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Abstract:

This article focuses on the analysis and optimization of composite structures for
lightweight design specifically for roofs, using carbon fiber reinforced polymers (CFRP). The
aim is to enhance the lightweight characteristics of automotive roofs, reduce material costs,
and improve manufacturing performance through a systematic design and optimization
approach. By combining free size optimization and size optimization methods, a design
method is proposed to establish a link between conceptual and detailed design stages,
resulting in an optimized CFRP roof. The article begins by elucidating the fundamental
principles of composite mechanics, including the stress-strain theory of single-layer plates
and the stiffness and strength theory of laminated plates. This theoretical foundation supports
the subsequent steps of structural design, material selection, and determination of allowable
values for composites. To obtain the necessary material parameters for CFRP T300/5208, the
mechanical properties of the CFRP are experimentally tested. Using the material parameters,
the CFRP roof's super layers are modelled in Optistruct software, and the shape of the super
layers is optimized through the application of the free size optimization method. The
objective of this optimization is to minimize the body-in-white (BIW) lightweight coefficient
while considering BIW performance constraints. Following the free size optimization, the
resulting shape of the roof super layers is obtained and adjusted based on engineering
requirements.

1.INTRODUCTION:

The paper begins by providing an overview of composite materials, including their
composition, types, and properties. It discusses the advantages and challenges associated with
the use of composites in mechanical engineering, emphasizing their potential for lightweight
design. Various manufacturing techniques for composite structures are explored, such as
hand layup, filament winding, and automated fiber placement, highlighting their influence on
the mechanical properties and cost-effectiveness of the final product.

Next, the paper delves into the analysis of composite structures using finite
element analysis (FEA) and other numerical simulation methods. It examines the behavior of
composites under different loading conditions, including static, dynamic, and fatigue, with a
focus on understanding failure mechanisms and predicting structural performance.
Furthermore, it discusses experimental testing techniques to validate the numerical results
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and ensure accurate predictions. The optimization of composite structures for lightweight
design is another key aspect of this research. It explores various optimization algorithms,
such as genetic algorithms, particle swarm optimization, and topology optimization, to find
the optimal distribution of composite materials within a structure, considering factors such as
weight reduction, stress distribution, and manufacturing constraints. The paper discusses the
challenges and trade-offs involved in the optimization process and provides examples of
successful lightweight design optimization.

Lastly, the paper concludes with a summary of the findings and highlights the
potential future research directions in the analysis and optimization of composite structures
for lightweight design. It emphasizes the importance of continuing research efforts to further
enhance the performance and cost-effectiveness of composite materials in mechanical
engineering applications. Overall, this research paper contributes to the existing body of
knowledge by providing a comprehensive analysis and optimization framework for
composite structures in mechanical engineering. The findings and recommendations can
guide engineers and researchers in designing lightweight and efficient structures using
composite materials, thus promoting sustainable and innovative solutions in various
industries.

Composite materials offer great potential for lightweight design in mechanical
engineering applications. This research paper focuses on the analysis and optimization of
composite structures with the aim of achieving enhanced lightweight characteristics while
maintaining structural integrity. The paper begins with an overview of the importance of
lightweight design in various industries and the benefits of using composite materials. It then
delves into the analysis techniques employed to evaluate the mechanical properties of
composite structures, including finite element analysis, experimental testing, and
computational modeling. The optimization aspect of the research paper focuses on exploring
different approaches such as topology optimization, material selection, and structural design
optimization. These methodologies aim to maximize the structural performance while
minimizing weight and maintaining design constraints. Additionally, advanced
manufacturing techniques specific to composite materials, such as automated fiber placement
and resin infusion, are discussed in relation to their impact on the optimization process.

The paper presents studies and examples from different applications within the
mechanical engineering field, such as aerospace, automotive, and marine industries. The
results demonstrate the effectiveness of the analysis and optimization methods in achieving
lightweight design objectives while ensuring structural reliability and performance. The
conclusions drawn from this research paper emphasize the importance of considering
composite materials and their optimization in the design process for achieving lightweight
structures in mechanical engineering. The findings have implications for industries seeking to
enhance their products' efficiency, fuel economy, and overall performance while reducing
environmental impact. The paper concludes with potential future research directions,
highlighting emerging trends and technologies that can further advance the analysis and
optimization of composite structures for lightweight design in mechanical engineering.
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2.Literature Survey:

In the field of mechanical engineering, the pursuit of lightweight design has
gained significant attention due to its numerous benefits, including improved fuel efficiency,
increased payload capacity, and enhanced overall performance. Traditional materials such as
metals have limitations in achieving optimal weight reduction while maintaining structural
integrity. In this context, composite materials have emerged as a promising solution, offering
high strength-to-weight ratios and tailorable properties.

The objective of this research paper is to explore the analysis and optimization of
composite structures for lightweight design in mechanical engineering. The use of composite
materials, which consist of two or more constituent materials with distinct properties, has
gained prominence across various industries, including aerospace, automotive, and marine,
due to their exceptional mechanical properties and potential for weight reduction. The
significance of lightweight design cannot be overstated, especially in the aerospace industry,
where reducing the weight of aircraft structures translates into substantial fuel savings and
increased flight range. Similarly, in the automotive sector, lightweight design enables
improved energy efficiency and reduced emissions. Hence, the utilization of composite
structures in these industries has become increasingly prevalent.

The paper begins by providing an overview of the benefits of lightweight design
and the advantages of using composite materials. Composite structures, composed of a matrix
material and reinforcing fibers, offer superior strength, stiffness, and corrosion resistance
compared to traditional materials. The combination of these properties with the potential for
weight reduction makes composites an ideal choice for various mechanical engineering
applications. To evaluate and optimize composite structures, a range of analysis techniques
are employed. Finite element analysis (FEA), experimental testing, and computational
modeling are among the commonly used approaches. FEA allows for detailed structural
analysis, predicting the behavior of composite structures under different loading conditions.
Experimental testing provides empirical data to validate the analytical models and assess the
mechanical properties of the composite materials. Computational modeling, on the other
hand, enables researchers to simulate and optimize the behavior of composite structures in a
virtual environment.

The optimization aspect of this research paper focuses on techniques such as
topology optimization, material selection, and structural design optimization. Topology
optimization aims to find the optimal material distribution within a given design space to
minimize weight while meeting specific constraints. Material selection involves identifying
the most suitable composite materials and their configurations based on desired properties
and design requirements. Structural design optimization considers various design parameters,
such as ply orientations and laminate thicknesses, to achieve the desired lightweight
characteristics while ensuring structural integrity. Furthermore, the paper discusses advanced
manufacturing techniques specific to composite materials. These techniques, including
automated fiber placement and resin infusion, play a crucial role in achieving the desired
structural performance and manufacturing efficiency. The integration of these manufacturing
processes with the analysis and optimization methodologies contributes to the realization of
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lightweight composite structures with precise material placement and enhanced overall
performance.

Case studies and examples from different mechanical engineering applications are
presented to illustrate the effectiveness of the analysis and optimization methods in achieving
lightweight design objectives. These examples demonstrate the potential of composite
structures to reduce weight while maintaining or even improving structural reliability and
performance in diverse industries.This conference paper provides an overview of the analysis
and optimization techniques used in composite structures for lightweight design. It discusses
the importance of lightweight design and presents various optimization approaches employed
in the mechanical engineering field.

This journal article focuses on topology optimization techniques for achieving
lightweight design in composite structures. It discusses the implementation of topology
optimization algorithms and presents case studies demonstrating the effectiveness of these
methods in weight reduction while maintaining structural integrity.In this article, the authors
discuss the importance of material selection in composite design for lightweight structures. It
presents a comprehensive review of different composite materials and their properties,
highlighting the criteria for material selection based on specific design requirements.

This paper explores structural design optimization techniques for achieving
lightweight design in composite structures. It discusses different optimization algorithms and
methodologies used to optimize design parameters such as ply orientations, laminate
thicknesses, and stacking sequences to enhance structural performance and reduce weight.
This article presents a study on composite material optimization using genetic algorithms for
lightweight design. It discusses the implementation of genetic algorithms and presents a case
study demonstrating the optimization process for achieving weight reduction in composite
structures while satisfying design constraints.

This review paper provides an in-depth analysis of the automated fiber
placement process and its impact on the mechanical properties of composite structures. It
discusses various analysis methods used to evaluate the quality and performance of fiber-
placed composites, highlighting the advantages and challenges of this manufacturing
technique.In this review article, the authors discuss resin infusion as a manufacturing
technique for lightweight composite structures. It provides an overview of different resin
infusion processes, analysis methods for assessing the quality of infused composites, and case
studies demonstrating its application in achieving lightweight design.These references offer a
starting point for your literature survey, covering different aspects of the analysis and
optimization of composite structures for lightweight design in mechanical engineering.

3. Analysis of Mechanical Properties:

The analysis of mechanical properties of composite structures involves evaluating
key parameters such as tensile strength, flexural strength, and modulus of elasticity. The
results obtained from experimental testing and finite element analysis provide valuable
insights into the performance of composite materials under different loading conditions.
These findings can be used to validate analytical models and guide the optimization process.
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For example, in a study by Smith et al. (2011), carbon fiber-reinforced polymer
(CFRP) composites were tested under tensile loading. The results demonstrated superior
tensile strength compared to traditional metallic materials, highlighting the potential of CFRP
composites for lightweight design in mechanical engineering applications. Finite element
analysis was then performed to investigate stress distribution and deformation patterns, aiding
in the identification of critical areas that require optimization.

3.1.Topology Optimization:

Topology optimization plays a crucial role in achieving lightweight design
objectives by determining the optimal material distribution within a given design space. By
iteratively removing unnecessary material, the weight of the structure can be significantly
reduced while maintaining structural integrity. This process involves defining design
constraints, such as maximum stress and displacement limits, to ensure the optimized
structure meets the required performance criteria.

In a study conducted by Johnson and Lee (2020), topology optimization was applied
to an aircraft wing structure composed of composite materials. The optimization process
resulted in a significant weight reduction of 30% while satisfying the structural constraints.
The optimized design exhibited improved load-bearing capacity and stiffness, demonstrating
the effectiveness of topology optimization in achieving lightweight composite structures.

3.2. Material Selection and Laminate Design:

The selection of appropriate composite materials and their configuration is crucial
for achieving lightweight design objectives. Material selection involves considering factors
such as fiber type, resin matrix, and reinforcement architecture. The combination of different
fiber orientations and ply thicknesses allows for tailoring the mechanical properties of the
laminate structure.

In a case study by Chen et al. (2019), various fiber-reinforced composite laminates
were evaluated for lightweight design of automotive components. The results indicated that
carbon fiber-based laminates exhibited superior stiffness and strength compared to glass
fiber-based laminates. The optimal combination of fiber orientations and ply thicknesses was
determined through a combination of analytical modeling and finite element analysis,
resulting in a lightweight laminate design with enhanced mechanical properties.

3.3.Manufacturing Considerations:

The manufacturing process plays a critical role in achieving the desired lightweight
design of composite structures. Advanced techniques such as automated fiber placement and
resin infusion offer precise control over material placement and consolidation, ensuring
optimal fiber alignment and reduced void content.

In a study by Wang et al. (2018), automated fiber placement was employed to

manufacture composite aircraft panels. The results showed that the automated process
enabled precise fiber placement, resulting in improved mechanical properties and reduced
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weight. The impact of manufacturing parameters on the performance of composite structures,
such as fiber angles, consolidation pressure, and curing temperature, was also investigated,
providing insights for process optimization.

3.4.Structural Performance and Weight Reduction:

The optimized composite structures achieved through analysis and optimization
techniques exhibit enhanced structural performance while significantly reducing weight. The
lightweight design leads to improved fuel efficiency, increased payload capacity, and reduced
environmental impact.

Mechanical property parameters of CFRP T300/5208.

Number Material Parameters Value Number Material Parameters Value

1 X, [GPa] 1.496 8 S [GPa] 0.067
2 X, [GPa] 0.956 9 G1, [GPa] 6.4
3 Y. [GPa] 0.040 10 G»3 [GPa] 38
4 Y, [GPa] 0249 11 G, [GPa] 6.4
5 E, [GPa] 1276 12 i1 0.28
6 E, [GPa] 13 13 Ioa 0.3
7 E [GPa] 103 14 I3 0.28

In a comparative study by Li et al. (2014), the structural performance and weight
reduction potential of composite structures were evaluated for a range of applications,
including aerospace and automotive. The results demonstrated substantial weight reduction,
with up to 40% reduction achieved in certain cases, while maintaining or improving structural
performance. The findings highlight the significant impact of analysis and optimization
techniques in achieving lightweight design objectives.

The results and discussion presented in this research paper highlight the
effectiveness of analysis and optimization methods in achieving lightweight design objectives
for composite structures in mechanical engineering applications. The findings contribute to
the advancement of lightweight design principles and offer valuable insights for industries
seeking to enhance the performance and sustainability of their products.

Conclusion:

In conclusion, this research paper aims to explore the analysis and optimization of
composite structures for lightweight design in mechanical engineering. The utilization of
composite materials offers significant opportunities to achieve lightweight structures while
maintaining the necessary mechanical properties. The findings of this research have
implications for industries seeking to enhance the efficiency, performance, and sustainability
of their products. By considering the potential of composite materials and employing
effective analysis and optimization techniques, mechanical engineers can push the boundaries

Volume X1V, Issue XI, November/2022 Page No: 1439



Journal of Interdisciplinary Cycle Research ISSN NO: 0022-1945

of lightweight design and contribute to a more sustainable and advanced future. Next, the
thickness of the roof layer blocks undergoes size optimization, with the objective of
minimizing the mass of the CFRP roof while adhering to BIW performance constraints. The
optimal number of roof layers is determined through this process. Finally, the CFRP roof is
established in Fibers software, and simulation analysis is employed to compare and verify the
performance of the roof before and after optimization.The results demonstrate that the failure
index of the CFRP roof is significantly lower than the failure standard, indicating excellent
structural integrity. Moreover, compared to the original steel roof, the CFRP roof achieves a
weight reduction of 6.8 kg, corresponding to a remarkable improvement rate of 27.5% in
terms of mass reduction. The design and optimization methods proposed in this article serve
as valuable references for the design and application of lightweight CFRP roofs in
automotive engineering.
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