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The design, analysis, and optimization of composite leaf springs for light vehicles
are crucial for improving vehicle performance, durability, and overall ride
quality. Traditional steel leaf springs have limitations in terms of weight, fatigue
resistance, and energy absorption. In this study, we focus on developing a
composite leaf spring using advanced materials such as carbon fiber and
fiberglass reinforced polymers to address these limitations. The design process
involves material selection, geometric modeling, and finite element analysis
(FEA) to evaluate stress distribution, deformation, and load-bearing capacity.
Optimization techniques, including topology optimization and weight reduction
strategies, are applied to enhance the spring’s performance while maintaining
cost-effectiveness. The proposed composite leaf spring demonstrates significant
weight reduction, increased fatigue life, and superior energy absorption compared
to conventional steel designs. These improvements contribute to better fuel
efficiency, handling, and comfort in light vehicles.

Keywords: Composite materials, Leaf spring, Design optimization, Finite
element analysis, Weight reduction, Fatigue resistance, Light vehicles.

1. Introduction

The automotive industry has been at the forefront of technological advancements over the past
century, continuously seeking new materials, designs, and methodologies to improve vehicle
performance. One of the primary goals in vehicle design is to enhance safety, ride quality,
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durability, and fuel efficiency. Among the key components that contribute significantly to the
overall performance of a vehicle, the suspension system is one of the most critical. The
suspension system connects a vehicle to its wheels, ensuring that it remains stable, handles
loads effectively, and provides smoothness during motion by absorbing shock from the road
surface.

The leaf spring has been a part of the suspension system for over a century. Originally, leaf
springs were designed primarily out of steel and employed in various vehicles due to their
simple design and reliability. However, in recent decades, manufacturers have been
increasingly seeking ways to improve vehicle performance through innovative materials and
design strategies. One such area of interest is the application of composite materials to
suspension systems, particularly in the design of leaf springs.

Composite materials, which consist of two or more distinct components that work together to
produce superior mechanical properties, offer significant advantages over traditional metallic
materials like steel. Composites, such as carbon fiber-reinforced polymer (CFRP) and glass
fiber-reinforced polymer (GFRP), are increasingly being used in automotive components due
to their unique properties, such as higher strength-to-weight ratios, fatigue resistance, and
corrosion resistance. These properties make them particularly appealing for use in suspension
systems, where reducing weight and enhancing performance are paramount goals.

The leaf spring, traditionally made from steel, is crucial for supporting the vehicle's load,
maintaining stability, and providing comfort by absorbing road irregularities. In light vehicles,
where the emphasis is often on fuel efficiency, handling, and overall ride quality, the weight
of the suspension components plays a vital role. The heavy nature of steel leaf springs leads
to increased vehicle weight, which directly impacts fuel consumption and performance.
Replacing steel leaf springs with composites presents an exciting opportunity to reduce weight
and improve the overall efficiency of the vehicle.
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Figure 1: Schematic Diagram of Leaf Spring.

graduated leaves

To explore the full potential of composite leaf springs, a thorough understanding of the design,
analysis, and optimization processes is essential. A composite leaf spring design involves
several complex steps, including the selection of appropriate materials, geometric
configuration, and the consideration of various performance factors like strength, stiffness,
and fatigue resistance. Unlike traditional steel leaf springs, composite leaf springs have unique
failure modes and mechanical behaviors that need to be considered throughout the design
process.
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In addition to design considerations, Finite Element Analysis (FEA) has become an
indispensable tool in the automotive industry for simulating and predicting the performance
of components under real-world loading conditions. FEA allows engineers to model the
composite material's behavior with high precision, providing valuable insights into stress
distribution, deformation, and potential failure points. This computational tool enables the
optimization of composite leaf spring designs, ensuring that they meet performance
requirements while maintaining cost-effectiveness.

The motivation for this research stems from the potential benefits of composite materials in
automotive suspension systems. Lightweight vehicles with optimized suspension systems not
only provide better fuel efficiency but also contribute to improved driving dynamics and
safety. Composite leaf springs, in particular, offer the opportunity for enhanced performance
in light vehicles by reducing unsprung mass, which leads to better handling and ride comfort.

This study will provide an in-depth examination of the design, analysis, and optimization of
composite leaf springs for light vehicles. The research will explore various composite
materials, their mechanical properties, and how they influence the overall performance of the
suspension system. Additionally, it will delve into the role of Finite Element Analysis (FEA)
in evaluating the performance of composite leaf springs under different loading conditions,
highlighting how simulations can inform the optimization process.

Figure 2: A Traditional Leaf Spring Arrangement.

By analyzing the design methodologies, simulation results, and optimization techniques, this
research will contribute to a better understanding of how composite materials can be integrated
into automotive suspension systems. It will also offer insights into the challenges associated
with the use of composites, including the costs of material, manufacturing complexities, and
the need for specialized testing protocols to ensure reliability and safety.

The primary objective of this study is to develop a comprehensive framework for designing,
analyzing, and optimizing composite leaf springs in light vehicles. It aims to assess how
different material choices, design parameters, and optimization strategies can enhance the
performance and reliability of composite leaf springs, providing a pathway toward more
efficient and sustainable suspension systems in the automotive industry.
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The development of composite materials represents a breakthrough in material science, driven
by the need for lighter, stronger, and more durable components in various industries, including
aerospace, automotive, and manufacturing. Composites are engineered materials made by
combining two or more distinct materials to create a new material that exhibits superior
properties. These materials typically consist of a reinforcing phase (e.g., fibers or particles)
embedded in a matrix material (e.g., resin or polymer), which work together to enhance the
overall performance of the composite.

The use of composite materials in the automotive sector has gained significant momentum due
to their ability to reduce weight while maintaining or enhancing the structural integrity and
safety of the vehicle. Composites, such as carbon fiber-reinforced polymer (CFRP), glass
fiber-reinforced polymer (GFRP), and aramid fibers, are widely used due to their high
strength-to-weight ratios, stiffness, and resistance to corrosion and fatigue.

2. Literature Review

The automotive industry is continually seeking ways to enhance the performance, fuel
efficiency, and safety of vehicles. One of the critical components that influence vehicle
performance is the suspension system, which plays a vital role in maintaining stability,
comfort, and control over varying road conditions. Among the different types of suspension
systems, the leaf spring is a common component used in many vehicles, especially light
vehicles. Traditionally made from steel, leaf springs are essential for supporting the vehicle’s
weight and absorbing road shocks. However, with the increasing demand for reducing vehicle
weight, improving fuel efficiency, and enhancing overall performance, the use of composite
materials in suspension components like leaf springs has attracted significant research
attention. This literature review examines the developments in the design, analysis, and
optimization of composite leaf springs, with a focus on material selection, design
methodologies, failure analysis, and the application of optimization techniques.

Composite materials have revolutionized the automotive industry due to their exceptional
mechanical properties, including high strength-to-weight ratios, corrosion resistance, and
improved fatigue performance. According to Jones (2006), composite materials consist of two
or more distinct phases—one reinforcing phase (such as fibers) and one matrix phase (such as
resin)}—that work together to produce superior mechanical properties. The automotive
industry has adopted composite materials for several components, including body panels,
wheels, and suspension systems, due to the significant weight savings they offer compared to
conventional materials like steel and aluminum. Among these materials, carbon fiber-
reinforced polymer (CFRP) and glass fiber-reinforced polymer (GFRP) have become
particularly popular in automotive suspension systems, including composite leaf springs.

Chawla (2013) provided an extensive review of composite materials and their advantages,
highlighting that composites can achieve higher strength and stiffness while being much
lighter than traditional metals. Fleck (2014) also emphasized that composites, such as CFRP
and GFRP, are especially advantageous in applications that require high fatigue resistance,
which is crucial for components like leaf springs that undergo cyclic loading. In particular,
CFRP offers excellent strength-to-weight ratios but comes with a higher material cost, while
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GFRP provides a more cost-effective alternative with slightly lower mechanical performance
but still superior to metals in certain conditions.

In their study, Ramamurthy et al. (2009) explored the use of composite materials in leaf springs
and found that composites not only reduced the weight of suspension components but also
improved performance in terms of fatigue resistance and durability. Additionally,
Sundararajan and Ramesh (2012) confirmed that composites, with their superior fatigue
resistance, are well-suited to applications where components are subject to repetitive loading,
such as suspension systems. This increased durability is a key advantage of composite
materials over traditional steel, which is more prone to failure due to fatigue.

Designing composite leaf springs is a complex process that requires careful consideration of
several factors, such as material selection, ply orientations, geometric configuration, and
overall structural integrity. Bhaskar and Rao (2013) provided a comprehensive study on the
design of composite leaf springs, discussing the effects of different fiber orientations on the
mechanical properties of the leaf spring. Their research showed that by optimizing the fiber
angle, the spring's stiffness and strength could be tailored to meet specific performance
requirements, with certain orientations enhancing the spring’s load-bearing capacity and
flexibility.

Bergman and Rupp (2007) focused on the geometry of composite leaf springs, analyzing the
impact of tapering, ply thickness, and the number of layers on the leaf spring’s ability to absorb
shocks and support loads. Their findings revealed that optimized tapering can help distribute
stress more evenly and reduce the likelihood of failure, while maintaining an efficient design.
Reddy et al. (2011) highlighted the importance of detailed design modeling using tools like
Finite Element Analysis (FEA) to simulate the behavior of composite leaf springs. Their study
demonstrated that different design parameters, such as ply orientation and geometry, could
significantly influence the performance of composite springs.

One of the primary design challenges of composite leaf springs is the anisotropic nature of
composite materials, which exhibit different properties in different directions. Jones (2006)
emphasized that this anisotropic behavior must be carefully considered when designing
composite leaf springs to ensure that the correct stiffness and strength are achieved in the
required directions. This is in contrast to metals like steel, which have isotropic properties
(uniform properties in all directions). Therefore, the design of composite leaf springs requires
a more detailed understanding of the material’s directional behavior to optimize performance.

Finite Element Analysis (FEA) has become an essential tool in the design and optimization of
composite leaf springs, as it allows engineers to simulate and predict the mechanical behavior
of components under various loading conditions. FEA helps identify stress concentrations,
deformation patterns, and potential failure modes that might not be visible in traditional design
methods. Wang et al. (2014) used FEA to simulate the response of composite leaf springs to
static and dynamic loading. They noted that FEA could provide detailed insights into how the
composite materials behave under real-world conditions, including predicting areas of high
stress that could lead to failure.

Nanotechnology Perceptions Vol. 20 No. 7 (2024)



Design, Analysis, and Optimization of a Composite... A. Sadiq Khan et al. 4430

3. Methodology

The methodology for the design, analysis, and optimization of a composite leaf spring for light
vehicles involves a systematic process encompassing material selection, design
considerations, finite element analysis (FEA), and optimization techniques. The first stage of
the methodology begins with the selection of appropriate composite materials. In this case,
materials such as carbon fiber-reinforced polymer (CFRP) and glass fiber-reinforced polymer
(GFRP) are considered due to their favorable mechanical properties, including high strength-
to-weight ratios, fatigue resistance, and durability. The choice between these materials is
influenced by factors such as cost, mechanical performance requirements, and the intended
application of the leaf spring.

Once the materials are selected, the design phase begins. The design of the composite leaf
spring involves determining the optimal geometry and fiber orientation to meet the specific
load-bearing and deflection requirements. The key design parameters, such as the number of
plies, ply thickness, and stacking sequence, are defined based on the desired mechanical
properties and the vehicle's suspension system requirements. The ply orientation, in particular,
plays a critical role in determining the stiffness and strength of the composite leaf spring. By
adjusting the angle at which the fibers are oriented, the spring's behavior under loading
conditions can be tailored to achieve the desired mechanical performance.

3.1. Material Optimization

3.1.1. Glass fibre: Glass fiber, also known as fiberglass, is a material made of many very fine
glass fibers that are used to make composite materials. The glass fiber compound that is most
commonly utilized is e-glass fiber, which includes components made of aluminum oxide.lt is
used in electronic applications and various industrial areas today. Glass-reinforced plastic
production, combined with thermoset resins, is used in glass-reinforced plastic panels and
sheets. These materials are used in various sectors due to their structural integrity and softness.
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Figure 3: Glass Fibre Material

3.1.2. Banana fibre: The banana plant contains good-quality textile grade fibre popularly
known as banana fibre. This fibre is another unexplored natural fibre used for the fashion and
technical textile industries for sustainable product development. These fibres are extracted
from the pseudostem of the banana plant. Its main constituents are cellulose, hemicelluloses,
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and lignin. Banana fiber offers superior fineness, tensile strength, and spin ability compared
to natural bamboo fiber. Depending on the portion of the banana stem that is utilized, it may

Figure 4: Banana Fibre Material
3.1.3. Carbon Steel

Steel is an alloy of iron and carbon with improved strength and fracture resistance compared
to other forms of iron. Because of its high tensile strength. Steel is an iron alloy that has been
strengthened and fracture-resistant by adding a few tenths of a percent carbon. Because of its
inexpensive cost and great tensile strength, it is utilized in a variety of industries. Depending
on the temperature, the base metal of steel can crystallize into either a face-centered cubic or
body-centered cubic shape. The special qualities of steel and cast iron are the result of the
interaction of iron allotropes with alloying elements, mainly carbon. Forged steel connecting
rods are commonly used in modern engines to balance weight, durability, and strength. The
"cracked cap™ method used in the production of modern connecting rods makes rebuilding all
but impossible. The material used for leaf springs is usually a plain carbon steel having 0.90
to 1.0% carbon. The leaves are heat treated after the forming process. The heat treatment of
spring steel products has greater strength and therefore greater load capacity, greater range of
deflection and better fatigue properties.

Figure 5: Leaf Spring Stainless Steel Material
Nanotechnology Perceptions Vol. 20 No. 7 (2024)
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To ensure the leaf spring meets the performance and safety criteria, finite element analysis
(FEA) is conducted to simulate the behavior of the composite material under various loading
conditions. FEA is used to assess the stress distribution, strain, and deflection throughout the
leaf spring structure. It helps identify critical areas of high stress that could lead to failure and
allows for the evaluation of different design configurations and material choices. The
simulation is performed under both static and dynamic loading conditions to replicate real-
world operating environments and assess the durability of the leaf spring. FEA also allows for
the investigation of failure modes such as delamination or fiber fracture, which are potential
concerns in composite materials due to their anisotropic nature.

After the initial design and analysis, the optimization process begins. The goal of optimization
is to minimize the weight of the composite leaf spring while ensuring that it meets strength,
stiffness, and durability requirements. Optimization techniques such as genetic algorithms
(GAs), topology optimization, or multi-objective optimization are employed to achieve this
goal. In the optimization process, design variables such as fiber orientation, ply thickness, and
stacking sequence are treated as decision variables, and the optimization algorithm iterates to
find the best combination of these parameters. The objective function typically balances
weight reduction with the structural integrity of the leaf spring, considering factors like load-
bearing capacity, deflection limits, and fatigue resistance.

The optimization results are then used to refine the design and improve its performance further.
Once the optimized design is established, the manufacturing process is considered. The
composite leaf spring is typically fabricated using processes such as resin transfer molding
(RTM), autoclave curing, or filament winding. These manufacturing techniques are chosen
based on their ability to control the fiber placement and resin impregnation, which are crucial
for achieving the desired mechanical properties. During this phase, quality control measures
such as visual inspection and non-destructive testing (e.g., ultrasonic or X-ray testing) are
employed to ensure the integrity of the composite material and detect any potential defects.

4. Design of Composite Leaf Spring

The design of composite leaf springs requires a comprehensive approach that takes into
account the material properties, geometry, and the specific load requirements of the vehicle.
The design process begins with the selection of appropriate composite materials, which are
typically based on the desired mechanical properties, such as tensile strength, modulus of
elasticity, and fatigue resistance. Carbon fiber and glass fiber are commonly used materials,
with the choice between them depending on factors such as cost, weight reduction, and
performance requirements. Once the material is selected, the next step is to define the
geometry of the leaf spring. The traditional steel leaf spring design consists of multiple layers
or leaves that are tapered and bent to form a specific shape. In the case of composite leaf
springs, the geometry can be optimized to take advantage of the material’s unique properties.
The design process includes determining the number of plies, ply orientation, and stacking
sequence. The stacking sequence is crucial as it directly influences the mechanical properties
of the composite, such as stiffness, strength, and fatigue life.

The load analysis is a critical part of the design process. A composite leaf spring must be
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designed to handle the loads experienced during vehicle operation, including static loads from
the vehicle’s weight and dynamic loads from road irregularities. The design must also account
for the desired stiffness and deflection characteristics of the leaf spring to ensure proper
suspension performance. The spring’s geometry and material properties are adjusted
iteratively to meet these requirements. The ultimate goal of the design process is to ensure that
the composite leaf spring can withstand the operating conditions of a light vehicle, while
providing the necessary suspension performance, durability, and cost-effectiveness. Through
a well-optimized design, composite leaf springs can offer significant advantages over
traditional steel springs in terms of weight reduction and improved ride quality.

5. Finite Element Analysis (FEA) of Composite Leaf Spring

Finite Element Analysis (FEA) is a numerical technique used to simulate and analyze the
behavior of structures and components under various loading conditions. When applied to
composite leaf springs, FEA allows for a detailed assessment of how the spring will perform
under static, dynamic, and fatigue loads. FEA is particularly useful in predicting the
performance of composite materials, which have complex and anisotropic properties.

The first step in FEA of composite leaf springs is to create a detailed geometric model of the
leaf spring. The model must accurately represent the geometry and material Boundary
conditions typically include constraints that simulate the attachment points of the spring to the
vehicle’s suspension system, while loading scenarios account for the forces and moments
acting on the leaf spring during vehicle operation.

0.00 50.00 100,00 (mm) Y
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Figure 6: Imported Leaf Spring Model With Boundary Conditions

FEA simulations can provide detailed results on stress distribution, strain, deflection, and
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fatigue life of the composite leaf spring. The results can help identify areas of high stress
concentration, which are critical for ensuring the spring’s durability and preventing failure.
FEA is also used to study the effect of different composite materials and design parameters,
such as ply orientation and stacking sequence, on the performance of the leaf spring.

0.00 100.00 200,00 (mm) * X
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Figure 7: Mesh Geometry Of Leaf Spring

The accuracy of FEA simulations is highly dependent on the material models used to represent

the behavior of composites. Composite materials exhibit non-linear behavior, including
plasticity, viscoelasticity, and damage accumulation. Advanced material models, such as
Hashin's failure criteria and progressive damage models, are often used to simulate the failure
of composite materials in leaf springs. These models take into account the initiation and
propagation of damage in the composite material, which is crucial for predicting the failure
modes of the leaf spring.

6. Optimization of Composite Leaf Spring

Optimization is an essential step in the design process of composite leaf springs, aiming to
achieve the best possible performance in terms of weight, strength, stiffness, and cost.
Optimization techniques are employed to explore the design space and find the most efficient
design that meets the required specifications. One of the most widely used optimization
techniques is multi-objective optimization, where multiple conflicting objectives, such as
minimizing weight while maximizing strength and stiffness, are simultaneously considered.
Genetic algorithms (GAs) and other evolutionary algorithms are commonly used for this type
of optimization, as they are capable of handling complex, non-linear, and multi-variable design
problems. GAs work by evolving a population of design candidates over successive
generations, selecting the best designs based on fitness criteria, and introducing mutations and
Nanotechnology Perceptions Vol. 20 No. 7 (2024)
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crossovers to explore the design space.

Another optimization technique is topology optimization, which focuses on finding the
optimal material distribution within a given design space. This method is particularly useful
for improving the shape and structure of composite leaf springs to achieve the best balance
between weight and performance. Topology optimization results in a design that may have an
unconventional shape but provides the highest performance for the given load and stiffness
requirements. Shape optimization is another approach, where the geometry of the leaf spring
is modified to achieve the best performance. This approach can be used in combination with
FEA simulations to refine the design iteratively, taking into account both the mechanical
properties of the material and the geometric constraints. The optimization process is highly
iterative and requires careful consideration of design variables, such as material selection, ply
orientation, and geometric parameters. The goal is to achieve the best possible trade-off
between the various objectives while ensuring that the composite leaf spring meets the
performance, durability, and cost requirements of the vehicle.

7. Results and Discussion

The results of the design, analysis, and optimization of composite leaf springs provide valuable
insights into the potential benefits of using composites in automotive suspension systems. The
FEA simulations typically show that composite leaf springs exhibit reduced weight compared
to traditional steel springs, which directly contributes to improved fuel efficiency and vehicle
handling. Additionally, the optimized composite leaf spring design shows improved fatigue
resistance, ensuring a longer lifespan compared to steel leaf springs.

The discussion focuses on the key findings from the analysis and optimization process,
including the effects of different composite materials, ply orientations, and stacking sequences
on the performance of the leaf spring. The results from the FEA simulations provide a detailed
understanding of how these factors influence stress distribution, deflection, and fatigue life.
Furthermore, the optimization results highlight the trade-offs between weight, stiffness, and
cost, which must be carefully balanced to achieve the best design.
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Figure 8. Deformation Results of Steel Leaf Spring
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Figure 9: Stress Results of Steel Leaf Spring
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Figure 10: Safety Factor of Steel Leaf Spring
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Figure 11: Deformation Results of E-Glass Leaf Spring
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Figure 12: Stress Results of E-Glass Leaf Spring

0.00 100.00 200.00 (rmm) "‘7\ “
—— —
50.00 150.00

Figure 13: Safety Factor of E-Glass Leaf Spring

Figure 14: Safety Factor of Banana Fiber Leaf Spring
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Figure 15: Stress Results of Banana Fiber Leaf Spring
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Figure 16: Overall Deformation Result for Steel, E-Glass and Banana Fiber
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Figure 17: Overall Deformation Result for Steel, E-Glass and Banana Fiber
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Figure 18: Overall Safety Factor for Steel, E-Glass and Banana Fiber

Types of | Weight Deformation Stress Factor of Safety
Material used | (Kg) (mm) (N/mm2)

Carbon steel 32.185 0.8522 56.78 5.7866

Glass fibre 6.256 0.7896 57.20 16

Banana fibre | 4.936 0.5231 58.11 11521

Table 1: Compare the results of Leaf Spring without Damper and with Damper

Types of | Weight Deformation | Stress Factor of Safety
Material used | (Kg) (mm) (N/mm2)

Carbon Steel | 30.185 0.1794 55.75 44875

Glass fibre 5.256 0.1743 55.68 15

Banana fibre | 4.235 0.2167 55.46 1.0098

Table 2: Overall results after optimization

8. Conclusion

In conclusion, the design, analysis, and optimization of composite leaf springs for light
vehicles present a promising avenue for enhancing vehicle performance, fuel efficiency, and
safety. Composite materials, such as carbon fiber-reinforced polymers (CFRP) and glass fiber-
reinforced polymers (GFRP), offer distinct advantages over traditional materials like steel,
including a significantly reduced weight, improved fatigue resistance, and the ability to tailor
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material properties for specific performance goals. The use of composites not only allows for
the creation of lighter suspension components but also ensures better durability and longer
service life, which are crucial factors in the automotive industry’s quest for efficiency and
sustainability. Through a systematic methodology that includes material selection, detailed
design considerations, finite element analysis (FEA), and optimization techniques, it is
possible to develop composite leaf springs that meet stringent performance requirements. FEA
plays a critical role in simulating real-world loading conditions, enabling the identification of
stress concentrations and potential failure modes before physical prototypes are produced.
Optimization techniques, such as genetic algorithms and topology optimization, further
enhance the design process by balancing competing objectives like weight reduction, strength,
and stiffness. However, while the advantages of composite leaf springs are clear, challenges
such as high material costs, complex manufacturing processes, and the need for precise fiber
placement remain.
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