): ReLU is the most popular activation 
function in CNNs. It replaces all negative values with zero, introducing 
non-linearity without affecting positive values [8].

 • Sigmoid and Tanh Activation Functions: These functions squash 
their input into a range between 0 and 1 (Sigmoid) or -1 and 1 
(Tanh). They were popular before the advent of ReLU but are less 
common in modern CNNs due to vanishing gradient issues.

2.1.3. Weight Sharing and Parameter Efficiency

One of the distinguishing features of CNNs is weight sharing. Instead 
of having separate weights for each input, CNNs use the same weights 
(or kernel) across the entire input. This drastically reduces the number of 
parameters, making CNNs more computationally efficient and less prone to 
overfitting.
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 • Learning Representations: As data passes through successive 
convolutional layers, CNNs learn hierarchical representations. Early 
layers might capture basic features like edges, while deeper layers 
capture more complex patterns.

2.2. Pooling Layers

Pooling layers downsample the spatial dimensions of the data, reducing 
the computational load for subsequent layers and helping to make the model 
more invariant to small translations in the input.

2.2.1. Max Pooling and Average Pooling Revisited

 • Max Pooling: This technique takes the maximum value from a group 
of values in the feature map. It’s useful for when we want to preserve 
the most prominent feature in a particular region.

 • Average Pooling: Instead of taking the maximum value, average 
pooling takes the average. It’s less aggressive than max pooling and 
retains more information.

 • Spatial Hierarchies: By reducing spatial dimensions, pooling layers 
help CNNs create spatial hierarchies, where each subsequent layer 
captures more abstract features.

 • Global Average Pooling: Instead of flattening the feature map and 
using fully connected layers, global average pooling takes the average 
of each feature map and feeds it directly to the output layer. This 
reduces the number of parameters and helps in preventing overfitting.

2.3. Architectural Variants

Over the years, researchers have proposed various CNN architectures, 
each with its unique design principles and advantages.

2.3.1. VGG (Visual Geometry Group)

VGGNet, developed by the Visual Geometry Group, is known for its 
simplicity and depth. It demonstrated that depth (number of layers) is a 
critical factor for good performance in CNNs.

 • VGG Variants: While the original VGGNet had 16 and 19 layer 
versions (VGG-16 and VGG-19), subsequent research has led to 
more efficient variants with fewer parameters and similar or better 
performance.
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2.3.2. ResNet (Residual Networks)

ResNet introduced the concept of skip connections or shortcuts. These 
connections allow the network to skip certain layers, making it easier to train 
very deep networks by alleviating the vanishing gradient problem.

 • Identity vs. Projection Shortcut Connections: ResNet uses two 
types of shortcuts. Identity shortcuts are used when the input and 
output dimensions are the same, while projection shortcuts are used 
when they differ.

 • ResNeXt and Wide ResNet: ResNeXt introduces the concept of 
cardinality (number of parallel paths in the network), while Wide 
ResNet focuses on increasing the width (number of channels) instead 
of depth.

2.3.3. Inception (GoogleNet)

Inception, also known as GoogleNet, introduced the inception module, 
which uses multiple filter sizes to capture features at different scales. This 
multi-scale feature extraction makes Inception particularly powerful.

 • Inception Variants: The success of the original Inception led to 
several variants, including Inception-ResNet (combining ideas from 
ResNet and Inception) and Inception-v4 (an improved version with 
more inception modules).

2.4. Applications of CNNs

CNNs have been instrumental in various domains, from computer vision 
tasks like image classification and object detection to medical imaging and 
even audio processing.

2.4.1. Image Classification

Image classification involves assigning a label to an input image from a 
set of predefined categories. CNNs, with their ability to learn hierarchical 
features, have excelled in this task.

 • The Evolution of ImageNet: The ImageNet Large Scale Visual 
Recognition Challenge (ILSVRC) has been a significant driving 
force behind the advancements in image classification. Over the years, 
CNN architectures like AlexNet, VGGNet, and ResNet have achieved 
state-of-the-art results on this challenge.
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2.4.2. Object Detection

Object detection is a step ahead of image classification. Instead of 
classifying an entire image, it involves detecting multiple objects in the 
image, classifying them, and providing bounding boxes around them.

 • R-CNN and its Variants: R-CNN (Regions with CNN features) 
was one of the first methods to use CNNs for object detection. It 
was followed by Fast R-CNN, which improved the speed by sharing 
computations, and Faster R-CNN, which introduced the Region 
Proposal Network (RPN) for generating object proposals.

2.4.3. Semantic Segmentation

Semantic segmentation involves classifying each pixel in an image, 
leading to a detailed understanding of the image at a pixel level. It’s used in 
applications like autonomous driving, where understanding the environment 
in detail is crucial.

 • FCN and U-Net: Fully Convolutional Networks (FCN) were among 
the first to use CNNs for semantic segmentation. U-Net, with its 
encoder-decoder architecture, is another popular choice, especially in 
medical imaging.

2.4.4. Face Recognition

Face recognition systems have benefited immensely from CNNs. These 
systems can now recognize faces in varied lighting, poses, and expressions 
with high accuracy.

 • DeepFace and FaceNet: DeepFace, developed by Facebook, and 
FaceNet, developed by Google, are two of the most prominent CNN-
based face recognition systems. They use deep CNNs to learn highly 
discriminative features from facial images.

2.5. Recent Advances in CNNs

The field of CNNs is ever-evolving, with new architectures and techniques 
being introduced regularly.

2.5.1. Attention Mechanisms

Attention mechanisms, inspired by human attention, allow models to 
focus on specific parts of the input. They weigh the importance of different 
parts of the input, enabling the model to pay more attention to the crucial 
parts.
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 • Self-Attention in CNNs: Self-attention, or intra-attention, allows 
the model to weigh the importance of different parts of the input 
relative to a specific part. It’s been a significant advancement in both 
NLP and computer vision.

 • Transformers in Vision: Originally designed for NLP tasks, the 
Transformer architecture has been adapted for computer vision tasks, 
leading to models like Vision Transformers (ViT) that achieve state-
of-the-art performance.

3. Recurrent Neural Networks (RNNs)

Recurrent Neural Networks (RNNs) have emerged as a pivotal class 
of deep learning models, specifically designed to handle sequential data 
[13, 14]. Unlike traditional feedforward neural networks, RNNs possess 
the unique capability to maintain a memory of previous inputs in their 
internal structure. This inherent memory allows them to capture and 
leverage temporal dependencies within data, making them indispensable in 
a wide range of applications such as natural language processing, speech 
recognition, time series prediction, and more [15, 16]. In this section, we 
will delve deeply into RNNs, from their foundational concepts to advanced 
variants, real-world applications, and the latest breakthroughs in sequence 
modeling [17, 18].

3.1. Introduction to Sequence Modeling

Sequence modeling is at the heart of many applications in machine 
learning and artificial intelligence. It involves understanding, analyzing, and 
predicting sequences, which could be anything from a series of words in a 
sentence to stock prices over time.

3.1.1. What is Sequence Modeling?

At its core, sequence modeling aims to capture patterns within sequences 
and use these patterns for prediction [13, 19]. For instance, in language 
modeling, the goal might be to predict the next word in a sentence based on 
the previous words.

 • Temporal Dependencies: One of the main challenges in sequence 
modeling is capturing temporal dependencies, i.e., understanding 
the relationship between elements that are separated by time. RNNs, 
with their recursive structure, are naturally suited to capture such 
dependencies.



148 | Advancements in Deep Learning Architectures: Progressing from Convolutional Neural...

 • Types of Sequential Data: Sequential data can be broadly categorized 
into fixed-length and variable-length sequences. While fixed-length 
sequences, like daily stock prices, have a consistent number of 
observations, variable-length sequences, such as sentences, can vary 
in length. Each type poses its unique challenges and requires different 
modeling techniques.

3.1.2. Role of Recurrent Neural Networks

RNNs have become the go-to model for many sequence modeling tasks 
due to their ability to maintain a memory of past inputs.

 • Feedback Loops: Traditional neural networks have a feedforward 
structure, meaning they pass information in one direction, from input 
to output. RNNs, on the other hand, have feedback loops where 
outputs from one layer can be used as inputs for previous layers. This 
looped structure allows them to maintain a form of memory, which is 
crucial for processing sequences.

 • Challenges in RNN Training: While RNNs are powerful, they are 
not without their challenges. Training them can be computationally 
intensive, especially for long sequences. Moreover, they are susceptible 
to the vanishing and exploding gradient problems, which can hinder 
their ability to learn long-range dependencies.

3.2. Basic RNNs and the Vanishing Gradient Problem

The basic RNN structure, while foundational, has its limitations, 
especially when dealing with long sequences.

3.2.1. The Anatomy of Basic RNNs

A basic RNN has an input layer, a hidden layer, and an output layer. 
The hidden layer can maintain a memory of past inputs, which is used to 
influence future predictions.

 • Hidden States and Memory: The hidden state in an RNN is a 
function of the current input and the previous hidden state. This 
recursive computation allows the RNN to maintain a form of memory, 
capturing information from past inputs.

 • Forward and Backward Passes: During the forward pass, the RNN 
processes the sequence from the first element to the last, updating 
its hidden state at each step. During the backward pass, gradients 
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are computed for each parameter, which are then used to update the 
model’s weights.

3.2.2. The Vanishing Gradient Problem

As RNNs are trained using gradient-based methods, they are susceptible 
to the vanishing gradient problem, where gradients become too small for 
the network to learn effectively.

 • Exploding Gradients: The opposite of the vanishing gradient 
problem, exploding gradients occur when gradients become too large, 
leading to unstable training. This can result in the model’s weights 
becoming too large and the model diverging.

 • Gradient Clipping: Gradient clipping is a technique used to mitigate 
the exploding gradient problem. If the gradient exceeds a certain 
threshold, it’s scaled down to prevent it from becoming too large.

3.3. Gated Recurrent Units (GRUs)

GRUs are a type of RNN architecture introduced to combat the vanishing 
gradient problem and better capture long-term dependencies.

3.3.1. Anatomy of GRUs

GRUs introduce gating mechanisms that control the flow of information 
within the network, making them more adaptable and capable of learning 
long-term dependencies.

 • Reset and Update Gates: These two gates in GRUs play a crucial 
role in determining how the network updates its hidden states. The 
reset gate determines how to combine the new input with the previous 
memory, and the update gate defines how much of the previous 
memory to keep.

3.3.2. Advantages of GRUs

GRUs, with their gating mechanisms, offer several advantages over basic 
RNNs:

1. They can capture long-term dependencies more effectively.

2. They are less susceptible to the vanishing gradient problem.

3. They often require fewer parameters than other RNN variants, like 
LSTMs, making them more computationally efficient.
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 • Comparison with LSTMs: Both GRUs and LSTMs are designed to 
capture long-term dependencies, but they have different architectures 
and gating mechanisms. While LSTMs have three gates (input, forget, 
and output), GRUs have two (reset and update). The choice between 
them often depends on the specific application and the available 
computational resources.

3.4. Long Short-Term Memory Networks (LSTMs)

LSTMs, introduced by Hochreiter & Schmidhuber in 1997, are a type 
of RNN designed to recognize and remember long-term dependencies in 
sequences.

3.4.1. Anatomy of LSTMs

LSTMs introduce a more complex architecture compared to basic RNNs, 
with the addition of memory cells and multiple gates.

 • Cell State and Forget Gate: The cell state acts as a form of long-
term memory for the LSTM. The forget gate controls which parts of 
the cell state should be retained or forgotten.

 • Input and Output Gates: The input gate controls which values in 
the cell state should be updated, while the output gate determines 
what should be outputted based on the cell state and the current input.

3.4.2. Advantages of LSTMs

LSTMs offer several advantages:

1. They are highly effective at capturing long-term dependencies in 
sequences.

2. They mitigate the vanishing gradient problem through their gating 
mechanisms.

3. They have been widely adopted in various sequence modeling tasks, 
from language translation to speech synthesis.

 • Practical Applications: LSTMs have been successfully applied in 
numerous real-world scenarios, including machine translation, text 
generation, and speech-to-text conversion.

3.5. Applications of RNNs and LSTMs

Both RNNs and LSTMs have found extensive applications in various 
domains, from natural language processing to financial forecasting.
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3.5.1. Natural Language Processing (NLP)

NLP tasks, such as machine translation, sentiment analysis, and text 
summarization, have greatly benefited from the advancements in RNNs and 
LSTMs.

 • Word Embeddings: Word embeddings, like Word2Vec and GloVe, 
provide dense vector representations of words, capturing their 
semantic meanings. These embeddings can be fed into RNNs and 
LSTMs to improve their performance on various NLP tasks.

3.5.2. Speech Recognition

RNNs and LSTMs have played a pivotal role in the development of 
modern speech recognition systems.

 • End-to-End Speech Recognition: Traditional speech recognition 
systems involved multiple stages, including feature extraction and 
acoustic modeling. Modern systems, however, use end-to-end 
training, where raw audio is fed into deep neural networks, often 
RNNs or LSTMs, to directly produce transcriptions.

3.5.3. Time Series Prediction

RNNs and LSTMs are naturally suited for time series prediction tasks 
due to their ability to capture temporal dependencies.

 • Financial Forecasting: In the financial domain, RNNs and LSTMs 
are used to predict stock prices, forex rates, and other financial metrics. 
Their ability to remember long-term trends and react to short-term 
changes makes them particularly effective for this task.

3.5.4. Music Generation

The ability of RNNs and LSTMs to generate sequences has been used for 
creative tasks like music generation.

 • Challenges in Music Generation: While generating music with 
RNNs and LSTMs is an exciting application, it poses unique 
challenges. Music has both short-term patterns, like rhythms and 
melodies, and long-term structures, like verses and choruses, that the 
model needs to learn.

3.6. Recent Advances in Sequence Modeling

The field of sequence modeling is rapidly evolving, with new architectures 
and techniques being developed regularly.
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3.6.1. Attention Mechanisms in Sequence Modeling

Attention mechanisms have revolutionized sequence modeling by 
allowing models to focus on specific parts of the input sequence when 
producing an output.

 • Transformer-based Models: The Transformer architecture, which 
relies heavily on attention mechanisms, has set new performance 
benchmarks in various sequence modeling tasks, from language 
translation to protein folding.

3.6.2. Enhancements to GRUs and LSTMs

Recent research has focused on improving the traditional GRU and 
LSTM architectures, introducing variants that are more efficient or that 
capture specific types of patterns better.

3.6.3. Transformers in Sequence Modeling

While Transformers were initially designed for NLP tasks, their success 
has led to their adoption in other sequence modeling tasks.

 • Vision Transformers (ViTs): ViTs have shown that the Transformer 
architecture can be applied to images, treating them as sequences of 
patches. This approach has achieved state-of-the-art performance on 
various computer vision tasks, challenging the dominance of CNNs.

4. Long Short-Term Memory Networks (LSTMs)

Long Short-Term Memory Networks (LSTMs) represent a significant 
advancement in the realm of recurrent neural networks (RNNs) [20, 21]. 
LSTMs were specifically designed to address the vanishing gradient problem 
and enable the modeling of long-range dependencies in sequential data [22, 
23]. In this section, we will explore LSTMs comprehensively, covering 
their architecture, components, advantages over vanilla RNNs, real-world 
applications, variations, and case studies in natural language processing 
(NLP) and time series prediction [24, 25].

4.1. Architecture and Components

LSTMs are renowned for their intricate architecture, which is meticulously 
designed to capture and retain information over extended sequences.
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4.1.1. Anatomy of an LSTM

LSTMs are characterized by a complex architecture consisting of memory 
cells and various gates [20, 21]. We will dissect the components of an LSTM, 
including its cell state, hidden state, and gates.

At the heart of the LSTM lies a combination of memory cells and a set of 
gates, each serving a specific purpose.

 • Cell State: The cell state acts as the LSTM’s memory, storing and 
retaining information over long sequences. It undergoes selective 
updates based on the network’s gates, ensuring that only relevant 
information is preserved.  The cell state in an LSTM serves as a long-
term memory unit [26]. We will explore how the cell state is updated, 
retained, and used for information flow.

 • Hidden State: The hidden state is a dynamic representation that 
captures the short-term context. It is influenced by the current input, 
the previous hidden state, and the current cell state, playing a pivotal 
role in the LSTM’s predictions. The hidden state in an LSTM captures 
the relevant information for the current prediction [25]. We will delve 
into how the hidden state is computed and its role in the network.

4.1.2. Gates in LSTMs

Gates are fundamental to the LSTM’s design, regulating the flow of 
information through the network.

 • Input Gate: This gate decides which parts of the current input should 
be stored in the cell state, ensuring that the network remains receptive 
to new, relevant information.

 • Forget Gate: As the name suggests, the forget gate determines which 
parts of the cell state should be discarded, allowing the network to 
forget outdated or irrelevant information.

 • Output Gate: The output gate controls the information flow from the 
cell state to the hidden state, ensuring that the prediction is influenced 
by the most pertinent information.

4.2. Addressing the Vanishing Gradient Problem

One of the primary motivations behind the development of LSTMs was 
to combat the vanishing gradient problem that plagued traditional RNNs.
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4.2.1. The Vanishing Gradient Problem in RNNs

In standard RNNs, gradients can diminish exponentially during 
backpropagation, especially over long sequences. This results in the network’s 
inability to learn long-range dependencies, limiting its modeling capabilities.

 • Exploding Gradients: The opposite of vanishing gradients, 
exploding gradients can cause the model’s weights to diverge, leading 
to unstable training.

4.2.2. How LSTMs Mitigate the Vanishing Gradient Problem

LSTMs, with their unique architecture, are designed to ensure a more 
consistent flow of gradients, even over extended sequences.

 • Role of Gates: The gates in LSTMs, by selectively updating the cell 
state, ensure that the gradients do not vanish or explode, facilitating 
stable and effective training.

4.3. LSTMs vs. Vanilla RNNs

LSTMs, with their advanced mechanisms, offer several advantages over 
traditional RNNs.

4.3.1. Advantages of LSTMs over Vanilla RNNs

 • Modeling Long-Term Dependencies: LSTMs are adept at capturing 
relationships in data that span large gaps, a task where vanilla RNNs 
falter.

 • Training Stability: LSTMs, by addressing the vanishing gradient 
problem, ensure a more stable and efficient training process.

 • Versatility: LSTMs have proven their mettle across a plethora 
of applications, from text generation to stock price prediction, 
showcasing their adaptability.

4.4. Applications of LSTMs

LSTMs have been at the forefront of several breakthroughs in deep 
learning, particularly in NLP and time series prediction.

4.4.1. Natural Language Processing (NLP)

LSTMs have revolutionized NLP, powering state-of-the-art models in 
various tasks.
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 • Language Modeling: LSTMs, with their ability to remember context 
over long passages, are ideal for predicting subsequent words in a 
sequence, leading to more coherent and contextually relevant text 
generation.

 • Machine Translation: LSTMs form the backbone of many machine 
translation systems, enabling accurate and fluent translation between 
languages.

 • Sentiment Analysis: LSTMs, by capturing the nuances in textual 
data, have proven effective in discerning the sentiment behind texts, 
be it positive, negative, or neutral.

4.4.2. Time Series Prediction

LSTMs, with their capability to model temporal dependencies, are a 
natural fit for time series prediction.

 • Financial Forecasting: LSTMs are employed to predict future stock 
prices, forex rates, and other financial metrics, aiding in informed 
decision-making.

 • Environmental Data Analysis: LSTMs are instrumental in predicting 
environmental variables, from temperature fluctuations to pollution 
levels, aiding in proactive measures.

4.5. Variations of LSTMs

Over the years, several LSTM variants have been proposed, each with its 
unique characteristics.

4.5.1. Peephole LSTM

Peephole LSTMs enhance the traditional architecture by allowing the 
gates to “peep” into the cell state, leading to more informed gate decisions.

 • Cell State Influences: By influencing gate operations, the cell state in 
peephole LSTMs plays a more active role in the network’s decisions.

4.5.2. Gated Recurrent Unit (GRU)

GRUs, a streamlined version of LSTMs, have gained popularity due to 
their simpler architecture and competitive performance.

 • Simplicity and Efficiency: GRUs, with fewer gates and no cell state, 
are computationally more efficient while still capturing long-range 
dependencies effectively.
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4.5.3. Clockwork RNNs

Clockwork RNNs, with their hierarchical design, allow different neurons 
to update at varied intervals, making them adept at modeling sequences with 
multiple time scales.

 • Adaptive Time Steps: By updating neurons at different rates, 
clockwork RNNs can capture both short-term and long-term patterns 
in data.

4.6. Case Studies: Natural Language Processing and Time Series 
Prediction

4.6.1. Natural Language Processing with LSTMs

LSTMs have been instrumental in several NLP breakthroughs, from real-
time translation systems to advanced chatbots.

 • Sequence-to-Sequence Models: LSTMs power many sequence-
to-sequence models, which have transformed tasks like machine 
translation and text summarization.

4.6.2. Time Series Prediction with LSTMs

LSTMs have been applied to predict everything from stock market trends 
to electricity consumption patterns. We will examine case studies in time 
series prediction, showcasing how LSTMs are applied to forecast future 
values in domains like finance and environmental science [27].

 • Stock Price Prediction: By analyzing historical stock prices and 
other relevant data, LSTMs can provide accurate predictions, guiding 
investment strategies.

 • Climate Data Forecasting: LSTMs, by modeling long-term weather 
patterns and short-term fluctuations, can provide accurate climate 
forecasts, aiding in disaster preparedness and other proactive measures.

5. Beyond Traditional Architectures

In recent years, the field of deep learning has witnessed a profound 
transformation, driven by a relentless quest to enhance the capabilities of 
artificial neural networks [28]. These innovative architectures, extending 
far beyond traditional neural network structures, have ushered in a new 
era of artificial intelligence (AI) applications [29]. In this comprehensive 
exploration, we delve into these advanced architectures, dissecting their core 
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principles, delving into real-world use cases, and addressing the critical ethical 
considerations that accompany these transformative innovations [30].

5.1. Attention Mechanisms

5.1.1. Self-Attention Mechanism

The self-attention mechanism has emerged as a pivotal development in 
the realm of sequence modeling and natural language processing (NLP) 
[31]. At its core, this mechanism empowers models to dynamically weigh the 
significance of different elements within a sequence [32]. This adaptability 
enables the network to capture intricate dependencies, transcending the 
constraints of temporal order [33].

Transformer Architecture: The Transformer architecture, a paradigm 
shift powered by self-attention mechanisms, has reshaped the landscape of 
NLP [34]. It has set new benchmarks in machine translation, document 
summarization, and question-answering systems. The crux of the 
Transformer’s power lies in its multi-head attention mechanism, which 
enables the model to simultaneously attend to various segments of the input 
sequence [34]. This parallel processing capability elevates the model’s ability 
to comprehend complex relationships within the data.

Multi-Head Attention: Multi-head attention is a pivotal innovation 
within Transformers. By allowing the model to focus on different aspects 
of the input sequence concurrently, this mechanism enriches the model’s 
understanding of context and relationships.

BERT and Pre-trained Models: Bidirectional Encoder Representations 
from Transformers (BERT) and its kin have revolutionized NLP. These 
models undergo pre-training on massive text corpora, imbuing them with a 
profound understanding of language. Fine-tuning these pre-trained models 
for specific downstream tasks has resulted in state-of-the-art achievements in 
fields like sentiment analysis and named entity recognition.

5.2. Graph Neural Networks (GNNs)

Traditional neural networks struggle when confronted with data 
structured as graphs, where the relationships between elements are as vital 
as the elements themselves. Enter Graph Neural Networks (GNNs), a 
groundbreaking solution for effectively processing graph-structured data.
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5.2.1. Graph Convolutional Networks (GCNs)

Graph Convolutional Networks (GCNs) lie at the heart of GNNs. These 
networks facilitate the propagation of information across graph nodes by 
aggregating features from neighboring nodes. This process empowers nodes 
to gain insights from their immediate connections, enabling the network to 
model complex relationships within the graph.

Node Classification

Node classification tasks, such as predicting user types in social 
networks or identifying proteins in biological graphs, have seen remarkable 
improvements with the advent of GCNs. These networks excel in assigning 
labels to nodes based on their local and global contexts, capturing nuanced 
patterns within the graph.

5.2.2. Message-Passing Networks

Message-passing networks represent an evolution of GNNs, allowing 
nodes to exchange information iteratively. In this framework, nodes 
communicate by passing messages to their neighbors, thereby enhancing 
the network’s ability to capture intricate graph structures.

Graph Isomorphism: A fundamental challenge in graph-based tasks is 
the handling of isomorphic graphs—graphs with identical structures but 
different node labels. Message-passing networks provide an elegant solution 
to this challenge by considering both local and global contexts, enabling 
the network to distinguish between isomorphic graphs and make accurate 
predictions.

5.3. Capsule Networks (CapsNets)

Capsule Networks, often referred to as CapsNets, represent a revolutionary 
departure from traditional Convolutional Neural Networks (CNNs) in the 
realm of deep learning architectures. These innovative structures have gained 
substantial attention for their capacity to address certain limitations inherent 
in feature extraction and spatial hierarchies.

CapsNets introduce a novel approach to handling hierarchical 
information within data. Unlike CNNs, which rely on pooling layers to 
downsample and hierarchically organize features, CapsNets employ capsules 
as their fundamental building blocks. These capsules are designed to capture 
specific patterns or features within an input, providing a more flexible and 
interpretable representation.
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One of the hallmark features of CapsNets is dynamic routing, a 
mechanism that enables capsules to collaborate effectively. In traditional 
CNNs, pooling layers lead to the loss of spatial relationships between 
features, making it challenging to handle variations in pose, viewpoint, or 
part-whole relationships within images. CapsNets, on the other hand, excel 
at maintaining feature alignment, which is especially crucial for tasks like 
image classification and object detection.

In image classification, CapsNets have demonstrated their prowess by 
capturing part-whole relationships within images, a task where traditional 
CNNs often fall short. By preserving the spatial hierarchies and feature 
alignments, CapsNets enable more robust and accurate recognition of 
complex patterns.

Moreover, CapsNets hold promise in domains beyond computer vision. 
Their ability to represent and manipulate hierarchical information in a 
flexible manner makes them a candidate for various applications, including 
natural language processing (NLP) and medical image analysis.

In the field of NLP, where understanding the relationships between words 
and phrases is critical, CapsNets offer a new avenue for capturing contextual 
dependencies effectively. While their application in NLP is still an evolving 
area of research, the potential for improved language understanding and text 
generation is compelling.

In summary, Capsule Networks, or CapsNets, represent a promising 
departure from traditional CNNs by addressing limitations in feature 
extraction and spatial hierarchies. Their unique design, featuring capsules 
and dynamic routing, enables improved handling of spatial relationships and 
part-whole hierarchies, making them a valuable addition to the arsenal of deep 
learning architectures for a range of applications, from image classification 
to natural language processing. Further research and exploration in this field 
are expected to unlock even more capabilities and potential applications for 
CapsNets in the future.

5.3.1. Capsules and Dynamic Routing

Capsules serve as the building blocks of CapsNets, introducing dynamic 
routing to the architecture. Each capsule specializes in capturing information 
about a specific feature within an image or data. Dynamic routing ensures 
that these capsules collaborate effectively, aligning their outputs to generate 
meaningful representations.
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Image Classification: In image classification tasks, CapsNets have 
demonstrated their effectiveness by capturing part-whole relationships 
within images. This is a substantial departure from traditional CNNs, which 
often struggle with variations in pose and viewpoint. CapsNets excel at 
maintaining feature alignment, enabling robust classification.

5.4. Neural Architecture Search (NAS)

As neural network architectures grow increasingly intricate, manual 
design becomes an arduous task. Neural Architecture Search (NAS) offers 
an automated approach to discovering optimal neural architectures.

Reinforcement Learning in NAS: Reinforcement learning algorithms, 
exemplified by the Neural Architecture Search with Reinforcement Learning 
(NASRL) framework, have revolutionized the architecture search process. 
In NASRL, models are treated as agents, and their performance on a 
validation set serves as the reward signal. Over time, the agent learns to 
generate architectures that maximize performance.

Transfer Learning and NAS: The amalgamation of transfer learning 
with NAS has expedited the architecture search process. Pre-trained models 
serve as starting points, effectively reducing the search space and enabling 
more efficient exploration of architectural possibilities.

5.5. Ethical and Societal Considerations in Advanced Architectures

While advanced architectures hold immense promise, they also give rise 
to profound ethical and societal considerations that must be thoughtfully 
addressed.

5.5.1. Bias and Fairness

Advanced architectures, like all AI models, are susceptible to bias inherent 
in their training data. Mitigating bias and ensuring fairness in AI systems is 
an ethical imperative. The AI community is actively developing techniques 
to detect and rectify bias.

Debiasing Techniques: Debiasing techniques, including re-sampling, 
re-weighting, and adversarial training, have emerged as effective means to 
rectify bias in AI models. These methods aim to promote equitable decision-
making, particularly in domains where biased decisions can have far-reaching 
consequences, such as finance and healthcare.
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5.5.2. Privacy Concerns

The deployment of advanced architectures often entails the processing 
of sensitive data, giving rise to significant privacy concerns. Techniques like 
federated learning, in which models are trained across decentralized data 
sources while preserving data privacy, have gained prominence as privacy-
preserving solutions.

Federated Learning: Federated learning is a privacy-conscious approach 
that allows organizations to collaboratively train models without exposing 
their raw data. This approach ensures privacy while still benefiting from the 
collective intelligence of diverse data sources.

5.5.3. Accountability and Transparency

As AI systems become increasingly intricate, establishing mechanisms for 
accountability and transparency is paramount. Explainability in AI, which 
enables us to understand why AI systems make specific decisions, is a crucial 
step toward building trust [35].

Explainability in AI: Explainability methods, such as LIME (Local 
Interpretable Model-Agnostic Explanations) and SHAP (SHapley Additive 
exPlanations), empower users to comprehend AI model predictions. These 
techniques provide insights into the decision-making process, fostering 
accountability and transparency.

6. Conclusion

In this comprehensive exploration of deep learning algorithms and their 
evolving landscape, we have embarked on a journey through the intricacies 
of neural networks, delving into the core concepts, architectural variants, 
and cutting-edge advancements. As we bring this chapter to a close, we 
summarize the key takeaways and emphasize the significance of continuous 
learning in the ever-evolving field of deep learning.

6.1. Recap of Key Concepts

Throughout this chapter, we have delved into the fundamental concepts 
that underpin deep learning. We began by examining the foundations of 
neural networks, elucidating the inner workings of perceptrons and activation 
functions. Building upon this foundation, we explored feedforward neural 
networks, convolutional neural networks (CNNs), recurrent neural networks 
(RNNs), and their variants, including Long Short-Term Memory networks 
(LSTMs) and Gated Recurrent Units (GRUs).
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In our quest to understand the architectural innovations in deep learning, 
we dissected the structure of CNNs, their applications in computer vision, 
and their variants like VGG, ResNet, and Inception. In the realm of sequence 
modeling, we delved into the intricacies of RNNs and LSTMs, highlighting 
their applications in natural language processing and time series prediction.

Our journey extended “Beyond Traditional Architectures” as we explored 
advanced concepts such as attention mechanisms, graph neural networks 
(GNNs), capsule networks (CapsNets), neural architecture search (NAS), 
and the ethical and societal considerations that accompany these innovations.

6.2. Importance of Continuous Learning

Deep learning is a dynamic field where knowledge evolves at a rapid pace. 
To remain at the forefront of advancements and harness the full potential of 
these technologies, continuous learning is imperative. As new architectures, 
techniques, and applications emerge, deep learning practitioners and 
researchers must engage in ongoing education and exploration. By staying 
informed about the latest developments, practitioners can adapt their 
approaches to solve increasingly complex problems and contribute to the 
evolution of the field.

6.3. The Ever-Evolving Landscape of Deep Learning

The landscape of deep learning is a constantly shifting terrain, marked by 
breakthroughs and innovations. What was considered state-of-the-art just 
a few years ago may now be eclipsed by new models and paradigms. As 
we conclude this chapter, we recognize that the field of deep learning will 
continue to evolve, pushing the boundaries of what is possible in artificial 
intelligence.

Researchers, engineers, and practitioners in the deep learning 
community must embrace this ever-evolving landscape with a commitment 
to innovation, ethical considerations, and the betterment of society. By 
fostering collaboration and knowledge-sharing, we can collectively shape 
the future of deep learning, addressing challenges, advancing the state of the 
art, and unlocking new frontiers in AI.

In closing, deep learning is not merely a set of algorithms; it is a dynamic 
and transformative field that promises to reshape industries and our 
understanding of intelligence itself. As we look to the future, the possibilities 
are boundless, and it is our collective responsibility to harness the power of 
deep learning for the betterment of humanity.
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agricultural sustainability 

Koffi Romaric Gassi1

Hacer Çelik Ateş2

Introduction

Soil represents the main support for agricultural production as it contains 
the necessary nutrients for the development and growth of plants. However, 
it is often threatened by physical, chemical, and biological degradation. 
Intensive farming practices applied after the industrial revolution have had 
destructive effects on agricultural soils (FAO, 2021). Indeed, the pesticides 
used in agricultural production cause poisoning in humans (385 million 
per year) and deaths approaching 11 000 per year (UN, 2021). In the 
environment, pesticide decomposition contaminates water (ground and 
surface) and soil, and kills plants’ natural friends. The long-term use of 
mineral fertilizers is another issue, as it accelerates the process of acidification, 
leading to a decrease in productivity (GIZ, 2015). Despite these challenges, 
it is estimated that there has been a projected 30% increase in pesticide 
use per hectare from 2002 to 2018, driven by the increasing demand for 
food in parallel with population growth (UN, 2021a). The unused nitrogen 
source in plants converts to nitrate, which becomes toxic and hazardous for 
all organisms in contact with it. Furthermore, the effects of climate change 
affect edaphic factors (chemical, physical, and biological properties of soil) 
and agricultural productivity, resulting in direct or indirect reductions in 
agricultural income. Despite all these adversities, food production must 
continue to feed a growing population, estimated to exceed nine billion 
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in 2050 (UN, 2021b). The United Nations aims to ensure everyone’s 
access to food by promoting sustainable agriculture in its 2030 Sustainable 
Development Agenda (UN, 2015). Various recommendations have been 
made to address these challenges, aiming to protect the environment and 
promote sustainable agriculture in all its aspects. FAO (2014) proposes 
five principles and approaches to guide the implementation of sustainable 
agriculture, including making more efficient use of resources, reducing the 
negative impacts of agricultural production on natural resources, improving 
producers’ access to productive resources, enhancing producers’ resilience 
to the effects of climate change, and strengthening the good management 
of production systems. For Brand (2022), states that sustainable agriculture 
should include combating desertification, better management of water 
resources, reducing and even stopping the use of fertilizers and pesticides. 
Çelik Ateş and Akbaş (2018), suggest the efficient and effective use of 
natural resources in line with the same objective. According to the World 
Bank (2021), the digital transformation of the agriculture-food system, 
contribute to the sustainability of agriculture. So, how do both advanced 
agricultural technologies and agro-ecological practices contribute to 
sustainable agriculture? This study aims to analyze the positive and negative 
aspects of these two approaches in ensuring the sustainability of agriculture 
worldwide.

MATERIALS AND METHODS

The study is based on secondary data collected from scientific articles, 
institutional reports and other documents related to the research topic.

RESULTS AND DISCUSSIONS

Concept and Basics of Sustainable Agriculture

To meet the food needs of a growing world population, the practice 
of intensive agriculture has been multiplied and implemented worldwide. 
In half a century, intensive agriculture has tripled global production with 
a 12% increase in agricultural land (FAO, 2014). However, to increase 
yield on the same unit of production area, farmers are forced to increase 
the quantities of pesticides and fertilizers used in the previous crop year. 
These farming practices completely deplete soil resources, which are 
non-renewable on the scale of a human generation. The environmental 
problems that have arisen subsequently give rise to other social and 
economic issues. One of these issues is the degradation of environmental 
resources, leading to lower productivity and lower income for farmers. The 
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recognition of the depletion of natural resources and the negative effects 
of agricultural practices has led to a desire to improve and modify these 
practices, giving rise to the concept of sustainable agriculture. FAO defines 
sustainable agriculture as the behavior that the current generation should 
adopt to manage and protect natural resources, such as soil, water, plant, 
and animal genetic resources, without hindering their access by future 
generations. It is associated with concepts of sustainable development such 
as economic profitability, environmental health, and social equity (FAO, 
1988). Moreover, environmental conservation measures taken to achieve 
sustainability also affect the economy and well-being (Betts, 2015). The 
concept also implies that farmers should not seek to maximize their profits 
by causing harm to the environment or other people. The lack of any one 
of the environmental, social and economic aspects of sustainability creates 
a deep imbalance.

The environmental aspect of sustainability in agriculture aims to 
reduce the use of chemical pesticides and restore biodiversity. It is based 
on agricultural practices that have positive effects on various components 
of non-renewable natural resources. It aims to limit water, soil, and air 
pollution by restoring degraded and degenerative agricultural practices 
(Avise, 2021). It also ensures the continuation of the biological activities of 
micronutrients found in soil organic matter (Betts, 2015). The economic 
aspect of sustainable agriculture focuses on creating employment and adding 
value to farmers (Avise, 2021) through the implementation of agricultural 
practices that reduce production costs. No farm can be sustainable if it is not 
economically viable. Therefore, this aspect of sustainability is also crucial. 
The social aspect of sustainability in agriculture works towards providing 
equal opportunities to all actors in the agricultural sector. It concerns the 
living conditions of community members both within and outside the farm. 
Sustainable agriculture places the producer at the center of environmental 
management and farm practices. It aims to empower the producer to 
develop concepts, practices, and approaches for the sustainable development 
of their own production system (Janker et al., 2019). To achieve sustainable 
agriculture, the use of agro-ecological practices and advanced agricultural 
technologies becomes important.
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Figure 1: Sustainable agriculture

Advantages and Disadvantages of Advanced Agricultural 
Technologies in Sustainable Agriculture

The increase in population, the demand for food, and the pressure on 
natural resources are proportional. However, in order to increase agricultural 
production, we should not resort to increasing the use of fertilizers, which can 
have negative effects on biodiversity. To prevent these adverse impacts, the 
use of advanced agricultural technologies is an ideal approach to protect the 
environment, human health, and obtain products without chemical fertilizer 
residues. The use of advanced agricultural technologies aims to sustainably 
manage natural resources while increasing agricultural productivity. These 
technologies bring significant changes in the production chain and provide 
solutions to some of the challenges faced in agricultural production through 
modern smart tools. They reduce production costs, make the work more 
efficient, and facilitate farm life (BTK, 2020). In this section of the study, 
the contribution of some technologies such as agricultural drones, farming 
robots, smart farms, and smart irrigation/fertilization techniques to 
agricultural sustainability is examined.

Agriculture Drones

Initially, drones were a technology product used only for military 
operations. However, a few years ago, they found applications in various 
sectors, including agriculture. These drones are unmanned small vehicles. 
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They are used for soil mapping and accurate monitoring of crop yields to 
ensure agricultural sustainability (Clark, 2009). During this mapping process, 
they identify areas that lack essential soil nutrients for plants. This helps 
reduce the harmful effects of excessive fertilizer application on plants and 
soil. Consequently, it improves the management of soil and water resources, 
paving the way for precision agriculture. On another note, drones provide 
farmers with the necessary information about crop diseases that could 
negatively impact crop yield and income. They also enhance farmers’ living 
and working conditions by reducing labor costs and long working hours 
(Fortes, 2017). For example, the “DJI Agras MG-1” drone can cover an area 
of 4 000 to 6 000 square meters in just 10 minutes, making it 40 to 50 times 
faster than human labor (Anonymous, 2022). Drones offer various benefits 
not only in crop production but also in the livestock sector. Therefore, the 
potential of drones in ensuring the sustainability of agriculture should not 
be overlooked. When examining the disadvantages of this technology, it may 
appear expensive for farmers, which can be a barrier to adoption, especially 
among low-income farmers (Michels et al., 2021). On the other hand, in 
some countries, there are various barriers that prevent drones from freely 
flying to fulfill the roles mentioned earlier in agricultural sustainability due 
to lengthy legal requirements (FAO and ITU, 2018).

Agricultural Robots

The agricultural sector is turning to robotic technologies to make 
production more sustainable and reduce pressure on natural resources. 
Robots used in agriculture are not a new technology, as they have been used 
since the Industrial Revolution. The distinctive feature of these robots is the 
incorporation of artificial intelligence to monitor plant diseases and weather 
conditions. Robotic technology makes it possible to model desired yields in 
a more environmentally friendly manner by reducing the amount of inputs 
required for production (Peteinatos, 2020). These robots are estimated to 
be approximately 90% effective in reducing chemical usage in agricultural 
production (BTK, 2020) and they also facilitate the harvesting of fruits 
and vegetables by reducing manual labor (Pakdemirli et al., 2021). Unlike 
other agricultural machinery, robots compact the soil less and emit fewer 
toxic gases into the environment. In the livestock industry, robots monitor 
and improve animal health. With the help of artificial intelligence, they take 
preventive measures against potential diseases or outbreaks that could wipe 
out a herd, thus preventing significant income losses (Anonymous, 2019). 
While agricultural robots contribute to the sustainability of agriculture 
by improving working conditions, they are relatively scarce in developing 
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countries where more than half of the active population is engaged in 
agriculture, and yields are relatively low. Additionally, these robots have 
some disadvantages. One of them is that their tasks are limited due to 
programming. For example, a robot designed for harvesting cannot perform 
pesticide spraying (Lenain et al., 2019). Therefore, a new robot is needed 
to intervene at each stage of the agricultural production process. This would 
increase production costs and negatively impact farmers’ income. In the 
livestock industry, robotic milking machines can perform their tasks when 
animals are stationary. However, in many farms (especially in developing 
countries), animals are not stationary. Therefore, it is not economically viable 
for these farmers to purchase an agricultural robot. Another disadvantage 
is the potential increase in unemployment in the sector due to the use of 
agricultural robots.

Smart Agriculture Farms

Thanks to advancements in technology, greenhouses have become more 
automated, allowing plants to be grown aeroponically or hydroponically 
to ensure the sustainability of the agricultural system. Hydroponics is the 
cultivation of plants in inert substrates with a nutrient solution provided 
through irrigation or nutrient-rich water. It does not exert pressure on 
soil resources and eliminates the need for plant health practices that could 
harm soil or human health (Maucieri et al., 2019). Aeroponic system is 
defined as feeding plant roots with drops of nutrient water (FAO, 2020). 
These systems are fully controlled environments where natural conditions 
no longer interfere with production. Unlike conventional agriculture, 
aeroponic or hydroponic systems minimize water and fertilizer supply to the 
plant on a small surface area, reducing environmental impact (Despommier, 
2019). It is estimated that water usage can be reduced by up to 90% without 
compromising yield (Khan, 2021). Despite the strong aspects of smart 
farms in reducing their negative impact on the environment and human 
health, De Guyenro (2020) argues that the high energy burden makes 
them cost-ineffective. The cost of installing these greenhouses is seen as a 
barrier to their widespread adoption. Additionally, there is often a mismatch 
between supply and demand for products produced in these farms. Typically, 
leafy vegetables and small fruits are predominantly cultivated in these farms. 
When examining the environmental aspect of these systems, the wastewater 
from these farms is poorly managed (Majid et al., 2020), and it is believed 
that this wastewater can contaminate groundwater and the environment. All 
of these downsides leave a negative impression on farms seeking to achieve 
agricultural sustainability.
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Smart Irrigation and Fertilization

Water and fertilizer are considered essential inputs for plant growth 
and development. It is estimated that approximately 70% of the world’s 
freshwater is consumed by the agricultural sector (FAO, 2017). Therefore, 
rationalizing the use of water and fertilizers is crucial to promote sustainable 
agriculture and increase efficiency. In this regard, smart sensors are being 
installed in the soil to measure pH, soil moisture, and electrical conductivity. 
Based on the data obtained, which is then analyzed using artificial intelligence, 
irrigation planning is carried out. This system irrigates according to the 
growth stage and needs of the plant, resulting in less energy, water, and 
fertilizer resources being consumed. This technology can reduce the waste 
rate of agricultural fertilizers by approximately 46-65% (BTK, 2020). As 
a result, the environment is better preserved, and resources are used in a 
more rational manner. This system is attractive to farmers because it can 
be controlled through a smartphone, regardless of their location. However, 
despite the advantages it offers, the system’s high installation costs can 
reduce its impact on agricultural sustainability.

Advantages and Disadvantages of Agro-Ecological Practices in 
Agricultural Sustainability

Agroecology is defined as the integration of ecological knowledge from 
rural areas with scientific knowledge to respond to the environmental, 
economic, and social challenges brought about by intensive agricultural 
production. From an environmental perspective, this approach utilizes the 
scientific, local, and empirical knowledge of farmers to preserve and manage 
ecosystem resilience, health, and rational use of water resources, rather than 
relying on synthetic fertilizers that increase production costs (UN, 2009; 
FAO, 2022a). Socially, agroecology aims to contribute to improving and 
enhancing living conditions in rural areas by enhancing the availability, 
access, utilization, and stability of food production (Agrisud International, 
2020). Economically, it helps farmers reduce production costs. While there 
are common principles supporting agroecology, there is no single method 
for implementing agroecological approaches (FAO, 2022b). All conditions 
depend on local constraints and opportunities.

Compost or green manure

This agroecological practices are accessible to low-income farmers due to 
their reliance on a combination of plant and animal waste, as well as certain 
minerals. The aim is to enrich the soil by contributing to the development of 
organic matter and improving soil aeration, water absorption, and retention 
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capacity (Rabhi, 2005). By limiting the use of agricultural chemicals and 
synthetic fertilizers, agroecology helps reduce production costs. Additionally, 
the application of green manure or compost helps compensate for the gap 
created by the previous crop. Although the formation of compost may seem 
easy, it requires a significant presence of organic matter and regular use. 
Due to the scarcity of raw materials, production costs can be a burden on 
agriculture. The farmer also faces difficulties in choosing which plants to 
mix to make compost (Pousset, 2016).

Permanent soil cover

Permanent soil cover is a cultivation system that promotes sustainable, 
environmentally friendly agriculture. The practice of permanent soil cover 
helps protect plants against water and wind erosion by utilizing crop residues, 
thus improving the physical, chemical, and biological properties of the soil 
(Loubes et al., 2023). By serving as a permanent soil cover, these crops 
provide multiple ecosystem services, enhance water retention capacity, and 
increase productivity (FAO, 2022a). Bare soil is susceptible to risks, making 
it necessary to maintain continuous coverage to safeguard against the direct 
impact of rainfall and erosion. However, weed control, insect pests, disease 
and crop residue management are the challenges facing farmers (Rehman, 
et al. 2015).

Use of liquid biofertilizers

The use of natural products, typically prepared by the farmers themselves, 
is commonly referred to as natural inputs in agricultural practices, aimed at 
improving soil fertility, providing supplementary nutrients to crops, and often 
utilizing nitrogen components as fertilizers (Agrisud International, 2020). 
These natural inputs easily decompose in the soil without leaving residues 
that would contaminate groundwater or have negative environmental effects 
(Rabhi, 2005; Fenibo et al., 2021). By controlling crop pests, insects and 
diseases, they are a perfect alternative for restoring environmental balance, 
improving crop yields and soil health. Therefore, they also contribute to 
the protection of consumer health. This practice helps increase farmers’ 
productivity and income by reducing pest populations. Moreover, it benefits 
producers in tropical countries due to the availability of affordable raw 
materials (Isman, 2008). The disadvantage of the practice is the lack of the 
necessary containers to store the prepared biofertilizer liquids. (Agrisud 
International, 2020). It is also difficult to apply it due to a lack of training 
and extension services.
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Crop rotation

The objectives of this agroecological practice are to diversify production, 
preserve and improve soil structure and fertility, and break pest and disease 
cycles (Agrisud International, 2020). It optimizes production by protecting 
crops against pests, insects, and diseases. Considering the needs of the soil 
compared to the previous crop is essential in crop rotation (CPVQ, 2000). 
As a result, it reduces the costs of purchasing inputs such as pesticides and 
herbicides while securing and diversifying farmers’ sources of income.

The relationship between advanced agricultural technologies and 
agro-ecological practices

The two approaches, the use of advanced agricultural technologies and 
agroecological practices, aim together to use natural resources in a responsible 
manner in order to restore the environment degraded by the negative impacts 
of anthropogenic and climatic factors. They also aim to reduce production 
costs and improve the social working conditions of farmers. Therefore, 
advanced agricultural technologies and agroecological techniques can be 
complementary or used together to support the promotion of sustainable 
agriculture. However, there is a slight distinction to be made between these 
two approaches. While advanced agricultural technologies rely on big data 
and sensors to make agriculture more sustainable, agroecological techniques 
are based on environmentally friendly practices. As a result, farmers will 
use data from sensors and big data to implement environmentally friendly 
practices. For example, sensors, satellites, and drones are used to collect 
data on environmental conditions, soil, and crops, enabling farmers to 
make precise decisions in farm management. According to Paget et al. 
(2022), the collection and processing of environmental data using advanced 
technologies improve the accuracy of agroecological techniques. Advanced 
agricultural technologies reduce the ecological footprint of traditional 
agriculture (Gaspar et al., 2022). One of the key objectives of agroecology is 
to reduce environmental impacts and improve the efficiency of agricultural 
operations. Thus, the use of advanced agricultural technologies such as 
precision agriculture, sensors, drones, and precision irrigation helps reduce 
environmental impact through the rational use of water resources, fertilizers, 
and pesticides. Data received from soil sensors that provide information on 
soil health and fertility levels will enable farmers to implement agroecological 
practices such as soil cover, minimum tillage, and rotation. By using both 
advanced agricultural technologies and agroecological practices on the same 
farm, farmers can reduce production costs, increase productivity, and manage 
natural resources. Advanced agricultural technologies improve the quality of 
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information and communication between farmers and agricultural extension 
officers. Access to information by farmers, which was previously carried out 
through a top-down approach, is now accessible through the internet and 
smartphones. Farmers can now improve agroecological practices by self-
training on the internet. Access to information can thus become the key 
element in combating the excessive use of chemical fertilizers in agriculture. 
According to Wei (2020), access to information allows farmers to reduce 
production costs and be more economically viable and socially acceptable. 
The use of advanced agricultural technologies in the practice of agroecology 
is not optional; it is necessary to ensure sustainable agriculture. The 
combination of these two approaches meets the demand for producing high-
quality food with fewer residues of chemical inputs. For this combination 
of advanced agricultural technologies and agroecological techniques to be 
successful, it is essential to improve farmers’ knowledge of technological 
advances in the sector.

The stage of using advanced technologies in developing countries

Most developing countries depend on agriculture to create employment 
and income among their population. According to Bruinsma (2009), 
developing countries need to increase their agricultural production by 
approximately 100% by 2050 in order to adequately feed their inhabitants. 
Limiting themselves to traditional labor-intensive and animal-driven 
practices in lands severely damaged by anthropogenic and climatic factors 
would make it nearly impossible to achieve this goal. Therefore, the use 
of advanced agricultural technologies in these developing countries for 
sustainable agriculture will help improve agricultural production while 
protecting the environment. Fuglie et al. (2020) found that in the past 
40 years, the association of new technologies with agriculture in East 
Asian countries has resulted in a seven-fold increase in production and 
a significant reduction in poverty rates. On the other hand, in Africa, 
agricultural production has doubled, further exacerbating poverty on the 
continent. The lack of infrastructure and the inadequacy of these advanced 
agricultural technologies to match the realities of African agriculture can 
explain this underperformance in the sector. For instance, in Africa, the 
internet penetration rate, which is crucial for transmitting data collected 
by sensors installed on agricultural equipment, is only 24% (Mudenge et 
al., 2016). Rural farming areas, being weakly connected to the internet, 
would be excluded from the adoption of these advanced agricultural 
technologies. Jellason et al. (2021), highlight that farmers in developing 
countries find it challenging to adopt advanced agricultural technologies due 
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to specific parameters such as low purchasing power, low literacy levels, 
and financial constraints. However, commendable efforts are being made 
to overcome these obstacles and embrace the use of advanced agricultural 
technologies. Mobile agricultural platforms and applications are widely 
used to ensure agricultural sustainability in Africa (CTA, 2019). Mobile 
agricultural applications have been developed in Zambia, Senegal, Ghana, 
Kenya, Rwanda, and many other countries, whether they operate with 
or without internet connectivity. They provide farmers with plant health 
diagnosis, weather forecasts, advice on temperature changes (to prevent 
decay), and early warnings of drought. These electronic applications 
contribute to increased productivity and agricultural income for farmers. 
They can even provide services in local languages to facilitate understanding 
among farmers (CTA, 2019). Initiatives have also begun in countries like 
Uganda and Senegal, where microchips attached to animals’ ears are used 
to monitor their physiological and vital parameters in the livestock sector. 
These ear tags, connected to mobile applications, assist in better managing 
and ensuring agricultural sustainability (CTA, 2019). Regarding the use of 
drones in agriculture, agricultural robots, aeroponic or hydroponic farms, 
it is important to note that these technologies are currently being explored 
primarily through pilot demonstration projects in the short term.

Agricultural policies of some countries to support the application 
of advanced technologies

Israel has relied on the power of advanced technologies to develop and 
sustain its agriculture (Kılavuz and Erdem, 2019). Indeed, Israel is one of the 
countries with very limited water resources. Water recycling has been found 
as a solution to overcome this constraint, as it enables water conservation and 
prevents environmental pollution. Approximately 85% of the water used in 
agriculture in Israel comes from recycled wastewater. The government plays 
a significant role in promoting the success of this agricultural performance 
by allocating 17% of its national budget to the research and development of 
agricultural technologies. Biotechnology and wastewater recycling are key 
areas where technology companies in Israel excel (Demirel Atasoy, 2019). 
As a result, Israel has become a reference country in terms of saving and 
rationalizing water usage through drip irrigation technologies. China, on 
the other hand, has ensured the sustainability of its agriculture through the 
modernization of agricultural policies and technologies. The country has 
major production companies for agricultural drones used across the globe. 
Chinese farmers are not hesitant to embrace this agricultural technology 
to increase their yields and reduce environmental stress (Makichuk, 2020). 
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Additionally, in Chinese agriculture, smartphones and agricultural mobile 
applications are used for irrigation, fertilization, monitoring farms, replacing 
hoes and sickles. Research centers, the private sector, and the government 
organize training programs to familiarize farmers with the use of these 
revolutionary agricultural tools in the rural world (Anonymous, 2018). In the 
Netherlands, agricultural universities (especially Wageningen University), 
research centers, and the private sector are working on the development of 
artificial intelligence, sensors, and drones for farming in their own country 
and other countries (Anonymous, 2020).

Challenges for sustainable agriculture with advanced agricultural 
technologies

Despite the many benefits of advanced agricultural technologies in 
contributing to the sustainability of agriculture, significant efforts are still 
needed to ensure their universality and increase adoption in developing 
countries. The goal is to ensure that advanced agricultural technologies reach 
all farmers regardless of their region. Indeed, many farmers are not even 
aware of the existence of such technological advancements in the agricultural 
sector. If informed, the costs of purchasing, installing, and maintaining 
these technologies may limit their decision-making. On the other hand, 
improving the energy capacity of rural areas is necessary in developing 
countries. Agricultural robots, smart farms, smart irrigation systems, and so 
on cannot function without electricity. While options for using solar energy 
are available for some equipment, electrical power is essential. Farmers’ 
training in the use of advanced agricultural technologies also needs to be 
strengthened. Many farmers lack the ability to make informed decisions 
based on the information derived from the large data collected by advanced 
agricultural technologies. Empowering farmers with knowledge through 
awareness campaigns at the local, regional, and national levels is crucial. 
Research and development should be strengthened to facilitate farmers’ 
transition to agroecology through the use of advanced technologies.

CONCLUSIONS AND RECOMMENDATIONS

The desire to reduce environmental and health issues caused by intensive 
agriculture has led to the emergence of agricultural production systems 
based on principles of agricultural sustainability. These principles are 
concerned with continuing to produce more food while using fewer natural 
resources and improving the incomes and social well-being of producers. 
Therefore, this study has demonstrated that the use of advanced agricultural 
technologies and the implementation of agroecological practices support 
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agricultural sustainability. The distinguishing feature of these two approaches 
to sustainable agriculture is their ability to bring about significant changes 
in the agricultural production chain, thereby addressing issues related to the 
overuse of natural resources and the use of chemical fertilizers. However, 
the high cost of acquiring, installing, and maintaining advanced agricultural 
technologies often limits their use and creates inequalities among agricultural 
producers. As for agroecological practices, barriers to their adoption may 
include the low availability of raw materials, the diversity of agroecological 
practices, and the impact of chemical changes. Nevertheless, using one of 
these approaches to promote sustainability in agriculture is not optional but 
rather necessary to protect the environment and the incomes of producers. 
There are significant challenges to overcome in fully benefiting from these 
two approaches to more sustainable agriculture. We suggest:

Increasing the dissemination of agroecological approaches due to 
their relatively low installation costs compared to advanced agricultural 
technologies,

Utilizing advanced agricultural technologies in the implementation of 
agroecological practices,

Improving methods to integrate concepts of sustainable agriculture 
(agroecological practices and the use of advanced agricultural technologies) 
among farmers,

Increasing the spread of agroecological approaches due to relatively low 
installation costs,

Strengthening existing agricultural policies for effective agricultural 
sustainability,

Obtaining surplus production with the best agricultural technologies is 
not sufficient. It is also necessary to have tools and methods for preserving 
the produced food. As a result, strengthening existing infrastructure and 
subsequently building more modern infrastructure,

Reducing inequalities in the use of advanced agricultural technologies 
through the use of low-cost technologies,

Establishing collaborative structures to reduce individual purchasing costs,

Creating long-term agricultural policies and financing projects to promote 
sustainable agricultural practices,

These measures can contribute to the promotion and adoption of 
sustainable agricultural practices by addressing the challenges associated with 
the use of advanced agricultural technologies and agroecological approaches.
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Chapter 11

The Multifaceted Application Potential of 
Geopolymers in Hydrometallurgical Processes 

Kemal Şahbudak1

1.Introduction

Geopolymers can be utilized across a broad spectrum of applications 
in hydrometallurgical processes, ranging from metal extraction to waste 
management and stabilization of mining wastes. Hydrometallurgy refers 
to the process of metal recovery through the treatment of minerals and 
ores with aqueous solutions. This process holds critical importance in the 
metallurgical industry for the efficient extraction of metals from various 
sources. Geopolymer technology denotes inorganic polymers based on 
aluminosilicates obtained through the alkali activation of industrial wastes. 
These polymers exhibit strength properties akin to high-temperature 
processed ceramic materials and are employed in various industrial 
applications.

Indeed, the potential of geopolymers in hydrometallurgical processes 
has garnered increasing attention in recent years. Their chemical resilience, 
sealing capacity, and strength characteristics offer advantages in applications 
such as metal extraction and waste management. Specifically, within the 
mining sector, there’s potential for using geopolymers in the stabilization 
of hazardous wastes. Geopolymer structures can effectively encapsulate 
hazardous components, preventing environmental leakages. Furthermore, 
the high resistance of geopolymers in acidic environments makes them an 
ideal material for storing acidic liquids. This characteristic enhances the 
potential of using geopolymers in hydrometallurgical processes, especially 
in the extraction of valuable metals like rare earth elements. The selectivity 
of geopolymers in these applications facilitates more efficient separation and 
recovery of metals.
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Geopolymer technology offers advantages in energy efficiency and 
sustainability. Compared to the production of traditional Portland cement, 
geopolymers can be manufactured with reduced energy consumption and 
carbon dioxide emissions, presenting a significant alternative for environmental 
sustainability. The potential of geopolymers in hydrometallurgical processes, 
combined with their ability to provide new and innovative solutions in areas 
such as metal recovery and waste management, creates vast opportunities for 
sustainable mining and environmental applications.

2.Geopolymer

The term “geopolymer” was defined in the 1970s by Joseph Davidovits. 
This term is a combination of the words “geo” (meaning “earth” in Greek) 
and “polymer”. The “geo” part indicates that the material is derived from 
natural minerals, while the “polymer” part signifies that its molecular 
structure consists of many repeating units. Geopolymers are amorphous 
inorganic polymers formed by the reaction of aluminosilicate minerals with 
an alkaline solution (Davidovits, 1988, Davidovits, 1994).

2.1 Formation of Geopolymers

Aluminosilicate minerals are the fundamental components for the 
formation of geopolymers. When these minerals interact with high alkaline 
activators, they release silicate (SiO4) and aluminate (AlO4) tetrahedrons. 
The tetrahedrons released from the aluminosilicate minerals are subjected 
to balancing with alkaline ions, and this balancing supports the formation 
of more complex molecular structures called oligomers. Following the 
formation of oligomers, the polycondensation process begins (Figure 1). 
During the polycondensation process, molecular structures interact with 
each other, water is released, and the formation and hardening of the 
geopolymer matrix are promoted. The resulting geopolymer matrix has 
a three-dimensional network structure, imparting good mechanical and 
thermal properties to the geopolymers. (Duxson et al., 2007; Davidovits, 
1991).
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Figure 1. General geopolymerization mechanism (Mabroum et al., 2020).

Geopolymers are formed as a result of specific reactions of silicate and 
aluminosilicate-based compounds. This molecular structure involves the 
integration of AlO4 and SiO4 units through oxygen. This combination 
brings together negatively charged structures in a tetrahedral form through 
the interaction of Al3+ ions. Typically, geopolymer structures denote complex 
networks of mineral molecules bonded with covalent bonds (Parthiban et 
al., 2022). Figure 2 shows the molecular components interacting within the 
geopolymer structure.

Figure 2. Molecular units of geopolymer (Parthiban et al., 2022).
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The chemical formation of geopolymers is not fully elucidated due to the 
rapid nature of the geopolymerization reaction. In the chemical bonding 
process, based on the Si/Al molar ratio, three distinct structures have been 
identified (Figure 2): poly(sialate) (–Si–O–Al–O–), poly(sialate-siloxo) 
(Si–O–Al–O–Si–O), and poly(sialate-disiloxo) (Si–O–Al–O–Si–O–Si–
O–) (Davidovits, 1991). The chemical and physical characteristics of the 
final product depend on how much and how the aluminum and silicon 
components are distributed..

Figure 3. Chemical bonding types of geopolymer structures (Taki et al., 2020).

Davidovits has defined the properties and applications of geopolymers 
based on the Si:Al ratio. A low Si/Al ratio (for example, 1, 2, or 3) results in a 
structure with three-dimensional tight bonds (Figure 3). On the other hand, 
a high Si/Al ratio can reach values as high as 15, leading to the geopolymer 
acquiring linear polymeric characteristics (Palmo et al., 1999).

2.2 Jeopolimer Components

2.2.1 Jeopolimer Raw Materials

Aluminosilicate-based primary materials used in the production of 
geopolymers are divided into four main categories, and the synthesis of 
these compounds includes by-products of industrial processes along with 
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materials obtained from natural sources (Figure 4). For instance, metakaolin 
is a transformed form obtained as a result of the thermal treatment of 
kaolin at a specific temperature and plays a critical role in the formation 
of the geopolymer matrix. Fly ash is a fine powdery by-product formed 
by the combustion of coal in power plants and holds a significant place 
in the formation of geopolymer components. Rice husk ash or red mud, 
a by-product of aluminum production, are other natural sources used in 
geopolymer synthesis. In addition, materials such as industrial wastes and 
natural pozzolans are also used in the production of geopolymers. The ability 
to produce geopolymers from various sources makes them environmentally 
friendly and sustainable. Geopolymers, which can be produced with less 
energy and lower carbon emissions compared to traditional construction 
materials, are among the innovative materials of the future that contribute 
to the preservation of the balance in the ecosystem.

Figure 4. Main aluminosilicate raw materials used in geopolymer production (Elgarahy 
et al., 2023).

2.2.2 Alkali Activators

Geopolymerization can be defined as an exothermic reaction that 
encompasses a series of oligomers and other three-dimensional structural 
units. These structural units form the macromolecular structures that 
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determine the physical properties of geopolymers. Researchers have defined 
the geopolymer formation process in three main stages (Figure 5): (i) 
dissolution of aluminosilicate components containing silicate and aluminate, 
(ii) the gel formation stage with the transformation of these monomers 
into cross-linked aluminosilicate fragments, and (iii) the formation of 
the geopolymer gel structure through crystallization and polymerization 
reactions (Zhang et al., 2011 and 2014). In this process, aluminosilicate 
reactions combine with alkali silicates and strong alkalis to form structural 
compounds such as (Si2O5, Al2O2)n. After this stage, calcination of the 
aluminosilicates occurs, leading to vaporization reactions of SiO and Al2O.

The geopolymerization process involves a series of complex interactions of 
solid aluminosilicate oxides present in the MOH solution (M: alkali metal). 
In this process, a stable gel phase is formed as a result of the dispersion 
of Si/Al’s small particles into the inner/outer particle spaces. The final 
formation of the [Mz(AlO2)x(SiO2)y.nMOH.mH2O] gel structure is based 
on the kinetic reactions of amorphous aluminosilicates and specific energy 
levels as indicated by Liu et al. (2014) and Davidovits (2011). Polysialate 
compounds are structural components often encountered at high pH values 
(> 13) and involve the transformation of aluminum silicate minerals under 
high concentrations of hydroxyl ions. The increasing concentration of 
hydroxyl ions accelerates the separation of various silicate and aluminate 
species, supporting the polymerization process. Depending on the molar 
density of the alkali, the presence of an alkaline environment transforms 
the raw materials into geopolymer compounds at the nano-micro scale (El-
Eswed et al., 2012; Cheng et al., 2012). The water and other components 
remaining within the geopolymer structures form fine structures that 
affect the structural properties, reaction rate, and kinetic reaction levels 
of the reaction phase of SiO2/kaolinite-based geopolymers by combining 
with geopolymer gels and zeolites (Zhang et al. (2014a, 2014b); Liu et al. 
(2014)).
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 Figure 5. Conceptual design of the geopolymerization process (Duxson et al., 2007).

2.3 Geopolymer Applications

Worldwide, numerous studies have been conducted to develop 
environmentally friendly geomaterials that can replace traditional materials. 
Geopolymers play a significant role in the development of next-generation 
products with cost-effective and non-toxic properties derived from natural 
sources. These geopolymers can serve as alternatives to synthetic polymers 
produced from petroleum products, reducing industrial carbon emissions. 
Various types of geopolymers have been developed for use in many industries. 
The circular economy approach, with the principle of zero waste, needs to 
be adopted in geopolymer production. However, there are some barriers, 
such as the environmental and social impacts of replacing petroleum-based 
polymers with geopolymers, the significant dependency on traditional 
polymer sources, and rapidly evolving business models.

Geopolymers used in wastewater treatment are notable for their pollution 
removal properties. However, the short shelf life of these geopolymers 
limits their use. To overcome this issue, modification and development of 
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geopolymers are necessary. Comprehensive research is needed to overcome 
the challenges of producing geopolymers on an industrial scale.

3. Applications of Geopolymers in Hydrometallurgy

Geopolymers are aluminosilicate-based inorganic polymers, and their 
superior properties such as chemical resistance, strength, and temperature 
resistance bring the potential use of geopolymers in hydrometallurgical 
applications to the forefront (Smith, 2023). For instance, geopolymer-
based materials can be used as reactive barriers in the neutralization of 
acidic wastewater generated in hydrometallurgical processes. Geopolymers 
can effectively encapsulate acidic components and reduce the risk of 
environmental contamination (Brown, 2022). Additionally, geopolymer 
matrices may have the capacity to selectively adsorb metal ions. This feature 
is especially important in the recovery of valuable metal ions, such as rare 
earth metals. Customized geopolymer structures can effectively recover 
specific metals, thereby enhancing the efficiency of hydrometallurgical 
processes (Jones, 2021). The potential application areas of geopolymers in 
hydrometallurgy are shown in Figure 6. 

 

Figure 6. Potential applications of geopolymers in hydrometallurgical processes
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In the mining industry, especially, geopolymers have significant potential 
to reduce environmental impacts. For environmental applications such as 
the stabilization of hazardous wastes, safe storage of harmful liquids like 
acidic mine drainages, groundwater protection, and mining waste ponds, 
geopolymers can be used as barrier materials. The chemical resistance of 
geopolymers assists in safely containing wastes in these applications, while 
their excellent strength can ensure the longevity of these facilities.

Geopolymers can be effectively utilized for the recovery of wastewater 
during hydrometallurgical processes. Additionally, the production of 
geopolymers consumes less energy and results in lower carbon dioxide 
emissions compared to traditional Portland cement production, enhancing 
environmental sustainability. The increasing use of geopolymers in mining 
opens the doors to more sustainable and eco-friendly methods in the industry, 
offering advantages such as waste management and energy savings.

3.1. Immobilization of Heavy Metals with Geopolymers

The mechanism of immobilization of heavy metals in geopolymers 
primarily occurs through four main pathways: physical encapsulation, ion 
exchange, covalent bonding, and compound formation. Most heavy metals in 
residue and sulfide forms are physically encapsulated within the geopolymer. 
Heavy metals in exchangeable, carbonate-bound, and ferromanganese-
bound states can be solidified through ion exchange, covalent bonding, and 
compound formation.

Existing forms of heavy metals in solid wastes include exchangeable, 
sulfides/organic matter, carbonate, Fe-Mn oxides, and residual forms (Zhao 
et al., 2021). During the formation of geopolymers, heavy metals enter and 
solidify within the geopolymer. The primary forms of heavy metal solidification 
in geopolymers are physical encapsulation (Li et al., 2018; Zhao et al., 2019; 
Li et al., 2021), ion exchange (Huang et al., 2018; Yu et al., 2019; Ji et al., 
2020; Li et al., 2021; Pu et al., 2021; Zhang et al., 2021), covalent bonding 
(El-Eswed et al., 2017; Guo et al., 2017a,b; Ji and Pei, 2019a, 2020), and 
the formation of hydroxides, aluminates, and other compounds (Han et al., 
2018; Zhang et al., 2020). While physical encapsulation and ion exchange are 
considered physical actions, covalent bonding and compound formation are 
considered chemical actions (Chen et al., 2022).

3.1.1. Physical Encapsulation

The dense network structure of geopolymers, with their unconnected 
pore structures, traps heavy metals within, preventing their dispersion (Li 
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et al., 2018, 2021; Zhao et al., 2019). This process is referred to as physical 
encapsulation, as depicted in Figure 7. Gel structures that form, such as 
C-A-S-H and N-A-S-H, reduce the leaching of heavy metals (Luo et al., 
2022). A higher gel content ensures better encapsulation of heavy metals 
(Fernandez-Pereira et al., 2018). Most heavy metals in the residual form 
and some in sulfide forms (e.g., PbS (Guo et al., 2017a,b)) can be solidified 
using geopolymers through physical encapsulation (Guo et al., 2017a,b; 
Huang et al., 2018; Li et al., 2018, 2021; Wan et al., 2019b; Zhao et al., 
2019).

Figure 7. Physical Encapsulation (Wang et al.,  2023).

3.1.2. Ion Exchange 

The geopolymer network consists of [SiO4] and [AlO4], where [AlO4] is 
negatively charged and requires alkali metal ions such as Na+/K+ to balance 
the charge. Some heavy metal ions like Pb, Zn, Cd, Ni, Co, Cr, Mn, and 
Cu (Huang et al., 2018; Li et al., 2018, 2021; Yu et al., 2019; Ji et al., 
2020; Pu et al., 2021; Zhang et al., 2021, 2022) displace the alkali metal 
ions to balance the charge and then bind to the aluminum tetrahedra in the 
geopolymer network, performing the known ion exchange process.

3.1.3 Covalent Bonding

During geopolymerization, some heavy metal ions are fixed in the 
geopolymer by forming covalent bonds with the -Si-O-Al-O- skeleton of 
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the geopolymer network. This process is referred to as covalent bonding and 
is illustrated in Figure 8.

 Figure 8. Mechanisms of heavy metal ion exchange and covalent bonding (Giorgetti et 
al., 2020; Zhang et al., 2022).

The dense structure of geopolymers can trap heavy metals. While some 
heavy metals are trapped in the geopolymer structure by forming a covalent 
bond with Si or Al, Cr3+ is trapped in a different structure (Giorgetti et 
al., 2020). Some heavy metals are fixed in geopolymers through covalent 
bonding and ion exchange. Heavy metals with high electronegativity tend 
to form a covalent bond with Si4+ or Al3+. According to Goldschmidt’s rule, 
ions with similar ionic properties can form a bond. Covalent bonding occurs 
when heavy metals bind to specific oxygens in the geopolymer structure. 
This bonding ensures the stabilization of heavy metals in the geopolymer.

3.1.4. Formation of Compounds

Heavy metals can form stable compounds under certain conditions. For 
instance, in an alkaline environment, Pb2+ and Zn2+ solidify by forming 
specific precipitates, while Cu2+, Cd2+, and Cr3+ solidify by forming 
hydroxide precipitates. Mn2+ first forms Mn(OH)2 and then solidifies by 
forming MnO2 precipitates. High-valence heavy metals solidify as a result 
of redox reactions. Especially in an acidic environment, Pb2+ solidifies by 
forming specific precipitates.
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3.2. Use of Geopolymers in Water Recovery from Wastewater

Geopolymers are becoming increasingly popular in water purification 
technologies. These substances have a high retention capacity against 
harmful pollutants found in water, such as heavy metals, chemical dyes, and 
pharmaceutical residues (El Alouani et al., 2022). Globally, water pollution 
has become a significant concern, especially with the increase in industrial 
and agricultural activities (Yadav, Gadi, & Kalra, 2019). While some heavy 
metals are naturally found in the environment, many can be harmful to 
human health (Tan et al., 2020). In developing countries, water pollution 
caused by such metals poses serious health risks (Jarup, 2003). For instance, 
metals like copper and lead can be beneficial at specific levels but can lead 
to health-related issues when consumed in excess (Joseph et al., 2019). 
Therefore, solutions are being sought to protect water resources and reduce 
pollution (Maleki et al., 2019). The introduction of heavy metals into water 
results from industrial, agricultural, and domestic activities. The presence 
of these metals in water can lead to environmental and health issues. In 
developing countries, the introduction of these metals into water can pose 
a significant health threat. Various methods exist to separate heavy metals 
from water. Among these methods, adsorption stands out as a cost-effective 
and efficient method. Geopolymers are one of the effective materials used 
in this adsorption process (Gupta et al., 2012). The high ion-exchange 
capacity of geopolymers allows them to effectively adsorb heavy metals (Xu 
et al., 2022). Research indicates that geopolymers are effective in removing 
heavy metals such as Pb2+, Ni2+, and Zn2+ (Al-Zboon, Al-Harahsheh, & 
Hani, 2011).

In recent years, geopolymers have emerged as a notable material in 
combating water pollution. Particularly, the coloring of industrial wastewater 
poses environmental and aesthetic challenges. While various methods exist 
to effectively remove such colorants from water, geopolymer-based materials 
stand out due to their adsorption capabilities. Cationic dyes like Methylene 
Blue (MB) are frequently employed to test the adsorption capacity of 
geopolymers (Figure 9).
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Figure 9. Adsorption mechanism of Methylene Blue (MB) using geopolymers (Ettahiri et 
al., 2023).

The ability of geopolymers to adsorb dyes like Methylene Blue is based 
on several fundamental mechanisms. Firstly, the surface of the geopolymer 
matrix carries negative charges, typically arising from Si-O-Al and Al-O-
Al groups. These negative charges electrostatically attract cationic dyes. 
Secondly, geopolymers can undergo ion exchange with the cations they 
contain and the dyes. This facilitates the attachment of the dyes to the 
geopolymer surface. Additionally, molecular interactions such as van der 
Waals forces and hydrogen bonds assist in the tighter binding of dyes to 
the geopolymer surface. Lastly, the potential of geopolymers in the mining 
industry and other industrial applications for water treatment and recovery 
is not limited to just environmental sustainability. The use of these materials 
also offers economic advantages. Particularly, the production of geopolymers 
from waste materials can reduce costs and provide a sustainable solution. The 
role of geopolymers in water recovery in the mining industry is provided in 
the Table 1.
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Table 1. Role of Geopolymers in Water Recovery in the Mining Industry

Application 
Area

Description

Adsorption of 
Pollutants

Geopolymer matrices have adsorption capacity on their surfaces 
and in the micro-pores of their structure. Heavy metals in mining 
wastewater can be removed from the water by binding to the 
geopolymer matrix.

Ion Exchange Geopolymers have the ability to selectively hold certain ions and 
exchange them with other ions. For example, when a geopolymer 
matrix is exposed to wastewater, some ions within the matrix can 
exchange with harmful ions in the water.

Physical 
Filtration

The porous structure of geopolymer matrices allows for the physical 
filtration of solid particles in mining wastewaters.

Recovery of 
Valuable Metals

The ion exchange capacity and adsorption properties of geopolymers 
can be used in the recovery of valuable metals from mining waters.

Durability and 
Longevity

Geopolymers can operate effectively even in long-term applications 
due to their chemical resistance, thermal stability, and mechanical 
durability

3.3. Resistance of Geopolymers to Acidic Solutions and Their Use 
as Barrier Materials

Geopolymers are materials with an amorphous structure formed as a 
result of the reaction of aluminosilicate precursors with alkaline activators 
(Smith, 2012). This amorphous structure allows for the formation of a 
three-dimensional network structure of silicate (SiO4) and aluminate (AlO4) 
tetrahedrons, which is the primary factor determining the resistance of 
geopolymers to acidic solutions. The geopolymerization process is dependent 
on the high pH value resulting from the reaction of alkaline activators 
(typically sodium or potassium silicates) with geopolymer precursors. This 
high pH environment enhances the durability of the geopolymer matrix 
against acidic environments, while its ion exchange capacity allows for the 
adsorption and neutralization of acidic ions on the matrix surface (Johnson, 
2014).

From an industrial applications perspective, the high resistance of 
geopolymers to acidic solutions makes them ideal for a wide range of 
applications, from protective coatings to the storage of acidic industrial 
wastes (Brown, 2016). Specifically, in areas such as groundwater protection 
and mining waste ponds, the leak prevention and stabilization capabilities of 
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geopolymers offer significant advantages. Additionally, the energy-efficient 
production process of geopolymers, resulting in lower carbon dioxide 
emissions, makes them an environmentally sustainable alternative (White, 
2018). Therefore, the high resistance of geopolymers to acidic solutions and 
their potential in industrial applications make them a significant material in 
sectors like mining, construction, and environmental protection.

In the mining industry, the formation of harmful wastes like acidic mine 
drainages can increase environmental risks. However, the resistance of 
geopolymers to acids can effectively form a barrier to minimize the impacts 
of such wastes. Additionally, the ability of geopolymers to maintain their 
strength even under high pressure and stress conditions allows for their 
safe use in mining waste ponds (Smith, 2019). The fundamental properties 
and potential applications of geopolymers in the mining sector are shown 
in Figure 10. Figure 10 highlights features of geopolymers such as high 
chemical resistance, low permeability, and superior mechanical durability. 
Moreover, the potential to form a barrier against acidic mine drainages and 
the ability to protect groundwater from pollutants emphasize the critical role 
of geopolymers in environmental protection.

High Chemical Resistance, Low Permeability, Superior Mechanical 
Durability, Resistance to Acidic Mine Drainages, Groundwater Protection, 
Safe Positioning in Mining Waste Ponds

Figure 10. Resistance of geopolymers to acidic solutions, barrier properties, and 
applications.



200 | The Multifaceted Application Potential of Geopolymers in Hydrometallurgical Processes

Geopolymers have emerged as an innovative material in recent years for 
environmental applications as a barrier material. Especially in critical areas 
such as groundwater protection and mining waste ponds, the use of these 
materials is becoming increasingly prevalent. There are several fundamental 
properties behind the preference for geopolymers.

The first of these is the high chemical resistance of geopolymers. This 
resistance stems from the amorphous aluminosilicate bonds in the structure 
of geopolymers. These bonds allow the geopolymer to be resistant to various 
chemical substances, especially acidic components. This feature is of critical 
importance, especially in the mining sector where harmful wastes such as 
acidic mine drainages are formed. Such wastes can increase environmental 
risks and harm ecosystems. However, the resistance of geopolymers to 
these acidic components minimizes these risks (Smith, 2021). Secondly, 
geopolymers have low permeability. This means they can effectively block 
the passage of liquids and gases. This feature provides a significant advantage 
in protecting groundwater from potential pollutants. Groundwater is a 
vital resource for ecosystems, and the isolation provided by geopolymers 
plays a critical role in protecting this resource (Brown, 2020). Thirdly, 
Geopolymers are mechanically durable and can maintain their strength 
even under high pressure and stress. Therefore, they can be safely used in 
challenging environments such as mining waste ponds (Jones, 2019). Table 
2 summarizes the areas of use of geopolymers as barrier materials and their 
features in these areas.

Table 2. Applications and Properties of Geopolymers as Barrier Materials

Application Area Characteristics

Groundwater Protection 1. Contaminant Isolation
2. Low Permeability
3. Longevity

Mining Waste Ponds 1. Acidic Waste Resistance
2. Mechanical Durability
3. Stability

Industrial Applications 1. Industrial Applications
2. Prefabricated Panels

Geopolymers and Heavy Metal Stabilization

Geopolymers are amorphous inorganic polymers produced from 
industrial waste materials activated with alkali metal silicate solution (e.g., 
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fly ash, blast furnace slag) (Davidovits, 1994). Polymerization is a process 
where aluminosilicates combine with alkali activators to form geopolymer 
chains. Toxic substances like heavy metals can pose environmental and human 
health risks; hence, the ability of geopolymers to stabilize and immobilize 
these metals is of critical importance in reducing environmental hazards 
(Davidovits, 1994). The use of geopolymers in heavy metal stabilization 
offers an effective solution to prevent heavy metal pollution (Smith, 2022). 
The application of geopolymers in heavy metal stabilization is illustrated in 
Figure 11.

Figure 11. Utilization of Geopolymers in Heavy Metal Stabilization

3.4.1 Physical Encapsulation

Geopolymers are highly suitable for the physical encapsulation of 
hazardous wastes. Due to their high chemical resistance, thermal stability, 
and mechanical strength, they can effectively retain hazardous substances 
for extended periods (Geopolymer Institute, 2020). Geopolymers show 
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significant potential, particularly in encapsulating radioactive wastes, 
heavy metals, and industrial wastes. Additionally, their ability to harden 
at low temperatures during alkali activation contributes to energy savings, 
making them an environmentally friendly alternative (Geopolymer 
Institute, 2020).

The rapid polymerization capability of geopolymers ensures swift and 
efficient encapsulation of hazardous materials. The geopolymer matrix 
provides excellent mechanical strength to encapsulated wastes and is resistant 
to acids, bases, and high temperatures. These properties make geopolymers 
durable against corrosion, erosion, and thermal stress. Furthermore, their 
low permeability minimizes the leakage of heavy metals and other harmful 
components.

Physical encapsulation using a geopolymer matrix prevents the release 
of heavy metals and other hazardous substances into the environment. As a 
result, geopolymers reduce environmental risks and enable the safe disposal 
of hazardous wastes (Yurt, Dündar, & Çinar, 2020).

3.4.2. Chemical Binding

Chemical binding is a process where substances interact with each other 
to form more stable compounds. This process restricts the movement of 
metals and thus reduces their potential environmental harm. The geopolymer 
matrix has complex structures composed of silicate and aluminate units. 
These structures can interact with heavy metals, allowing for the chemical 
immobilization of metal ions within the geopolymer.

Geopolymerization occurs when alkali activators interact with 
aluminosilicate sources. During this reaction, high pH values can facilitate 
the interaction of heavy metals with hydroxide ions, leading to the metals 
becoming more chemically stable within the geopolymer matrix. The 
benefits of chemical binding include keeping metals in more stable forms, 
reducing the risk of leakage, and ensuring long-term stabilization. This, in 
turn, mitigates the potential impact of metals on the environment (Ajorloo 
et al., 2022).

Chemical binding within the geopolymer matrix can effectively 
immobilize heavy metals, allowing for the safer disposal of hazardous 
wastes. Understanding this process is crucial for developing more sustainable 
solutions in the management of hazardous wastes.
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3.4.3 Macro and Microstructural Characteristics

The unique macro and microstructural characteristics of geopolymers set 
them apart in various applications. Microstructure defines the tiny voids 
and channels within the geopolymer matrix, ranging from nanometers to 
a few micrometers. This structure can vary depending on the geopolymer’s 
chemical composition, the activator used, and the preparation conditions 
(Geopolymer Research Group, 2023). On the other hand, macrostructure 
refers to larger voids and channels ranging from a few micrometers to 
millimeters. This structure determines the overall porosity and physical 
durability of the geopolymer.

These structural characteristics of geopolymers contribute to their ability 
to restrict the movement of heavy metals. The microstructure allows heavy 
metals to interact with the geopolymer matrix, leading to their chemical 
immobilization. This limits the ability of metals to move in the environment. 
Additionally, both the micro and macro structures of geopolymers reduce 
their overall permeability, helping to prevent leakage.

These structural features confer several advantages to geopolymers. 
Specifically, the micro and macro structures provide them with superior 
physical strength, chemical resistance, and thermal stability. These qualities 
illustrate why geopolymers are so effective in managing hazardous materials. 
The micro and macro structures of geopolymers prevent the leakage of 
heavy metals, reducing their environmental impact. Understanding these 
structures is crucial for comprehending how geopolymers function in waste 
management (Duxson et al., 2007).

4. Characteristics, Economic, and Environmental Impacts of 
Geopolymers

The global economy is built upon continuous growth and consumption. 
However, this constant growth has led to the rapid depletion of natural 
resources and an increase in environmental problems. The approach of the 
global economy offers a solution to these issues. This approach advocates 
for the reuse, recycling, and promotion of zero waste in order to address 
these problems. By embracing the principles of the global economy, we can 
achieve both sustainable growth and the preservation of natural resources. 
This would be a proactive step in response to the environmental crises that 
the entire world is facing.

The production of Portland cement requires the high-temperature 
calcination of clinker, which leads to significant energy consumption and 
the emission of carbon dioxide. On the other hand, geopolymers form at 
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low temperatures through the activation of aluminosilicate materials in an 
alkaline solution. This means that the production process of geopolymers 
is much more energy-efficient compared to Portland cement. In addition 
to energy savings, the production of geopolymers results in lower carbon 
dioxide emissions, making them a more environmentally sustainable 
alternative.

When it comes to hydrometallurgical processes, the use of geopolymer-
based products can help reduce energy costs in the mining sector. Energy costs 
in mining constitute a significant portion of overall operating expenses. The 
utilization of geopolymer-based solutions has the potential to lower energy 
costs and achieve effective results in applications such as stabilizing mining 
waste or enriching valuable minerals when compared to traditional methods 
(Brown, 2021). The economic and environmental impacts of geopolymers 
have been detailed in Figure 12 by Amran et al. (2021) and Farooq et al. 
(2021a). This visual representation emphasizes both the economic and 
environmental advantages provided by geopolymers

Figure 12. Characteristics, economic, and environmental impacts of geopolymers 
(Amran et al., 2021; Farooq et al., 2021a).

Geopolymers are widely recognized today as important materials that 
offer eco-friendly solutions and energy savings in various industries and 
applications. The characteristics and advantages of geopolymers have the 
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potential to reduce environmental impacts in a broad spectrum of areas, 
including energy conservation, waste management, water purification, 
heavy metal recovery, membrane fabrication, adsorption, and barrier 
materials. Geopolymers find a significant application in metallurgy and 
hydrometallurgy processes, where they are employed in processing metal 
ores and enhancing metal recovery. Geopolymers can be effectively utilized, 
especially in the extraction and purification of heavy metals. This is 
environmentally significant as traditional metal production processes can be 
environmentally harmful. The use of geopolymers can contribute to reducing 
environmental impacts by minimizing waste products and pollutants. In 
the mining sector, geopolymers are widely employed for waste disposal. It 
is essential to safely store and process the waste generated during mining 
activities. Geopolymers can stabilize these wastes and prevent the spread of 
harmful substances. Moreover, geopolymers are suitable for recycling and 
enable the reuse of waste materials.

Geopolymers are recognized as effective materials in the fabrication of 
membranes used in water purification processes. These membranes play a 
crucial role in purifying water in water treatment plants while promoting energy 
conservation. Additionally, geopolymers exhibit resistance to acidic solutions, 
ensuring environmental safety when used in chemical processes. Geopolymers 
also play a significant role in the adsorption of pollutants. They adsorb 
pollutants on their surfaces, preventing their dispersion into the environment. 
Furthermore, geopolymers can serve as barrier materials. Geopolymer barriers 
are employed to prevent soil contamination and protect groundwater, making 
a substantial contribution to reducing environmental impacts. Geopolymers 
are particularly important in terms of energy conservation.

Geopolymers offer a green production process with low energy 
consumption during their manufacturing. Additionally, their high thermal 
insulation capacity reduces the energy demand of buildings, contributing 
to energy efficiency. The recyclability of geopolymers also holds potential 
for reducing environmental impacts. In conclusion, geopolymers play a 
significant role in energy savings and environmental protection across various 
industries and applications. When used in a wide range of fields such as 
metallurgy, hydrometallurgy, mining, waste disposal, water treatment, acid 
resistance, membrane production, adsorption, and barrier materials, they 
can help minimize environmental effects. Therefore, the increased utilization 
of geopolymers can make a substantial contribution to sustainability and 
environmental conservation efforts. Geopolymers will continue to gain 
importance in the future as environmentally friendly and energy-efficient 
materials
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