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Finite element stress analysis and topological 
optimization of a commercial aircraft seat 
structure
Christian Dalo Amaze1, Sireetorn Kuharat1*, O. Anwar Bég1, Ali Kadir1, Walid Jouri1,  
Tasveer A. Bég2

1MPESG, Corrosion Lab, 3-08, Mechanical Engineering Dept., Salford University, Manchester, M54WT, United Kingdom
2Engineering Mechanics Research, Israfil House, Dickenson Rd., Manchester, United Kingdom

Orcid: C.D. Amaze (0009-0005-2696-4195), S. Kuharat (0009-0000-5739-9137), O.A. Beg (0000-0001-5925-6711),  
              A. Kadir (0000-0001-5122-8345)

Abstract: In recent years, the Finite Element Method (FEM) has emerged as a cornerstone in the field of  seating design, 
particularly within the aircraft industry. Over the past decade, significant advancements in Finite Element (FE) analysis 
techniques have revolutionized the seat industry, enabling the creation of  safer and more cost-effective seat designs. The 
accuracy of  FE analysis plays a pivotal role in this transformation. In the process of  constructing a reliable finite element 
model, the selection and precise manipulation of  key parameters are paramount. These crucial parameters encompass 
element size, time scale, analysis type, and material model. Properly defining and implementing these parameters ensures that 
the FE model produces accurate results, closely mirroring real-world performance. Verification of  Finite Element Analysis 
(FEA) results is commonly accomplished through experimental methods. Notably, when the parameters are appropriately 
integrated into the modelling process, FE analysis outcomes closely align with experimental results. This study aims to leverage 
the power of  FEM in performing static stress analysis and topology optimization of  aircraft seats using the SOLIDWORKS 
commercial finite element platform. By simulating loading conditions, this research calculates static stresses and displacements 
experienced by the aircraft seat. For AL7075-T6(SN) the structural analysis demonstrates that this material had a maximum 
stress of  125.2 N/mm2 and a minimum stress of  0.0039 N/mm2. Due to its strong 4.034 factor of  safety, the component 
may have been over-engineered for its intended use. However, at 2.32 kg, the component’s mass and $2.304/kg material 
cost showed a high design cost. The maximum Y-component of  displacement was 0.0606 mm, which was acceptable but 
could have been optimized to decrease material use and expense without affecting structural integrity. After performing 
topology optimization on Simulation 1 of  AL7075-T6(SN), several improvements have been achieved. The maximum stress 
sustained by the component has been elevated to 189.4 N/mm2. However, it is worth noting that the minimum stress has 
also risen, although to a negligible value of  0.0006 N/mm2. The compromise in this scenario is characterized by a fall in the 
factor of  safety to 2.666, suggesting a design that is more optimal but possibly associated with more risk. The most notable 
improvements, however, concern weight reduction. The overall mass of  the component saw a substantial reduction, reaching 
1.89 kg, which represents a notable improvement on the original design. Through a comprehensive topology optimization 
study, the weight of  the airplane seat is remarkably reduced by up to 30%, while still prioritizing passenger safety. The success 
of  this optimization showcases the potential for substantial weight savings in aircraft seat design without compromising safety 
standards.
Keywords: Finite Element Method (FEM), Aircraft Seat Industry, FE Analysis, Static Stress Analysis, Topology Optimization, 
Experimental Validation, Material Model, Safety Standards, Weight Reduction, Seating Design.

1. Introduction 
The aircraft seat refers to the seating area where passen-
gers sit during their flight journey. These aircraft seats 
are typically arranged in rows along seat tracks inside the 
plane. When it comes to aircraft seats, they come with 

various fundamental characteristics for comfort, func-
tionality and carefully designed features [1]. Since the 
1930s when the first passenger airplane was introduced, 
aircraft manufacturers have been making continuous ef-
forts to ensure the safety of passengers and crew during 
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their flights. Safety-related aircraft seat requirements 
should be considered in 3 major cases: take-off, cruise, 
and landing. Thus, international flight authorities such 
as the Federal Aviation Administration (FAA), Europe-
an Aviation Safety Agency (EASA) and Joint Aviation 
Authorities (JAA) have implemented strict rules during 
these three cases [2].

The weight of the aircraft seat also contributes to the to-
tal weight of the aircraft, hence why it is recommended 
to use lightweight materials during the design and man-
ufacturing process. Since the aircraft seat is the focus 
of comfort for the passengers, it is essential to design a 
lightweight seat without creating additional load on the 
aircraft while simultaneously retaining the strength of 
the seat [3]. The vast majority of aircraft seat manufac-
turers use aluminium as the main component, although 
in recent times, carbon composite structures and plastics 
have been introduced for the sole purpose of reducing 
weight while maintaining strength. Other manufactur-
ers combine all three materials to produce different types 
of seat structures. One example of a manufacturer that 
uses the latter is Avio Interiors [4]. This Italian company 
claims that the combination of carbon fibre composites 
and aluminium produces stronger seats rather than us-
ing both materials individually. The seats of an aircraft 
can be designed in various shapes, sizes, and comfort 
levels depending on the type of aircraft. Commercial air-
craft have mainly four classes of seats namely, first-class 
seats, business-class seats, premium seats, and economy 
seats. These classes of aircraft seats have various features 
that vary depending on the ticket price. The 4 main types 
of commercial aircraft seat are shown Figure 1.

This article focuses on the computational stress analysis 
and topological optimization of the support structure of 
an aircraft seat. As such this study aims to achieve a bet-
ter-optimized structure for the base frame assembly of 
an aircraft seat.

When designing an aircraft seat, the comfort of the pas-

senger must be taken as a priority. In that sense, factors 
such as the number of seats, space limitations, and loca-
tion of each seat must be considered. Generally, the most 
used material for a passenger seat base frame is alumi-
num. This aluminum material is assembled to form a seat 
base, seat back, center armrest, and cushion space.

The primary structure for aircraft passenger seats typi-
cally consists of two stretcher tubes or rails that span the 
front and rear of the seat [5]. These stretcher tubes sup-
port spreader members, which run along opposite sides 
of the seat and provide support for the seat cushions and 
seat backs. Additionally, leg assemblies are positioned at 
intervals along the length of the stretcher tubes and are 
connected to tracks mounted on the floor to provide fur-
ther support for the seats. Depending on the number of 
seats and the layout, the stretcher tubes’ spreaders and 
legs will be spaced at varying intervals along the length 
of the tubes. Depending on the layout of the aircraft, the 
number of seats in a row, and the placement of the row 
in the aircraft, the legroom at the end of the row may be 
different from that at the beginning of the row. Whether 
the seat faces forward or backwards, where the legs are 
attached to the stretcher tubes, and where the spreaders 
are attached to the stretcher tubes all affect the quality of 
the connection between the spreaders and the stretcher 
tubes, as well as the leg assemblies [6].

To ensure safety, it is imperative to fulfil the essential 
structural prerequisites, while simultaneously enabling 
the airline operator to both efficiently and economical-
ly maintain the seating arrangements. Frequently, there 
arises a need to modify the arrangement of seats within 
an aircraft to accommodate various passenger require-
ments and adapt to market demands. Historically, the 
process of assembling and disassembling seats has been 
intricate, laborious, and costly [7]. Frequently, it necessi-
tated the disassembly of a significant portion of the seat 
support structure to facilitate the movement or alteration 
of the seating arrangement. Additionally, any decrease in 
seat weight that does not compromise the structural va-

Figure 1. Top left- economy class, top right- premium economy class, below left- business class, below right- first class.
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lidity of the seats results in fuel savings for the airline’s 
aircraft and a reduction in maintenance costs. 

The objective of this study is to introduce an enhanced 
structure for supporting aircraft seats, wherein the base 
frame structure can be efficiently and effortlessly attached 
or detached from the remaining support structure, with-
out compromising the seat’s structural integrity. Another 
objective of the study is to offer an enhanced structure for 
supporting aircraft seats while minimizing the number of 
components involved. Finally, this study aims to offer an 
aircraft seat support structure that can fulfil the standard 
safety requirements while also being lightweight.  In sum-
mary, the standard configuration of an airplane seat base 
frame consists of a front leg structure designed to sup-
port a front horizontal stretcher component and a rear leg 
structure intended to support a rear horizontal stretcher 
component. The aircraft seat industry plays a pivotal role 
in ensuring passenger comfort, safety, and satisfaction 
during air travel. Over the past decade, the use of Finite 
Element Method (FEM) in the design and analysis of air-
craft seats has seen significant growth, revolutionizing the 
industry’s approach to seat development. A detailed liter-
ature review explores the critical aspects of FEM utiliza-
tion in the aircraft seat industry, emphasizing its impact 
on design efficiency, safety, and weight optimization. The 
standard class passenger seat used in this research was 
modelled with the help of SolidWorks software, a comput-
er-aided drawing tool which utilizes the FEM to conduct 
static analysis on the computer-aided design (CAD) model 
under various loading and boundary conditions. 

2. Finite Element Method Approach 
The fundamental principle underlying the FEM involves 
the process of simplifying a complex problem to facili-
tate its solution [8]. This technique involves discretizing 
the domain under investigation into a series of smaller, 
easier-to-manage components using finite elements and 
subsequently reconnecting these elements at specific 
locations referred to as nodes. The FEM is an effective 
tool for predicting displacements, stresses, and strains in 
a structure subjected to a given set of loads and is thus 
widely used in structural analysis. This is exactly the 
topic that we want to investigate more in this report [9]. 
To facilitate the essential simulations of finite element 
analysis, it is imperative to generate a mesh comprising 
numerous minute elements that collectively define the 
structural configuration. Each component requires its 
own set of calculations, the sum of which gives the over-
all result for the entire structure. There are three distinct 
phases to the finite element analysis procedure: prepro-
cess, process, and post-process. During the preprocess-
ing, it is paramount to select the type of analysis. For this 
study, static-structural, topological, and frequency anal-
yses are performed in SOLIDWORKS. The initial phase 
in the problem-solving process entails the discernment 
and delineation of the problem at hand. Therefore, be-
fore commencing the analysis of a structure, we must 
inquire about the following questions: What are the pri-

mary physical phenomena that exert a significant influ-
ence on  structural integrity? Does the problem exhibit 
characteristics of static or dynamic behavior. Do  mo-
tions or material properties exhibit linearity or non-lin-
earity? What are the specific key results that have been 
requested? What is the desired level of precision being 
pursued? The responses to these inquiries are of utmost 
importance in the process of determining an appropriate 
structural model. 

To conduct a static analysis, the CAD geometry is first 
subjected to the geometry cleaning, meshing, modelling, 
and solution processes of the FEA software, afterwards, 
static load values are applied to the model, and finally, 
boundary conditions are set [10]. In this analysis, the 
primary concept of significance revolves around the as-
sumption that temporal factors such as time hold neg-
ligible importance and can be disregarded in their im-
pact on the outcomes. In this analysis, the finite element 
software, SolidWorks effectively converges towards the 
solution, aligning with the specified boundary conditions 
and the constructed model. Ultimately, the program pro-
vides the user with stress, strain and displacement values, 
accompanied by visually appealing geometric graphics. 
Static analysis can be performed using both linear and 
non-linear methods. In linear static analysis, there are 
two main assumptions:

• The behavior of the structure is characterized by lin-
earity, meaning it adheres to Hooke’s Law.

• The loading is static.

In SOLIDWORKS the FEM used is derived around the 
Principal of Minimum Energy. Initially, the domains 
must be divided into many sub domains / subregions 
which are denoted using the parameter N. Each subdo-
main is known as an element; It can be stated that the 
total potential energy in the system is the sum of the po-
tential energy of each of the subdomains as shown below:

   (1)

Where “π” is the potential energy and “I” is the element 
number. The energy at each of the subdomains can be 
calculated using the following equation: 

  (2)

In the equation above the volume V is related to the vol-
ume of the specific element, the term Sσi relates to the 
section of the surface which bounds the element. In or-
der to determine the potential energy in the element, the 
elastic constant matrix C, the displacement matrix u, the 
strain matrix ε are used. The displacement matrix can be 
defined using the displacements and displacement deriv-
atives “q” and interpolation functions “Di”. The combina-
tion of these function will define the changes in position 
of the elements within the system. This can be represent-
ed in the equation below:
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  (3)

On the other hand, the strain matrix can be created us-
ing the displacements and displacement derivatives pre-
viously stated and the matrix of strain with respect to 
the position within the element “Bi”. The sum of these 
components produces the strain matrix as shown below:

   (4)

Using the equations presented above and re-arrange-
ment of the potential energy equation, the equivalent 
forces applied to each node can be calculated as follows:

  (5)

The stress matrix can be determined when the following 
manipulations, conditions and parameters are applied:

• The total potential energy equation must be manipu-
lated to include the Stiffness matrix for the entire re-
gion “K”; the stiffness matrix for all nodal derivatives, 
“q” and the assembled nodal load matrix “F”.

• The potential energy must now be minimalised when 
considering the unknown nodal displacements. 

• The nodal displacements conditions on the surface of 
the elements are satisfied. 

Once completed the stress at each of the elements can be 
approximated using the elastic constant matrix “Ci”; the 
matrix of strain and the matrix of nodal variables “qi”. 
It is worth noting that all functions stated are with re-
spect to the individual elements and will be applied to 
all elements in the system. The following equation can 
be produced:

  (6)
However, the equations presented above are only approx-
imations for the true solutions, Increasing the accuracy 
of the results is a mandatory process in FEA in order to 
obtain values which closely represent the true solutions. 
The following Steps can be taken to improve the results 
produced:

a) The accuracy of the results can be increased by de-
creasing the size of the elements while increasing 
the number of elements in the system. This will be 
the main method used to improve accuracy since the 
h-adaptive method utilises this process between iter-
ations throughout critical locations. 

b) The second method of increasing accuracy is by util-
ising higher order interpolation methods. This can 
greatly increase the accuracy of the results at the cost 
of higher time of investigation. However, this meth-
od cannot be used with multi-part assemblies since 
the meshes are not continuous.  

c) The last method is by using the combination of the 
two methods stated above, this is not feasible for this 
project since the is more than one component in the 
simulation meaning only the h-adaptive method can 
be used.

The deformation computed in SOLIDWORKS is influ-
enced by a number of factors, including the material 
characteristics. Linear elastic behavior, in which strain is 
inversely proportionate to applied stress, is the simplest 
connection between stress and strain. The relationship be-
tween these two changes depending on the material and 
is known as Young’s modulus, E. In the situation that a 
system lacks a linear correlation between the forces exert-
ed and the deformations experienced, it is referred to as a 
non-linear system. In this study, a non-linear analysis will 
be conducted. The purpose of this analysis is to evaluate 
the SOLIDWORKS model characteristics and its ability to 
withstand loading under specific boundary conditions.

3. Material Selection
The selection of materials is a critical step in the aircraft 
seat design process. The selection of materials for the sys-
tem to be designed will have a significant impact on its 
strength, cost, weight, and other key characteristics. To 
select the appropriate material, it is imperative to have 
a comprehensive understanding of the system’s require-
ments that need to be met. The consideration of mate-
rial characteristics is of utmost significance and serves 
as the first assumption when representing any material 
model in Finite Element Analysis (FEA). Incorrect entry 
of material information might have a significant impact 
on the outcomes [11]. If erroneous data is provided as in-
put in the FEA process, the resulting output will always 
be erroneous as well. It is important to consistently exer-
cise caution and attentiveness while inputting material 
information into the FEA system. The process of defining 
material in FEA is comparatively less intricate than accu-
rately reflecting real-world materials. Different materials 
possess a range of material parameters, including yield 
stress, ultimate stress, Young’s modulus, Poisson’s ratio, 
bulk modulus, thermal conductivity, elongation, specific 
heat, stress-strain curve, and electric properties, among 
others. In the field of FEA, it is not necessary to explicitly 
provide all material properties to represent the material. 
The specific material details that need to be considered 
depend on the kind of FE analysis being conducted, such 
as linear or nonlinear solutions, static or dynamic analy-
sis, steady state, or time-dependent analysis.  

The necessary qualities of a material that are needed for 
basic finite element analysis types are shown in Table 1.

When defining the properties of a material, it is essen-
tial to specify two specific properties in addition to ther-
mal properties. The key structural analysis parameters 
are Young’s modulus and Poisson ratio. The majority of 
materials exhibit Poisson ratio values within the range 
of 0.0 to 0.5. Incompressible substances, such as rubber, 
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have a ratio of around 0.5. In this article, the materials 
AL6061-T6(SS), AL7075-T6(SN), 1023Carbon steel sheet 
(SS), and KYDEX®T will all be simulated, compared, and 
used in a certain aspect of either the design of the and/
or the assembly of the aircraft seat frame. KYDEX®T, a 
thermoplastic acrylic-polyvinyl chloride material man-
ufactured by SEKISUI KYDEX, will also be included in 
the analysis. High-strength aluminium alloys offer light-
weight possibilities for aircraft designers due to their 
low density. Considering this rationale, it is a commonly 
employed material in the aviation sector. Furthermore, 
it has been predicted that aluminium satisfies the nec-
essary strength criteria in the context of material inves-
tigations.

4. Boundary and Loading Conditions
4.1. Boundary conditions
These refer to the external forces that must be consid-
ered to effectively analyse a model or determine the re-
sulting deformations caused by these forces. Boundary 
conditions are a set of predetermined values that are 
known and established during the process of construct-
ing a model from scratch [12]. The way the seating de-
sign is constrained exerts a substantial influence on the 
outcomes and necessitates careful consideration. Models 
that are either over-constrained or under-constrained 
can result in highly inaccurate stress figures, rendering 
them essentially useless for the stress engineer. Bound-
ary conditions are essential constraints that must be 
satisfied to obtain a solution for a boundary value prob-
lem. A boundary value problem refers to a mathemati-
cal problem involving a system of differential equations 
that needs to be solved within a specific domain [13]. The 
known conditions for this problem are provided on the 
boundary of the domain. In the process of developing a 
finite element model, it is imperative to commence with 
the establishment of the mesh model. Subsequently, the 
contacts are defined, ensuring accuracy and precision. Fi-
nally, the appropriate boundary conditions are inserted, 
guaranteeing the integrity and reliability of the model. 
To ensure the elimination of rigid-body motion and the 
accurate representation of physical conditions, the finite 
element model must be appropriately restrained through 

the implementation of displacement constraints. In this 
study, the airplane seat under consideration is connected 
to other components using bolts and pins [14]. It is not 
advisable to consistently impose constraints upon the 
nodes situated on the inner surface of the holes where 
pins or bolts are positioned, as they lack physical con-
straint. When relocation limits are put around a hole (dis-
continuity), they often cause an unexpected build-up of 
stress. This study also incorporates boundary conditions, 
including both limitations and contacts. In the context 
of static finite element analysis for an aircraft seat, it is 
standard to consider the base of the seat as constant i.e., 
designating it as a fixed support inside the study. The 
modelling of solid structures often involves the use of a 
displacement-based model. Boundary conditions often 
include the imposition of certain displacement values at 

Table 1. Types of finite element analysis  

Material Properties Linear 
Static

Non-Linear 
Contact

Non-Linear 
Material

Non-Linear 
Dynamic Fatigue Linear 

Dynamic Thermal Thermal 
Structural

Transient 
structural

Youngs Modulus Yes Yes Yes Yes Yes Yes Yes Yes

Poisson Ratio Yes Yes Yes Yes Yes Yes Yes Yes

Mass Density Yes Yes Yes Yes Yes Yes Yes Yes

Thermal Conductivity Yes

Thermal expansion Yes

Specific heat Yes

Stress-Strain curve Yes

Fatigue Life curve Yes

 

Tables 1.a, b, c: Mechanical properties for aircraft seat simulations 
conducted 

Mechanical Properties Value

Tensile Strength 570MPa

Yield Strength 505MPa

Modulus of Elasticity 72000MPa

Poisons Ratio 0.33
 

1a). Mechanical Properties  of AL6061-T6(SS), 1b) Mechanical Proper-
ties of AL7075-T6(SN) 

Mechanical Properties Value 

Tensile Strength 310MPa

Yield Strength 275MPa

Modulus of Elasticity 69000MPa

Poisons Ratio 0.33
 

1c).  Mechanical Properties of KYDEX®T 

Mechanical Properties Metric

Tensile Strength 42MPa

Yield Strength 40MPa

Modulus of Elasticity 2600MPa

Poisons Ratio 0.433
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designated locations on the structure. The airplane seat 
is comprised of several components, necessitating the 
need to establish connections between them. In this ar-
ticle, SolidWorks is used as the pre-and post-processing 
tool for generating the mesh of the model, computing the 
stress distributions, and visualizing the outcomes of the 
finite element analysis.

4.2. Loading Conditions
In the context of an analysis model, the loads refer to the 
mechanical forces and thermal loading that exert their 
influence upon the object or component. The primary 
loading conditions used in FEA are force, pressure, and 
temperature. These may be applied to many geometric 
components such as points, surfaces, edges, nodes, and 
elements, or can be applied remotely from a specific 
feature [15]. The application of loads and constraints is 
specified after the selection of the analysis type, set-
ting of fundamental parameters such as materials, and 
completion of the meshing process for the component. 
To comprehensively understand probable failure modes, 
it is essential to establish them based on the maximum 
predicted loads that the product may encounter during 
its lifespan, as opposed to the regular loads. To obtain 
precise and reliable outcomes, it is imperative to verify 
that the loads being imposed are strategically distribut-
ed across the appropriate surfaces or specific sections. 
The proper application of loads is a critical component 
of this simulation.  The surface or section of a surface 
on which a force is applied must be carefully considered 
as it can significantly impact the results. In this analysis, 
due to the lack of knowledge regarding deformations, the 
parameters that are entered are limited to the average 
weight values of passengers occupying an aircraft seat. 
The loads under consideration are classified as distrib-
uted loads within the model. In the context of stress en-
gineering, it is imperative to assume that the weight of 
a passenger is uniformly distributed on the seat. In the 
present scenario, the weight of a passenger is considered 
to be 1000N. However, a total weight of 1500N will be 
entered to make up for some missing parts, such as the 
seat cushion, backrest, and seat belt.

5. Topology Optimization
Topology optimization (TO) is a computational tech-
nique used for optimizing the arrangement of materials 
within a specified area, based on a set of predefined loads, 
conditions, and constraints. It employs algorithmic mod-
els to achieve the desired shape optimization. The use of 
this method enables the attainment of the most optimal 
geometric structure for the intended model, considering 
the prescribed boundary conditions and the designated 
objective function. The use of topology optimization en-
ables the created models to achieve material reductions 
and maintain a minimal weight [16]. The first phase of 
its operation necessitates the involvement of an engineer 
who is responsible for generating a CAD model. During 
this step, the engineer carefully incorporates various 
loads and limits while considering the specific specifi-

cations of the project. Subsequently, the program elimi-
nates unnecessary parts and produces a single optimized 
mesh-model idea that is ready for analysis by an engineer. 
Topology optimization relies on a pre-existing model that 
is built to operate effectively. Topology optimization is an 
initial step in the design process that involves identifying 
the minimum required design space for the subsequent 
optimization of the structure. Subsequently, the topology 
optimization software (SolidWorks) virtually generates 
pressure on the design from various angles, conducts 
structural integrity analysis, and identifies unnecessary 
material. It is an excellent tool for aircraft seat design.

6. Solidworks Finite Element Simulation- 
Walkthrough

6.1. Geometry Design 
The process of assembling the airplane seat frame us-
ing SolidWorks entails the systematic integration of 
the many individual components to construct a seating 
framework that is both operational and secure. The pro-
cedure begins by generating an entirely new assembly 
in SolidWorks, whereby each constituent, such as the 
seat base, connecting rod, and leg spreaders, is intri-
cately designed. By using the mating features offered by 
SolidWorks, the components are then joined, therefore 
guaranteeing precise alignment and optimal operation-
al performance. The process of material selection and 
structural analysis is undertaken, followed by the gener-
ation of precise drawings for the manufacturing process. 
The separate and assembled components of the aircraft 
seat are shown in Figure 2 and 3.

6.2. Boundary Conditions
For the boundary conditions, we assume the base of the 
spreaders is constant, this means we define it as a fixed 
support in the analysis. The fixed-geometry fixture was 
selected and applied in the z-direction as shown in Fig. 4.

6.3. Loading Conditions
Since the deformations are unknown in this study, the av-
erage passenger weight for an aircraft seat is used as inputs 

Figure 2. Exploded view of assembled seat frame
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instead of random load values. The model considers these 
loads as the distributed load. This indicates that we as-
sume a constant distribution of a passenger’s weight across 
the seat. The analytical findings are accurate under this 
assumption. In this case, we will assume that the passen-
ger weighs 1500N. Also, the seat foam was suppressed as 
it has a minimal effect on the total weight and will remain 
suppressed for the rest of the simulations (Fig. 5). 

Figure 3. 3D Design of assembled seat frame. 

Figure 4. Application of boundary conditions

6.4. Mesh Design and Independence Study

6.4-1 Initial coarse mesh 

For the initial simulation, an automatic mesh s designed 
initially to be coarse (Fig. 6) as shown below. The mesh 
dimension size is 37.44mm, however, the mesh is not at 
its finest, Therefore, the mesh size will be subsequently 
reduced until it accommodates the desired mesh inde-
pendence criteria.

6.4-2 Jacobian Ratio 

Jacobian ratio in SolidWorks often refers to a metric used 
to determine the mesh element quality inside a finite el-
ement analysis (FEA) simulation. The Jacobian ratio is 
used to evaluate the distortion or deformation of finite 
elements, such as tetrahedral or hexahedral elements, 
inside the finite element analysis (FEA) mesh. Obtain-
ing precise simulation results necessitates the use of a 
high-quality mesh. In simple terms, the Jacobian ratio 

measures the extent to which the form of an element de-
viates from an ideal shape. It is depicted in Fig. 7 for the 
current aircraft seat model.

 6.4-3 Aspect Ratio 

Aspect ratio is the measure of a geometry width to its 
height. It can also be used to describe any other form of 
visuals. It is critical to sustain a desirable and ergonomic 
aspect ratio so that the designs and models are accurate 
and fit together well. Fig 8 visualizes the different aspect 
ratios in the seat FEA model.

6.4-4 Connection modelling

A pin connection is selected to connect the seat base to 
the spreaders as shown in Fig. 9 below. 

6.4-5 Mesh Independence Study 

For the mesh Independence study, a graph between the 
mesh size and the maximum stress is plotted to deter-
mine the most appropriate mesh for the structure - three 
different meshes are studied- coarse, intermediate densi-
ty and fine. However, before the maximum stress can be 
calculated, the material of the structure must be select-
ed, therefore, for the mesh convergence graph, AL7075-
T6(SN) is selected for all the parts of the structure. Fig. 
10 shows the 3 different mesh designs used. In all cases 

 

Figure 5. Application of Loading Conditions. 

Figure 6. Simple initial mesh 
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tetrahedral 3-D elements are deployed. Fig. 11 shows the 
mesh independence plot.  Table 2 shows the peak Von 
Mises stress computed for each of the three meshes de-
signed.      

Figures 10, 11 and Table 2 present the computational re-
sults for independence of mesh size and maximum stress 
in pounds per square inch (Psi). The research includes the 
use of 20, 15 and 10mm mesh sizes. It is evident that the 
maximum stress in the system is affected by the mesh 
size. The maximum stress rises gradually when the mesh 
size is reduced from 20mm to 10mm. This trend indi-
cates that the smaller 10mm grid collects more informa-
tion about the stress distribution in the system, leading 
to a more accurate stress calculation due to more inter-
polation points available in the fine mesh design. 

7. Results
3 sets of SOLIDWORKS finite element simulations have 
been performed for the three different materials docu-
mented in Table 1- a) AL6061-T6(SS), b) AL7075-T6(SN) 
and c) KYDEX®T. All these materials are commonly em-
ployed in seat design in the aircraft industry. Additional-
ly, a 4th simulation has been conducted combining these 
different materials for the different seat structural com-
ponents.

7.1. Simulation 1 -AL6061-T6(SS)
7.1-1 Stress Analysis - Von-Mises Stress 

A total force of 1500N is placed on the seat base as shown 
in the section, the materials are selected as shown in Ta-
ble 1, a mesh size of 10mm is selected according to the 
mesh independence study and the study is run to calcu-
late the maximum and minimum stress as shown in the 
figures below. Table 3 shows the specifications for the 2 
spreaders, seat base and connection rod. The seat foam 

Figure 7. SOLIDWORKS Jacobian Ratio Plot. 

Figure 8. Aspect ratio plot. 

Figure 9. Connection pins prescribed in SOLIDWORKS.

 Figure 10. 3 mesh designs developed for the aircraft seat structure.
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is not simulated as it does not contribute to structural 
integrity and is related to comfort for passengers, not re-
silience of the seat design.  

Table 3. Seat model component materials used in simulation 1.

 The static nodal stress plot is given in Fig. 13. 

7.1-2 Displacement Analysis (Y-Component of Displace-
ment)

We focus on the Y-component of the displacement since 
it is the determining factor in the material’s failure. Fig. 
14 visualizes the displacement contour plot. 

Fig. 15 shows the associated static displacement plot.

The displacement criteria must be satisfied for the max-
imum Y-Component displacement value to be smaller 
than 0.01 of the width of the Seat base. The following cal-
culations are performed to check this: 

 i.e., 𝑚𝑎𝑥. 𝑦−𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑜𝑓 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 <  𝑜𝑓 
(𝑤𝑖𝑑𝑡 ℎ 𝑜𝑓 seat base) 

𝑤𝑖𝑑𝑡 ℎ  𝑜𝑓  seat  base, 𝑊= 383𝑚𝑚  

𝑚𝑎𝑥. 𝑦−𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡  𝑜𝑓  𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡  of 𝑠𝑒𝑎𝑡 𝑏𝑎𝑠𝑒= 
0.0606𝑚𝑚

 
𝑚𝑚 

0.  .     (7)

Therefore, the displacement criteria are met. 

7.1-3 Factor of safety (Reserve Factor) 

The factor of safety is a safety metric used in structural 
analysis inside the SolidWorks software. Structural effi-
ciency is defined as the ratio between the maximum load 
that a structure can sustain and the load that is applied to 
it. The reserve factor may be determined by dividing the 
ultimate strength of a material by the applied load. The 
ultimate load refers to the maximum load capacity of a 
structure before its failure. The applied load refers to the 

    

Figure 11. Mesh independence plot

Table 2. Peak stresses computed for 3 mesh design cases with 
AL7075-T6(SN) design material. 

Figure 12. Stress ana lysis (simulation 1): left- full 3-D contour plots, right - zoom in to connection points. 
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external force or weight that is exerted on the structure 
during the process of analysis. A Reserve Factor of 1.0 
signifies that the structure has the minimum capacity re-
quired to sustain the imposed load, without any addition-
al safety buffer. A Reserve Factor beyond 1.0 signifies that 
the structure has a certain degree of safety buffer, while 
a Reserve Factor below 1.0 suggests that the structure is 
prone to failure when subjected to the applied load. Fig. 
16 shows the contour plot for factor of safety analysis in 
simulation 1.

Fig. 17 shows the factor of safety distribution plot for 
simulation 1. 

Figure 17. Factor of safety plot for simulation 1.

Table 4 summarizes the results extracted from the finite 
element analysis for Simulation 1 (AL7075-T6(SN)).

Table 4. Summary of simulation 1 - outputs with associated cost 
estimation

7.2. Simulation 2 - AL6061-T6(SS)
Table 5 shows the specifications for the 2 spreaders, seat 
base and connection rod for simulation 2. Again, the seat 
foam is not simulated. 

7.2-1 Stress Analysis - Von-Mises Stress

The same procedure is executed as for simulation 1. 

The static nodal stress plot is given in Fig. 19. 

Figure 13. Static noda l stress (simulation 1

 Figure 14. Y-Component of displacement (simulation 1). 

Figure 15. Static displacement plot (simulation 1).

Figure 16. Failure Criteria (factor of safety) computed In SOLIDWORKS 
for simulation 1
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Figure 19. Factor of safety plot for simulation 2.

7.2-2 Displacement Analysis (Y-Component of 
Displacement). 

As for simulation 2, we utilize the Y-component of the 
displacement as it is the controlling factor for failure of 
the material (AL6061-T6(SS). Fig. 20 displays the dis-
placement contour plot. Fig. 21 depicts the associated 
static displacement plot. The displacement criteria as 
elaborated earlier has to be satisfied for the maximum 
Y-Component displacement value to be smaller than 0.01 
of the width of the aircraft seat base. For simulation 2, we 
therefore repeat the calculations to verify this, with the 
appropriate material data:

𝑚𝑎𝑥. 𝑦−𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑜𝑓 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 <  𝑜𝑓 

(𝑤𝑖𝑑𝑡 ℎ 𝑜𝑓 seat base) 

𝑤𝑖𝑑𝑡 ℎ  𝑜𝑓  seat  base, 𝑊= 383𝑚𝑚  

𝑚𝑎𝑥. 𝑦−𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡  𝑜𝑓  𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡  of 𝑠𝑒𝑎𝑡 𝑏𝑎𝑠𝑒= 
0.0662𝑚𝑚

 
𝑚𝑚

 

0.    (8)

Therefore, the displacement criteria are also satisfied for 
simulation 2. 
    

Figure 20. Y-Component of displacement- simulation 2.

7.2-3 Factor of safety (Reserve Factor) 
Fig. 22 shows the contour plot for factor of safety analy-
sis in simulation 2. Fig. 23 illustrates the factor of safety 
distribution plot for simulation 2. Table 6 summarizes 
the results extracted from the finite element analysis for 
Simulation 2 i. e. AL6061-T6(SS).

7.3. Simulation 3 - KYDEX®T
Table 7 shows the specifications for the 2 spreaders, seat 
base and connection rod. The seat foam as before is not 
analysed.  

Figure 18. Stress analysis (simulation 2): left- full 3-D contour plots, right - zoom in to connection points. 

Table 5.  Seat model component materials used in simulation 2.
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For brevity, in this 3rd simulation we do not give the en-
tire finite element results as in simulations 1 and 2; in-
stead, we have summarized the total deformation in Fig. 
24 and the key results again are documented in Table 8. 

7.4. Simulation 4 – combined material design 

7.4-1 Stress Analysis - Von-Mises Stress 

Table 9 shows the specifications for the 2 spreaders, seat 
base and connection rod. The seat foam once again is 
omitted in the finite element simulation. Fig. 25 visualiz-
es the 3-D Von Mises stress distribution.

Table 9. Seat model component materials used in simulation 4.

The static nodal stress plot is given in Fig. 26. 

7.4-2 Displacement Analysis (Y-Component of 
Displacement) 

As for the other simulations, we utilize the Y-component 
of the displacement as it is the controlling factor for fail-

Figure 21. Static displacement plot (simulation 2)

Figure 22. Failure Criteria (factor of safety) computed In SOLIDWORKS 
for simulation 2

Figure 23. Factor of safety plot for simulation 2.

Figure 24. Total deformation contour plots (simulation 3)

Table 6. Summary of simulation 2 - outputs with associated cost 
estimation

Table 7. Seat model component materials used in simulation 1.

Table 8. Summary of stress analysis, displacement and other results 
(simulation 3)
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ure of all the materials deployed in this final case. Fig. 
27 shows the displacement contour plot. Fig. 28 depicts 
the associated static displacement plot. The displace-
ment criteria, as elaborated earlier had to be satisfied, for 
the maximum Y-Component displacement value to be 
smaller than 0.01 of the width of the aircraft seat base. 
For simulation 4, again the same calculations are execut-
ed to verify this, with the appropriate material data:

 In this case, the following calculations are used:

𝑚𝑎𝑥. 𝑦−𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑜𝑓 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 <  𝑜𝑓 
(𝑤𝑖𝑑𝑡 ℎ 𝑜𝑓 seat base) 

𝑤𝑖𝑑𝑡 ℎ  𝑜𝑓  seat  base, 𝑊= 383𝑚𝑚  

𝑚𝑎𝑥. 𝑦−𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡  𝑜𝑓  𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡  of 𝑠𝑒𝑎𝑡 𝑏𝑎𝑠𝑒= 
1.301𝑚𝑚

 
𝑚𝑚 

1.    (9)

Evidently this confirms that the displacement criteria are 
also satisfied for simulation 4. 

7.4-3 Factor of safety (Reserve Factor) 

Fig. 29 depicts the contour plot for factor of safety analysis 
in simulation 4. Table 10 summarizes the results extracted 
from the finite element analysis for Simulation 4 i. e. with 
all three materials utilized for different seat components. 

Finally in Table 11, we present a comparison of the main 
results for all 4 simulations conducted in SOLIDWORKS. 

To provide the most suitable material recommendations 
for a certain application, it is essential to consider many 
elements such as safety, displacement, and overall mass 
for each simulation. The objective is to identify a material 
that offers a favourable equilibrium between safety (high-
er safety factor), minimum displacement (lower Y-Comp 
of Displacement) and an appropriate overall mass. 

Figure 25. 3-D Von Mises stress contour plot (simulation 4). 

Figure 26. Static nodal stress (simulation 4)

Figure 27. Y-Component of Displacement (simulation 4).

 

 Figure 28. Static displacement plot (simulation 4)

                            

Figure 29. Failure Criteria (factor of safety) computed In SOLIDWORKS 
for simulation 4.
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a) Factor of safety: Typically, larger values are favoured 
due to their association with a greater margin of 
safety. Simulation 1 exhibits the greatest factor of 
safety, with a value of 4. It is followed by Simulation 
2, which has a factor of safety of 2.2. Following this, 
Simulation 4 demonstrates a factor of safety of 1.1, 
while Simulation 3 exhibits the lowest factor of safe-
ty, with a value of 0.57. 

b)  Y-Comp of Displacement: Smaller numbers are pref-
erable as they indicate a lower degree of deformation 
or displacement. Simulation 1 exhibits the lowest 
displacement value of 0.0606 mm, while Simulation 
2 follows with a displacement of 0.0662 mm. Simu-
lation 4 displays a displacement of 1.301 mm, while 
Simulation 3 has the highest displacement value of 
10.04 mm. 

c)  Total Mass: Lower total mass is preferable since it 
helps keep the structure light and cheap. Here, Sim-
ulation 3 weighs in as the lightest at 1.6 kg, followed 
by Simulations 1 and 2 at 2.32 kg each, and finally, 
Simulation 4 at 2.3 kg. 

Considering all these criteria, Simulation 1 emerges as 
the most prominent option due to its superior factor of 
safety, minimized displacement and comparable overall 
mass in comparison to Simulation 2. Hence, if the key 
considerations revolve around safety and minimum dis-
placement, it can be concluded that Simulation 1 would 
be the most suitable option. Therefore, AL7075-T6(SN) 
is the best material selection and is considered for the 
subsequent topology optimization analysis. 

8. Topology Optimization 
In Simulation 1, the choice of AL7075-T6(SN) as the op-
timal design material inspires the objective to optimize 
the design to improve its structural durability, minimize 
deformation and also optimize the total mass while up-

holding safety standards. The primary aim is to achieve 
the best capabilities of the selected material via the op-
timization of its topology. This entails ensuring that the 
material is employed in the most efficient way possible, 
surpassing safety standards while simultaneously mini-
mizing deformation and weight. 

8.1. Loading Simulation for single component
To begin the process of topology optimization, the first 
step involves simulating the application of a 750N remote 
load on the airplane seat spreader i. e. a single component 
of the seat. SolidWorks software provides the capability 
to accurately specify the load conditions, including both 
the orientation and amplitude of the applied force. In this 
scenario, the load is executed with the purpose of rep-
licating real-world circumstances, hence guaranteeing 
the spreader ability to endure the stresses that it would 
encounter. 

Figure 30. Remote load application.

8.2.  Meshing 
The same meshing procedure is repeated during the to-
pology optimization process to refine the structure. 

8.3.  Topology Optimization Analysis: 
After the load and material characteristics have been 
determined, SolidWorks proceeds with conducting a to-
pology optimization study. The computational approach 
used in this study involves the iterative evaluation of 
various material distribution scenarios within the de-
sign space of the spreader. The objective is to selectively 
eliminate material from areas with lower stress concen-
trations while simultaneously strengthening sections 
that are exposed to greater stress levels. The result of this 
research is a structural design that effectively reduces 
weight while also ensuring the necessary structural in-
tegrity to endure the applied load. The final design will 

 

Table 10. Summary of stress analysis, displacement and other results 
(simulation 4)

Table 11. Summary of all 4 SOLIDWORKS simulations
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demonstrate a refined distribution of material, prioritiz-
ing regions that are essential for supporting loads.  The 
results are summarized in Table 12.

Table 12. Topology optimization simulations 

Study Name Topology optimization 

No. of Nodes 23049 

Number of Elements 108606 

Total Simulation Time 00:06:49 

Mass Reduction 30% 
 

8.4. Visualization and Results 
The improved design can be seen using SolidWorks’ vi-
sualization capabilities (Figure 32). Stress distribution 
patterns, regions where material has been removed, and 
weak spots can all be analysed. The design may be thor-

oughly tested and improved to ensure it is secure and 
functional. 

The results after topology optimization of Simulation 1 
(AL7075-T6(SN)) are given in Table 13 below. 

8.5. Improved Design 
The optimized design is shown for simulation 1 above in 
Figure 33. 

8.6.  Comparison  
Table 14 summarizes the comparison for the original 
simulation 1 and new topologically optimized compu-
tations. In Simulation 1 of AL7075-T6(SN), structural 
analysis showed remarkable findings. The material had a 
maximum stress of 125.2 N/mm2 and a minimum stress 
of 0.0039 N/mm2. Due to its strong 4.034 factor of safe-
ty, the component may have been over-engineered for 
its intended use. However, at 2.32 kg, the component’s 
mass and $2.304/kg material cost showed a high design 
cost. The maximum Y-component of displacement was 
0.0606 mm, which was acceptable but could have been 
optimized to decrease material use and expense without 
affecting structural integrity. After performing topology 
optimization on Simulation 1 of AL7075-T6(SN), several 

Figure 31. Meshed structure. 

Figure 32. Topology visualization. 

Figure 33. Improved design via topological optimization for simula-
tion 1. 

Table 13. Topology optimization-key results for simulation 1 material 
choice (AL7075-T6(SN))
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improvements have been achieved. The maximum stress 
sustained by the component has been elevated to 189.4 
N/mm2. However, it is worth noting that the minimum 
stress has also risen, although to a negligible value of 
0.0006 N/mm2. The compromise in this scenario is char-
acterized by a fall in the factor of safety to 2.666, suggest-
ing a design that is more optimal but possibly associated 
with more risk. The most notable improvements, how-
ever, concern weight reduction. The overall mass of the 
component saw a substantial reduction, reaching 1.89 kg, 
which represents a notable improvement on the original 
design. This suggests that there may be significant cost 
reductions in terms of material prices, as well as lower 
inertial loads and improved handling. 

Table 14. Comparison of original simulation 1 and topology optimiza-
tion results for simulation 1 - material choice (AL7075-T6(SN))

8.7. Fully Assembled Optimized Design 
Following the single component (spreader) topological opti-
mization, a second fully assembled structural seat case has 
also been optimized, again for simulation 1.  This is visual-
ized in Figure 34 and elaborated upon in the next section.

Figure 34. Fully Assembled Optimized Seat Frame (for simulation 
1-AL7075-T6(SN).

9. Discussion 

This article has examined the static stress analysis of an 
aircraft seat. The work focuses primarily on 3-D model-
ling, static stress analysis and topology optimization stud-
ies and their outcomes. In this research, Acro Aircraft 
Seating Company provided the aircraft seat model to be 
analysed. In the next stage of the study, model prepara-
tion studies for the seat’s static analysis have been initiat-
ed. Prior to analysing the seat components with the FEA 
technique, a mesh analysis was conducted. This is one of 
the most crucial steps of model preparation by far. Since 

the mesh quality and mesh size are crucial for the created 
model to achieve convergence to the correct results, they 
must be carefully considered. After setting the proper 
mesh parameters for the analyses, the boundary condi-
tions and determined loads for the seat were established. 
Next, the intended materials for the designed seat were 
inputted into the SOLIDWORKS program, and materials 
were designated to the seat parts. Thereafter, the model 
is defined with the required solution methodologies. The 
model was then run, and the results are visualized. 

9.1. Static Analysis 
The results derived from the static analysis demonstrate 
that the stress and strain values obtained from the calcu-
lations were found to be within the anticipated range for 
static analysis. Upon evaluation of the obtained findings, 
it becomes apparent that the maximum anticipated stress 
level reaches around 189 MPa. Upon examination of the 
yield strength and tensile strength properties of the ma-
terial used, it was noted that the stress values exhibited a 
substantial difference when compared to the strength val-
ues. Based on the findings obtained from the analysis, it 
can be concluded that the aircraft seat design successfully 
satisfying the requirements of static analysis criteria. 

9.2. Topology Optimization 
Topology optimization plays a crucial role in the context 
of airplane seats because of the significant cost implica-
tions associated with the weight of flight-related parts 
within the aviation sector. Within this context, each in-
stance of weight reduction work that is carried out, while 
still adhering to the necessary strength limitations of the 
seat, results in a financial benefit. To achieve this objec-
tive, research on topology optimization has been under-
taken for the rear seat leg (spreader), a critical component 
influencing the overall weight of the seat. The topology 
optimization procedure was iteratively performed using 
three objective functions. The findings from the topology 
optimization investigations have shown that the structur-
al integrity of the CAD model under consideration can be 
maintained even after the removal of 30% of the original 
material. This suggests that the FE approach proposed in 
this study may be successfully used for aircraft seat design. 
Based on the findings, it can be said that the use of topol-
ogy optimization in the research yields a weight and ma-
terial reduction of 30% for the seat leg. The use of comput-
er-aided engineering design tools in this investigation has 
underscored the significance of their efficient application 
in the design of crucial engineering structures. These tools 
not only contribute to weight reduction but also provide a 
decrease in product development duration. Furthermore, 
they offer valuable insights into seat design. 

10.  Conclusions 
In this article, SOLIDWORKS finite element stress anal-
yses were performed to examine the structural integri-
ty of an aircraft seat. The results of these analyses were 
visualized carefully. The comparison between the finite 
element (FE) analysis findings of various aerospace mate-
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rials demonstrates a satisfactory analysis, hence enhanc-
ing the level of trust in the accuracy and reliability of the 
finite element method (FEM). Nevertheless, it is worth 
noting that some analysis phases may benefit from a 
more complete approach, and there is potential for doing 
future research to further enhance the depth of analysis. 
For the current study, the loads identified as the bound-
ary condition in the topology optimization were deemed 
acceptable. This acceptability was achieved by the incor-
poration of supplementary loads in conjunction with the 
loads derived through statistical analysis. In the preced-
ing phase, prior to conducting topology optimization, the 
inclusion of dynamic analysis with static analysis would 
enable the determination of more precise boundary con-
ditions for the purpose of topology optimization. Topolo-
gy optimization has also yielded approximate outcomes; 
however, as previously indicated, further efforts may be 
undertaken to generate even higher precision. Another 
concern is the potential development of a novel design af-
ter the completion of topology optimization. In the pres-
ent context, after the completion of the topology optimi-
zation analysis, the acquired results may be transferred 
to computer-aided design (CAD) software to generate a 
novel CAD model. This implies that it is possible to do an 
engineering-design iteration. It is important to note that 
the results derived from the present finite element anal-
ysis would of course in industrial manufacturing require 
validation by physical experimentation. It is acknowl-
edged that, despite the reliability and accuracy of the 
present findings it is necessary to subject the proposed 
aircraft seat design to physical testing to ascertain the 
validity of the SOLIDWORKS finite element modelling, 

prior to implementation of the seat design as a finalized 
product. Additionally, since in the present simulations, 
the foam seat was ignored (due to negligible contribution 
to structural integrity), however, in future studies it may 
be incorporated using a suitable hyper-elastic material 
model in SOLIDWORKS or indeed other FEA codes e. g. 
ANSYS. Dynamic loading of the seat with human occu-
pants may also be achieved using MATLAB SIMULINK 
approaches. Efforts in these directions are currently un-
derway and will be communicated imminently. 
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Abstract: In the presented numerical study, the effect of  the use of  mono and hybrid (CuO/Water at 2% volume 
concentration and CuO + Fe/Water (1% CuO + 1% Fe)) type nanofluid in heat sinks designed in new geometric structures 
used to increase the processor cooling performance was investigated. The geometries used are circular, triangular, square, 
hexagonal, square, and hexagonal, and their perforated structures and their effects on a total of  eight geometries were 
analyzed. In addition to these, the rate of  improving the temperature distribution and heat transfer in the heat sink, i.e., the 
Performance Evaluation Criterion (PEC), was also examined. According to the results obtained, the lowest thermal resistance 
value is seen in the circular cross-section with R

th
 = 0.289 K/W, while the highest thermal, i.e., cooling performance is seen in 

the triangular perforated structure with R
th
 = 0.63 K/W and at the lowest pressure inlet condition. In terms of  temperature 

distribution, the most uniform distribution was obtained between 311.82 and 308.98 K in the circular section. The most 
interesting result in terms of  the results was the PEC = 1.4 for the triangular hole structure in the heat transfer improvement 
performance. The main reason for this is that the range of  the temperature distribution shown is very high (319–311.5K). 
Keywords: heat sink, mono-hybrid nanofluid, PEC, thermal resistance

1. Introduction

Thermal problems in central processing unit (CPU) 
equipment need the use of passive cooling methods, such 
as pin or plate fin heat sinks (HS), to ensure effective heat 
transfer and cost efficiency [1–4]. The research conduct-
ed by Chiu et al. [5,6] examined the cooling effectiveness 
of pin-type HS with circular cross-sections using both 
computational and experimental approaches. HS perfor-
mance is highly influenced by factors such as fin dimen-
sions, forms, quantity, arrangement, heat surface place-
ment, and coolant type. Göksu et al. [7,8] have obtained 
important results of heat transfer improvement by using 
passive methods, i.e., geometrical modifications, in their 
studies. Kuru [9] investigates the performance of trian-
gular ribbed plate fin HS, focusing on their thermal ef-
ficiency, weight, volume, and cost reduction. The results 
show that increasing velocity, fin height, number of fins, 
and triangular rib height leads to lower pressure drop and 
increased HS volume and weight. Different manufactur-
ing techniques also play an important role in the design 
of heat sinks; for example, pin-type geometry with addi-

tive manufacturing was designed and its effects analyzed 
[10]. Thangavel and Sekar [11] designed a lotus-type heat 
sink, analyzed the temperature distributions in laminar 
and turbulent flow, and observed that they decreased up 
to 302 K. 

Nanofluids (NFs) are being used more and more to im-
prove heat transfer in different HS setups because to their 
high thermal conductivity and density. The computa-
tional study conducted by Kavitha et al. [12] demonstrat-
ed a significant 68% enhancement in heat transfer for a 
fin-type HS by utilizing Al2O3/water nanofluid. Choi [13] 
initially introduced the notion of employing nanopar-
ticles in coolant. Choi and Eastman [14] employed NFs 
to enhance thermal control in electronic applications. 
Wu et al. [15] investigated the use of Al2O3-water NF 
in copper microchannel HS, as well as graphene/water 
NF for cooling serpentine and sinusoidal spiral archi-
tectures in heat sinks. In a study, it was shown that the 
utilization of a sinusoidal winding fin design was more 
effective when combined with a graphene/water NF on 
HS that had serpentine and sinusoidal spiral designs [16]. 
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An investigation was conducted on a mini-channel HS 
with a wavy design to assess its cooling performance us-
ing supercritical CO2. Results showed a significant 8.58-
fold rise in the heat transfer coefficient at the lowest in-
put temperature of 305 K [17]. The combination of wavy 
fins and square fins greatly enhances the performance of 
an inclined cooler box that contains magnetized-radia-
tive NF, resulting in a notable improvement [18,19]. The 
utilization of NF-cooled fins with circular, square, and 
triangular shapes led to significant enhancements in the 
Nusselt number, with increases of 23.1%, 16.5%, and 8%, 
correspondingly [20]. The integration of the Eulerian-La-
grangian approach with NF results in a significant 16% 
improvement in the heat transfer coefficient of a micro 
pin-fin HS [21,22]. Cabir [23] and Uçkan et al. [24,25] are 
noteworthy in this regard in their studies on fuels. 

Moreover, a study investigating the utilization of  MgO/
water, TiO2/water, and Al2O3/water, NFs in a rectangular 
microchannel HS revealed that Al2O3/water and MgO/
water NFs yielded superior outcomes [26]. The study 
examines [27] the impact of nanoparticle morphology 
on thermal conductivity in microchannels, focusing on 
hybrid and mono NFs. Results show that Al2O3 mono 
NF increases thermal conductivity by 12%, while hybrid 
NF based water increases it by 18.6%. TiO2 nanoparticles 
have the highest thermal resistance. Ozbalcı et al. [28] 
conducted research indicating that the combination of 
nanofluids and metal foam is an economical and energy-
efficient method for cooling electronic systems. Karaaslan 
and Menlik [29] conducted a study to examine the effects 
of mono and hybrid NFs on the cooling of solar panels. 
The mono-hybrid nanofluids they use are CuO/Water and 
CuO+Fe/Water. The reason for choosing these two fluid 
types is that the thermophysical properties of nanofluids 
are better, as mentioned above.  The behavior of hybrid 
nanofluids can be more precisely estimated at lower 
concentrations of nanoparticles. Therefore, a concentration 
of 2% is deemed the most appropriate for this experiment 
[30]. In their study, Ho et al. [31] investigated the impact 
of ultrapure water and water-based alumina NFs with 
volume concentrations of 0.5% and 1% on a micro-channel 
HS. They observed a significant 14.43% enhancement in 
the heat transfer coefficient. Sriharan et al. [32] conducted 
a study to examine how the use of nanofluids Al2O3, MgO, 
and CuO affects the convective heat transfer coefficient 
in a HS with a hexagonal tube. The results indicated a 
significant increase of 40%, 28%, and 22% for Al2O3, MgO, 
and CuO, respectively.

Göksu[33] investigated the cooling performance of mono 
and hybrid NFs in block-type HS, and the results showed 
that mono NF provided much better thermal resistance 
than water fluid and partially lower thermal resistance 
than hybrid NF. It was observed that Al2O3 NF provides 
lower thermal resistance than water fluid when used in 
block-type structures [34]. In another study, Göksu [35] 
designed heat sinks with circular, triangular, square, and 
hexagonal cross-sections and their perforated versions 
and investigated their cooling performance using water 

fluid. The results showed that Rth = 0.29 K/W had the 
lowest thermal resistance. The present study examined 
the effects of using mono and hybrid nanofluid instead 
of water in HS designed in circular, triangular, square, 
and hexagonal sections, as well as their perforated 
versions from the previous study. The primary driving 
force behind this examination was the impact of mono 
and hybrid nanofluids on block-type structures in a 
previous study, which raised questions about the cooling 
capabilities of pin and perforated pin structures. Within 
this framework, it will assess and contrast the cooling 
and heat transfer enhancements achieved by water, mono 
nanofluids, and hybrid nanofluids.

2. Geometry and Boundary Condition
The geometries used in the present study are the same as 
those used in the previous study [35]. These geometries are 
circular, triangular, square, square, hexagonal, and their 
perforated versions. Four different inlet pressures are used 
as boundary conditions (689, 1370, 2040, 2750 Pa), and 
a constant heat flux is applied to the bottom side of the 
heat sink. Central Processing Unit (CPU) analyses were 
carried out using the ANSYS FLUENT module. The k-ε 
turbulence module was used, and SIMPLE was selected as 
the solver. The residual stress values were kept the same 
as in the previous study.  Equation 1 uses the thermal 
resistance (Rth) as the fundamental parameter to gauge 
the system’s cooling efficiency. The system cools more 
efficiently the lower this value is. Equations 2–5 display the 
heat transfer coefficient, friction factor, Reynolds number, 
and Performance Evaluation Criteria (PEC). The present 
study uses both mono (CuO/Water-2% concentration) and 
hybrid (CuO-1%+Fe/Water-1% concentration) solutions. 
The equations used in the calculation of the physical 
properties of the fluids are given in 6–13 equations [33]. 
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3. Result and Discussion 

This chapter will be analyzed in three sections. The sec-
tions are categorized according to the fluids used, and 
the first one highlights the results of the previous study 
[35], i.e., when water fluid is used, the second one high-
lights the results when mono nanofluid is used, and the 
last section highlights the results when hybrid nanofluid 
is used. According to the numerical data, the highest flow 
rate shows a maximum deviation of 4.69% in Rth, while 
the maximum variation in  is 6.42% at a pressure of 
1370 Pa. These variations are worth mentioning as they 
are within the permissible range of less than 10%, which 
demonstrates the accuracy of the numerical simulations.

3.1. Water Utilization Findings
The thermal resistance, temperature distribution, and 
PEC results obtained in the previous study [35]  are shown 
in Figures 1, 2, and 3, respectively. As can be seen from 
the figures, the thermal resistance values decrease with 
increasing pressure, and the lowest thermal resistance was 
obtained as Rth = 0.29 K/W at P = 2750 Pa. It is clearly seen 
from the figure that the geometry that can be used in terms 
of cooling performance after the circular cross-sectional 
structure is the heat sink in the square hole structure. The 
specified value was obtained in the circular-section pin 
heat sink. In the temperature distribution, the situation is 
the same; that is, it is seen that the temperature decreases 
with increasing pressure, and the most uniform tempera-
ture distribution (311.3–308.73 K) was obtained in the cir-
cular section pin type heat sink. When the Performance 
Evaluation Criteria (PEC) were evaluated, the highest PEC 
= 1.18 was obtained at P = 689 Pa. Another important re-
sult is that the heat sink with a triangular cross-sectional 
structure has the lowest PEC values. 

3.2. Mono-Nanofluid Utilization Findings
Figures 4, 5, and 6 display the thermal resistance, 
temperature distribution, and PEC results obtained 
using mono (CuO/Water, 2% concentration) nanofluid, 
respectively. The numerical results indicate that the heat 
sink in the circular cross-section has the lowest thermal 
resistance value of Rth = 0.289 K/W. Overall, the circular 
cross-section yields better results than the other cross-
sections. It is evident that the value is lower than that 
of water fluid. This finding is one of the most significant 
outcomes of using nanofluid to cool heat sinks. Among the 

perforated structures, the square hole structure exhibited 
the lowest thermal resistance, with Rth=0.302 K/W. The 
most uniform temperature distribution was achieved in 
the 311.34–308.67 K range, particularly in the circular 
section heat sink. This range is comparatively better than 
that achieved using water fluid. One of the key findings 

Figure 1. Compare of pressure vs. thermal resistance.

 

Figure 2. Mean temperature vs. pressure.

Figure 3. PEC vs. pressure drop.
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of this study is the PEC value.  As shown in Figure 6, the 
triangular hole structure at P = 689 Pa yielded the highest 
PEC value of 1.32, which is significantly higher than the 
highest PEC value of 1.18 observed in water fluid. This 
indicates that the mono-nanofluid has a considerable 

impact on PEC values compared to water fluid. From 
Figure 3, it is evident that the lowest PEC value of 0.71 
was obtained when using mono nanofluid, compared to 
0.67 when using water fluid. 

Figure 4. Compare of pressure vs. thermal resistance for mono nano-
fluid.

Figure 5. Mean temperature vs. pressure for mono nanofluid.

Figure 6. PEC vs. pressure drop for mono nanofluid.
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Figure 7. Compare of pressure vs. thermal resistance for hybrid 
nanofluid.

Figure 8. Mean temperature vs. pressure for hybrid nanofluid.

Figure 9. PEC vs. pressure drop for hybrid nanofluid.
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3.3. Hybrid-Nanofluid Utilization Findings
Figures 7, 8, and 9 display the thermal resistance, tempera-
ture distribution, and PEC results obtained using mono 
(CuO+Fe/Water) nanofluid, respectively. The circular 
cross-section heat sink exhibited the lowest thermal re-
sistance and the most uniform temperature distribution, 
with values of Rth = 0.299 K/W and 311.82–308.98 K, re-
spectively. These values are higher than those of the mono 
nanofluid. The study concludes that the hybrid nanofluid 
is not more efficient than the mono nanofluid in terms of 
thermal resistance and temperature distribution. Howev-
er, it is quite efficient in terms of heat enhancement factor 
(PEC). Figure 9 shows that the maximum PEC is 1.32 in 
the mono nanofluid, while it is 1.40 in the hybrid nano-
fluid. Although the lowest PEC value in mono nanofluid 
is 0.67, the value of 0.733 in hybrid nanofluid indicates its 
superior efficiency in terms of heat recovery. 

4. Conclusion

The key findings regarding the cooling, temperature 
distribution, and heat recovery performances of mono 
and hybrid nanofluids in the heat sink are as follows:

1. The heat resistance of the mono nanofluid was 
reduced compared to both the water fluid and the hybrid 
nanofluid. The circular sectioned heat sink achieved the 
lowest thermal resistance, with a value of Rth=0.289 K/W.

2. The evaluation of temperature distribution indicated 
that the mono nanofluid exhibited a more consistent 
temperature distribution compared to the hybrid and 
water fluids. 

3. The temperature distribution was obtained in the range 
of approximately 311-308 K for both mono and hybrid 
nanofluids. This range’s narrowness is an indication of 
how uniform the temperature distribution is. 

4. Upon comparing the results in terms of PEC, it was 
seen that the hybrid nanofluid exhibited much higher 
values compared to both the mono nanofluid and water 
fluid. The heat sink with triangular holes achieved the 
greatest PEC value of 1.40. The impact of perforated 
structures, particularly in PEC outcomes, serves as the 
fundamental measure of the effectiveness of the planned 
geometries. 

Nomenclature
a results parameter of specified study 

Cp specific heat, J.kg-1·K-1

 hydraulic diameter, m

f friction factor  

h convection heat transfer coefficient, W.m-2·K-1

k thermal conductivity, W.m-1·K-1

 heat flux, W.m-2

Rth effective thermal resistance K.W-1

T temperature, K

Greeks
µ dynamic viscosity, Pa·s

ρ density, kg.m-3

0 results parameters of experimental study

Abbreviations
CFD computational fluid dynamics

CPU central processing unit

HS heat sink

NF nanofluid

PEC  performance evaluation criterion
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Abstract: In this study, an innovative water park concept slide that aims to keep water consumption low was designed and 
produced. Traditional water parks are out of  use at a rate of  approximately 65% because they are inefficient in water and 
energy consumption. This work will be a pioneering step in the sector with the combination of  environmentally friendly 
design, smart water management systems, and sustainable technologies. Users entering the 43% inclined butterfly body will 
reach a speed of  16 m/sec while performing the vertical swing movement and will move with an acceleration of  0.5m/sec2 
on the horizontal axis. Since the high-pressure water coming from the nozzles on the slide will be used only when there is 
movement, approximately 70% water and 50% energy savings will be achieved and sliding safety will also be increased. The 
proposed saving system will be produced using the inverter, integrated circuit, smart card, and software developed to be 
added to the pump and will be adapted to all slides. The fact that this study is a first in the sector will inspire other water parks 
and lead to the development of  projects that consider sustainability and savings issues.
Keywords: waterslide, eco-friendly design, water saving, polgün

1. Introduction
Nowadays, environmental sustainability and the protec-
tion of natural resources are becoming increasingly im-
portant around the world. Water is one of the most import-
ant elements for the continuation of life on Earth. With 
increasing economic growth and population, water de-
mand also increases; Water availability is constantly being 
depleted, and increasing pressure on freshwater resources 
requires monitoring of water consumption. In addition to 
controlling water supply through an efficient water man-
agement system, automation of the system in terms of both 
monitoring and operation has attracted great attention in 
recent years and helps reduce operating costs and save en-
ergy [1,2]. The responsibility of protecting water resources, 
reducing clean water consumption, and leaving a cleaner 
environment for future generations has become a global 
necessity [3]. In this context, rational and effective use of 
water, sustainable management of water resources, and 
reduction of energy consumption are of great importance, 
especially in the water-related entertainment sector [4].

Rapid urbanization and population growth have affect-
ed the environment in many ways, including greenhouse 
gas emissions (e.g. CO2). In addition, increasing prosper-
ity has increased human mobility in the world, and the 
tourism sector has received a large share of this [5]. To re-
duce energy consumption and use energy more effective-
ly and efficiently in tourism sectors, it is important where 
and how energy is used [6]. In line with this information, 
it will be possible to determine the areas where energy 
savings will be made and to focus on these areas. Perfor-
mance, optional materials, energy consumption, phase 
of use, durability, recycling, reuse, and disposal have an 
important place in eco-design, as well as efficiency issues 
[7,8]. Eco-design is an industrial approach that aims to 
reduce environmental impact at every stage of the prod-
uct life cycle [9]. While early developments in sustainable 
design stemmed from the desire to reduce environmen-
tal impacts throughout the life cycle, recent focus has 
brought the three aspects of sustainability (environment, 
economy, and society) into the spotlight more broadly 
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[10]. Considering the environmental knowledge and at-
titudes of tourists in recent years, it has been understood 
that nature-based water parks are more important in rec-
reational ecosystem services [11,12]. Sustainable devel-
opment has emerged by including sustainability social, 
economic, and environmental factors [13]. Over time, 
the concept of sustainability has taken different dimen-
sions and emerged in different fields such as sustainable 
tourism, sustainable business, and sustainable living [14]. 
It is seen that smart applications in tourism are becom-
ing increasingly widespread in these areas. In this con-
text, concepts such as smart tourism, smart destination, 
smart hotel, smart transportation, and smart activity are 
frequently encountered [15].

Since tourism-related activities require higher energy 
consumption, tourism-based growth is achieved at the 
expense of environmental damage. Additionally, leisure 
tourism, a subsector of the tourism industry, has a sig-
nificant and positive impact on energy consumption and 
economic growth [16]. When the symmetric and asym-
metric effects of hotel services on general customer sat-
isfaction are investigated, one of the highest effects is 
entertainment services. The accelerating development in 
the tourism sector has led to an increase in the use of 
theme parks, amusement parks, and water parks. Water 
parks, established to meet people’s needs for many cul-
tural and social activities such as playing games, resting, 
and doing sports, are water-based active recreational ar-
eas that can be designed in different scales and sizes with 
various activities included [17]. Traditional water parks 
cause negative environmental impacts in terms of water 
consumption, water management, and energy.

Therefore, water parks must have innovative and envi-
ronmentally friendly eco designs and be operated based 
on sustainability principles. The daily water consumption 
of a water park can vary greatly depending on its concept, 
number of visitors, and technological infrastructure. 
Such parks may attempt to reduce water consumption 
by using energy efficiency and water conservation tech-
niques [18]. Theme parks generate billions of dollars in 
revenue, have a substantial effect on local economies and 
therefore, are considered a significant driver of the hos-
pitality industry [19].

The aim of this study is to be a pioneer in the sector by 
offering innovative water parks, environmentally friend-
ly design, smart water management systems and sustain-
able technologies together. The design of the Monarch 
Butterfly slide presented in the study was developed to 
allow four people to slide at the same time, with differ-
ent geometry and sliding behavior. Efficient use of water 
will be ensured thanks to smart sensors and software 
installed to control the flow of water during users’ slid-
ing movements. This innovative water park concept will 
provide a significant source of inspiration to the water 
park and composite manufacturing industry by offering 
an approach centered on sustainability and water-energy 
saving, leading to the development of more environmen-

tally friendly projects in the future. This study will con-
tribute to the protection of water resources, energy sav-
ings and the dissemination of environmentally friendly 
entertainment options.

2. Materials and Methods
2.1. Materials
In this study, the Monarch Butterfly waterslide was de-
signed inspired by the butterfly known in nature as the 
Monarch butterfly. Motifs like those found on the Mon-
arch butterfly are included in the design of the slide. Glass 
fiber and resin were used as composite materials in the 
slide (Table 1). The RTM method was preferred because it 
allows the production of safer and smooth surfaces with 
precise tolerances. In addition, this system also enables 
the necessary acoustic and visual designs. 

Table 1. Glass-reinforced polyester laminate specification 

Material Material Type Material Description

Pigmented 
Gelcoat

İlkester Gin-413 Isophthalic / Neopentyl 
Glycol / Ultraviolet Lights 

Gelcoat

Barrier Coat Bisphenol epoxy Vinyl ester resin

Reinforcement Metycore-
max-HFD7

RTM / Multiaxial / Roving 
glass fiber

Polyester Resin Dewilux Dewester 
779 Polyester

RTM / Spray up type pol-
yester resin

Body 6 mm

Flange S235JR-10 10 mm

Surface Brilliance Min. 70 gloss

Surface Rough-
ness

Max. 0.08 micron

 

 
Raschel fabric used as a pattern is a type of fabric obtained 
by knitting polyester threads. Thanks to the features and 
ease of use offered by the fabric, it is frequently preferred 
in many different sectors. In addition, raschel fabric is pre-
ferred over other fabrics due to its weaving structure being 
durable, flexible, and lightweight. The thinnest version of 
the raschel fabric is applied between two layers of gelcot to 
reinforce the composite and give color.

2.2. Methods
Monarch Butterfly will be produced using the Resin 
Transfer Method (RTM), which is a composite material 
production technique and is generally used in the man-
ufacturing of parts and hardware in the aviation indus-
try. The most important advantages of this method are 
that the outer and inner surfaces of the products have 
the same surface sensitivity, offer excellent visuality, hold 
less dust, are easy to clean, produce high-quality prod-
ucts, provide standard production, have very low error 
tolerances, faster and error-free production. It can be ex-
pressed as being easier and more importantly, creating 
less waste in the environment, having more environmen-
tally friendly working conditions, and being sustainable 
because it is an environmentally friendly technology. At 
the same time, it is planned to have a transparent pro-
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duction with natural light effects and closed sections that 
will allow ambient light into the slide with different col-
ors and patterns.

In production, after the model is designed, it is separat-
ed into molds. In the model design, the model that best 
reflects the Monarch Butterfly figure, using convex and 
concave parts with the same radius and slope, was used 
to give the design a modular structure with minimum 
cost and a low number of molds. All molds are suitable 
for production with RTM, and the parts to be removed 
from the molds are reinforced with 45o woven fibers to 
provide the desired strength. Patterns will be applied to 
the parts at the mold stage. These patterns will be ma-
chined using RTM technology, a closed molding meth-
od in which pre-cut or pre-shaped reinforcing materials 
are sealed by placing them between the male and female 
mold. It has become a high-value product with the inno-
vative feature provided by the LED lighting placed on the 
slide surfaces so that the slide and sensors work at night. 
RTM process stages are shown in Figure 1.

The metal construction that will ensure the statics of the 
body is designed by the theme and serves as a hydrome-
chanical installation (Figure 2). This method, used for 
the first time in the industry, prevents visual pollution 
caused by PVC pipes. 

S235JR was used as steel material (see Figure 3). This steel 
structure goes through the hot dip galvanization process. 
It is painted with acrylic-based polyurethane paint as 
needed. A4 quality stainless steel was used in the fasteners.

Sensors to be placed at critical points on the body of the 
slide will detect the position of the user and convey the 
necessary information for the pump, which transfers wa-
ter to the nozzles on the body, to operate at low or high 
speed. This system will save approximately 70% of wa-
ter and 50% of energy when the slide is not used, or the 
user has not yet reached the body and will increase slid-
ing safety by directing the high-pressure water from the 
nozzles to the user only when needed. The system will be 
created using an inverter, integrated circuit, smart card, 
and developed software to be added to the pump (see Fig-
ure 4). In the future, this technology will be adapted to 
all existing slides. This method, which will be used for 
the first time in the industry, will lead to the design of 
sliding geometries that could not be designed before due 
to safety concerns.

Sustainability-oriented approaches such as efficient use 
of water used in the study and energy saving play an im-
portant role in the design and operation of modern water 
parks. Additionally, steps have been taken to achieve lower 
water consumption and high energy efficiency by adopting 
innovative technologies. These innovations will both sup-

Figure 1. RTM process stages [20]

Figure 2. Monarch Butterfly installation design.
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port environmental sustainability and optimize operating 
energy costs. The comparative technical specifications of 
the Monarch Butterfly slide are given in Table 2.

Different perspectives of the Monarch Butterfly waters-
lide are shown in Figure 5.

3. Results and Discussions

The designed waterslide is unique with its unique sliding 
path, pattern inspired by the Monarch Butterfly, and dif-
ferent color combinations. The slide provides group ac-
tivity at the same time, allowing 4 people with two boats 
to have fun by competing. The boats go through bends 
until they reach the hull, and after a hard landing, the 
boats that reach the hull rise again and accelerate on the 
horizontal axis. It gives users the feeling of competition 
and intense adrenaline at the same time.

Monarch Butterfly offers different geometry and differ-
ent gliding behaviors together. The slide has three differ-
ent sliding dynamics. These;

• First, the slide body is reached through the linear clas-
sical slide with a near-constant slope. Here, right, and 
left bends can be preferred within the same section.

• By free falling and climbing within the body, one 
moves in a valley, first descending, then ascending, 
and then following the same behavior again.

• While ascending and descending movements are 
made, with the outward tilt given to the body of the 
slide, it moves in the horizontal axis within the body 
and at the same time moves towards the exit of the 
body.

The slide has two starting entrances placed on the access 
platform. The sliding platform of the slide is designed 
to be 1000 m2 and the sliding capacity is 240 people/
hour. The slide with a cross-section of 1400x700 mm is 
designed to accommodate descent and climbing with a 

slope of 43% on the Y axis and a slope of 0.78% on the 
X axis. If the user descends another 10 m on the Y axis, 
it will allow the user to accelerate to higher speeds al-
though the slope remains constant. The maximum speed 
reached by users on the butterfly body has been increased 
to 16 m/s and the average speed has been increased to 9 
m/s (Equation 5).

Ep = mgh1, Ek =
1
2

mV 2
1

 
(1)

E1 = Ep + Ek  (2)

E2 =
1
2

mV 2
2

 
(3)

fs = mgkΔx   (4)

E1 = E2 + fs  (5)
where; h1 is the initial altitude, V1 is the initial speed, ∆x is 
the total altitude, k is the friction coefficient and V2 is the 
final attainable speed (if h1= 9.08 m,  x = 20.9 m, k= 0.05 
(for human), and V1=10 m/sec then V2= 16.05 m/sec).

During the swing movement, it will move with an accel-
eration of 0.5 m/sec2 on the horizontal axis. A 10 cm deep 
puddle was created at the exit point of the slide, allowing 
users to evacuate safely from the slide. The water require-
ment for Monarch Butterfly is determined as 200m3/h. 
Requiring 30% less water than its counterparts, the slide 
has a significant competitive advantage in water saving. 
Jet nozzles placed on the sliding surface will be driven by 
entry and exit sensors, and only when the user reaches 
the relevant part of the slide, the pump connected to the 
nozzles will be activated and its speed will be increased 
by the software and will convey the user to the desired 
position. This makes the slide an interactive slide accord-
ing to user behavior. Operating the pump at high speed 
only when necessary and at idle speed in other cases will 
reduce the operating costs of the slide. The estimated en-
ergy saving is estimated to be approximately 50%.

Monarch Butterfly Waterslide is unique in the industry 

Table 2.  Comparative technical specifications. 

Technical Specifications Monarch Butterfly Domestic Competitor Foreign Competitor

Water consumption 200 m3/h 250 m3/h 280 m3/h

Energy consumption 12 kW 20 kW 24 kW

User capacity in one ride 4 people 4 people 2 people

Used technology RTM Hand deposit & RTM Hand deposit & RTM 

Width 24.8 m 24.5 m 20 m

Length 24 m 18.5 m -

Height 12.7 m 10.5 m 9 m

Tilt %43 %40 %45-50

Total capacity 240 Persons/h 240 Persons/h 350 Person/h

Start Platform/Slide Slide Platform

Theme Contains Contains Not contain
    

Yusuf Uzun, Mehmet Kayrıcı, Nazmi Türkhan, Dila Yaz

81European  Mechanical Science (2024), 8(2) https://doi.org/10.26701/ems.1430128



with its design, sliding style, competitive structure, wa-
ter management technique, and steel construction. With 
these features, it is aimed to become one of the most 
prestigious slides in the sector. The Monarch Butterfly 
waterslide is a slide with double lanes and boats. Since 
the symmetry used in the slide creates competition be-
tween two boats, it is envisaged that the slide will turn 
into an entertainment vehicle to be slid repeatedly. The 
developed slide is designed in a way that four people can 
slide at the same time, unlike general waterslides where 

a maximum of two people can slide in a single tour. Due 
to its geometric feature, it provides the user with an en-
tertaining experience thanks to three different sliding 
dynamics (in the tube, oscillation, and falling) and con-
stantly increasing and decreasing speed. Monarch But-
terfly has two starting pieces placed on the access plat-
form. In the two-lane slide, two boats move in the X, Y, 
and Z axes on the body part after making laps in the same 
lengths. The sliding platform of the slide is 40 m2 and the 
sliding capacity is 200 people/h. High speed (16 m/s) will 
give users a more enjoyable and exciting sliding experi-
ence. The maximum speed reached by users in the sliding 
process was increased by 15%, from 13m/s to 16m/s. The 
average speed increased by 6% and reached 9m/s.

According to the laws of physics, individuals with more 
mass are likely to exceed the height limit because they will 
slide faster than those with less mass. Placing jet nozzles in 
the developed slide prevents the user from exceeding the 
limit levels. The water requirement for Monarch Butterfly 
is determined as 200 m3/h and it will provide a significant 
advantage in saving water as it will require 30% less wa-
ter than its competitors in the market. Water consump-
tion was measured by placing a flowmeter where the water 
slide was actively used (PM 15:00 - 21:00). In addition, wa-
ter and energy efficiency calculations were made by deter-
mining the maximum number of users per hour sliding 
in two lanes, considering sliding speed, acceleration, and 
safety times between two slides. Considering that 3.3 m3 
of water was consumed per sliding activity and the max-
imum number of sliding was 60, it was determined that 
200 m3 of water was consumed per hour.

After the sliding process on the Monarch Butterfly wa-
terslide is completed, users will be positioned in the di-
rection of the evacuation ladder. Since the slide has two 
lanes, the lanes are separated from each other with sep-
arators placed in the middle of the body to prevent the 
transition from lane to lane, and the clean area is protect-
ed with propulsion systems. Monarch Butterfly Waters-
lide was designed to be unique in the industry with its 
design, sliding style, competitive structure, water tech-
nique, and steel construction.

4. Conclusions
The biggest contribution of the developed Monarch But-
terfly slide to national development is that it will require 
30% less water than its competitors and provides a sig-
nificant advantage in water saving. This slide is aimed 
to save water and increase productivity in businesses by 
consuming less water and providing more entertainment 
to more people. Energy costs are high in slides produced 
with traditional technologies. Therefore, energy man-
agement needs to be implemented in the system. Thanks 
to the applied energy management, efficiency increases 
and approximately 50% energy savings are achieved. It 
should not be forgotten that the Monarch Butterfly slide, 
beyond providing energy savings, will also represent an 
environmentally friendly and sustainable environmental 

 

Figure 3. Preparation of S235JR steel construction

Figure 4. Integrated circuit simulation.

Figure 5. Perspective view of the Monarch Butterfly waterslide
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approach. While it is known that traditional slides cause 
high energy costs, the aim is to minimize the negative ef-
fects on the environment thanks to the new energy man-
agement approach. In this way, water resources will not 
only be used economically but also serve the purpose of 
long-term environmental protection.

The developed slide can also be considered as an exam-
ple of transformation in the sector. Innovative approaches 
and sustainability-focused product development can also 
inspire other businesses. In addition, issues such as wa-
ter saving, and energy efficiency have an important place 
in terms of social awareness today. In this respect, it will 
reach large masses and contribute to increasing water-sav-
ing awareness. Safety is of great importance in the design 
and operation of water parks. Along with the enjoyable 
properties of water, maintaining balance and minimizing 
risks should not be ignored. In addition, sustainable use of 
water resources and minimization of environmental im-
pacts is critical for the future of such recreational areas. 
Users entering the 43% inclined butterfly body will reach a 
speed of 16 m/sec while performing the vertical oscillation 
movement and will move with an acceleration of 0.5m/
sec2 on the horizontal axis during this oscillation. Ap-
proximately 70% water and energy savings were achieved 
when there was no movement on the slide body.

When the practices in the sector are examined, the 
amount of water used in water parks may vary depending 
on the size of the park, the circulation system of the wa-
ter, and the type of water games in the park. Water parks 
often feature large pools, slides, wave pools and other 
water-themed entertainment areas. With the developed 

software and automation, energy and water savings were 
achieved and the consumption rate was reduced. As a re-
sult, the advantages that this study will bring to national 
development, such as water saving and energy efficiency, 
will have a positive impact not only on the profitability 
of enterprises, but also on environmental sustainability.
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Abstract: Efficient management of  operations in near space, just beyond the Earth’s atmosphere, relies on the precise 
control of  satellites positioned relatively close to our planet. Satellite systems, serving critical functions in telecommunications, 
observation, exploration, and more, have demonstrated their prowess as a transformative technology, consistently delivering 
high-precision data over numerous years. Among satellite systems, Low Earth Orbit (LEO) technology is gaining prominence 
due to its advantages, including lower power requirements for transmission, reduced propagation delays, and heightened 
coverage for polar regions. Achieving optimal efficiency from LEO satellites necessitates a thorough understanding of  their 
fundamental orbital parameters and precise control over them. This study explores the orbital analysis and Earth coverage 
considerations of  LEO satellites, scrutinizing orbital parameters in detail to compute coverage areas across various scenarios. 
Through this investigation, the potential benefits of  data exchange with ground stations facilitated by LEO satellites are 
explored. In addition, the implications are discussed regarding the adjustment of  data exchange topologies according to 
geographical locations and country borders.
Keywords: LEO satellite, earth coverage, orbital parameters, ground track.

1. Intorduction

Satellite systems are one of the key components of space 
research and communication technologies due to the 
many advantages they provide. The most common usage 
areas of this technology can be listed as communication 
[1-4], observation [5], warfare applications [6], and posi-
tioning applications at various scales [7]. The importance 
of low-altitude satellites, which are used for purposes 
such as observation and exploration on Earth, is increas-
ing over time. Satellites known as Low-Earth orbit (LEO) 
are reliable systems capable of meeting such require-
ments with sufficient accuracy [8-13]. In addition to all 
the other benefits, they have all the necessary features 
for positioning when GNSS satellites cannot be used ef-
fectively [9]. Since they are much closer to the Earth than 
GNSS satellites, the signals received from these satellites 
are much stronger [8]. Moreover, the orbital informa-
tion of these satellites was made available to the public 
by the North American Aerospace Defense Command 
(NORAD), which greatly facilitated the work of the rel-
evant researchers [14].

LEO satellites have found a myriad of applications across 

various domains, owing to their proximity to Earth and 
the advantages they offer in terms of data transmission, 
coverage, and responsiveness. One prominent applica-
tion lies in telecommunications, where LEO satellites 
serve as vital components in global communication net-
works [15, 16]. These satellites facilitate voice and data 
communication services, including mobile phone calls, 
internet connectivity, and multimedia streaming. Due 
to their relatively low altitude, LEO satellites enable 
low-latency communication, making them particularly 
suitable for real-time applications such as voice calls and 
video conferencing [17]. Moreover, LEO satellite constel-
lations, characterized by multiple satellites orbiting the 
Earth in close proximity, enhance network reliability and 
coverage, ensuring seamless connectivity even in remote 
or underserved regions [18]. Beyond traditional telecom-
munications, LEO satellites also play crucial roles in 
emergency communication systems, providing essential 
communication links during natural disasters, humani-
tarian crises, and remote rescue operations [19, 20]. Their 
rapid deployment capabilities and wide coverage areas 
make LEO satellites indispensable tools for emergency 
response and disaster management efforts worldwide.
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Another significant application of LEO satellites is in 
Earth observation and environmental monitoring [21]. 
Equipped with advanced sensors and imaging technol-
ogies, LEO satellites capture high-resolution imagery 
of the Earth’s surface, atmosphere, and oceans [22, 23]. 
These satellites facilitate a wide range of applications, 
including weather forecasting, climate monitoring, di-
saster management, agriculture, and urban planning [24, 
25]. By continuously monitoring environmental parame-
ters such as weather patterns, sea surface temperatures, 
vegetation health, and land use changes, LEO satellites 
provide valuable data for scientific research, resource 
management, and policy-making. Furthermore, LEO 
satellite imagery aids in the assessment and mitigation 
of natural disasters such as hurricanes, floods, wildfires, 
and earthquakes by enabling early detection, rapid re-
sponse, and post-event damage assessment [26]. The 
real-time monitoring capabilities of LEO satellites also 
contribute to environmental conservation efforts by 
tracking deforestation, pollution, and biodiversity loss, 
facilitating informed decision-making to address press-
ing environmental challenges [27].

Satellite systems, along with other unmanned systems, 
maintain continuous communication with ground sta-
tions, ensuring they are under constant supervision, re-
gardless of whether they fulfill their duties proficiently or 
encounter issues. In this context, while updates are trans-
mitted by ground stations at certain times, the received te-
lemetry information is also subject to control [28-30]. For 
this to happen, the satellite must enter the line of sight of 
the ground station. However, even this alone is not enough 
for data exchange to be efficient. The quality of data ex-
change may also depend on antenna gain, network relay 
speed, and even geographical conditions [31-33]. LEO sat-
ellites, which are closer to the Earth than other satellite 
systems, move relatively faster in their orbits and therefore 
communication can be established from the ground sta-
tions for limited times. On the other hand, the duration 
of data exchange is primarily dependent on the orbital 
parameters and the geographical location of the ground 
control stations on Earth [34, 35]. Especially in critical 
Earth-observation missions, it is necessary to know the 
orbit information and coverage area of the satellite with 
high accuracy [36, 37]. This is an essential requirement 
for many important applications. In this study, the orbital 
characteristics of LEO satellites were investigated by con-
sidering the basic Kepler parameters and focused on the 
coverage areas throughout their orbits. Thus, a framework 
has been tried to be drawn about how and to what extent 
they can communicate with ground stations.

2. Methodology
In the numerical study, the two-line element set pro-
vided by the NORAD system are used as initial values. 
After the first computations are made with these ini-
tial values, the iterative process starts, and the neces-
sary computations for each time step of the satellite are 
made as follows: First, using NORAD’s data, the period 

of the satellite orbit, T, is computed as mean motion 
. Then, using this period 

value, the semi-major axis is computed as follows.

  
(1)

where  is the standard gravitational parameter and has 
an approximate value of  
for Earth. With the eccentricity, e, and mean anomaly, M, 
values from NORAD, the eccentric anomaly, E, is com-
puted as follows:

  (2)
Using the same eccentricity and mean anomaly values, 
the true anomaly value, , can also be computed as fol-
lows:

 
(3)

The position vector, , relative to the center of Earth is 
then computed as follows:

  (4)

In the computation of , inclination, , right ascension, 
, and argument of periapsis, , values provided by 

NORAD are also used. The magnitude of the position 
vector given above can be expressed as follows:

  
(5)

The following set of transformation equations is used to 
transform the position vector from the perifocal coordi-
nate system to the equatorial coordinate system.

 (6a)

 (6b)

 (6c)

  (7a)

  (7b)

  (7c)

  (8a)

  (8b)

   (8c)
Each satellite will have different Keplerian element val-
ues and thus different altitudes and orbital trajectories. 
Altitude is a critical parameter that directly determines 
the orbital speed and coverage area. As the altitude in-
creases, the width of the swath, which is a circular area, 
increases. However, considering the two-dimensional 
model, this coverage area, which is almost a full circle 
around the equator, will deviate from a circle and take on 

European  Mechanical Science (2024), 8(2)

Modeling and simulation of earth coverage of a low earth orbit (LEO) satellite

86 https://doi.org/10.26701/ems.1466031



a different shape near the poles. Fig. 1a shows the varia-
tion of coverage area with satellite altitude. As shown in 
the figure, an increase of about 800% in the coverage area 
occurs when the altitude increases from 300 km to 900 
km. Fig. 1b shows the different coverage areas of a 500 
km altitude LEO satellite at different points on the Earth.

Some of the key orbital parameters of a LEO satellite in 
Earth orbit are given in Fig. 2. In the figure,  is the radius 
of the Earth,  is the altitude of the satellite,  is the lo-
cation of the ground station,  is the subsatellite point,  
is the satellite’s coverage radius,  is the projection of the 
satellite coverage angle relative to the Earth’s center , 

 is the angular distance between the ground station and 
the subsatellite point,  is the elevation angle, and  is the 
azimuth angle.

Based on the figure, the coverage radius of the satellite is 
determined as follows:

  (9)
It must be noted that the angular relationship between 

 and  is  as can be deduced from the fig-
ure. When the latitude, , longitude, , of the subsatel-
lite point and the latitude, , of the GS are known, the 
azimuth angle, , and the angular distance, , between 
these points are calculated as follows:

 (10)

  
(11)

where  is the angular distance between the subsatellite 
point and the ground station. Depending on whether the 
GS is east or west from the s, the azimuth angle will take 
values greater or less than 180 degrees.

Specifying Fig. 2 in more detail, additional parameters 
can be determined for the orbiting satellite. Fig. 3 shows 
the angular relationship between the satellite, GS, and 
subsatellite point s. Using the geometric figure, the angle 
of inclination of the satellite and the distance between 
the satellite and the GS can be computed as follows:

  
(12)

and the distance between the satellite and GS is

  (13)
where  is the nadir angle, the angle between the subsat-
ellite point and the GS, measured from the satellite to the 
GS. Using the obtained nadir angle, the elevation angle, 

, of the satellite is calculated as follows:

  (14)
When an LEO satellite is within the detection area of the 
GS, the primary factor that determines the data transfer 
time between the satellite and the GS is the satellite’s in-
clination. While this time increases at high elevation an-
gles, it decreases dramatically as the elevation decreases; 

Figure 1. Variation of satellite coverage area with altitude (a) and latitude (b).

Figure 2. Orbital parameters of the LEO satellite.

Figure 3. Different perspective of orbital parameters of the LEO 
satellite.

Murat Bakirci

87European  Mechanical Science (2024), 8(2) https://doi.org/10.26701/ems.1466031



that is, the data transfer time is a function of the eleva-
tion angle. When the satellite is at high elevation angles, 
the transfer time will be longer, as it will be in view of 
the GS for a longer period of time. At elevation angles 
below approximately 5 degrees, communication with the 
satellite cannot be established due to geographical con-
straints. The relationship between the elevation angle 
and the angular distance between the subsatellite point 
and GS can be expressed as follows.

   
(15)

Fig. 4 shows the variation of elevation angle, , with an-
gular distance, , between the subsatellite point and GS 
for LEO satellites with different altitudes. As can be seen 
from the graph, the elevation angle affects the communi-
cation time significantly due to the change in the angular 
distance between the subsatellite point and GS.

3. Results
Simulations were performed using the set of operations 
described in the previous section, utilizing the NORAD 
dataset as initial values. Considering that the true anom-
aly value is a function of time, eccentric anomaly values 
are computed for each time stamp with true anomaly 
values calculated using the initial value. This approach 
allows for obtaining the position of the LEO satellite in 
time in the equatorial coordinate system.

However, another critical point to consider is the Earth’s 
rotation. So far, computations for the satellite have taken 
into account only the motion of the satellite. However, 
since the Earth’s rotation will affect all computations, 
they must be adjusted accordingly. Only through this ad-
justment can the trajectory of the satellite over the rotat-
ing Earth be accurately determined. To achieve this, the 
position vector obtained in (4) must be corrected, taking 
into account the angular velocity of the Earth, as follows:

 (16)

where  indicates corrected position matrix and  
is the angular velocity matrix of the Earth and is ex-
pressed as

  

(17)

where  is the angular velocity of the Earth. The subsat-
ellite point of the LEO satellite can be easily found by sub-
tracting the Earth radius from the altitude of the satellite.

Thus, the correct position vector, , of the considered 
satellite is obtained. From here, the actual coordinates of 
the subsatellite point on Earth are computed as follows

 (18)

  
(19)

where  and  are the x and z components of the cor-
rected position vector, , respectively. Now that the 
correct coordinates of the satellite have been obtained, 
it remains to compute whether or not the GS is with-
in the satellite’s coverage area. Since the coordinates of 
both the subsatellite point and GS are known, and the 
distance between inter-latitude is also known, using (10), 
the distance between the subsatellite point and GS is de-
termined, and by normalizing the coverage area with the 
distance between inter-latitudes, the maximum distance 
to be covered by the satellite is computed as follows.

 (20)
Fig. 5 shows the ground track map illustrating a full or-
bit of an LEO satellite around the Earth. The parameters 
used in this orbital simulation are as follows: eccentric-
ity is 0.2, semimajor axis is 8000 km, true anomaly is 70 
degrees, inclination is 70 degrees, argument of perigee 
is also 70 degrees, and right ascension is 120 degrees. 
Using these parameters, the orbital characteristics were 
computed as follows: the initial radius is 7188 km, initial 
velocity is 7.815 km s-1, angular momentum is 55329 km2 
s-1, mean anomaly is 0.866 rad, eccentric anomaly is 1.039 
rad, perigee radius is 6400 km, flight path angle is 0.174 
rad, and energy is -24.913 km2 s-2.

In Fig. 6, the velocity and position vector components 
corresponding to this orbital motion are provided. In 
both graphs, the variations of the velocity vector and 
position vector with respect to true anomaly are given. 
Based on the velocity-true anomaly graph, the average 
velocity of the satellite during its orbital motion is 7.326 
km s-1, and their minimum and maximum velocities are 
5.777 km s-1 and 8.714 km s-1, respectively. Fig. 7 shows 
the variation of the same velocity and position vector 
components with respect to time.

In Fig. 8a, the orbital motion of the satellite around the Figure 4. Variation of elevation angle with angular distance between 
subsatellite point and GS for different altitudes.
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Earth is expressed in 3D. Similarly, the velocity variation 
along the orbital motion is given in Fig. 8b. Note that in 
this graph, different vector lengths correspond to differ-
ent magnitudes of velocity.

Fig. 9a and Fig. 9b show a ground track map illustrat-
ing 5 and 43 orbits of an LEO satellite around the Earth, 
respectively. For both simulations, all orbital parameters 

are the same except their periods. The orbital motion pe-
riod in Fig. 9b is five times shorter, which provides a gen-
eral framework for most LEO satellites, considering their 
high-speed orbital motion.

Table 1 shows the numerical values corresponding to the 
azimuth and elevation angle diagram obtained from the 
numerical study. In this simulation, the GS was assumed 
to be located at the point on the Earth corresponding to 
0 latitude and longitude. On the other hand, the LEO 
satellite corresponding to Fig. 9b, was assumed to have 
a 70-degree inclination, at an altitude of 750 km, and to 
make 43 complete orbits around the Earth each day.

In the table, the position of the GS is expressed as the 
center, that is, the point where the zero values intersect. 
At this point, the elevation angle is maximum, that is, 90 
degrees. As you go from the center of the table, the ele-
vation angle decreases. When horizontal angle values are 
considered as x components and vertical angle values as 
y components, the azimuth value is 0 at the intersection 
of 0 and [90,80), and is 90 at the intersection of (80,90] 
and 0, and is 180 at the intersection of 0 and (-80,90], 
and is 270, at the intersection of [-90,80) and 0. All cells 

Figure 5. Ground track for the LEO satellite.

Figure 6. Variation of position and velocity vector components with 
respect to true anomaly.

Figure 7. Variation of position and velocity vector components with 
respect to time.

Figure 8. Three dimensional illustration of the LEO satellite’s orbital 
motion around the Earth (a), and velocity variation along the orbital 
motion (b).

Figure 9. Ground track of 5 (a) and 43 (b) orbits of the LEO satellite.
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with numerical values indicate communication times. In 
only 15 of the 43 full orbits made by the LEO satellite, 
the GS has entered the satellite’s coverage area. As only 
13 of them have the minimum elevation angle possible 
to communicate, they are listed in the table. In the other 
two cases, it will not be possible to establish a connection 
due to geographical constraints.

4. Conclusion
Despite having all the advantages, it is quite critical to 
know basic orbital parameters with high accuracy and to 
control them precisely in order to get the maximum effi-
ciency from LEO satellites. For that reason, their ground 
tracks must be obtained with high accuracy, and com-
munication instants with ground stations must be accu-
rately calculated. The orbital analysis of a LEO satellite 
and the Earth coverage problem was investigated in this 
study. By computing the Keplerian parameters of the sat-
ellite, detailed orbital analysis was performed, and the 
orbital motion was determined for different inputs. By 
computing the position and velocity vectors, the changes 
in all phases of the trajectory were examined. Moreover, 
the coverage area, which indirectly depends on time, was 
obtained during its entire orbital motion, and it was com-
puted when it exchanged data with the ground station. It 
was determined that a LEO satellite with specific orbital 
parameters is able to communicate in only 13 of the 43 
orbits made in total. Satellite ground tracks have been 
analyzed in detail, and insight was gained about what to-

pology should be planned for maximizing the communi-
cation time. It was concluded that a single LEO satellite 
can be used quite efficiently by establishing the optimum 
number of ground station networks at the proper loca-
tions of the Earth. Since Turkey, the area of interest in 
this study, has an approximately rectangular geograph-
ical shape, it will be sufficient to establish two ground 
stations, one in the east and another in the west, along 
the central axis of the territory.
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Table 1. Satellite and GS communication instants. 
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[90, 80) - - - - - - 1,2,6 2 4,11 9 5,9 - 8,12 - - - - -

[80, 70) - - - 3 1,5 1,2,6 2,4 4 11 11 5,9 9 12 8,10 - - - -

[70, 60) - - 3 1,3,5 1,2,5 2,4,6 4 - - 11 11,13 9 9,12 12 8,10 - - -

[60, 50) - - 1,3 1,2,5 2 4,6 - - - - 11,13 - 9 9,12 8,10 10 7 -

[50, 40) - 1,3 1,2,3 2,5 4 4,6 - - - - 11,13 11 - 9,12 8,9 8,10 7 -

[40, 30) - 1,3 2,5 - 4,6 - - - - - 13 11 - 12 9,12 8,10 7 -

[30, 20) 1 1,2,3 2,5 4 6 - - - - - 13 11 11 - 9,12 10 8 7

[20, 10) 1 2,3 5 4 6 - - - - 13 - - 11 - 12 9,10 8 7

[10, 0) 1 2,3 5 4 6 - - - - 13 - - 11 - 12 9 8,10 7

0

(0, -10] 1 2,3 4,5 4 - 6 - - - 13 - - 11 11 12 9 8,10 7

(-10, -20] 1 2,3 4,5 - - 6 - - - 13 - - - 11,12 12 9,10 - 7,8

(-20, -30] 1 2,3 4,5 - - 6 - - 13 13 - - - 11,12 - 9,10 - 7,8

(-30, -40] - 2,3 3,4 4,5 - 6 - - 13 - - - - 11,12 - 9,10 7,8 7

(-40, -50] - 2 3 4,5 - - 6 - 13 - - - 12 11,12 10 9,10 7,8 -

(-50, -60] - 2 3 4,5 5 - 6 - 13 - - - 12 11 10 9 - -

(-60, -70] - - 3 3,4 5 5 - 6,13 13 - - 12 12 10,11 9,10 9 - -

(-70, -80] - - - 3 - 5 - 6,13 6 - 12 12 10,11 10 - - - -

(-80, -90] - - - - - - 5 13 6 6,12 12 - 10,11 - - - - -

 

European  Mechanical Science (2024), 8(2)

Modeling and simulation of earth coverage of a low earth orbit (LEO) satellite

90 https://doi.org/10.26701/ems.1466031



Rererences
[1] Khalife, J.J., Kassas, Z.M. (2019). Receiver design for Doppler 

positioning with LEO satellites. ICASSP 2019 - 2019 IEEE Inter-
national Conference on Acoustics, Speech and Signal Processing, 
5506-5510. https://doi.org/10.1109/ICASSP.2019.8682554

[2] Bakirci, M., Cetin, M. (2022). Utilization of a vehicle’s on-bo-
ard diagnostics to reduce GPS-sourced positioning error. 
2022 Innovations in Intelligent Systems and Applications Con-
ference (ASYU), Antalya, Turkey, 1-4. https://doi.org/10.1109/
ASYU52992.2022.9833873

[3] Cluzel, S., Franck, L., Radzik, J., Cazalens, S., Dervin, M., Baudo-
in, C. (2018). 3GPP NB-IOT coverage extension using LEO sa-
tellites. 2018 IEEE 87th Vehicular Technology Conference (VTC 
Spring), 1-5. https://doi.org/10.1109/VTCSpring.2018.8417874

[4] Su, Y., Liu, Y., Zhou, Y., Yuan, J., Cao, H., Shi, J. (2019). Broadband 
LEO satellite communications: architectures and key techno-
logies. IEEE Wireless Communications, 26(2), 55-61. https://doi.
org/10.1109/MWC.2019.8684206

[5] Crisp, N.H., Roberts, P.C.E., Livadiotti, S., Oiko, V.T.A., Edmond-
son, S., Haigh, S.J. (2020). The benefits of very low earth orbit for 
earth observation missions. Progress in Aerospace Sciences, 117, 
1-18. https://doi.org/10.1016/j.paerosci.2020.100619

[6] Routray, S.K., Javali, A., Sahoo, A., Sharmila, K.P., Anand, S. 
(2020). Military applications of satellite based IoT. 2020 Third 
International Conference on Smart Systems and Inventive 
Technology (ICSSIT), 122-127. https://doi.org/10.1109/ICS-
SIT48917.2020.9214165

[7] Li, B., Ge, H., Ge, M., Nie, L., Shen, Y., Schuh, H. (2019). LEO en-
hanced global navigation satellite system (LeGNSS) for real-ti-
me precise positioning services. Advances in Space Research, 
63(1), 73-93. https://doi.org/10.1016/j.asr.2018.08.026

[8] Khalife, J., Neinavaie, M., Kassas, Z.M. (2020). Navigation with 
differential carrier phase measurements from megaconstellati-
on LEO satellites. 2020 IEEE/ION Position, Location and Naviga-
tion Symposium (PLANS), Portland, Oregon, 1393-1404. https://
doi.org/10.1109/PLANS46316.2020.9110165

[9] Morales, J., Khalife, J., Kassas, Z.M. (2019). Simultaneous trac-
king of Orbcomm LEO satellites and inertial navigation system 
aiding using Doppler measurements. 2019 IEEE 89th Vehicu-
lar Technology Conference (VTC2019-Spring), 1-6. https://doi.
org/10.1109/VTCSpring.2019.8746340

[10] Reid, T., Neish, A., Walter, T., Enge, P. (2018). Broadband LEO 
constellations for navigation. NAVIGATION, Journal of the Ins-
titute of Navigation, 65(2), 205-220. https://doi.org/10.1002/
navi.249

[11] Lawrence, D., Cobb, H., Gutt, G., O’Connor, M., Reid, T., Walter, 
T. (2017). Navigation from LEO: current capability and future 
promise. GPS World Magazine, 28(7), 42-48.

[12] Chen, X., Wang, M., Zhang, L. (2016). Analysis on the perfor-
mance bound of Doppler positioning using one LEO satellite. 
IEEE Vehicular Technology Conference (VTC-Fall), 1-5. https://
doi.org/10.1109/VTCFall.2016.7881273

[13] Kozhaya, S.E., Haidar-Ahmad, J.A., Abdallah, A.A., Kassas, Z.M., 
Saab, S.M. (2021). Comparison of neural network architectures 
for simultaneous tracking and navigation with LEO satellites. 
34th International Technical Meeting of the Satellite Division of 
the Institute of Navigation (ION GNSS+ 2021), St. Louis, Missou-
ri, 2507-2520. https://doi.org/10.33012/2021.17811

[14] North American Aerospace Defense Command (NORAD). 
“Two-line element sets.” celestrak.com. https://www.celestrak.

com/NORAD/elements/ (accessed Jan. 3, 2024).
[15] Geng, S., Liu, S., Fang, Z., Gao, S. (2020). An optimal delay rou-

ting algorithm considering delay variation in the LEO satellite 
communication network. Computer Networks, 173, 107166. 
https://doi.org/10.1016/j.comnet.2020.107166

[16] Ge, H., Li, B., Nie, L., Ge, M., Schuh, H. (2020). LEO constellati-
on optimization for LEO enhanced global navigation satellite 
system (LeGNSS). Advances in Space Research, 66(3), 520-532. 
https://doi.org/10.1016/j.asr.2019.04.008

[17] Sun, X., Han, C., Chen, P. (2017). Precise real-time navigation 
of LEO satellites using a single-frequency GPS receiver and ult-
ra-rapid ephemerides. Aerospace Science and Technology, 67, 
228-236. https://doi.org/10.1016/j.ast.2017.03.008

[18] Lin, X., Chen, Y., Xue, J., Zhang, B., He, L., Chen, Y. (2024). Lar-
ge-volume LEO satellite imaging data networked transmission 
scheduling problem: Model and algorithm. Expert Systems 
with Applications, 249(B), 123649. https://doi.org/10.1016/j.
eswa.2023.123649

[19] Denis, G., de Boissezon, H., Hosford, S., Pasco, X., Montfort, B., 
Ranera, F. (2016). The evolution of Earth Observation satellites 
in Europe and its impact on the performance of emergency 
response services. Acta Astronautica, 127, 619-633. https://doi.
org/10.1016/j.actaastro.2016.06.019

[20] Lourenço, R.B.R., Figueiredo, G.B., Tornatore, M., Mukherjee, 
B. (2019). Data evacuation from data centers in disaster-af-
fected regions through software-defined satellite networks. 
Computer Networks, 148, 88-100. https://doi.org/10.1016/j.
comnet.2018.11.022

[21] Pardini, C., Anselmo, L. (2020). Environmental sustainability of 
large satellite constellations in low earth orbit. Acta Astronau-
tica, 170, 27-36. https://doi.org/10.1016/j.actaastro.2020.01.014

[22] Bakirci, M., Bayraktar, I. (2024). Transforming aircraft detecti-
on through LEO satellite imagery and YOLOv9 for improved 
aviation safety. 2024 26th International Conference on Digital 
Signal Processing and its Applications (DSPA), Moscow, Russian 
Federation, 1-6. https://doi.org/10.1109/DSPA.2024.9832371

[23] Bakirci, M., Bayraktar, I. (2024). Boosting aircraft monitoring 
and security through ground surveillance optimization with 
YOLOv9. 2024 12th International Symposium on Digital Foren-
sics and Security (ISDFS), San Antonio, TX, USA, 1-6. https://
doi.org/10.1109/ISDFS.2024.9832372

[24] Nwankwo, V.U.J., Chakrabarti, S.K. (2018). Effects of space we-
ather on the ionosphere and LEO satellites’ orbital trajectory 
in equatorial, low and middle latitude. Advances in Space Rese-
arch, 61(7), 1880-1889. https://doi.org/10.1016/j.asr.2017.10.022

[25] Lele, N., Nigam, R., Bhattacharya, B.K. (2021). New findings 
on impact of COVID lockdown over terrestrial ecosystems 
from LEO-GEO satellites. Remote Sensing Applications: Society 
and Environment, 22, 100476. https://doi.org/10.1016/j.rsa-
se.2021.100476

[26] Maiti, M., & Kayal, P. (2024). Exploring innovative techniques 
for damage control during natural disasters. Journal of Safety 
Science and Resilience, 5(2), 147-155. https://doi.org/10.1016/j.
jssr.2024.02.005

[27] Numbere, A. O. (2022). Application of GIS and remote sen-
sing towards forest resource management in mangrove forest 
of Niger Delta. Natural Resources Conservation and Advan-
ces for Sustainability, 433-459. https://doi.org/10.1016/j.nrs-
cas.2022.05.015

Murat Bakirci

91European  Mechanical Science (2024), 8(2) https://doi.org/10.26701/ems.1466031



[28] Salcedo, D. A., Ciafardini, J. P., & Bava, J. A. (2020). Antenna for 
telemetry data relay communications in LEO satellites and 
inmarsat-F4 constellation. In 2020 IEEE Congreso Bienal de Ar-
gentina (ARGENCON) (pp. 1-6). IEEE. https://doi.org/10.1109/
ARGENCON49523.2020.9505352

[29] Zhan, Y., Wan, P., Jiang, C., Pan, X., Chen, X., & Guo, S. (2020). 
Challenges and solutions for the satellite tracking, telemetry, 
and command system. IEEE Wireless Communications, 27(6), 
12-18. https://doi.org/10.1109/MWC.2020.9265056

[30] Stock, G., Fraire, J. A., Mömke, T., Hermanns, H., Babayev, F., & 
Cruz, E. (2020). Managing fleets of LEO satellites: Nonlinear, op-
timal, efficient, scalable, usable, and robust. IEEE Transactions 
on Computer-Aided Design of Integrated Circuits and Systems, 
39(11), 3762-3773. https://doi.org/10.1109/TCAD.2020.3021567

[31] Done, A., Lesanu, C., Căilean, A., Graur, A., & Dimian, M. (2017). 
Implementation of an on-line remote control ground station 
for LEO satellites. In 2017 21st International Conference on Sys-
tem Theory, Control and Computing (ICSTCC) (pp. 855-859). 
IEEE. https://doi.org/10.1109/ICSTCC.2017.8107123

[32] Xia, D., Zheng, X., Duan, P., Wang, C., Liu, L., & Ma, H. (2019). 
Ground-station based software-defined LEO satellite 
networks. In 2019 IEEE 25th International Conference on Paral-
lel and Distributed Systems (ICPADS) (pp. 687-694). IEEE. htt-
ps://doi.org/10.1109/ICPADS47876.2019.00099

[33] Done, A., Căilean, A., Leşanu, C., Dimian, M., & Graur, A. (2017). 
Considerations on ground station antennas used for commu-
nication with LEO satellites. In 2017 International Symposium 
on Signals, Circuits and Systems (ISSCS) (pp. 1-4). IEEE. https://
doi.org/10.1109/ISSCS.2017.8034928

[34] Done, A., Căilean, A., Leşanu, C., Dimian, M., & Graur, A. 
(2017). Design and implementation of a satellite communica-
tion ground station. In 2017 International Symposium on Sig-
nals, Circuits and Systems (ISSCS) (pp. 71-75). IEEE. https://doi.
org/10.1109/ISSCS.2017.8034929

[35] Zeng, T., Sui, L., Jia, X., Lv, Z., Ji, G., & Dai, Q. (2019). Validation of 
enhanced orbit determination for GPS satellites with LEO GPS 
data considering multi ground station networks. Advances 
in Space Research, 63(9), 2938-2951. https://doi.org/10.1016/j.
asr.2019.01.020

[36] Talgat, A., Kishk, M. A., & Alouini, M. S. (2021). Stochastic geo-
metry-based analysis of LEO satellite communication systems. 
IEEE Communications Letters, 25(8), 2458-2462. https://doi.
org/10.1109/LCOMM.2021.3064457

[37] Meng, Y., Bian, L., Han, L., Lei, W., Yan, T., & He, M. (2018). A 
global navigation augmentation system based on LEO com-
munication constellation. In 2018 European Navigation Con-
ference (ENC) (pp. 65-71). IEEE. https://doi.org/10.1109/EURO-
NAV.2018.8443173

European  Mechanical Science (2024), 8(2)

Modeling and simulation of earth coverage of a low earth orbit (LEO) satellite

92 https://doi.org/10.26701/ems.1466031



     e-ISSN: 2587-1110

Enhanced after-treatment warm up in diesel 
vehicles through modulating fuel injection and 
exhaust valve closure timing
Hasan Üstün Başaran1*

1Izmir Katip Celebi University, Naval Architecture and Marine Engineering Department, Türkiye

Orcid: H.Ü. Başaran (0000-0002-1491-0465)

Abstract: Exhaust after-treatment (EAT) units in diesel engine systems necessitate high exhaust temperature (above 250oC) 
to perform effectively and reduce the emission rates sufficiently during operation. Several methods such as exhaust throttling, 
early exhaust valve opening and late post fuel injection require high fuel penalty (mostly above % 10) to sustain EAT systems 
above 250oC. The aim of  this numerical work is to combine delayed fuel injection and advanced exhaust valve closure in a 
diesel engine model to reduce the fuel penalty below % 10 as exhaust temperature is improved over 250oC. Fuel injection 
timing (FIT) is delayed up to 13oCA degrees from the nominal position. Exhaust valve closure is simultaneously advanced up 
to 30oCA degrees from the baseline as fuel injection is delayed in the system. Numerical results demonstrated that retarded 
fuel injection improved exhaust temperature moderately and needed relatively high fuel penalty. Unlike FIT modulation, early 
exhaust valve closure (EEVC) enhanced engine-out temperature effectively and required lower fuel penalty. However, EEVC 
caused a significant exhaust flow reduction, affecting EAT warm up negatively. Simultaneous application of  EEVC and delayed 
FIT decreased the exhaust flow rate less than that in EEVC alone mode. Moreover, it kept fuel penalty below % 10, which was 
not found possible with RFI method alone in the system. EEVC + RFI combined method was also seen to heat up the EAT 
unit above 250oC in a fuel saving manner compared to RFI alone mode.
Keywords: diesel engines, late fuel injection, early exhaust valve closure, exhaust temperature, after-treatment warm up.

1. Introduction
Nowadays, many engine producers utilize EAT systems 
for diesel engines to decrease the harmful emission rates 
and meet the strict regulations issued by environmental 
agencies [1, 2]. EAT units are highly helpful in curbing 
emission rates. However, post-treatment units such as 
SCR, LNT and DOC are highly temperature-dependent 
and they tend to work effectively when they are adequate-
ly heated up to a certain temperature (~ 250oC) [3, 4]. 
The SCR unit, in particular, enables the desirable, effec-
tive NOx conversion between temperatures of 250oC and 
450oC [5]. That high temperature requirement is prob-
lematic for diesel engines since exhaust temperature 
cannot be kept over 250oC particularly at low loads and 
thus, EAT units operate ineffectively [6]. There is a signif-
icant need for those loads to elevate exhaust temperature 
and enable improved EAT systems [7].

One effective approach to obtain high exhaust tempera-
ture is to implement variable valve timing (VVT) in com-

pression-ignition engine systems [8–10]. Control of intake 
valve closure and exhaust valve opening is particularly 
useful for boosting exhaust-out temperature at low engine 
loads [11–13]. Negative valve overlap (NVO) via modula-
tion of intake opening and exhaust closure is also found 
to be beneficial to elevate EAT inlet temperature in diesel 
engines [14, 15] as it partially traps the exhaust gas inside 
the cylinders [16]. Joshi et al. experimentally implemented 
NVO in a 6-cylinder diesel engine and achieved an exhaust 
temperature rise of 40oC with reduction in NOx rates by % 
60 through internal exhaust gas recirculation [17].

In addition to engine valve timing actuation, some dif-
ferent fuel injection techniques can be investigated to 
achieve superior EAT thermal management [18]. One 
common method in this category is retarded fuel injec-
tion (RFI) [19]. Cavina et al. elevated exhaust temperature 
by 48oC through delayed SOI (15oC A from the baseline) 
in a 4-cylinder diesel engine system. However, it required 
% 15 rise in fuel consumption, which is considerable, to 
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achieve such an exhaust temperature improvement [20]. 
RFI deteriorates combustion effectiveness due to delayed 
injection timing, but it has the advantage of moderately 
improved exhaust temperature at low loads [21]. Close 
and late post-injection are other fuel injection-based 
techniques to enhance the outlet temperature. Post-in-
jection rate and timing are generally seen to be directly 
related to the exhaust temperature [22].

Some engine-independent methods are continuously ex-
plored by researchers to improve exhaust temperature as 
well [23]. Electrical heating is one of the most promis-
ing of those outer-engine techniques [24]. After-burners 
and heat storage units are seen to enhance EAT thermal 
management too [25, 26]. Those methods necessitate ad-
ditional energy supply and extra equipment to be posi-
tioned on the engine system [27] and therefore, mostly 
increase the manufacturing costs. However, those tech-
niques also enable flexible and quick EAT heat up in die-
sel engine systems, which is a significant advantage in 
maintaining low emission rates.

In this work, delayed fuel injection is combined with ad-
vanced exhaust valve closure in a 1-D engine simulation 
model to achieve effective exhaust thermal management. 
Although those two techniques are separately beneficial 
to improve EAT thermal management, simultaneous im-
plementation of them reduces the fuel penalty the system 
suffers to reach efficient EAT and thus, reduces emission 
rates.

2. Material and Methods
In this work, thermal management of exhaust unit of a 
diesel engine system is improved via proper adjustment 
of engine parameters. A previously validated simulation 
model is used in the analysis [11, 28]. The engine model 
and the technique applied in the model are explained in 
the following subsections.

2.1. Engine Model
The engine model created via using the Lotus Engine Sim-
ulation program [29] is demonstrated in Figure 1. It is op-
erated with active six cylinders and each cylinder has dou-
ble inlet and double exhaust valves. Those types of diesel 
engines are commonly utilized in commercial lorries and 
public buses, which require the exhaust unit warm up to 
keep emission rates at low levels. The focus in this study is 
to modulate the engine valve timing (mainly exhaust valve 
closure timing) and fuel injection timing to achieve that 
exhaust warm up in a fast and engine-dependent manner. 
It is desired to demonstrate that reasonable modulation 
of engine-specific components can be an alternative ap-
proach for rapid exhaust and thus, EAT unit warm up.

Properties of the diesel engine are given in Table 1. The 
valve timings in Table 1 are valid for nominal condition. 
The engine has single fuel injection and injection timing 
is also applied for base condition (1oCA BTDC), in which 
the system is operated at 1200 RPM engine speed and at 

2.5 bar BMEP engine load. Compression ratio is main-
tained constant at 17.3 in all modes.

Table 1. Specifications of the diesel engine. 

Bore (mm) 107

Stroke (mm) 124

Connecting rod length (mm) 192

Compression ratio 17.3:1

Exhaust Valve Opening 20oCA BBDC

Exhaust Valve Closure 20oCA ATDC

Intake Valve Opening 20oCA BTDC

Intake Valve Closure 25oCA ABDC

Start of Injection (SOI) 1oCA BTDC
 

2.2. Application of EEVC + RFI Technique
This work attempts to combine two different en-
gine-based techniques to enhance the thermal manage-
ment of the EAT unit in a diesel engine model. Fuel injec-
tion timing (shown as SOI timing in Table 1) and exhaust 
valve closure timings are the selected engine parameters 
to be modulated with the objective of improved ETM.

The change in EVC and SOI timing is demonstrated in 
Table 2. Those modulations are valid for EEVC_alone and 
RFI_alone modes. For those cases, only EVC or SOI tim-
ing is altered in the system. As seen in Table 2, exhaust 
unit is shut off earlier in the system as valve closure tim-
ings are steadily advanced and moved far from the starting 
EVC timing, 20oCA after top dead center (ATDC). For the 
last step, EVC timing is advanced to 20oCA BTDC, which 
is 40oCA earlier than the nominal (starting) timing. In ad-
dition to EEVC_alone mode, RFI_alone mode is also con-
sidered in Table 2. In that mode, SOI timing is retarded up 
to 12oCA ATDC with 2oCA increments.

For combined EEVC + RFI modes, change of EVC and 
SOI timing is shown in Table 3. SOI timing is modulated 

Figure 1. Engine model.
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for 3 different EEVC cases in Table 3: EEVC (0), EEVC (5) 
and EEVC (10) in which EVC timing is advanced 20oCA, 
25oCA and 30oCA from the nominal EVC timing (20oCA 
ATDC), respectively. SOI timing is altered differently for 
each of those modes to achieve 250oC exhaust temperature 
in the system. Since exhaust temperature is predicted to 
increase more at EEVC (5) and EEVC (10) cases, the delay in 
SOI timing is relatively lower at those modes compared to 
EEVC (0) mode. While SOI timing is retarded up to 13oCA 
ATDC in EEVC (0) mode, it only needs to be delayed up 
to 10oCA or 7oCA ATDC in other EEVC modes in Table 3. 
Overall, those different combinations are examined with 
the aim of further improving the EAT thermal manage-
ment in comparison to EEVC_alone and RFI_alone modes.

3. Results and Discussion
Firstly, impact of RFI and EEVC methods is examined 
separately on the model. The improvement in exhaust 
temperature and the rise in fuel penalty in each meth-
od are analyzed. Then, effect of combined EEVC + RFI 
method on exhaust temperature, mass flow rate and fuel 

penalty is explicitly examined.

Effect of RFI on in-cylinder temperature is seen in Figure 
2 below. Different RFI modes – RFI (3), RFI (7) and RFI 
(11) with SOI timing of 3oCA, 7oCA and 11oCA ATDC, re-
spectively – are compared with nominal mode in this plot. 
It is seen that delayed fuel injection tends to increase the 
in-cylinder temperature far from the TDC due to the re-
tarded combustion of the fuel. In-cylinder pressure is rel-
atively low at those piston positions and thus, maximum 
in-cylinder temperature is not as high as the one achieved 
in nominal condition. However, the expansion of in-cylin-
der gas in RFI modes, particularly in RFI (7) and RFI (11), 
begins in a rather delayed position compared to nominal 
case in Figure 2. Therefore, it is observed that in-cylinder 
temperature can be maintained at relatively higher levels 
in expansion process via proper use of RFI technique.

As demonstrated in Figure 2 above, delaying combustion 
highly affects the behavior of the in-cylinder gas. The 
improved in-cylinder temperature due to RFI positively 
affects the average exhaust temperature at turbine exit, 

Table 2. Change of SOI and EVC timing in EEVC_alone and RFI_alone modes. 

Method Engine  parameter Nominal value Change in every step Total number of steps Parameter value in furthest step

EEVC_alone EVC Timing 20oCA ATDC 5oCA advanced 8 20oCA BTDC

RFI_alone SOI Timing 1oCA BTDC 2oCA delayed 7 12oCA ATDC
  

Table 3. Change of SOI and EVC Timing in different EEVC + RFI combinations.  

Method EVC Timing (Constant) SOI Timing Interval Change in  SOI Timing Total number of steps

EEVC (0) + RFI 0oCA BTDC Between 1oCA ATDC and 13oCA ATDC 3oCA delayed 5

EEVC (5) + RFI 5oCA BTDC Between 1oCA ATDC and 10oCA ATDC 3oCA delayed 4

EEVC (10) + RFI 10oCA BTDC Between 1oCA ATDC and 7oCA ATDC 2oCA delayed 4
 

  

Figure 2. Effect of different RFI modes on engine in-cylinder temperature.
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as shown in Figure 3 below. While the exhaust tempera-
ture is so close to 190oC at baseline, it approaches 225oC 
as RFI is aggressively applied in the system. As seen, ex-
haust temperature is increased steadily through retarded 
combustion. However, exhaust temperature cannot ex-
ceed 250oC, which is unable to keep EAT effectiveness at 
desirable levels. It is seen that fuel consumption is inev-
itably climbed as RFI is implemented in the system. The 
fuel consumption penalty in RFI modes in Figure 3 is cal-
culated as the fuel increase percentage based on fuel con-
sumption in nominal mode. It is obviously zero at nomi-
nal injection timing (1oCA BTDC), as this is the starting 
point in the analysis. It moves constantly upward as 
FIT is either moderately or extremely retarded from the 
nominal timing. The main reason for the undesirable fuel 
penalty in RFI mode in Figure 3 can be attributed to the 
ineffective combustion of the fuel due to low in-cylinder 
pressure. The more delayed the fuel injection timing is, 
the more additional fuel feeding is required for constant 

engine load. Even though the fuel penalty surpasses % 10, 
exhaust temperature still remains below 250oC. It can be 
derived that RFI is moderately effective in improving ex-
haust gas thermal management.

The rise in exhaust temperature via RFI technique is di-
rectly proportional with the fuel consumption penalty, 
as indicated in Figure 3. Therefore, when applied alone, 
use of extreme RFI is not desired to keep fuel penalty and 
emission rates below a certain level. Reasonable use of 
RFI seems to be more appropriate for EAT thermal man-
agement. The change of IMEPgross – gross power generat-
ing potential of the engine concerning mainly the closed 
cycle – and BMEP – net power generating potential of 
the engine concerning both closed and open cycles – in 
RFI mode in Figure 4 can be examined to understand the 
additional fuel need in the system.

Unlike previous plots, fuel injection rate is held constant 

Figure 3. Effect of late fuel injection timing on exhaust temperature and fuel consumption penalty.

Figure 4. Effect of late fuel injection timing on IMEPgross and BMEP.
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in Figure 4. It is explicit that BMEP is inevitably reduced 
as fuel injection is controlled in delayed timings. Constant 
fuel injection is inadequate to produce the same IMEPgross 
due to ineffective combustion. Lower IMEPgross results in 
reduced BMEP at RFI mode as the amount of fuel injec-
tion is kept constant. More energy needs to be utilized to 
maintain engine BMEP constant at 2.5 bar, which requires 
extra fuel injection, as seen earlier in Figure 3.

After demonstrating the effect of RFI, impact of EEVC on 
engine performance is examined in the following plots. At 
first, similar to RFI mode, the effect of EEVC on exhaust 
temperature and fuel penalty is observed in Figure 5 be-
low. Advancing EVC timing in a slight manner does not 

noticeably affect exhaust temperature. However, after a 
certain EVC timing (particularly after 0oCA ATDC), ex-
haust temperature begins to rise sharply. Moderate use of 
EEVC can boost exhaust temperature as high as 230oC. 
Moreover, as EVC timing is advanced further than 15oCA 
BTDC, it is possible to sustain exhaust temperature above 
250oC, which enables effective ETM and thus, effective 
EAT operation. Unlike RFI, EEVC technique in Figure 5 is 
able to keep the system in the effective ETM zone.

Similar to RFI technique, EEVC leads to fuel consumption 
penalty as shown in Figure 5. Slightly advanced EVC is not 
that problematic in terms of fuel penalty. However, as EVC 
timing is controlled significantly earlier than nominal 

Figure 5. Effect of advanced EVC timing on exhaust temperature and fuel penalty.

Figure 6. Effect of different EVC timings on in-cylinder temperature.
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EVC timing, fuel penalty exceeds % 5 and can approach as 
high as % 8 in the system. Although there is an unavoid-
able increase in total fuel consumption in EEVC mode, the 
benefit of the method, namely the increase in exhaust unit 
temperature, is clearly visible in Figure 5. The potential of 
ETM improvement per fuel penalty rise in EEVC mode 
seems to be superior to the one achieved in RFI mode. In 
order to understand how EEVC is so effective at elevating 
exhaust temperature, the impact of EEVC on in-cylinder 
temperature is examined in Figure 6.

In-cylinder temperature behaves very differently for dis-
tinct EEVC modes – EEVC (0), EEVC (5) and EEVC (10) 
with EVC timing of 0oCA, 5oCA and 10oCA BTDC, re-
spectively – in Figure 6. There is a particular variation 
in exhaust phase between nominal and EEVC modes. 
There is a noticeable recompression of exhaust gas in 
that period for EEVC cases, which is certainly not valid 
for nominal cases. As seen in Figure 6, there is a sudden 
rise in in-cylinder temperature in EEVC modes, which 

occurs due to early exhaust closure and compression of 
the in-cylinder gas. That recompression process mainly 
increases the pumping loss in the system and thus, leads 
to fuel penalty in Figure 5. In fact, fuel penalty is not the 
only negative effect of EEVC technique. Exhaust flow rate 
is reduced to low levels due to early shutoff of exhaust 
valves, as illustrated in Figure 7. Despite that consider-
able decrease in exhaust flow rate, rise in exhaust tem-
perature is steadily improved through lowered air to fuel 
ratio (AFR), as seen in Figure 8.

Nominal exhaust flow rate (EVC at 20oCA ATDC) is 
maintained above 4.5 kg/min in Figure 7. However, par-
ticularly for moderate and extreme use of EEVC, exhaust 
flow rate drops down close to 3.5 kg/min, which is rela-
tively low compared to nominal condition. As EVC is ag-
gressively advanced, volumetric efficiency decreases close 
to % 70, which is considerable as it is almost % 25 lower 
than that obtained in nominal mode. That dramatic re-
duction in volumetric efficiency causes AFR to decrease 

Figure 7. Effect of different EVC timings on volumetric efficiency and exhaust flow rate.

Figure 8. Effect of different EVC timings on AFR and rise in exhaust temperature.
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as low as 45 and exhaust temperature improvement to be 
as high as 60oC in Figure 8. However, it is not that helpful 
to improve EAT warm up since heat up process generally 
needs high exhaust flow rate and thus, high in-cylinder 
airflow, which is not available in EEVC mode.

As seen earlier, RFI causes an undesirable fuel penalty 
with moderate rise in exhaust temperature in Figure 3. 
Moreover, EEVC elevates engine-out temperature with a 
notable decrease in exhaust flow rate in Figure 7. In order 
to elevate exhaust temperature with high exhaust flow 

rate, RFI and EEVC are combined as EEVC+RFI in the 
system, as presented previously in Table 3. The effect of 
different combinations of EEVC+RFI modes on exhaust 
temperature and BSFC are shown in Figure 9.

RFI alone and EEVC alone modes are placed in Figure 9 
to compare them with the EEVC+RFI combined modes. 
As exhaust temperature is not the only parameter to assess 
the heat transfer rates to the EAT unit, the effect of those 
different combinations on exhaust flow rate is examined 
in Figure 10 as well. Considering the evident reduction in 

Figure 9. Effect of EEVC, RFI and EEVC+RFI modes on exhaust temperature and BSFC.

Figure 10. Effect of EEVC, RFI and EEVC+RFI modes on exhaust flow rate and BSFC.
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exhaust flow rate in EEVC mode in Figure 7, evaluating 
only the exhaust temperature rise in a system is mostly 
insufficient to estimate its EAT improvement potential.

The most dramatic reduction in engine-out exhaust flow 
rate is observed in EEVC alone mode in Figure 10. This 
is because it has the most advanced EVC timing (20oCA 
BTDC) among all techniques. At this extreme position, 
exhaust port is sealed so early that exhaust flow rate is 
limited to close to 3.4 kg/min, which is dramatically below 
the nominal exhaust flow rate of close to 4.7 kg/min. As 
the closure timing is controlled at moderate levels, simi-
lar to EEVC (10) and EEVC (5) modes, exhaust flow rate 
begins to approach the level achieved in nominal mode. In 
RFI mode, exhaust flow rate increases compared to nom-
inal mode since RFI, unlike EEVC-based methods, has a 
negligible effect on volumetric efficiency. It also causes the 
system to consume higher amount of fuel, resulting in the 
highest exhaust rate among all techniques.

The warm up process of the EAT unit can be best ana-
lyzed through considering the effect of both exhaust tem-
perature (Texhaust) and exhaust mass flow rate . 
Therefore, heat transfer rates  to the EAT unit are cal-
culated using the equation (1) below [30]:

Q̇ = C(ṁexhaust)
4
5 (Texhaust − TEAT  catalyst bed)                   (1)

The   rates are calculated at 1200 RPM and 2.5 bar BMEP 
for all methods. Then they are normalized by dividing all 
the values by the one achieved in nominal mode at 0oC 
EAT temperature. Those normalized heat transfer rates 
at different modes are indicated in Figure 11.

Nominal mode is seen to be the least effective method in 
Figure 11. The fact that exhaust temperature is too low 
to maintain EAT unit over 250oC is considered to be the 

main reason for this ineffectiveness. Since the magni-
tude of heat transfer (the temperature to which the EAT 
unit to be heated up) is mostly determined by exhaust 
temperature, nominal mode is predicted to be the worst 
case among all techniques as it has the lowest exhaust 
temperature (195oC). High exhaust flow rate in this mode 
affects EAT cool off process negatively as well.

RFI technique rises both exhaust temperature & exhaust 
flow rate and thus, it is the most effective method, par-
ticularly between -50oC and 50oC EAT temperature. 
However, exhaust temperature is limited to 225oC in that 
mode, and as EAT remains above 50oC, its effectiveness 
deteriorates. It is more advantageous to use EEVC+R-
FI techniques in Figure 11 when TEAT unit exceeds 50oC. 
This is because not only is it possible to sustain EAT 
unit temperature at 250oC in those techniques, but also 
the required fuel penalty can be reduced to as low as % 
7.5, which is a significant benefit compared to RFI alone 
mode. The highest  improvement (% 111) is achieved in 
EEVC(5) + RFI combined mode with % 8.6 fuel penalty, 
which demonstrates the benefit of combination and rea-
sonable use of each method when the only objective is 
to maintain effective, fuel efficient after-treatment in the 
system. However, using only EEVC (5) + RFI may not be 
the fastest way to achieve active EAT operation in Figure 
11. Considering the potential of RFI at cold EAT tem-
peratures (particularly below 50oC), a better option for 
rapid EAT warm up may be to start with RFI alone and 
then continue the warm up process with EEVC (5) + RFI 
technique as TEAT unit exceeds 50oC in the system. Instead 
of a single strategy, it seems more attractive to apply dif-
ferent strategies during EAT get-hot process in Figure 11.

EEVC alone mode is found to be not that effective to ac-
celerate the EAT get-warm process in Figure 11 although 
it can noticeably rise exhaust temperature above 250oC. 

Figure 11. Change of heat transfer rates in EEVC, RFI and EEVC+RFI modes at 1200 RPM and 2.5 bar BMEP.
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This is because EEVC brings down exhaust flow rate con-
siderably (more than % 25) when it is aggressively used, as 
shown earlier in Figure 7. However, when TEAT unit is above 
250oC, EEVC alone mode is found to be highly helpful to 
improve negative heat transfer rates due to low exhaust 
flow rates. Unlike RFI alone and nominal modes, those 
enhanced negative heat transfer rates in EEVC mode can 
slow down the EAT cool off process and can keep EAT 
unit above 250oC for longer periods of time. The require-
ment of only % 7.5 fuel penalty, which is relatively lower 
compared to other modes, is another important advan-
tage of this technique during EAT stay-warm period in 
Figure 11.

4. Conclusion
This work concentrates on the improvement of EAT ther-
mal management via use of RFI and EEVC. Firstly, the 
impact of those techniques is examined individually. It is 
seen that RFI can boost exhaust temperature in a moder-
ate manner (from 195oC to 225oC) with a high fuel pen-
alty (above % 10). Exhaust flow rate is not affected neg-
atively in RFI mode. Unlike RFI, EEVC can rise exhaust 
temperature above 250oC with a relatively low fuel pen-
alty (below % 8), which is advantageous. However, EEVC 
alone leads to a significant decrease (close to % 25) in ex-
haust flow rate, which affects EAT warm up negatively.

Considering the benefits of each mode, RFI and EEVC 
are simultaneously applied in the system as EEVC + RFI 
combined mode. The potential of different EEVC + RFI 
combined modes on the improvement of exhaust tem-
perature, exhaust flow rate and EAT warm up is explicitly 
examined. It is observed that EEVC + RFI combined mode 
can increase exhaust temperature above 250oC with im-
proved fuel penalty compared to RFI alone mode and can 
keep exhaust flow rate at higher levels compared to EEVC 
alone mode. Proper combination of RFI and EEVC has the 
capacity to achieve % 111 heat transfer rate improvement 
in comparison to nominal mode with a fuel penalty of 
% 8.6, which neither EEVC alone nor RFI alone method 
can achieve even with higher fuel penalty (above % 10). 
EEVC + RFI combined mode is also superior to RFI alone 
mode since it can improve EAT cool off process through 
reduced negative heat transfer rates to the EAT unit.

EEVC + RFI combined mode still causes undesirable 
fuel penalty in the system. Therefore, for fuel-efficient 
EAT warm up in diesel engine systems, other thermal 
management methods such as late intake valve closure 
or post-fuel injection can also be implemented in future 
studies to keep fuel penalty at feasible levels.

5. Nomenclature
ABDC After bottom dead center
AFR      Air to fuel ratio
ATDC   After top dead center
BBDC   Before bottom dead center
BMEP   Brake mean effective pressure, bar
BSFC    Brake specific fuel consumption, g/kWh
BTDC   Before top dead center
CA        Crank angle, degree
DOC     Diesel oxidation catalyst
EAT      Exhaust after-treatment
EEVC   Early exhaust valve closure
ETM     Exhaust thermal management
EVC     Exhaust valve closure
FIT       Fuel injection timing
IMEPgross Gross indicated mean effective pressure, bar
LNT     Lean NOx Trap
NOx     Nitrogen oxide
RFI      Retarded fuel injection
RPM    Revolution per minute
SCR     Selective catalytic reduction
SOI      Start of injection timing, degree
TDC    Top dead center
VVT    Variable valve timing
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Abstract: This review article provides a comprehensive examination of  the latest advancements in the research and 
development of  Polylactic Acid (PLA) and its composites, with a focus on enhancing material properties and exploring 
sustainable applications. As a biodegradable and bio-base polymer, PLA has emerged as a promising alternative to 
conventional petroleum-based plastics across various industries, including packaging, 3D printing, and biomedical fields. The 
review delves into studies investigating the effects of  environmental conditions on PLA’s hydrolytic stability and structural 
integrity, as well as the benefits of  blending PLA with other biopolymers to improve its mechanical properties. It also covers 
research on optimizing three dimensional printing parameters for PLA, underscoring the importance of  raster orientation 
and print layer thickness in achieving desired mechanical strength and object durability. Additionally, the incorporation of  
nanofillers and copolymers is discussed as a strategy for enhancing PLA’s moisture resistance and overall performance. By 
summarizing key findings from a wide range of  studies, this article aims to shed light on the significant progress made in PLA 
research, while pointing out future research directions to resolve existing limitations and fully capitalize on PLA’s potential as 
a green material solution. To better cater to the needs of  design engineers, this review highlights how advancements in PLA 
research can be directly applied to improve product design and functionality. Specifically, it discusses the enhanced mechanical 
properties, sustainability benefits, and versatility of  PLA in various industrial applications, providing engineers with a deeper 
understanding of  how to utilize PLA in eco-friendly design solutions.
Keywords: Additive manufacturing, three dimensional printing, polylactic acid, biodegradable polymers, mechanical 
properties, sustainable materials. 

1. Introduction 
Escalating environmental concerns associated with the ac-
cumulation of petroleum-based plastics have spurred the 
search for sustainable, biodegradable alternatives. Among 
these, Polylactic Acid (PLA) stands out as a frontrunner 
due to its bio-based origins and compostable nature. De-
rived primarily from renewable resources such as corn 
starch, or tapioca roots, PLA presents a reduced carbon 
footprint and an end-of-life biodegradability that positions 
it as an eco-friendly substitute for conventional plastics in 
numerous applications. This review article aims to explore 
the advancements in PLA research, focusing on its materi-
al properties, the enhancements achieved through blend-
ing and compounding, and its burgeoning applications in 
various domains of sustainability [1-12].

PLA’s journey from a biopolymer primarily used in med-
ical applications, due to its biocompatibility and biode-

gradability, to a broader utility in packaging, agriculture, 
textile, and notably, in three dimensional (3D) printing, 
underscores its versatility. However, despite its prom-
ising attributes, PLA’s widespread adoption faces chal-
lenges, including its hydrolytic stability under humid 
conditions, mechanical strength, and thermal resistance, 
which can limit its performance in certain applications. 
Research efforts have been directed towards addressing 
these limitations, examining the effects of environmen-
tal conditions on PLA, and exploring the potential of 
PLA composites to enhance its property profile. More-
over, the role of 3D printing technology in expanding the 
applications of PLA has been significant. The ability to 
optimize printing parameters to tailor mechanical prop-
erties (MPs) of PLA objects offers a pathway to custom, 
on-demand manufacturing of biodegradable products. 
Concurrently, the environmental implications of PLA’s 
life cycle, from production to degradation, warrant a 
comprehensive analysis to ensure its benefits are fully re-
alized in the context of sustainability. This introduction 
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sets the stage for a detailed review of the current state 
of PLA research, highlighting the innovative approach-
es being taken to overcome its inherent limitations and 
expand its utility. The following sections will discuss hy-
drolytic stability of PLA, the development of its mechan-
ical properties, the optimization of 3D printing processes 
for PLA-based materials, and the environmental consid-
erations that accompany the use of PLA. On the other 
hand, a holistic view of PLA’s potential as a sustainable 
product will be presented [13-21].

1.1. Literatur surway 
The burgeoning interest in sustainable materials has cata-
lyzed a significant amount of research into biodegradable 
polymers, among which PLA has emerged as a particularly 
promising candidate. This literature survey aims to pro-
vide a comprehensive overview of the existing research on 
PLA, focusing on its synthesis, properties, modifications, 
applications, and environmental impact. As the demand 
for eco-friendly alternatives to petroleum-based plas-
tics continues to rise, understanding the advancements 
and challenges associated with PLA becomes crucial for 
its successful integration into various industries. PLA, a 
biopolymer derived from renewable resources, offers a 
compelling combination of biodegradability, biocompati-
bility, and a relatively low carbon footprint [22-24]. These 
attributes make it an attractive material for applications 
ranging from packaging and disposable items to medical 
devices and 3D printing. However, the full potential of 
PLA is often hindered by certain limitations, including its 
MPs, thermal resistance, and hydrolytic stability, which 
can vary significantly depending on its crystalline struc-
ture and molecular weight. Recent studies have focused on 
overcoming these challenges through various strategies, 
including copolymerization, blending with other biopoly-
mers or additives, and the development of PLA composites 
with enhanced properties. The literature also extensively 
explores optimization of processing techniques such as 3D 
printing, which has opened new avenues for customizing 
PLA’s properties for specific applications. Moreover, envi-
ronmental impact of PLA, from its production to post-use 
degradation, is a critical area of investigation. While PLA’s 
biodegradability is a significant advantage over traditional 
plastics, the conditions under which it degrades and the 
by-products of this process require careful consideration 
to ensure its environmental benefits are maximized. 

This literature survey will delve into these key areas of 
PLA research, highlighting the latest findings, identify-
ing gaps in current knowledge, and suggesting directions 
for future studies. By synthesizing the wealth of research 
on PLA, this survey aims to contribute to the ongoing 
efforts to develop sustainable materials that can meet the 
needs of a variety of applications while minimizing envi-
ronmental impact.

Literature review has been categorized under subhead-
ings according to the focal points of the study areas.

1.1.1 Material properties and stability

In their work, Letcher and Waytashek (2014) used a 
home-type 3D printer to apply tensile, bending, and fa-
tigue tests to samples printed with commercial PLA fila-
ment, accessible to a home user. They printed samples at 
0, 45, and 90° raster orientation angles to test the effects 
of part strength orientation, determined all sample siz-
es according to ASTM D638 standards, and printed the 
samples at 100% fill density. Tensile test samples were 
tested at room temperature with a displacement speed of 
5 mm/min. They also conducted tensile tests on PLA fil-
aments, performing experiments at inter-head distances 
of 200 mm and pulling speeds of 500, 200, 50, and 5 mm/
min. Tensile tests on printed samples found that 45° ras-
ter-oriented samples had the highest strength. In fatigue 
testing, 90° raster-oriented samples showed the least re-
sistance to fatigue loads, while 45° and 0° raster-oriented 
samples had very similar fatigue lives, necessitating fur-
ther research. They also examined the printed samples 
under a microscope and determined the sizes of voids 
formed during the printing process [25].

Kaygusuz et al., (2018) the effect of parameters such as 
fill density and nozzle temperature on MPs of materials 
printed with PLA in a 3D printer was examined. Tensile 
test specimens printed according to ASTM D638- Type 
4 standard were tested at room temperature with a dis-
placement speed of 5 mm/min. It was observed that an 
increase in nozzle temperature resulted in an increase 
in mechanical strength of specimens. Scanning Elec-
tron Microscope (SEM) images showed that the increase 
in nozzle temperature reduced the porous structure in 
the specimen. A decrease in fill density reduced tensile 
strength of the specimen, while SEM images also showed 
a significant reduction in the number of fibers carrying 
the load in direction of tension [26].

In a thesis by Çiçek (2019), the effect of fill rates on MPs of 
samples produced from PLA and Acrylonitrile Butadiene 
Styrene (ABS) filaments using Fused Deposition Modeling 
(FDM) technology was investigated. Samples produced at 
fill rates of 25, 50, 75, and 100% were subjected to tensile 
tests at a speed of 5 mm/min. This test revealed that the 
strength of ABS filament was higher than that of PLA. 
It was also reported that as the fill density increased, the 
strength of samples increased correspondingly. It was not-
ed that samples made from ABS and PLA filaments broke 
in a brittle manner and showed limited elongation after 
exceeding yield strength in their tensile graphs [27].

Mansingh et al. (2023) the explore development of 
eco-friendly composites using 3D printing technology, 
combining chitin and chitosan with PLA. This study re-
veals that adding chitin and chitosan reduces strength 
and stiffness of PLA composites, with the lowest ten-
sile and flexural strengths observed at a 0.5 wt% rein-
forcement concentration. Despite these reductions, the 
composites exhibit enhanced ductility compared to neat 
PLA, suggesting potential applications like food packag-
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ing, although further research is needed to optimize MPs 
and interfacial bonding [28].

1.1.2. Composite materials

Sajna et al. (2016) reported on the effect of moisture ab-
sorption and accelerated weather conditions on prop-
erties of graft copolymer compatible PLA bionanocom-
posites. They submerged the samples in distilled water 
baths at room temperature for 30 days, measuring the 
amount of moisture absorbed at each time interval. They 
noted that adding C30B nanoclay and graft copolymer 
to fiber-reinforced PLA composites reduced the rate of 
moisture absorption. They examined the changes in MPs 
caused by moisture absorption using tensile and impact 
tests, stating that exposure to moisture significantly re-
duced MPs. They characterized the morphology of bio-
composites using SEM and bionanocomposites using 
Transmission Electron Microscopy (TEM), also report-
ing the effect of accelerated weather conditions on MPs 
and confirming the results with SEM analysis [29].

Arrieta et al. (2017) created blends from PLA and Polyhy-
droxybutyrate (PHB) materials through a melt blending 
approach for food packaging applications, as an alterna-
tive to traditional petrochemical-based polymers. They 
highlighted that PHB, with a similar melting tempera-
ture and high crystallinity properties, was a good can-
didate for blending with PLA. They mentioned that PHB 
acted as a nucleating agent for PLA, enhancing the mo-
bility, mechanical strength, and barrier performance of 
the blend. Fouirer Transform Infrared Spektrofotometre 
tests indicated that the spectral profiles of PLA and PHB, 
being semi-crystalline polymers, were significantly influ-
enced by their physical states and crystalline structures. 
The presence of PLA component accelerated the hydro-
lytic degradation of PHB, while PHB crystallized PLA, 
leading to materials with higher barrier performance and 
better mechanical strength [30].

Ausejo et al. (2018) researched the effects of print direc-
tion and hydrolytic degradation at 50 °C and 70 °C on 
properties of dumbbell-shaped samples produced by 3D 
printing from commercial PLA and Polylactic Acid/Poly-
hydroxyalkanoates (PLA/PHA) filaments. They printed 
the samples in both horizontal and vertical directions. 
They found that middle section of horizontally printed 
PLA/PHA samples, being at the same temperature as 
bottom layer’s platform, had a higher crystallization rate 
than vertically printed samples. The middle part of verti-
cally printed samples, being further from and cooler than 
the platform, showed the lowest crystallization rate. They 
determined that the contact time of the samples with 3D 
printer platform during printing led to an increase in 
the crystalline phase. They concluded that horizontally 
3D-printed PLA and PLA/PHA samples were more reg-
ular and emphasized the importance of considering 3D 
printing direction as a significant parameter when de-
signing applications for 3D printed materials [31].

Ayrilmis (2018) investigated the effect of print thickness 
on surface roughness and wettability of 3D-printed sam-
ples made from commercial wood flour/PLA filament 
(30% wood flour and 70% PLA by weight). They used four 
different print thicknesses: 0.05, 0.1, 0.2, and 0.3 mm for 
producing 3D-printed samples. They considered Ra, Rz, 
and Ry roughness values to evaluate the surface charac-
teristics of the samples, which were measured using a sur-
face roughness measurement device. They characterized 
the wettability behavior of the samples using the contact 
angle method (goniometer technique). They found that 
with decreasing print thickness, surface smoothness of 
the samples significantly increased, while the wettabili-
ty of the samples significantly increased with increasing 
print thickness. They noted that as the print thickness 
decreased, production time increased due to longer print 
times, thereby increasing the total cost. Considering the 
test results and print time, they suggested that optimal 
print thickness for 3D-printed wood flour/PLA compos-
ite filaments should be 0.2 mm [32].

In his master’s thesis, Patan (2019) used ABS and chopped 
carbon fiber-reinforced ABS filaments to produce tensile 
test specimens with a 3D printer according to ASTM 
D638-Type 1 code and experimentally examined their 
MPs. He applied load to the specimens in tensile test 
conducted according to ASTM standards at a pulling 
speed of 5 mm/min until failure occurred. Using the ex-
perimental results, he numerically analyzed maximum 
stresses and deformation energies of the specimens in 
ANSYS software according to von Mises criterion. Me-
chanical experiments showed that flexural and compres-
sive strengths of carbon fiber-reinforced ABS specimens 
were respectively 23.9% and 14.75% higher than those of 
unreinforced ABS specimens. Analytical stress analyses 
conducted with experimental mechanical results as in-
put modeled tensile, compressive, and bending behaviors 
of both types of specimens with minimal deviations [33].

Przekop et al. (2020) discussed the search for superior 
materials by composite making due to some disadvan-
tages of PLA like low impact strength, poor gas barrier, 
and low crystallization rate, similar to other biopolymers. 
They identified graphite as a candidate for modifying 
PLA due to its low cost, excellent thermal, and electrical 
properties. They emphasized that graphite significantly 
improved the lubricating properties of polymeric mate-
rials, reducing friction and increasing wear resistance. 
They tested the wear, mechanical, and chemical proper-
ties of specimens produced with 1, 2.5, 5, 7.5, and 10% 
weight ratios of graphite, also conducting measurements 
after aging. They took SEM images of the specimens 
before and after friction tests. They found a significant 
reduction in wear with increasing graphite content and 
determined that PLA+10% graphite composite specimen 
had a wear rate three times lower than the reference 
PLA specimen. After aging, PLA+10% graphite compos-
ite specimen had 11% lower breaking stress, 47% lower 
impact strength, and 21% higher Young’s modulus com-
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pared to the reference PLA specimen. Additionally, the 
addition of graphite significantly increased hydrophobic 
properties of composites and raised the material’s glass 
transition temperature [34].

Uzun and Erdoğdu (2020) worked on 1.75 mm diameter 
composite PLA filaments reinforced with 20% copper 
and 20% carbon fiber, as well as Frosch brand PLA fil-
aments. They produced tensile specimens from each fil-
ament using FDM method in a 3D printer and obtained 
TEM images of the fracture surfaces of test result speci-
mens. Following their experiments, they determined that 
tensile strengths of composite filaments produced by re-
inforcing PLA material with copper and carbon fiber de-
creased. They emphasized that this decrease in strength 
was due to the reinforcements reducing the continuity of 
the matrix and weakening the interface adhesion. While 
PLA specimens broke more ductilely compared to copper 
and carbon fiber-reinforced specimens, copper-added 
composite PLA specimen broke in a brittle manner [35].

Thakur et al. (2024) conducted a study on the optimiza-
tion and machine learning prediction of MPs in hybrid 
additive manufacturing of PLA-CF-PLA sandwiched 
composite structures. The research focused on enhanc-
ing MPs of these composites through the manipulation 
of fabrication parameters such as carbon fiber orienta-
tion, nozzle temperature, and bed temperature. Utilizing 
Classification and Regression Trees for machine learn-
ing, the study successfully predicted optimal settings for 
manufacturing, highlighting significant implications for 
the application of these composites in aerospace, auto-
motive, and biomedical engineering [36].

1.1.3. Biodegradability and recycling

Rajeshkumar et al. (2021) present a comprehensive re-
view on the development and application of environmen-
tally friendly, renewable, and sustainable PLA-based nat-
ural fiber reinforced composites. This study examines the 
synthesis, degradation, applications, and manufacturing 
methods of PLA composites, emphasizing the beneficial 
impact of natural fiber reinforcements on properties of 
PLA. It aims to provide a holistic understanding of PLA-
based biocomposites for academicians, industry person-
nel, and researchers, highlighting their significance in 
promoting sustainable and eco-friendly material solu-
tions across various industries [37].

Rezvani Ghomi et al. (2021) conducted a life cycle as-
sessment for PLA to position it as a low-carbon material, 
addressing its entire life cycle from production to end-of-
life options. The study highlights the potential of PLA to 
reduce greenhouse gas emissions and its dependency on 
energy sources by optimizing the conversion process. The 
research underlines the significant role of PLA in the shift 
towards more sustainable materials, emphasizing the im-
portance of improving recycling infrastructures and pro-
cesses to further minimize its environmental impact [38].

Zhang and Thomas (2011) investigated the biodegrada-

tion, thermal, and MPs of PLA/PHB biopolymers mixed 
in ratios of 25, 50, 75, and 100%. According to their SEM 
imaging, PHBs exhibited irregular fractures, while PLAs 
had typical surface fractures seen in an amorphous poly-
mer. They argued that the irregular fractures in PHBs 
were due to their crystalline structure [39].

Kamau-Devers et al. (2019) investigated the hydrother-
mal degradation, moisture absorption, morphology, and 
thermal conductivity of wood flour-filled PLA bio-com-
posites. They conditioned composites containing 0, 10, 
and 30% by weight wood flour either fully immersed in 
water or in a completely dry state at four temperatures 
(7, 25, 35, and 47 °C). They noted that the increase in 
temperature led to an increase in moisture uptake and 
crystallinity amount. The drops in glass transition and 
melting temperatures associated with the increases in 
crystallinity levels of water-immersed samples were 
clearly determined compared to dried PLA samples [40].

Kakanuru and Pochiraju (2020) studied the moisture ab-
sorption and age-related degradation of parts made from 
PLA, Silicon Carbide (SiC) filled PLA composites, and ABS 
using Fused Filament Fabrication (FFF). They compared 
the hygroscopic stability of PLA and PLA/SiC composite 
specimens with ABS specimens. Both filaments and ten-
sile test specimens were aged in distilled water at 50 °C and 
70 °C for 140 days or until complete degradation. They de-
fined the degradation of the polymer by observing differ-
ences in moisture absorption-desorption characteristics 
and deterioration in tensile strength. Experimental results 
showed that PLA and 20% SiC/PLA specimens degraded 
within 58 days at 50 °C, while SiC/PLA specimens with a 
higher SiC content maintained their stability for 140 days. 
They observed large voids in the material due to decom-
position, with SEM images confirming the void geometry 
between aged and unaged specimens [41].

In review study of Nandhini et al. (2023), authors focus 
on the production and application of lignin and PLA for 
bioplastics and valuable chemicals, emphasizing their 
potential in mitigating global warming and plastic pol-
lution through sustainable solutions. The document cov-
ers various production techniques, microbial degrada-
tion pathways, and conversion of these biopolymers into 
high-value chemicals such as muconic acid, hydrouronic 
acid, adipic acid, and terephthalic acid. Highlighting the 
environmental benefits, the review discusses the signif-
icance of deriving biopolymers from bioresources and 
organic waste, showcasing advancements in biopolymer 
production technology, degradation mechanisms, and 
their wide-ranging industrial applications. Unfortunate-
ly, specific author and publication year details were not 
captured in the quoted text [42].

1.1.4. Application areas

Siracusa et al. (2020) aimed to produce entirely bio-based 
blends based on two polyesters, PHB and PLA, as real com-
petitors to replace petroleum polymers in the packaging 
industry. They highlighted PHB, main and most common-
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ly used member of PHA family, showing great potential 
to replace fossil-based synthetic packaging. They prepared 
PHB/PLA blends in different ratios. They noted that in its 
homopolymeric state, PHB exhibited a high stereoregular-
ity leading to a high degree of crystallinity up to 70-75% 
by weight. They stated that the optimal combination of 
biopolymer crystal entities (crystals, lamellae, spherulites) 
and inter-crystalline tie chains supported suitable MPs 
such as a high modulus of elasticity around 2.5-3 GPa and 
tensile strength at break around 35-40 MPa. They empha-
sized that the expansion lamellae and spherulite morphol-
ogy of this biopolymer formed a good barrier structure 
with suitable low permeability values for atmospheric gas 
components and water vapor [43].

Johansson et al. (2023) examine the impact of lignin 
acetylation on MPs of lignin-PLA biocomposites, aim-
ing to enhance sustainability in applications such as 
automotive and aerospace. The study demonstrates that 
acetylation improves interfacial adhesion between lignin 
and PLA, resulting in increased impact strength, thermal 
stability, and moisture repellency. These findings suggest 
acetylated lignin’s potential in creating lighter, sustain-
able composite materials without compromising perfor-
mance, marking a significant step towards the develop-
ment of environmentally friendly biocomposites [44].

Tripathi et al. (2021) review durable PLA-based blends and 
biocomposites, emphasizing their role in supporting a low 
carbon economy. They discuss the environmental impact 
of traditional plastics and potential of PLA-based products 
to reduce the carbon footprint by replacing fossil carbon 
with renewable carbon. The review covers recent advance-
ments in enhancing PLA durability, including the use of 
synthetic plastics, fibers, natural fibers, and biocarbon. 
It also examines the effects of various additives on PLA’s 
processability, heat resistance, and MPs, alongside current 
and prospective applications in automotive, electronics, 
medical, textile, and housing sectors [45].

Ferreira et al. (2021) in “Sustainability” examine the 
production of eco-sustainable materials from PLA/
High-density biopolyethylene bioblends, improved by 
compatibilizing agents like poly (ethylene octene) and 
ethylene elastomer grafted with glycidyl methacrylate, 
enhancing their mechanical, and morphological prop-
erties. This study contributes to the development of en-
vironmentally friendly materials, showcasing significant 
improvements in impact strength and thermal stability, 
highlighting the potential for creating new eco-materials 
for sustainable development [46].

1.1.5. Chemical modifications and innovations

In their study, Harris and Lee (2010) evaluated the du-
rability of PLA by exposing it to high temperature and 
humidity conditions over several weeks. Samples were 
exposed to conditioned environments for 1, 4, 8, and 12 
weeks, during which the crystallinity content increased 
from 10.8% to 51%. They determined that this was due 
to the preferential hydrolysis of the amorphous material, 

increased crystallization of shorter chains, and plastici-
zation with moisture, indicating that these results meant 
increased chain mobility during conditioning [47].

Porfyris et al. (2018) worked to establish a basic degra-
dation mechanism and kinetics for the accelerated hy-
grothermal aging of two commercial grades of PLA, one 
semi-crystalline and one amorphous. During moisture 
and temperature conditioning at 70 °C and 80% relative 
humidity, they monitored water uptake, molecular weight, 
carboxylic end group concentration, and thermal prop-
erties, observing significant chain scission. They used an 
epoxy-based chain extender, an aromatic carbodiimide, 
and aromatic and aliphatic poly carbodiimides as additive 
materials. While the epoxy-based additive showed no sta-
bilizing effect, the other three carbodiimide-based addi-
tives were found effective as anti-hydrolysis agents at a 1% 
concentration, especially in the amorphous grade [48].

Guo et al. (2019) aimed to enhance electrical and thermal 
conductivity of PLA/wood flour/thermoplastic polyure-
thane composites using FDM. They noted that the frac-
ture surface of pure PLA was smooth, indicating a typi-
cal brittle fracture. Graphite appeared as flake-like layers, 
and graphite flakes were randomly distributed within the 
polymer matrix. Mechanical tests on the samples showed 
that tensile strength and elongation at break of compos-
ites increased with addition of 5-20% by weight of graph-
ite, reaching a maximum with 10% graphite addition. 
They observed that as the graphite content increased, the 
continuity of matrix changed, and due to poor dispersion 
caused by agglomeration, the toughness of the compos-
ite decreased, and brittleness increased, similar to other 
studies in the field [49].

The study by Alkan Goksu (2024) explores enhancing the 
sustainability of PLA via ketene-based chain extension. 
This innovative approach addresses PLA’s limited stabil-
ity by increasing its molecular weight and melt viscosity 
through the introduction of branching. Utilizing a mod-
ular chain extender that forms highly reactive ketene in-
termediates, the research demonstrates a notable increase 
in PLA’s molecular weight and improved thermal proper-
ties. These advancements suggest potential applications in 
packaging, highlighting the chain extender’s versatility in 
tailoring PLA’s structure for diverse applications, thereby 
advancing its sustainability and utility [50].

Ramezani Dana and Ebrahimi (2023) present a comprehen-
sive review on PLA-based polymers, discussing their syn-
thesis, properties, and applications. They delve into polym-
erization methods, highlighting lactic acid condensation, 
azeotropic dehydration, and ring-opening polymerization 
as key techniques. The review emphasizes PLA’s mechani-
cal, rheological, and biodegradation properties, showcasing 
its versatility for applications in biomedical, packaging, and 
additive manufacturing sectors. Authors also explore strat-
egies for enhancing PLA’s performance, such as blending 
and copolymerization, underscoring its potential as a sus-
tainable alternative in various industries [51].
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Table 1 synthesizes the research efforts into PLA and 
its composites, emphasizing the versatility of PLA as a 
material for various applications, from packaging to 3D 
printing and beyond. It also underscores the ongoing 
research needs to enhance PLA’s properties for specific 
uses, ensuring it remains a viable and sustainable alter-
native to traditional polymers. Figure 1 shows the devel-
opments in the number of comprehensive studies on PLA 
applications between 2000 and 2023.

1.1.6. Applied examples and industrial collaborations 

Showcasing various case studies and partnerships that 
highlight PLA’s potential in replacing traditional pe-
troleum-based plastics across diverse industries. For 
instance, in the packaging industry, a collaboration be-
tween academic institutions and major companies has 
led to the development of PLA-based biodegradable 

Table 1. Synthesizing some research efforts on PLA and its composites 

Study References Main Focus Key Findings Implications

Letcher and Waytas-
hek (2014) [25]

Effects of raster orientation in 3D 
printing with PLA.

Orientation affects mechanical strength; 
45° orientation shows highest strength.

Optimization of 3D printing parameters 
for desired properties.

Mansingh et al. (2023) 
[28]

Development of eco-friendly 
composites with chitin, chitosan, 
and PLA.

Reduction in strength and stiffness but 
enhanced ductility with chitin and chito-
san reinforcement.

Suggests potential in food packaging, 
with a need for further research on MPs 
and interfacial bonding.

Sajna, Nayak and 
Mohanty (2016) [29]

Impact of nanoclay and copoly-
mers on PLA composites’ moistu-
re absorption.

Reduced moisture absorption and miti-
gated mechanical property degradation.

Enhances PLA’s use in environments 
prone to moisture.

Arrieta et al. (2017) 
[30]

Use of PLA and PHB blends for 
food packaging.

Improved barrier and MPs; potential for 
food packaging applications.

Provides a sustainable alternative to 
conventional packaging.

Ausejo et al. (2018) 
[31]

Print direction and layer thickness 
in 3D printed PLA objects.

Direction and thickness affect crystalliza-
tion and MPs.

Importance of print settings in 3D printing 
applications.

Ayrilmis (2018) [32] Surface roughness and wettability 
of 3D-printed wood flour/PLA 
composites.

Print thickness impacts surface smooth-
ness and wettability.

Optimal print settings for specific applica-
tion needs.

Przekop et al. (2020) 
[34]

PLA composites with graphite for 
enhanced properties.

Graphite improves wear resistance and 
thermal conductivity.

Expands PLA’s utility in electrical and 
thermal applications.

Uzun and Erdoğdu 
(2020) [35]

MPs of copper and carbon 
fiber-reinforced PLA.

Reinforcements decrease tensile 
strength but modify PLA’s mechanical 
properties.

Considerations for PLA composites in 
structural applications.

Thakur et al. (2024) 
[36]

Optimization of MPs in PLA-CF-
PLA composites.

Successful prediction of optimal manu-
facturing settings via machine learning.

Significant implications for aerospace, 
automotive, and biomedical engineering 
applications.

Rajeshkumar et al. 
(2021) [37]

PLA-based natural fiber reinforced 
composites.

Highlighting the beneficial impact of 
natural fiber reinforcements on PLA 
properties.

Promoting sustainable and eco-friendly 
material solutions across various indust-
ries.

Rezvani Ghomi et al. 
(2021) [38]

Life cycle assessment of PLA. PLA’s potential to reduce greenhouse gas 
emissions and energy dependency.

Importance of improving recycling 
infrastructures and processes to minimize 
environmental impact.

Johansson et al. 
(2023) [44]

Impact of lignin acetylation on 
PLA biocomposites.

Acetylation improves interfacial adhe-
sion, impact strength, thermal stability, 
and moisture repellency of lignin-PLA 
biocomposites.

Advances in creating sustainable, hi-
gh-performance composite materials for 
automotive and aerospace applications.

Tripathi et al. (2021) 
[45]

Durability of PLA-based blends 
and biocomposites.

Advancements in enhancing PLA durabi-
lity and reducing carbon footprint.

Support for a low carbon economy with 
potential applications in various sectors.

Ferreira et al. (2021) 
[46]

Production of eco-sustainable 
materials from PLA bioblends.

Improvements in mechanical, thermal, 
and morphological properties through 
compatibilizing agents.

Contribution to the development of new 
eco-materials for sustainable develop-
ment.

Ramezani Dana & 
Ebrahimi (2023) [51]

PLA-based polymers synthesis, 
properties, and applications.

Discussion on polymerization methods 
and PLA’s versatile properties.

Emphasizes PLA’s potential as a sustai-
nable alternative in biomedical, packa-
ging, and additive manufacturing sectors.

 

Figure 1. Number of publications on PLA sustainable applications (2000-
2023 years)
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packaging, which significantly reduces carbon footprints 
compared to conventional materials. In the automotive 
sector, a project with a leading automotive manufac-
turer demonstrates the use of PLA composites for inte-
rior components, achieving a notable reduction in part 
weight and enhancing end-of-life recyclability. Addition-
ally, in the biomedical field, collaborative efforts between 
research centers and medical companies have produced 
bioresorbable PLA implants that simplify surgical proce-
dures and reduce overall healthcare costs. These exam-
ples not only validate PLA’s versatility and sustainability 
but also underscore its growing acceptance and imple-
mentation in key sectors, effectively bridging the gap be-
tween research and practical deployment.

2. Discussions
The discussions around the studies on PLA and its com-
posites touch on several critical aspects of material sci-
ence, environmental sustainability, and technological 
advancements in polymer applications. Here are some 
key points of discussion derived from the findings of 
these studies:

Hydrolytic degradation of PLA under high humidity and 
temperature conditions, as observed by Harris and Lee 
(2010), raises important considerations for its outdoor 
applications or in environments where these conditions 
prevail [47].  This necessitates further exploration into 
additives or blending partners like PHB, which can en-
hance moisture resistance while retaining or improving 
PLA’s biodegradability. The improvement in mechanical 
and thermal properties through the blending of PLA with 
PHB, as shown by Zhang and Thomas (2011), indicates a 
promising strategy for widening the use of biopolymers 
in more demanding applications [39]. This blending ap-
proach not only improves material properties but also 
supports the use of renewable resources, aligning with 
sustainability goals.  The impact of raster orientation on 
MPs of 3D printed PLA objects, highlighted by Letch-
er and Waytashek (2014), underscores the importance 
of printing strategies in achieving desired performance 
characteristics [25]. This opens up discussions on the op-
timization of 3D printing parameters to tailor properties 
for specific applications, balancing between strength, 
flexibility, and material usage. Layer adhesion and poros-
ity are critical factors affecting strength and durability of 
3D printed PLA objects. The findings necessitate a deeper 
understanding of the relationship between printing tem-
perature, speed, layer thickness, and the resulting micro-
structure of PLA objects to optimize print quality and 
functional performance. The studies emphasize PLA’s 
biodegradability as a major advantage over conventional 
plastics, positioning it as a key player in reducing plastic 
pollution. However, discussions around the conditions 
required for PLA degradation (such as industrial com-
posting facilities) highlight the need for improved waste 
management infrastructure to fully realize the environ-
mental benefits. The addition of fillers and copolymers 
to PLA not only modifies its properties but also impacts 

its biodegradability and recycling processes. There is a 
need for comprehensive life cycle assessments to under-
stand the trade-offs between improved material proper-
ties and environmental impact. The exploration of PLA 
composites with various fillers (such as nanoclay, graphite, 
and SiC) opens new avenues for research into bio-based 
materials with enhanced electrical, and MPs. These ad-
vancements could lead to PLA’s increased adoption in 
electronics, automotive components, and other high-value 
applications. Food packaging applications of PLA and PHB 
blends, as researched by Arrieta et al. (2017), offer a sus-
tainable alternative to petroleum-based packaging. Fur-
ther studies could focus on the barrier properties, safety, 
and regulatory compliance of these materials to facilitate 
their acceptance and use in the food industry [30]. The role 
of advanced manufacturing techniques in customizing 
the properties of PLA for specific uses, particularly in the 
medical field for biocompatible implants and drug delivery 
systems, represents a significant area for future research. 
The ability to tailor PLA’s degradation rate, mechanical 
strength, and interaction with biological tissues could lead 
to innovative healthcare solutions. 

Mansingh et al. (2023) delve into the development of 
eco-friendly composites using 3D printing technology, 
combining PLA with chitin and chitosan. Although these 
additions reduce the strength and stiffness of PLA com-
posites, they increase ductility, suggesting potential for 
applications such as food packaging, pending further op-
timization [28]. Thakur et al. (2024) focus on optimizing 
MPs in hybrid additive manufacturing of PLA-CF-PLA 
composites, employing machine learning to predict opti-
mal fabrication parameters. Their work has significant im-
plications for aerospace, automotive, and biomedical en-
gineering, highlighting the versatility of PLA composites 
[36]. Rajeshkumar et al. (2021) and Rezvani Ghomi et al. 
(2021) focus on the development and life cycle assessment 
of PLA-based natural fiber reinforced composites, under-
scoring their environmental benefits and importance of 
enhancing recycling infrastructures [37,38]. Nandhini et 
al. (2023) underscore the potential of lignin and PLA in the 
production of bioplastics and high-value chemicals, such 
as muconic acid and adipic acid. Their review illuminates 
the environmental advantages of deriving these biopoly-
mers from bioresources and organic waste, presenting 
advancements in production technologies and microbial 
degradation pathways [42]. Johansson et al. (2023) exam-
ine the impact of lignin acetylation on MPs of lignin-PLA 
biocomposites, demonstrating improvements in impact 
strength and thermal stability. This suggests acetylated 
lignin’s potential in creating sustainable materials for au-
tomotive and aerospace applications [44]. Tripathi et al. 
(2021) and Ferreira et al. (2021) both highlight the produc-
tion and development of eco-sustainable materials from 
PLA blends and biocomposites, emphasizing improve-
ments in mechanical, and morphological properties and 
their role in supporting a low carbon economy [45,46]. Al-
kan Goksu (2024) explores the enhancement of PLA’s sus-
tainability through ketene-based chain extension, which 
improves its molecular weight and thermal properties. 
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This approach opens up new possibilities for PLA in pack-
aging applications, showcasing its increased utility and 
sustainability [50]. Ramezani Dana and Ebrahimi (2023) 
present a comprehensive review on PLA-based polymers, 
discussing their synthesis, properties, and various applica-
tions. Their review emphasizes the versatility of PLA and 
strategies for enhancing its performance, further under-
scoring PLA’s potential as a sustainable alternative in mul-
tiple industries [51]. 

In summary, discussions surrounding PLA and its com-
posites revolve around balancing material properties 
with environmental sustainability, leveraging technolog-
ical advancements for customization, and addressing the 
infrastructural needs for biopolymer degradation. These 
conversations underscore the importance of interdisci-
plinary research and collaboration among scientists, en-
gineers, policymakers, and industry stakeholders to over-
come current limitations and unlock the full potential of 
PLA in various applications.

3. Conclusions
In this comprehensive exploration of the advancements, 
challenges, and potential applications of PLA and its 
composites, alongside lignin-based materials, we have 
delved into the significant strides made in the realm of 
bioplastics. The synthesis of research findings under-
scores the pivotal role these materials play in the develop-
ment of sustainable alternatives to conventional plastics, 
catering to an array of industrial applications while ad-
dressing environmental concerns. This conclusion aims 
to encapsulate the essence of our findings, highlighting 
the innovation in bioplastic properties, advancements in 
production technologies, environmental implications of 
adopting these materials, and the challenges and future 
directions that research in this field is poised to take.

• Investigation reveals substantial enhancements in 
the physical properties of PLA through various strat-
egies, including molecular structure modifications 
and incorporation of natural additives and compos-
ites. Such innovations extend PLA’s utility beyond 
its traditional confines, enabling its application in 
demanding sectors such as automotive, aerospace, 
and advanced packaging solutions. The blending of 
PLA with PHB and the integration of nanoclay and 
graft copolymers illustrate the material’s improved 
mechanical and thermal properties, making it a for-
midable contender to petrochemical-based plastics.

• Progression in production technologies for PLA and 
lignin-based materials marks a significant milestone 
in the bioplastics domain. Techniques such as chain 
extension and acetylation enhance mechanical, ther-
mal, and morphological properties, showcasing the 
potential of these biopolymers to rival traditional 
plastics. These advancements are instrumental in 
propelling bioplastics into a competitive position, 

offering sustainable alternatives that do not compro-
mise on performance.

• Environmental advantages of PLA and lignin-based 
materials are profoundly highlighted through life 
cycle assessments, which advocate for their role in 
mitigating global warming and reducing the carbon 
footprint. The adoption of these materials aligns 
with global sustainability goals, emphasizing their 
importance in the transition towards a low-carbon 
economy. Moreover, the biodegradability of PLA 
presents an eco-friendly solution to plastic pollution, 
although the conditions under which degradation 
occurs necessitate further exploration to optimize 
application and disposal strategies.

• Despite the promising advancements, the research 
underscores several challenges that need addressing. 
The sensitivity of PLA to moisture and environmen-
tal stressors, alongside the need for enhanced MPs 
and durability, presents significant hurdles. Future 
research must focus on optimizing formulations and 
processing conditions for specific applications, in-
cluding 3D printing and packaging, to overcome these 
obstacles. Additionally, the development of efficient 
recycling processes and the exploration of microbial 
degradation pathways are crucial for integrating PLA 
and lignin-based materials into a circular economy.

In conclusion, body of research on PLA, its compos-
ites, and lignin-based materials paints an optimistic 
picture of future of bioplastics. With their potential to 
replace conventional plastics in numerous applications, 
these materials stand at the forefront of the sustain-
ability movement. However, the realization of their full 
potential requires a concerted effort in research and de-
velopment to address the existing challenges. The path 
forward involves not only enhancing the properties of 
bioplastics but also establishing a comprehensive frame-
work for their production, application, and disposal that 
prioritizes environmental integrity. As we continue to 
innovate and refine these materials, their role in foster-
ing a sustainable future becomes increasingly evident, 
marking a significant step towards reducing our reliance 
on fossil-based plastics and mitigating the environmen-
tal impact of plastic pollution. 

This review has collated key advancements in the devel-
opment of PLA and its composites, demonstrating its 
potential as a sustainable alternative to petroleum-based 
plastics. The study emphasizes PLA’s improved mechan-
ical properties, its applicability in diverse fields like 3D 
printing and biomedicine, and its environmental ben-
efits. Future research should focus on overcoming its 
existing limitations such as moisture sensitivity and 
thermal resistance, and on enhancing its recyclability. 
Addressing these challenges will further establish PLA 
as a cornerstone of sustainable material solutions.
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