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ABSTRACT

This study focuses on the comprehensive design, analysis, and prototyping
of a lightweight brake pedal, a critical component in vehicle safety and
performance. Initially, the CAD model of a reference brake pedal was
transformed into an implicit body. Key stages of the process included defining
boundary conditions, forming a 'BCC' type periodic lattice structure, and
conducting Finite Element (FE) volume meshing.

The utilization of a lattice structure is a prominent trend in modern
engineering, optimizing material use while enhancing structural integrity. In this
work, the integration of a 'BCC' type lattice structure led to a weight reduction
of approximately 46.4%. The simulation and analysis phase included defining
and applying force vector conditions, determining displacement restrictions, and
identifying material properties such as Young's modulus, Poisson's ratio, and
density. Critical findings, such as maximum displacement and Von Mises
values, were obtained, valuable for evaluating the design and manufacturing
performance.

The study also touched on the prototyping phase, focusing on 3D printing
using PLA material. Details considered in this phase included printing
parameters such as speed, temperature, nozzle diameter, infill rate, and cost.

The comprehensive approach in designing the brake pedal provides a
valuable example for the automotive industry, demonstrating how engineering
principles can be applied at every stage of product development, from design to
manufacturing. Moreover, the work serves as an essential reference for future
similar projects, showing the potential applications of lattice structures and 3D
printing in creating efficient and performance-oriented components. As
technology and safety standards in the automotive industry continue to evolve,
the insights provided by this study on brake pedal design, analysis, and
production offer wvaluable guidance for professionals, researchers, and
academicians in the field.

Keywords: Brake Pedal, Finite Element Analysis, Lattice Structure,
Lightweight Design, nTopology
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INTRODUCTION

The brake pedal is a component of vital importance for vehicle safety. It
plays a critical role in vehicle driving dynamics, enabling the driver to slow
down or stop the vehicle through the braking system. The design and production
of the brake pedal are of great significance in terms of durability, safety, and
performance. In this context, factors such as material selection, design
geometry, weight, and strength must be considered (RepairSmith, 2023).

This study comprehensively addresses the design and analysis process of a
lightweight brake pedal. Firstly, the CAD model of the reference brake pedal
has been transformed into an implicit body (Prasad, 2023). This was followed
by processes such as defining boundary conditions, creating a 'BCC' type
periodic lattice structure, and forming the Finite Element (FE) volume mesh.

Analysis and simulation are powerful tools in engineering design, used to
predetermine material behavior, stresses, displacements, and other critical
performance metrics. This study presents the stages of manufacturing and
prototyping a lightweight brake pedal step by step (nTopology, 2023).

The use of lattice structures has become a trend in modern engineering,
offering advantages in reducing weight and enhancing structural integrity while
optimizing material usage. This study provides detailed information on how to
integrate a 'BCC' type lattice structure and subsequently create a prototype
through three-dimensional printing (McCreight, 2022c¢).

Especially in the automotive industry, with continuously evolving
technology and increasing safety standards, the design and analysis of critical
components like the brake pedal are becoming even more important. This study
offers a comprehensive view of the design, analysis, and production of a lattice-
structured brake pedal, and could be a valuable resource for industry
professionals, researchers, and academicians.

10
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MATERIALS AND METHODS

The CAD model of the brake pedal is an assembly file. This assembly file in
the study consists of two different CAD bodies, the core and the shell. The
assembly view of these two different CAD bodies is seen in Figure 1 below.

Figure 1: CAD Model of the Reference Brake Pedal

In the nTopology software, in order to use blocks containing functions, the
input types must also be in the types accepted by the function. While it is
possible to work directly on CAD data under some conditions, in some cases, it
is necessary to convert to an implicit body. For this reason, the two different
CAD bodies in the assembly file have been converted into an implicit body to
be used as input in different functions (Prasad, 2023). The option "Convert
CAD Body to Implicit Body," necessary for conversion, is shown in Figure 2
below.

Create CAD Body Variable

Convert CAD Body to Implicit Body

Figure 2: Conversion of the CAD Model to an Implicit Body

A variable that can be defined from the CAD model is CAD surfaces. These
surfaces will be stored as variables to be used as references in defining the

11
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boundary conditions required for structural analysis. Two different surfaces to
be defined as variables are shown in Figure 3 below.

Am CAD Face Variable

Convert CAD Face to Implicit Body

Loaded Faces

Fixed Faces

Figure 3: Definition of Surfaces Where Boundary Conditions Will Be
Applied

To create a lightweight design, the area to be lightened must also be
preselected. After the area to be lightened is determined, the entire CAD model
of the area to be lightened must be separated to work on the design. Since it has
been planned in advance, the assembly file imported into the current study has
been transferred to the software to include two different CAD bodies. This
makes it easier to work on the core model alone. The body selections here can
vary for different parts and different loading scenarios and conditions. In Figure
4 below, the core model and the lattice structure created by referring to this core
are seen (McCreight, 2022¢).

Figure 4: Reference Volume to Create a Lattice and “Body Centered Cubic”
Unit Cell Lattice

After the lattice structure is created, to create the FE mesh needed to prepare
the part for analysis as a whole, bringing the bodies that are separate from each
other together as a whole would be a practical approach. The separate bodies in
implicit form can be joined together with the "Boolean Union" function to

12
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provide certain tolerances or radius at the joints (Kratky, 2021). The design of
the lightened brake pedal consisting of the outer shell structure surrounding the
lattice structure and a single implicit body is seen in Figure 5 below.

Figure 5: Conversion of Shell Structure and Lattice into a Single Implicit Body
Before Meshing

As seen in Figure 6, to prepare the pedal design for a structural analysis and
to create a high-quality mesh from the implicit body, it is necessary to follow
the processing steps where a series of parameters will be adjusted. First, a
function that generates a mesh from the implicit body is used, but the mesh and
mesh elements that are the output of this function do not meet the mesh metrics
suitable for structural analysis. Therefore, a remesh process must be performed.
After the remesh function, a volume mesh is created from the reorganized
surface mesh, and the Finite Element Mesh is generated by assigning nodes
(McCreight, 2021). This mesh structure is the final mesh structure that will be
used as input in the model parameter required in the simulation setup.

w | A v Latticed Pedal Mesh  FE Volume Mesh
4\ Discretization: Volume Mesh
w |@® Domain: Remesh Surface [~ Rem
v @ Surface: Mesh from Implicit Body v
& Body: Latticed Brake ...
0.1 Tolerance: 5
0.1 Min. feature size: ]

(® Sharpen:

@ Simplify:
Edge length: Mesh Size *

Shape: Triangle
Span angle: 30
Growth rate: 2
Feature angle: 45

Min edge length:

Chord height:

Figure 6: Creation of FE Volume Mesh from Implicit Body
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The final form of the mesh is seen in Figure 7. To ensure that the analysis
results are not affected by the mesh and that major differences do not occur in
the analysis results as the mesh parameters change, mesh independence must be
ensured. For this, errors should not occur in the intermediate steps of the created
mesh. The desired quality must be captured in mesh metrics (Prasad, 2022).
Additionally, the number of mesh elements must be large enough to ensure
mesh independence.

Figure 7: View of the Final Mesh

Another step that must be taken for the setup of the structural analysis is the
definition of boundary conditions. The "Force" function block has a series of
parameters. One of these parameters allows defining the force vectorially. The
other allows the application of the force vector to nodes remaining in the area
intersecting with a geometry created by offsetting from an implicit surface
derived from a specific CAD surface on the FE Mesh (McCreight, 2022a). The
definition of the force boundary condition is shown in Figure 8.

4 v Force on Pedal Face Force (v
w | & Boundary: FE Boundary by Body FE Boundary_1
£ Mesh: Latticed Pedal .. X
= Entity: Nodes
Body: Thicken Body
lfﬁ Body: Implicit Body from CAD Bo... BETA |
[ CAD body: Loaded Face *
0. Tolerance: 0.01
f Thickness:
(» Reverse:

0.1 Tolerance:

" Vector:
(.I_ Frame:

Figure 8: Parameters for Force Boundary Condition
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In Figure 9, the vectors shown in yellow represent the force applied to the
nodes on the mesh and are seen to be numerous. During the simulation, the
force vectors shown below are taken into account. The braking force, having a
scalar magnitude of 200 N in the -Z axis direction, has been applied spread over
the pedal surface instead of as a point load (McCreight, 2022b).

Figure 9: Application of Force to Pedal Surface

In Figure 10 below, the definition of the boundary condition for the fixed
surfaces is provided with the "displacement restraint" function block. Defining
Ux, Uy, Uz, Rx, Ry, and Rz parameters as "0" prevents translation and rotation.
Also in Figure 11, the image of nodes where rotation and translation are
prevented is available (McCreight, 2022b).

W |2+ Fixed Region Displacement Restraint v
w | & Boundary: FE Boundary by Body
Mesh: Lattice Pedal
Entity: Nodes
¥) Body: Thicken
L_rﬁ Body: Implicit B m CA
[ CAD body: Fixed Face X

0.1 Tolerance: 0.01

{"-"': Thickness:

Reverse:

Tolerance:

Figure 10: Parameters for Displacement Boundary Condition
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Figure 11: Displacement Restraint

The material must be selected from the software's library to complete the
simulation. If you want to work with a material not in the software's material
library, the known properties of this material must be entered. The material can
be isotropic or orthotropic. As seen in Figure 12, the simulation will be ready to
run when the Young's modulus, Poisson's ratio, and density values are defined
(McCreight, 2023).

)V Isotropic Material
W |23)v Properties: Isotropic Material ...
b 4 -'.'. 0: Isotropic Linear Elastic Proper
(= Young's modulus: 1.16e+11
f Poisson’s ratio: 0.3

(= Density: 0.00443

Figure 12: Parameters of the Material

In nTopology, the FE Model function block accepts both mesh and material
information as input. As seen in Figure 13, the "Load Case" parameter accepts a
list containing all the boundary conditions as input. In this study, the "Force on
Pedal Face" variable and the "Fixed Region" variable are the two different
inputs used in the list created for the boundary condition. After all non-optional
inputs are provided in the function, "Static Analysis" will run and complete the
iterations (nTopology, 2022).
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'm  Static Analysis

"‘ Model:

- 57_!‘-' Load case: Boundary Conditio...

[= o:

Figure 13: Input of Variables into Simulation Settings

Lastly, a general view of the simulation setup is given in Figure 14.

Force, 200N -Z Axis

Fixed Face

Figure 14: Completion of Simulation Settings

RESULTS AND DISCUSSION
The analysis results for the brake pedal are given as follows. Displacement is
seen in Figure 15. A maximum displacement of 0.53 mm is observed at the
farthest point of the brake pedal. When the deformation scale is increased, the
observed shape change is consistent with expectations.

3
< MIN:000000et00mm

Figure 15: Maximum Displacement of 0.53 mm and
Minimum Displacement of 0 mm
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Von Mises values are seen in Figure 16. When we look at the color gradient
in the part, it is clear that the peak value in the stress is not widespread
throughout the piece. This may indicate mesh singularity, and the most
dangerous sections can be more easily seen with a new color gradient created by
reorganizing the maximum value and narrowing the range. However, without
making adjustments, it has been determined that the section with light green
color is more risky than other areas.

Fren Pedal Static Analysis ¥

Static Analysis

Units: Pa v

— 1.14485e+08

9.54044e+07

5.72427e+07
3.81618e+07
1.90809e+07

= 0.00000e+00

Figure 16: Maximum Von Mises Value of 57.2 MPa

After the lattice structure was created, a weight gain of 46.4% was seen in
Figure 17 when compared to a completely solid model.

¥ ||0.1 ¥ weight reduction Weight Savings 464111 @
@ Lightweightbody: | Latticed Brake .. X

(@ Original body: | Full Break Pedal... %

Figure 17: Approximate 46% Weight Gain

For the prototype production of the part, the first step is to convert the lattice
structure design created from the implicit data type into a format that can be
used in a 3D printer. This conversion process can be performed using the
"Export Mesh" block in nTopology software. As seen in Figure 18, in this

18
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study, the surface mesh of the brake pedal was taken as a reference, and the
final geometry was saved in 3MF format.

Print 3D - 3MF Pedal = o X

Yazicl

Malzeme

g 1

Hakkinda

e & & B O

1al

® a «

Figure 18: Exported Mesh

The part, seen in Figure 19, created using PLA material in the Anka Design
3D printer, was completed in 8 hours and weighs 30 grams.

Figure 19: Prototype Production from PLA Material

Other details related to the prototype production process are given in Table 1
below.
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Table 1: Production Parameters and Analysis of Prototype Pedal

Part Height 45 mm
Part Length 150 mm
Part Material PLA
Print Density %40
Printing Speed 45 mm/s
Printing Temperature 205 °C

Initial Printing Temperature | 215 °C

Nozzle Diameter 0.4 mm
Infill Ratio % 40
Bed Temperature 60 °C
Layer Height 0.2 mm
Price 750

CONCLUSION

In this study, a structural analysis and simulation of a lightweight brake
pedal have been undertaken. The process began with the CAD model, followed
by the creation of an implicit body, the formation of a 'BCC' type lattice
structure, and continued with meshing processes. The creation of the volume
mesh and Finite Element Mesh, as well as the remeshing process, are crucial
steps in preparing the model for simulation.

In the setup of the simulation, procedures such as defining boundary
conditions, selecting materials, and determining relevant parameters have been
carried out. Additionally, the vectorial definition and application of force,
defining displacement boundary conditions, and detailing material properties
(such as Young's modulus, Poisson’s ratio, and density) have been critical parts
of the process.

20
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In the analysis results, significant outcomes like maximum displacement and
Von Mises values have been obtained. These can be used to assess the
performance of the design and production of the part.

A comparison of the 'BCC' type lattice structure design with the solid model
has resulted in an approximate weight saving of 46.4%. In the prototype
production process, details such as the export process as a ".3MF" file, which is
a printable format for 3D printers, material selection (PLA), printing parameters
(speed, temperature, nozzle diameter, infill rate, etc.), and cost have been
considered.

In conclusion, this study demonstrates how a product can be designed and
manufactured through the application of engineering principles at every stage of
design, using appropriate software tools. The design and production of the brake
pedal can be considered an applicable example, especially in the automotive
industry. The conducted analyses and prototype production serve as an
important reference for planning and executing similar projects in the future.
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ABSTRACT

3D bioprinting technology has made significant progress in tissue
engineering and regenerative medicine fields in recent years. This technology
uses the precise placement of the correct types of cells on a specific 3-
dimensional plane to create living tissues and potentially complex organ
structures.

Bioprinting is a crucial component of personalized medicine, which has the
potential to offer treatments tailored to the specific needs of individual patients.
This technology could be a lifesaving solution for patients waiting for organ
transplants because the organs needed can be produced from the patient's own
cells, which reduces the risk of organ rejection.

However, 3D bioprinting technology is still a young field, and the full
implementation of this technology brings significant technical challenges.
Issues such as the choice and design of biomaterials, the mechanical and
biological stability of printed structures, and the large-scale production of cells
required for large-scale organs are problems that have not been fully solved yet.

In the future, overcoming these technological obstacles and unlocking the
full potential of bioprinting will have the potential to revolutionize many
medical applications of 3D bioprinting technology. The widespread use of this
technology carries the potential to provide better outcomes and quality of life
for patients, while also significantly reducing the number of patients waiting for
organ transplants.

Keywords: 3D Bioprinting, Additive Manufacturing, Personalized
Treatment, Organ Transplantation
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INTRODUCTION

We always wonder what the next step for humanity will be as futuristic
visions of the past start to turn into reality. When it comes to medicine, these
steps are long, and clinical and preclinical research can take years. For example,
more than 50 years have passed since the first successful heart transplant, and
we still need donors today. Heart transplants are still risky and involve complex
procedures even after all this time. Artificial organs are the next step beyond
this process. 3D bio-organs are a type of artificial organ created using bio-
printing technology, where living cells, biological molecules, or various cell
components are formed into a predetermined 3D structure for a specific
purpose. These structures may have the ability to mimic the function of a
specific organ or type of tissue in the human body.

The bio-printing process starts with a patient's own cells. Doctors usually
perform a biopsy and grow these cells outside the body. This growth occurs in a
bioreactor or a sterile incubator that feeds the cells and maintains their
metabolism. The cells are then added to a mixture called bio-ink. This mixture
contains water molecules and growth factors that help the cells multiply and
differentiate.

The bio-ink is loaded into a 3D bio-printer, and the organ or tissue is created
layer by layer. However, making the printed organ work like a human organ is a
major challenge. Studies for 3D bio-organ production cover a variety of organs.
These include kidneys, eyes, and bladders (Rogers, 2023). In addition, many
studies are also focusing on simpler organs like the ear. For instance, in San
Antonio, Texas, a doctor has implanted an outer ear produced with a 3D bio-
printer using a woman's own cartilage cells. Apart from this, bio-printing
studies for more complex organs continue. These organs include the heart, liver,
and pancreas. Also, multi-layered skin, bone, muscle structures, blood vessels,
retina tissue, and even mini organs have been printed with 3D bio-printers. For
example, at the Wake Forest Institute for Regenerative Medicine, scientists
have developed a mobile skin bio-printer and plan to take it directly to the
patient and print skin on their wounds. In the same institution, bone muscle
structures have been printed, which have shown the ability to contract in rodents
and regain more than 80% of the muscle function previously lost in a forearm
muscle within eight weeks(Barber, 2023).

Although this technology is still in development, it is seen as a significant
step towards solving the organ insufficiency problem. 3D bio-printing can
reduce the number of patients waiting for organ transplantation and prevent the
risk of rejection after organ transplantation. However, significant scientific and

26



Innovative Research in Engineering

ethical issues still need to be resolved for this technology to be fully ready for
clinical applications.

Therefore, with the advancement of 3D bio-printer technology, an increasing
number of researchers can create functional organoids, but we still seem far
from the processes of implanting these organs. According to many experts,
while additive manufacturing technologies are maturing in science and many
industries and offer significant advantages, their development towards meeting
expectations specifically for medical applications is still ongoing.

Bio-Applications: Bone Example

Bones are a part of the vertebrate skeleton consisting of osteoblast and
osteoclast cells, along with hard extracellular matrices (such as collagen and
hydroxyapatite). Bones have many fundamental functions, including producing
red and white blood cells, supporting and protecting organs, storing minerals,
and providing the mechanical infrastructure for basic movements. As living
beings evolved with complex structures, so did bone structures diversify. This
holds true for the human body as well, with human bones displaying complex
internal and external structures, as well as varied shapes and sizes. As seen in
Figure 1 below, bones can generally be classified into six different structures:
long bones, short bones, flat bones, sesamoid bones, sutural bones, and irregular
bones (mananatomy.com, 2016).

27



Innovative Research in Engineering

Flat bone (Frontal) Sutural bone
\ . / . “Q%
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Short bone (Carpal) Irregular bone (Vertebra)
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3 - . -

f\\ Long bone (Femur)
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be) 2 Y
Sesamoid bone (Patella) ‘/H‘ \\ \

g |

Figure 1: Types of bones

For example, long bones contain channels through which blood vessels and
marrow pass, and the artificial production or repair of these bones can be
challenging with conventional production techniques. After trauma, specialized
production techniques may be required to replenish missing tissues and tissue
losses in these bones. For this purpose, using rapid prototyping techniques
through reverse engineering and the development of 3D bio-printers are being
explored, especially for how these advancements can be utilized in the
diagnosis and treatment of bone traumas and bone diseases.

Based on experiences gained from research, additive manufacturing efforts
for the biomedical sector have been effectively implemented in patients for
years. Co-Cr, titanium, ceramic-based and other alloys compatible with organic
tissue, are customized through additive manufacturing and transformed into
products such as dental or hip implants. Thanks to 3D bioprinting technology,
anatomically optimal structures can be designed, treatments can be
personalized, and thus patient compliance can be enhanced (Seol, Kank, Lee,
Atala & Yoo, 2014) (Frejo & Grande, 2019). In this regard, the process of
designing personalized implants is being expedited with innovative design
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methods like nTopology and Materialise 3-Matic (ntopology.com, 2023)
(materialise.com, 2023).

Furthermore, 3D bioprinting technology will also reduce unnecessary costs
by offering rapid and customizable design and production options. As seen in
Figure 2, when there is loss or fragmentary fracture in bone tissue, medical
implants that complement or hold the tissue together are being developed as
treatment methods (O’ Neill,2020) (EOS GmbH, 2015) (Keefte, 2016).

Figure 2: Porous implants

These are designed to be compatible with bone tissue and have porous
structures that support bone growth, and the materials chosen for the production
of the implant must be bio-compatible. Materials used to enhance bone growth
should be selected based on the optimal combination of parameters such as
porosity, maximum and minimum pore sizes, structure, and surface
modifications (Farazin, Zhang, Gheisizadeh & Shahbazi, 2023).

Some 3D printed bone repair materials can possess two important features at
the same time. Being made of biodegradable polymers, in addition to having
channels or pores, provides these structures with different advantages(Bose,
Roy & Bandyopadhyay, 2012) (Wank, Rijff & Khang, 2015). Channels are
beneficial for the nutrient supply and metabolite elimination required for
osteoblast growth, while at the same time, good osteogenic effects and bone
formation abilities have been observed at the site of the biodegradable structure
(Yeong, Chua & Leong, 2006) (Yang, Leong & Du, 2002) (Ricci, Clark &
Murriky, 2012).

As an example of some studies, the 3D printed spine implants shown in
Figure 3 below are designed by Amplify Additive. Amplify Additive operates
as a contract manufacturer using Electron Beam Melting (EBM) Technology in
the production of Orthopedic Implants. This plate has a stochastic cage structure
that encourages osseointegration (Molitch-Hou, 2020).
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Figure 3: 3D Printed Spine Implant

Additionally, SI-BONE, a leading company in minimally invasive joint
surgery, has designed implantable orthopedic products with a new cage
structure that encourages osseointegration, as seen in Figure 4 (Stuart, 2023).

Figure 4: Implantable products for minimally invasive joint surgery

Additionally in this process, various polymers (such as hydrogels, solutions,
granules, and threads) have been tried to be made suitable for the mechanical
properties of the bone. With the help of computer-aided modeling programs,
these artificial tissues have been designed in a porous structure and it has been
observed that they can be printed. These porous structures have provided a
suitable environment for the growth of cells. The use of melt deposition
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modeling, extrusion-based, or stereolithography-based printing technologies has
formed the basis of these studies.

Bio-Printer Technologies

Bio-printer technologies, as shown in Figure 5 below, are based on three
main technologies: droplet-based, laser-based, and extrusion-based (Xie, Gao,
Lobo & Webster, 2020).

Inkjet Bioprinting Laser-assisted Bioprinting Extrusion Bioprinting
Thermal Piezoelectric Laser Pulse Pneumatic r'F'istun 1 Screw
Energy-absorbing Layer
‘ Donor Layer
Vapor
LS Bubble Lot V\ Bioink
' L] be
(] ¢ L geettt
geossee evsssss’ N Neeect
e %
a b c

Figure 5: Bio-printer technologies a) Droplet-based b) Laser-based
¢) Extrusion-based

Inkjet-based bio-printers, also known as droplet-based bio-printers, spray
liquid droplets onto a surface using thermal or acoustic force and create
structures layer by layer. In thermal inkjet bio-printing, "bio-ink" droplets are
formed by heating the print head electrically and increasing the pressure to push
the cells out of the nozzle. Bio-inks contain cells, scaffold materials, and growth
factors, and can be placed with precision by controlling droplet size and
deposition rate.

Bio-printers can heat up to 300°C, but this is very short-lived, which results
in a temperature increase of 4-10 °C in the system and does not cause
significant harm to the cells. In piezoelectric inkjet bio-printing, bio-ink
droplets are formed by the acoustic wave generated by the piezoelectric crystal
inside the print head.

Among the advantages of the inkjet-based bio-printer in organ 3D bio-
printing are fast response time, high formation precision, and high efficiency.
Acoustic 3D bio-printers can be well controlled by adjusting jet direction,
droplet size, and cell viability. Thermal bio-printers can be controlled by
adjusting print speed and cost.

However, the inkjet bio-printer has some distinct disadvantages. Bio-inks
need to be in a low-viscosity liquid form. This significantly limits the height of
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the structures. Low concentration polymeric bio-inks and low cell density (less
than 106 cells per milliliter) are required to prevent nozzle clogging and to
reduce shear stress applied to the cells.

Another disadvantage is that 3D structures produced with this technology
have weak mechanical properties. At present, most researchers in this field are
using modified commercial inkjet printer systems to print live cells. This has
limited software and hardware development and the complexity of the
structures printed. Because of these disadvantages, inkjet-based bioprinting is
still in its early stages for large organ 3D bio-printing, while extrusion-based
bioprinting is widely used for many research.

Laser-based technology is often also referred to as Laser-Induced Forward
Transfer (LIFT) or Laser-Assisted Bioprinting (LAB). Here, a laser is used as
an energy source. In this method, a bio-ink layer and an energy-absorbing layer
(usually a metal or polymer film) are used together (Koch, Kuhn, Seorg,
Gruene, Schlie, Gaebel & Chichkov, 2011). The laser pulse heats the energy-
absorbing layer, which creates a pressure wave. This pressure wave is used to
push bio-ink droplets towards the receiving substrate underneath the energy-
absorbing layer. This method can produce micro cell-loaded 3D structures with
polymers of various viscosities (1-300 mPa/s) and provides high resolution
(Gruene, Pflaum, Hess, Diamantouros, Schlie, Deiwick & Chichkov, 2011).

One of the major advantages of laser-based bioprinting is high precision and
resolution. This allows the cells to be placed exactly in the desired locations,
which can aid in the creation of complex cellular structures and even multi-
cellular tissues. Another advantage of laser-assisted bioprinting is the
prevention of nozzle clogging issues with cells or polymeric biomaterials.

Also, laser-based bioprinting usually produces very little mechanical stress
on the cells, which helps to maintain cell viability and functionality. This can be
particularly important for sensitive cell types and tissue structures.

However, the laser-based bioprinting method is generally more costly and
technically complex compared to other bioprinting technologies. Also, there is
still much research and development needed on the use and optimization of this
technology. For example, how to optimize laser parameters (such as
wavelength, energy, pulse duration, etc.) and bio-ink properties (such as
viscosity, absorption properties, etc.) is still an important and current research
topic.

Extrusion-based technology is a special process that uses fluid polymeric
solutions or viscous hydrogels as bio-ink. Extrusion bioprinting has the capacity
to print thicker, more complex, and higher cell density tissues compared to
other printing technologies. These bioprinters usually consist of a three-axis
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automatic extrusion system with a liquid-dispensing nozzle. During extrusion
processes, cell-loaded bio-inks are deposited in cylindrical filaments to form a
bio-structure referencing a CAD model.

Among the advantages of extrusion-based bioprinting in organ 3D
bioprinting are high cell densities, large 3D structures, and fast printing speeds.
In addition to polymeric solutions or hydrogels, cell aggregates and
extracellular matrices (ECMs) can also be used as bio-ink. The viscosity of
some polymeric "bio-inks" can decrease as the shear stress of the printing
system increases. This can help protect cells and increase the resolution of 3D
structures.

A disadvantage of extrusion-based bioprinting could be the limited number
of polymeric solutions or hydrogels available that have good biocompatibility
and can print large structures in layers.

Bio-Organ Studies: Pancreas Example

The World Health Organization predicts that by 2030, diabetes will be the
seventh most common cause of death worldwide as a health problem, and
today, more than 40 million people have type-1 diabetes (medizzy.com, 2020).
Unfortunately, not every case of diabetes can be managed easily, and
hypoglycemia attacks can occur. Moreover, the severity of complications seen
in type-1 diabetes is high and damages the eyes, kidney, and heart. For these
individuals, pancreatic or islet transplantation could be a solution, but there is a
high risk of surgical complications and the possibility of the organ being
rejected by the body. Organ transplants are dependent on deceased donors, and
the number of patients waiting on the transplant list is increasing day by day.
Many scientific teams are being formed worldwide to find a solution to this
problem and to search for alternative methods.

One of these teams consists of researchers working at the Research and
Science Foundation in Poland, led by Dr. Michat Wszota. This team was able to
produce the world's first 3D bionic pancreas containing special Langerhans
pancreatic islets with blood vessels, using a special version of a 3D bio-printer.

It is known that a real pancreas produces pancreatic juice to assist digestion.
The pancreas is surrounded by about 1,000,000 pancreatic islets, which
resemble small clusters, composed of alpha and beta cells that can produce
glucagon and insulin. Diabetes disease damages these Langerhans islets.
Therefore, it is clear that these patients do not have cells that can produce
insulin and glucagon. The goal in the production of the 3D-bionic pancreas is to
create an organ based on alpha and beta cells that can produce glucagon and
insulin, to get rid of insulin injections. The 3D-bionic pancreas does not yet
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perform its exocrine function like a real pancreas in humans, but it needs to
complete some clinical stages in the future to be able to perform this function.
Dr. Wszota and his team, for the first time in the world, on March 14, 2019,
created a fully vascularized prototype of a 3x3x5 cm bionic pancreas using islet
cells taken from mice and pigs (Wszota, Nitarska, Cywoniuk, Gomolka & Klak,
2021). In this study, since the function of the Langerhans islets, which will be
responsible for insulin production, was examined, the importance of the organ
size remained secondary. The path they will follow in humans is to eliminate
the possibility of the organ being rejected by the body by aiming to produce
pancreatic cells derived from the patient's own stem cells. After the stem cells
are transformed into cells that produce insulin and glucagon, the organ will be
printed from the 3D bio-printer and its functionality will be tested before
transplantation. To ensure this functionality, it is a requirement for the cells to
survive and multiply, but the need for vascularization to meet this in organs
such as the pancreas is a major challenge. The transportation of glucose and
oxygen to the islet cells can be provided by the organ to be printed having a
dense vascular network. Problems related to the vascular system can be solved
with a pressure-controlled bio-printer, and the pressure values required for the
printing of each different cell type are being researched. Dr. Wszota and his
team saw that the commercially available bio-inks had the negative aspect of
isolating the Langerhans islets from the external environment, making it
difficult to transfer insulin from these islets outward and oxygen to these islet
cells, and decided to develop a special bio-ink due to the cells dying for this
reason and the view that commercial bio-inks are not suitable for clinical
transplantation. The first bio-ink developed from these mimics the extracellular
matrix of Langerhans islets, has good permeability, and its resemblance to
natural tissue is high. The second developed bio-ink allows the blood vessels
around the Langerhans islets to be made with the bio-printer. The 3D bio-printer
regulates the mixture of cells with bio-ink, a composition that ensures the
survival of cells, according to the designed model and thanks to computer-aided
methods, and prints the blood vessels necessary for the blood to pass through
the organ with the secondary print head of the bio-printer. After the current
studies are completed on mice, pre-clinical studies to be completed by moving
to larger-scale animal models can begin human clinical trials after the results are
analyzed, and if everything goes according to the plans, the first bionic pancreas
transplantation to a human can be carried out within 3 to 5 years (Listek, 2019).
The 3D bio-printer model used in the research is the "Bio X" model
developed by the "Cellink" company, and it is the world's first 3D bio-printer
with iPH (intelligent printheads) smart print heads. As product diversity
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increases in smart print heads, new opportunities arise and give researchers
some freedoms to take this work further. The variety of bio-inks that can be
used varies according to the features of smart print heads. In fact, print heads
carrying high-resolution cameras provide great benefits in optimizing droplet
sizes, filament diameters, and print geometry by monitoring the structure during
the printing process. In addition, the "Bio X" is produced as standard with a bio-
safety cabinet equipped with built-in UV sterilization and a HEPA filter for cell
safety during printing, and can control the finest movements with its motors
with 1um precision (cellink.com, 2023).

Of course, some parts of all these studies may take a few more years to
develop some techniques for the transformation of human stem cells into
pancreatic cells, including laboratory studies focused on transforming human
stem cells. If it is seen that the body does not reject these cells with positive
feedback to be received after these cells are transplanted into the Langerhans
islets, the first major step will have been taken towards the maturation process
of the technique. There are many people today whose lives are threatened due to
pancreatic disease, and new methods and treatments that will give all these
people hope for the future continue to be developed at full speed.

DISCUSSION

3D bioprinting technology has several advantages, but it also has some
disadvantages. These issues can mainly be grouped into three categories:

Bioprinting Material: Choosing the best printing material is an important
factor. Some substances may have biological activity, which can lead to adverse
effects between cells and unwanted stem cell differentiation. In addition,
existing bioprinting technologies are not reliable in providing the amount of
cells needed for some tissue types.

Structure Stability and Mechanical Strength: For a successful transplant
process, 3D structures need to have sufficient stability and mechanical strength.
When bioprinted tissue engineering (TE) components are transplanted into a
living organism, these structures need to provide appropriate cellular nutrition,
oxygen transportation, and in vivo vascularization for the survival of the cells.

Printing Speed: The printing speed of complex-scale assemblies using
multiple material options can be low. Especially in biofabrication processes,
rapid production can be challenging.

Nevertheless, 3D bioprinting technology holds significant potential in many
biomedical fields such as organ transplants and tissue regeneration in the future.
More research and development of the technology is needed in this field. The
development of new methods and the improvement of regulatory processes will
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help make this technology more widely available. However, more work is
needed to implant organs produced by bioprinting into the real human body.
Therefore, the goal for the future is to develop more reliable and functional
bioprinting applications.

CONCLUSION

3D bioprinting technology is a technology that provides many benefits in the
fields of pharmaceuticals, tissue engineering, and healthcare. Thanks to this
technology, it has become possible to create complex structures with improved
material quality features over time. However, producing these structures with
bioprinting is a challenging process due to the complexity of living body
systems, each with a different role. Fortunately, the biomimicry property of
materials made with bioprinting technology helps overcome these challenges.
Through bioprinting, factors such as cell adhesion, growth factor concentration,
and biomaterial dissolution rate can be adjusted. One of the main goals of this
technology is to end the constant search for organ donations and enable the
printing of a complete organ as needed. Aside from the heart, major organs such
as bones, skin, cartilage, and tendons can also be printed with bioprinting.
Another advantage of this strategy is that different cell types can be placed in
different regions and biocompatible components resemble real cells almost
identically. In this way, it is possible to create structures with various
functionalities and different physical and chemical properties. With the
advancement of bioprinting technology, the lives of many patients in need of
organ and tissue transplantation can be positively changed. However, there are
still many issues that need to be improved, and more research is needed in this
field. This technology is poised to play a significant role in the field of health in
the future and requires regulation and supervision to realize its potential. There
is still a long way to go for the implantation of organs produced by bioprinting
into the real human body, but this technology has the potential to revolutionize
the health sector in the future.

36



Innovative Research in Engineering

REFERENCES
Barber, C. (2023). 3D-printed organs may soon be a reality. ‘Looking ahead, we’ll
not need donor hearts’. Fotrune Well.

https://fortune.com/well/2023/02/15/3d-printed-organs-may-soon-be-a-
reality/ adresinden 27.07.2023 tarihinde alinmuistir.
BIO X (2023). Generation 3 of the go-to 3D bioprinter for cell biologists, tissue

engineers and biomedical researchers.
https://www.cellink.com/bioprinting/bio-x-3d-bioprinter/ Retrieved 1 August
2023.

Bose, S., Roy, M. & Bandyopadhyay, A. (2012). Recent advances in

bone tissue engineering scaffolds. Trends Biotechnol, 30(10): 546-54.
https://doi.org/10.1016/j.tibtech.2012.07.005

EOS GmbH. (2015). Medical help is fast at hand.

https://www.todaysmedicaldevelopments.com/news/medical-device-design-
additive-manufacturing-eos-hipbone-implant-production-91715/ adresinden
01.08.2023 tarihinde alinmugtir.

Farazin, A., Zhang, C., Gheisizadeh, A., & Shahbazi, A. (2023). 3D bio-printing for
use as bone replacement tissues: A review of biomedical application.

Biomedical Engineering Advances, 100075.

Frejo, L., & Grande, D. A. (2019). 3D-bioprinted tracheal reconstruction: An
overview. Bioelectronic Medicine, 5(1), 1-7.

Gruene, M., Pflaum, M., Hess, C., Diamantouros, S., Schlie, S., Deiwick, A., ... &
Chichkov, B. (2011). Laser printing of three-dimensional multicellular arrays
for studies of cell—cell and cell-environment interactions. Tissue Engineering
Part C: Methods, 17(10), 973-982.

Keeffe. P, (2016). Artificial Bones: The Latest in 3-D Printing.

https://www.healthline.com/health-news/artificial-bones-latest-in-3-d-printing
adresinden 01.08.2023 tarihinde alimustir.

Koch, L., Kuhn, S., Sorg, H., Gruene, M., Schlie, S., Gaebel, R., ... & Chichkov, B.
(2010). Laser printing of skin cells and human stem cells. Tissue Engineering
Part C: Methods, 16(5), 847-854.

Listek, V. (2019). Michal Wszola: “We Expect to Transplant the Bioprinted Bionic
Pancreas in Three to Five Years”. https://3dprint.com/256137/michal-
wszola-we-expect-to-transplant-the-bioprinted-bionic-pancreas-in-three-to-

five-years/ Retrieved 1 August 2023.
Materialise (2023). https://www.materialise.com Retrieved 1 August 2023.
Medizzy Journal (2020). The first 3D printed bionic pancreas.
https://journal.medizzy.com/the-first-3d-printed-bionic-pancreas/
Retrieved 1 August 2023.

37



Innovative Research in Engineering

Molitch-Hou, M. (2020). Amplify Additive Adopts Arcam’s EBM for Orthopedic
Production. https://3dprint.com/263825/amplify-additive-adopts-arcams-
ebm-for-orthopedic-production/ adresinden 01.08.2023 tarihinde alinmustir.

nTopology (2023). https://www.ntopology.com. Retrieved 1 August 2023.

O’Neill, B. (2020). How medical device companies use AM for production today
part 8: MT Ortho additive manufacturing. Voxel Matters.

https://www.voxelmatters.com/medical-device-mt-ortho-additive-manufacturing/#
adresinden 01.08.2023 tarihinde alinmaistir.

Ricci, J. L., Clark, E. A. & Murriky, A. (2012). Threedimensional printing of bone
repair and replacement materials: Impact on craniofacial surgery. J
Craniofac Surg, 23 (1) : 304 - 308.
https://doi.org/10.1097/SCS.0b013e318241dc6e

Rogers, K. (2023). When we’ll be able to 3D-print organs and who will be able to
afford them. CNN Health. https://edition.cnn.com/2022/06/10/health/3d-
printed-organs-bioprinting-life-itself-wellness-scn/index.html adresinden
27.07.2023 tarihinde alinmustir.

Seol, Y. J., Kang, H. W, Lee, S. J., Atala, A., & Yoo, J. J. (2014). Bioprinting
technology and its applications. European Journal of Cardio-Thoracic
Surgery, 46(3), 342-348.

Stuart, B. (2023). SI-BONE achieves design-at-scale of additive implants with
batch processing. https://si-bone.com adresinden 01.08.2023 tarihinde
almmustir.

Types of bone. https://www.mananatomy.com.Retrieved 6 February 2016.

Wang, X., Rijff, B. L. & Khang, G. (2015). A building-block approach to 3D
printing a multi-channel organ regenerative scaffold. J Tissue Eng Regen
Med, 11(5): 1403—1411. https://doi.org/10.1002/term.2038

Wszota, M., Nitarska, D., Cywoniuk, P., Gomotka, M., & Klak, M. (2021). Stem
cells as a source of pancreatic cells for production of 3D bioprinted bionic
pancreas in the treatment of type 1 diabetes. Cells, 10(6), 1544.

Xie, Z., Gao, M., Lobo, A. O., & Webster, T. J. (2020). 3D bioprinting in tissue
engineering for medical applications: the classic and the hybrid. Polymers,
12(8), 1717.

Yeong, W. Y., Chua, C. K. & Leong, K. F. (2006). Indirect fabrication of collagen
scaffold based on inkjet printing technique. Rapid Prototyping Journal,
12(4): 229-237. https://doi. org/10.1108/13552540610682741

Yang, S., Leong, K. F. & Du, Z. (2002). The design of scaffolds for use in tissue
engineering. Part II. Rapid prototyping techniques. Tissue Eng, 8: 1-11.
https://doi.org/10.1089/107632702753503009

38



Innovative Research in Engineering

Chapter 3

Strategies for Reducing Carbon Emissions: A
Comprehensive Approach

Ali Kemal CAKIR !

! Assoc. Prof. Dr.; Adnan Menderes University Department of Machinery and Metal Technologies,
Aydin Vocational School, ali.kemal.cakir@adu.edu.tr ORCID No:

39






Innovative Research in Engineering

Abstract

The ever-increasing threat of climate change requires urgent and concerted
action to reduce carbon emissions. This requires action projects. In order for
action projects to become operational, policies need to be formulated. In this
sense, the need for a comprehensive approach that encompasses policy changes,
technological developments and social transformations is critical. This paper
aims to outline various strategies to effectively tackle carbon emissions while
ensuring a sustainable and liveable future for future generations. By integrating
these approaches, we can promote a low-carbon economy and protect our
planet.

Keywords: Carbon emission, renewable energy, strategies.
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1. Introduction

The relentless rise in carbon emissions, primarily due to human activities
such as burning fossil fuels, deforestation, and industrial processes, has led to
global warming and subsequent climate-related disasters. To mitigate these
consequences, we must collectively address the problem through multifaceted
measures.

The burning of fossil fuels remains the largest source of carbon emissions
worldwide. The combustion of coal, oil, and natural gas for energy production
and transportation accounted for approximately 73% of global CO2 emissions
[1]. Additionally, deforestation and land-use changes contributed significantly
to carbon emissions, releasing carbon stored in vegetation and soils into the
atmosphere [2].

Carbon emissions vary significantly across different regions of the world.
While some developed countries have made progress in reducing emissions,
emerging economies and rapidly industrializing nations have experienced a
surge in emissions due to increased energy consumption and economic growth.
China, the United States, and the European Union remained the top three
emitters, collectively accounting for more than 50% of global CO2 emissions
[1].

The continued increase in carbon emissions has profound implications for
climate change. Rising CO2 levels trap heat in the atmosphere, leading to global
warming and its associated impacts, such as extreme weather events, sea-level
rise, and disruptions to ecosystems. The Intergovernmental Panel on Climate
Change (IPCC) reports indicate that carbon emissions must be drastically
reduced to limit global warming to 1.5°C above pre-industrial levels to avoid
the most catastrophic consequences [3].

Global energy-related CO2 emissions grew in 2022 by 0.9%, or 321 million
tonnes, reaching a new high of more than 36.8 billion tonnes. The rise in
emissions was significantly slower than global economic growth of 3.2%,
signalling a return to a decade-long trend that was interrupted in 2021 by the
rapid and emissions-intensive economic rebound from the Covid crisis [4].
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Figure 1. Global CO2 emissions from energy combustion and industrial
processes, 1900-2022 [5].

2. Strategies for Reducing Carbon Emissions

While the overall trend of rising carbon emissions is concerning, there have
been positive developments in the adoption of renewable energy sources. Over
the past five years, the deployment of solar and wind power has seen significant
growth, offering cleaner alternatives to fossil fuels [6]. However, further
investments and policy support are needed to accelerate this transition and drive
down emissions. What needs to be done in this context is presented in sections,
in short summaries.

2.1. Transitioning to Renewable Energy

Shifting from fossil fuels to renewable energy sources is a cornerstone of
carbon reduction efforts. Governments, businesses, and individuals can invest in
solar, wind, hydro, and geothermal energy to decarbonize the power sector.
Policy incentives, tax breaks, and subsidies can encourage the adoption of these
sustainable alternatives.

2.2. Energy Efficiency

Enhancing energy efficiency is an effective way to reduce carbon emissions.
Implementing stricter building codes, promoting energy-efficient appliances,
and encouraging retrofitting of existing infrastructure can substantially curb
energy consumption.

2.3. Electrification of Transportation

The transportation sector is a major contributor to carbon emissions.
Transitioning to electric vehicles (EVs) and improving public transportation
infrastructure can significantly reduce emissions. Governments can incentivize
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EV adoption, invest in charging infrastructure, and promote cycling and
walking as sustainable transportation options.

2.4. Sustainable Land Use

Deforestation and land-use change contribute significantly to carbon
emissions. Implementing sustainable land management practices, afforestation,
and reforestation initiatives can serve as effective carbon sinks, absorbing
atmospheric carbon dioxide.

2.5. Carbon Capture and Storage (CCS)

CCS technologies enable the capture, transportation, and storage of carbon
dioxide emissions from industrial processes and power plants. Supporting the
development and implementation of CCS can help address hard-to-decarbonize
sectors.

2.6. Circular Economy

Promoting a circular economy, where resources are reused, recycled, and
waste is minimized, reduces emissions associated with production and disposal
processes. Governments can incentivize businesses to adopt circular practices
and support research and development in sustainable materials.

2.7. Sustainable Agriculture

Agriculture is a significant emitter of greenhouse gases. Encouraging
sustainable farming practices, such as agroforestry, crop rotation, and precision
agriculture, can reduce emissions and enhance carbon sequestration in soils.

2.8. Education and Awareness

Raising public awareness about climate change and carbon emissions is
essential for fostering individual behavioural changes. Education can drive
responsible consumption patterns and motivate citizens to advocate for climate-
friendly policies.

2.9. Carbon Pricing

Implementing carbon pricing mechanisms, such as carbon taxes or cap-and-
trade systems, provides economic incentives for businesses to reduce their
carbon footprint and transition to cleaner technologies.
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2.10. International Cooperation

Addressing climate change requires global cooperation. Nations must work
together to set ambitious emission reduction targets, share technologies and
knowledge, and provide support to developing countries for sustainable
development.

2.11. Investing in Research and Development

Continuous investment in research and development is crucial to drive
technological innovations that further reduce carbon emissions. Governments
and private enterprises should allocate resources to advance clean energy
technologies and sustainable solutions.

2.12. Green Investment and Finance

Redirecting financial investments towards green and sustainable projects can
accelerate the transition to a low-carbon economy. Governments can create
green investment funds and provide incentives for private investors to support
clean energy, energy-efficient projects, and sustainable infrastructure.

2.13. Carbon Footprint Tracking and Reporting

Encouraging businesses and individuals to track and report their carbon
footprints can raise awareness of their impact on the environment. Carbon
footprint tracking tools and certification schemes can help organizations set
reduction targets and implement carbon management strategies.

2.14. Public-Private Partnerships

Collaboration between governments, businesses, and non-governmental
organizations through public-private partnerships can leverage expertise and
resources to develop and implement effective carbon reduction initiatives.
These partnerships can enhance innovation and efficiency in tackling climate
change.

2.15. Environmental Regulations and Enforcement

Strong environmental regulations and effective enforcement are crucial for
holding industries accountable for their emissions. Stricter emission standards,
penalties for non-compliance, and monitoring mechanisms are essential to
ensure meaningful carbon reduction.
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2.16. Community-Based Initiatives

Empowering local communities to participate in carbon reduction efforts
fosters a sense of ownership and responsibility. Community-based initiatives,
such as tree planting campaigns and localized renewable energy projects, can
complement national strategies.

2.17. Climate Resilience and Adaptation

While reducing carbon emissions is vital, it is equally crucial to build
resilience against the impacts of climate change. Governments should invest in
infrastructure and policies that enhance climate resilience and protect vulnerable
communities from extreme weather events.

2.18. Sustainable Consumption and Lifestyle Changes

Encouraging sustainable consumption patterns and lifestyle changes can
significantly reduce individual carbon footprints. Education, awareness
campaigns, and access to eco-friendly products can influence consumer
behaviour towards more sustainable choices.

2.19. Technological Collaboration and Open Innovation

Facilitating technological collaboration and open innovation can accelerate
the development and deployment of climate-friendly technologies.
Governments and businesses can foster partnerships and open-source initiatives
to tackle common challenges collectively.

2.20. Just Transition

Recognizing the social implications of transitioning to a low-carbon
economy, governments must ensure a "just transition" for affected communities
and workers. Investing in reskilling and retraining programs can support the
workforce's shift to green industries.

2.21. Long-Term Planning and Vision

Sustainable carbon reduction requires long-term planning and visionary
policymaking. Governments should develop robust climate action plans and set
ambitious emission reduction targets aligned with scientific recommendations.

2.22. Continual Monitoring and Evaluation

Regular monitoring and evaluation of carbon reduction strategies are
essential to assess their effectiveness and identify areas for improvement. Data-
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driven insights can inform policymakers and stakeholders in refining their
approaches.

3. Conclusion

Reducing carbon emissions is an intricate and multifaceted challenge that
demands collective and decisive action. The strategies outlined in this
comprehensive approach demonstrate the interconnected nature of tackling
climate change. By integrating these efforts, we can create a sustainable future,
mitigate the impacts of global warming, and safeguard the wellbeing of both
current and future generations. We can achieve this prosperity through the
implementation of our strategies to reduce carbon emissions.

All these carbon reduction strategies will have a positive long-term payback.
With the implementation of these strategies, it will be possible to achieve the
goal of limiting the global temperature level to a maximum of 1.5 °C above the
pre-industrial revolution level. Governments, businesses, communities, and
individuals must work together to combat climate change and pave the way for
a more sustainable and prosperous planet.
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ABSTRACT

Pesticides can easily evaporate and reach the atmosphere due to their high
vapor pressure. They are also easily water-soluble compounds. Therefore, they
constitute an important group of air and water pollutants. Organophosphorus
pesticides have a short shelf life due to their rapid degradation, but they
decompose rapidly, do not cause long-term damage, but these compounds are
highly toxic. Therefore, they must be removed from the air and water. Since
organophosphorus pesticides are volatile and water-soluble and constitute an
environmentally important group of water and air pollutants, in this study, all
modeling calculations for Azinphos-methyl (MA), Monocrotophos (MO) and
Omethoate (OM) compounds were calculated as DFT/B3LYP/6-31G(d) in the
foundation set, it was made both in the gas phase and in the aqueous medium.
Geometric optimization was performed with Gauss View 5.0.8 and Gaussian 09
program to calculate the optimized geometries for the studied molecules and to
determine the lowest energy state. The aim of this study is to make energy
calculations for possible reaction pathways and to determine
thermodynamically voluntary reactions, to shed light on the fate of these
molecules in nature. Initially, the initial geometries of the reactants were
determined in the reactions. Geometric optimizations of reactants, pre-reactions
and products were made to identify all possible reaction pathways. In order to
determine the possible reaction paths as a result of the calculations, the atoms to
which the OH radicals will be added and the hydrogen atoms to be removed
were determined and the products were found. Thus, the reaction mechanism
was tried to be clarified.

Keywords: Azinphos Methyl, Monocrotophos, Omethoate, DFT, reaction
pathways
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INTRODUCTION

While pesticides are used as veterinary medication for pets and as
insecticider at homes in order to fight with pests, and in agriculture, they are
also widely used for the preservation of stored food, against forest pests, and for
killing vector microorganisms. Besides, due to their being extremely volatile
and water-soluble, they are a significant source of danger. Pesticides are known
as volatile organic matters. As a result of uncontrolled and extensive use of
pesticides, the pesticides themselves or their transformed products accumulate
in soil, air, water, and food. The increasing need for pesticides due to the
increase in the world population, and these matters having highly toxic features,
their amount in nature should be monitored. Pesticides lead to acute and chronic
poisoning, cancer, allergic reactions, damage in the nervous system, learning
difficulties and memory loss, as well as to disorders in enzyme balance, damage
and mutation in intracellular DNA molecules (Dolapsakis et al., 2001:1531;
Sarabia et al., 2009:938; Wagner,1989).

Organophosphorus compounds are widely used as pesticides, and these
matters react with atmospheric radicals by reaching the atmosphere. These
compounds undergo photolysis and react with the OH radical, and this reaction
is the most dominant one among dissipation reactions. The permanence of
organophosphorus pesticides in nature is short due to their fast decay. These
pesticides fragmentise rapidly, thus do not cause long term damage; however,
these compounds are highly poisonous. Along with killing not targeted insects,
these pesticides give harm to both human and nature. In addition, since they do
not have a stable structure, they are applied at frequent intervals. Therefore they
are considered to be overcosting (Aschmann et al., 2010; Goodman et al.,
1988:281; Goodman et al., 1988:578; Aschmann et al., 2005:11827; Atkinson
and Arey., 2003:4605; Aschmann et al., 2005:2282; Aschmann and Atkinson,
2006:13029; Atkinson et al., 1988:273).

The toxicity of these pesticides at a wide scope is effective on the nervous
system of mammals. They are usually at liquid form at room temperature, and at
gaseous state they are effective on skin, respiratory system and on the cornea of
the eye. Exposure to organophosphorus pesticides may lead to paralysis, or even
death. The variety of symptoms occurring as a result of exposure is depended
on the mode of transmission and the specific characteristic of the pesticide.
These pesticides also cause behavioural or psychological changes. These can be
exemplified as hazardous changes such as, insomnia tension, exhaustion,
nervousness, depression, and loss of memory, etc. The water- and fat-solubility
of these pesticides, their appropriate size and electric loads, as well as their
molecular geometry and their having a stable leaving group, provides these
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pesticides to reach their target without decay. In this study, the molecules to be
studied as organophosphorus pesticides are, in order: Azinphos-methyl (MA),
Monocrotophos (MO), Omethoate (OM). In Figure 1, both optimized images,
two-dimensional images, molecular formulas, and abbreviations and names to
be used from now on are given respectively. When dissolved in neutral, acidic,
or soft alkaline water, Azinphos methyl, herein after referred to as MA, is at
very stable state. However, in an environment above pH 11, it can be
hydrolysed rapidly into benzamide, anthranilic acid, and other chemicals.
Sunlight and microorganisms in natural water can be used in order to provide a
faster decay in MA. Thus, its half-life can be shortened from a couple of months
to a couple of days. There are basic pathways for biological degradation or loss
through vaporization under normal conditions. Vaporized MA becomes exposed
to excessive UV light, and undergoes photodissociation. If it is not exposed to
UV light and bioactivity, it reaches half-life in one year. Appearing as colorless
crystals with a slight ester odor, MO is a reddish-brown solid as a commercial
product. It is used as a rapid-acting insecticide with both systemic and contact
effects against a wide variety of pests in cotton, sugar cane, tobacco, potatoes,
peanuts, tomatoes and ornamental plants, and it is very toxic. OM, a toxic
organophosphorus pesticide in liquid form, is used as insecticide and acaricide.
Colorless to yellowish oily liquid has a mercaptan-like odor and is readily
soluble in water and is extremely dangerous (Sanderson et al., 2007:210;
Rahimi and Abdollahi, 2007:115; Toy and Walsh, 1987; Luis et al., 2015).

In this study, by conducting conformation analysis of MA, OM and MO,
which are organophosphorus pesticides, the most appropriate conformers with
the lowest energy and the most stable ones were determined. The geometric
optimizations of the molecule and its molecular properties were determined at
B3LYP/6-31G(d) level of DFT study (Gaussian 09, 2009). As a result of the
quantum chemical calculations, load densities, energy values, and geometric
parameters for selected molecules and various fragments of these molecules
were determined. Since organophosphorus pesticides are volatile, water-soluble,
significant in terms of environment, and constitutes an important group of water
and air pollutants, all modelling calculations carried out in this study were
realized at both gas-phase and at aqueous media within water as a solvent.

The selected molecules are organic compounds. Organic contaminants are
known to exist in water at very low concentrations according to recent studies.
Therefore, it is vital to purify drinking water from organic contaminants. Solar
light on earth helps water systems like lakes, rivers, etc. to be purified naturally.
Large organic molecules are degraded into smaller basic molecules through
sunbeams, and finally form carbondioxide, water, and other small molecules
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(Verschueren, 1996; Matthews and Al-Ekabi, 1993:121; Eren and Yalcin
Gurkan, 2017:277).

OH radical acts like an electrophile in its reaction with any organic
molecule, and therefore readily attaches the unsaturated bonds, while O radical
is a nucleophile, and thus does not attach these bonds. If there is an aliphatic
side chain readily bound to an aromatic molecule, radical H attacks O, whereas
OH radical preferentially attaches the aromatic ring, which can result in the
formation of various products when pH reaches a range in which O radical is
the reactant, rather than OH radical. Organic compounds react with OH radical
by undergoing photolysis, and this reaction is the most dominant reaction
among dissipation reactions in the atmosphere. Biomolecules, which are
hydroxyl scavengers at various speeds, are specific detectors for hydroxyl
radical due to their ability of hydroxylation. Moreover, the repulsion of existent
substituents, and the electron withdrawal lead to the position of the attack to the
ring. The attack of any hydroxyl radical to an aromatic compound leads to a
hydroxylated product to be formed, and these newly formed products may be
much more harmful that their original product in the beginning of the process,
thus it is essential that these products be monitored (Eren and Yalcin Giirkan,
2015: 849; Eren and Yalcin Gurkan, 2017:277; Buxton et al., 1998:513; Anbar
and Neta, 1967:493; Halliwell et al.,998:59).

This study was conducted in order to find out whether being named MA,
OM and MO molecules , would be fragmented in the nature under the formation
of CO,, H,O and other small molecules. In this study, the kinetics of the
degradation reaction path of molecules with OH radical was analysed
theoretically through the density functional theory (DFT) method. Theoretical
calculations were carried out at DFT/B3LYP/631G(d) level in gas-phase
(Gaussian 09, 2009; Verschueren, 1996; Matthews and Al-Ekabi,1993:121;
Eren and Yalcin Gurkan, 2017:277; Buxton et al.,1988:513; Anbar and Neta,
1967:493; Halliwell et al., 1999:59; Hatipoglu et al., 2010:59).
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COMPUTATIONAL SET-UP AND METHODOLOGY

Computational models

Mean bond distances and geometric parameters of the closed ring were used
to form molecule models. Tetrahedral angles were used for the sp3-hybridized
carbon and oxygen atoms and 120° for the sp2-hybridized carbon atoms was
used in the computational modelling. The aromatic ring was left planar,
excluding the position of attack. Since there was an alteration in the
hybridization state of the carbon at the addition centre from sp2 to sp3, the
attacking OH radical was estimated to form a tetrahedral angle with the C—H
bond (Atkins and Friedman, 1997; Atkins, 1998; Eren and Yalcin Giirkan,
2015: 849).

Molecular orbital calculations

In photocatalytic degradation reactions of molecules, it is possible that
products more harmful than those in the original material could be formed. For
this reason, it is crucial to apprehend the nature of the primary intermediate
products before conducting a photocatalytic degradation reaction
experimentally. Calculations carried out by quantum mechanical methods
provide the most reliable and precise information. Hence, due to the yield
produced being the same, photocatalytic degradation reactions of molecules
and its hydroxy derivatives were based on the direct reaction of these molecules
with OH radical. With this aim, the kinetics of the reactions of molecules with
OH radical was theoretically analysed. The study was initiated with molecules
and then exposed to reaction with OH radical and the reaction yields were
modelled in gas-phase. Experimental results in the scientific literature revealed
that OH radical detaches a hydrogen atom from saturated hydrocarbons, and
OH radical is added to unsaturated hydrocarbons and materials with this
structure. Therefore, possible reaction paths for the analysed reactions were
calculated. In this study, primarily the conformation analyses of the MA, OM
and MO were conducted, and the conformers with the lowest energy, or in other
words, the most stable ones were determined. Geometric optimizations of the
molecule were carried out at DFT/ B3LYP/6-31G(d) level. As a result of the
quantum chemical calculations, the geometric parameters, energy, enthalpy, and
Gibbs-free energy, and also load density, and mulliken loads in gas-phase were
determined (Atkins and Friedman, 1997; Atkins, 1998; Eren and Yalcin
Girkan, 2015: 849; Gaussian 09, 2009;Eren and Yalcin Gurkan, 2017:277).
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Kinetic data treatment

The objective of this study was to provide a model revealing the outcome of
reactions of photocatalytic degradation. Every structure was calculated in terms
of thermodynamic and electronic features and vibration frequencies by using
the gained optimum geometric parameters. Consequently, based on the quantum
mechanical calculation results, energy, enthalpy and Gibbs-free energy of every
reaction was calculated at room temperature at gas-phase. For every fragment,
GaussView 5.0.8. was used to draw the optimized geometric structures, and the
Gaussian 09 programme packet was used for the calculations (Gaussian 09,
2009).

Methodology

The investigated reaction system was composed of OH radical, which are
open-shell species. It is known that open-shell molecules cause severe problems
in quantum mechanical calculations. The self-consistent field method (SCF)
calculation will proceed for an open-shell case in the same way as for a closed-
shell case. Nevertheless, because of two sets of equations having to be dealt
with, at each iteration, the program has to consider, either simultaneously or
successively, the closed-shell and the open-shell equations. In this respect, the
computational burden could be two-times larger for an open shell than that for a
closed-shell. Another point raised in connection with the optimization of the
SCF process for open-shell molecules is the relative intricacy of the sequence of
calculations for the closed-shell Hamiltonian and the open-shell Hamiltonian
(Mierzejewska, et al., 2012:2727; Diercksen et al.,1974:4).

DFT methods, taking the electron correlation into account, use the precise
electron density to calculate molecular properties and energies. Spin
contamination does not affect them and hence, for calculations involving open-
shell systems, they become favourable. DFT calculations were made by the
hybrid B3LYP functional combining the HF and Becke exchange terms with the
Lee—Yang—Parr correlation functional. In such calculations, it is the 6-31G(d)
basis set that is used (Gaussian 09, 2009).
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RESULTS AND DISCUSSION
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Sekil 1: Optimized images of the three molecules studied, two-dimensional
images, abbreviations and names to be used from now on, and molecular
formulas
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Table 1: Bond lengths, bond angles and Mulliiken atomic charges of MA,

MO and OM molecules
MA Bond length(A°) MA Bond angle(®) Mulliken atomic
charges
022-Ca3 1.44396 022P20S31 118.63706 Oz -0.515513
021-Cas 1.44509 021P20S31 116.91646 Niz -0.358044
P20-O22 1.62111 022P20S19 100.81072 Nis -0.003126
P20-S31 1.93989 021P20S19 107.18704 Nis -0.357954
P20-O21 1.62479 Ci6S19P20 101.33611 S19 0.013051
S19-P20 2.10567 CoNi5Cie 119.76423 P2 0.760437
Ci6-Si9 1.86833 N14N15Ci16 113.75495 021 -0.519080
Nis-Cie 1.44770 Ni13N14Nis 120.02978 022 -0.510278
Ni4-Nis 1.37929 012CoNi5 121.43047 Ss1 -0.343658
Ni3-Nis 1.26326
MO Bond length(A°) MO Bond angle(°) Mulliken atomic
charges
C10-O4 1.44140 C1004P1 118.30500 P1  1.242307
Os-P1 1.60690 02P10:s 116.85219 02 -0.547047
Os-Pi 1.60542 C6OsPi 120.58288 03 -0.562352
05-Cs 1.45107 C2P103 112.21985 04 -0.518473
Pi-02 1.47582 0O5P102 116.85219 Os -0.542616
Pi-0Os 1.62194 03C14C19 118.50298 Cio -0.118998
03-Cia 1.39935 03C14Ci15 115.28194 022 -0.523794
Ci14-Cis 1.49727 Ci5C14Cro 126.14844 N23 -0.228292
C25-Na23 1.45353 C14C19Ca1 125.90799
C21-Na3 1.36056 C21N23Cos 129.07187
C21-Cio 1.49965 N23C21Cr9 119.25749
022C21N23 121.50747
OM Bond length(A°) OM Bond angle(®) Mulliken atomic
charges
Co-O3 1.43913 Cy03P1 122.88143 P1 1.066158
03-P1 1.60261 03P102 113.12618 02 -0.538403
04-P1 1.61607 03P104 101.12144 03 -0.488061
02-Pi 1.47995 P104Cs 119.36948 04 -0.538549
04-Cs 1.44122 02P1S13 113.69425 S13 -0.124480
S13-P1 2.12191 O4P1S13 101.57776 Cis -0.067697
S13-Cia 1.85548 PiS13Ci4 100.02862 O1s -0.502420
C17-Cis 1.53457 S13C14Ci7 115.20111 Nio -0.232727
Ci7-Niy 1.35877 C14C17N19 116.81084
C21-Npy 1.45164 C17N19C21 122.46353

The starting molecules of MA, MO and OM in Figure 1 and the data in
Table 1 are important for predicting where the molecule will break first. The
important data in Table 1 are separated from the others in bold. The numbers
under each atom in Figure 1 agree with the numbers under atoms in Table 1.
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Although the longest bond, the widest bond angle is predicted to break first, the
energy values and surroundings of the electronegative atoms are observed and a

decision is made as a whole. It should not be forgotten that the double bonded

or closed ring structures are more stable than the others, and if there is to be

fragmentation, the rupture from these stable structures will be in the last stage.

Table 2: Gibbs-free energy, enthalpy, and Energy values (Au) for the gases
phase and aqueous mediaof the degraded fragments of the MA molecule and

Mulliken loads of studied fragments.

Gas phase(Au) Aqueous Gas phase(Au) Aqueous
media(Au) media(Au)

AE=-1915.722205 -1915.736781 -1876.453425 -1876.461885

MA AH=-1915.721261 -1915.735837 M1 -1876.452481 -1876.460941
AG=-1915.791682 -1915.807274 -1876.517822 -1876.528743
-1837.180245 -1837.198950 -1801.201413 -1801.216529

M2 -1837.179301 -1837.198006 M3 -1801.200469 -1801.215585
-1837.240095 -1837.258974 -1801.264611 -1801.279842
-1761.928877 -1761.943260 -1686.683444 -1686.699731

M4 -1761.927933 -1761.942316 M5 -1686.682500 -1686.698787
-1761.987736 -1762.002328 -1686.739728 -1686.755963

-509.076789 -509.086953 -1407.829390 -1407.838979

M6l -509.075844 -509.086009 M62 -1407.828446 -1407.838035
-509.116824 -509.126984 -1407.880171 -1407.890609

-548.361826 -548.370610 M72 -1368.544830 -1368.553796

M71 -548.360882 -548.369666 -1368.543886 -1368.552852
-548.404074 -548.412879 -1368.591211 -1368.600871

-946.544270 -946.554145 M82 -970.339691 -970.348214

M81 -946.543325 -946.553201 -970.338747 -970.347270
-946.591727 -946.601853 -970.382562 -970.391140

-931.066361 -931.076303 -891.791295 -891.803309

MI1 -931.065417 -931.075359 M92 -891.790351 -891.802365
-931.104718 -931.115078 -891.825684 -891.837649

-510.210569 -510.223390 -510.248705 -510.260389

M10 -510.209625 -510.222446 Mi1 -510.247761 -510.259445
-510.255565 -510.268715 -510.292837 -510.304692

-454.883952 -454.893828 -400.815511 -400.826265

M12 -454.883008 -454.892884 M13 -400.814566 -400.825320
-454.925516 -454.935459 -400.855162 -400.866194

-396.899245 -396.909078 -345.456929 -345.463012

M14 -396.898301 -396.908134 M15 -345.455985 -345.462068
-396.939495 -396.949639 -345.493735 -345.499854

-341.574786 -341.574786 -232.143528 -232.146212

M16 -341.573842 -341.573842 M17 -232.142584 -232.145268
-341.611521 -341.611521 -232.175374 -232.178062

The energy values for all possible reaction pathways for each fragment were

calculated in both the gas phase and the water phase. Every fragment that may

occur as a result of the interaction of the main molecule with the OH radical is
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included in the study. The reason why the energy values are given in atomic
mass units (Au) is that the digits after the comma are very close to each other
when converting to the SI unit.

Table 3: Mulliken atomic charges of the MA molecule and its fragments

Mulliken Mulliken atomic Mulliken atomic
atomic charges charges
charges
012 -0.515513 Oz -0.561690 Oz -0.562131
MA Niz -0.358044 M1 Niz -0.350780 M2 Nz -0.349829
Nis -0.003126 Nis -0.001986 Nis -0.001975
Nis -0.357954 Nis -0.341351 Nis -0.342061
S19 0.013051 S19 0.005037 Si9 -0.008853
P20 0.760437 P2 0.732364 P2 0.715743
021 -0.519080 021 -0.187614 021 -0.169519
022 -0.510278 O22 -0.494371 022 -0.174496
S31 -0.343658 S27 -0.343266 S23 -0.345728
O12 -0.514852 012 -0.520316 012 -0.526350
M3 Niz -0.356490 M4 Niz -0.357564 M5 Niz -0.355606
Nis -0.002664 Nis -0.006323 Nis -0.004440
Nis -0.357095 Nis -0.334853 Nis -0.331233
Cis 0.153533 Si19 0.013396 S 0.027907
Si19 0.008971 P20 0.548839 P2 0.321823
P20 0.522807 021 -0.196917 S21 -0.305679
021 -0.503418 S22 -0.324307
S26 -0.315610
Cs -0.001880 S4 -0.006802 Cs -0.002923
Meé1 O12 -0.502186 | M62 Ps 0.764184 M71 Oz -0.514735
Ni3 -0.363869 Os -0.518702 Niz -0.368853
Niz  0.006169 07 -0.508209 Nis -0.012947
Nis -0.136830 Si6 -0.352087 Nis -0.355586
Si1 -0.029583 Oz -0.522931 P1 0.765206
M72 P> 0.730397 M81 Niz -0.363545 M82 02 -0.507973
03 -0.501879 Nis -0.007355 03 -0.486596
04 -0.491319 Nis -0.329204 Si2 -0.386325
Sz -0.339476 Si19 0.073548
P1 0.761518 P1 0.744055
MoI1 02 -0.199559 | M92 02 -0.178908
03 -0.485670 03 -0.178935
Ss -0.389815 Ss4 -0.386212

Mulliken atomic charges of electronegative atoms of all fragments are given
in Table 3.
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