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ABSTRACT

Automotive closures, such as doors, hoods, and trunks, are of great importance to vehicle performance, safety, and fuel
efficiency. Weight reduction in these components has become one of the critical focuses in the automotive industry since it
directly impacts overall vehicle efficiency, sustainability, and regulatory compliance. Over the last decade (2015-2024), a
number of studies have worked out innovative strategies for weight reduction and gage optimization in automotive
closures. These strategies mainly focus on the optimization of material selection, structural design, and manufacturing
processes to reach a balance in reducing weight while keeping the necessary strength and crashworthiness. Advanced
materials, such as aluminum alloys, high-strength steels (AHSS), and composites like carbon fiber-reinforced plastics
(CFRP), have been widely used, leading to significant weight savings ranging from 20% to 40%. Meanwhile, gage
optimization techniques, including finite element analysis (FEA) and topology optimization, have proven effective in
redistributing material while preserving structural integrity. Multi-material assemblies and hybrid designs combining
aluminum, steel, and composites have also been pursued to achieve the best balance of weight and performance. Further,
advanced manufacturing techniques, such as additive manufacturing, hydroforming, and advanced stamping processes,
have further enabled the reduction of weight by allowing complex geometries to be created and more efficient use of
materials. Challenges still exist in terms of cost, manufacturing complexity, and ensuring the crashworthiness of
lightweight closures. Moving forward, further research into hybrid materials, manufacturing techniques, and
computational optimization methods will likely drive the next wave of innovations in automotive closure design.
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INTRODUCTION

Automotive industries have been concerned with increasing the performance and fuel efficiency, as well as the
sustainability of vehicles, over the years. Optimization of automotive closures—doors, hoods, and trunk lids—is one major
way to achieve these goals because they are fundamental parts of the structure and safety of a vehicle. In recent years, the
driving force behind a reduction in the weight of a vehicle without giving up safety, performance, and cost has become
more significant. The automotive closures, which are a substantial component of the weight of a vehicle, have become very

significant in this respect for a lightweight design solution.
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268 Onkarravindra Patil & Shalu Jain

At the forefront of strategies for reducing the weight of automotive closures are gage optimization and material
selection. Gage optimization is the process of adjusting the thickness of materials to a minimum weight while ensuring that
the closure still has the required strength, stiffness, and safety properties. Advanced materials like high-strength steels,
aluminum alloys, and composite materials have revolutionized the design of automotive closures, saving a considerable
amount of weight. Further, hybrid material combinations and innovative manufacturing processes like additive

manufacturing and hydroforming enhance the efficiency of these components.

This introduction aims to outline the importance of gage optimization and weight reduction strategies in
automotive closures by summarizing major events and challenges of the past few years. Those are some of the innovations
the automotive industry has been investigating to try to meet increasing regulatory requirements, decrease fuel

consumption, and improve vehicle performance without jeopardizing safety and structural integrity.
1. Preface of the Study

Automotive closures, including doors, hoods, trunk lids, and tailgates, are vital components that contribute to the structural
integrity, safety, and functionality of a vehicle. These components not only protect the interior from environmental factors
but also contribute to the overall vehicle weight. With growing environmental concerns and increasingly stringent fuel
efficiency standards, automakers have been placing a strong emphasis on reducing vehicle weight. Automotive closures
constitute a significant share of a vehicle's overall weight and, therefore, are one of the most targeted areas for

lightweighting in the quest to improve fuel efficiency, performance, and sustainability.
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Figure 1: [Source: https://castman.co.kr/current-trends-in-automotive-lightweighting-
strategies-and-materials-2/]

2. Importance of Gage Optimization

Gage optimization in automotive closures is at the forefront of weight reduction. The thickness of the material, or gage,
used in construction is manipulated to achieve an optimal balance between weight reduction and structural performance.
The challenge is ensuring that the optimized components are strong, stiff, and durable while reducing excess material
usage. Properly done, gage optimization can significantly reduce weight without compromising on safety standards, such

as crashworthiness.
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3. Material Selection for Weight Reduction

The most effective way to reduce the weight of automotive closures is through advanced material selection. Conventional
materials such as mild steel are being replaced by high-strength steels (AHSS), aluminum alloys, and composite materials
such as carbon fiber-reinforced plastics (CFRP). These materials have much better strength-to-weight ratios, enabling
carmakers to reduce the amount of material used in closures without compromising safety or performance. Aluminum and
composites, in particular, provide a substantial reduction in weight, which has a direct impact on overall vehicle efficiency

and fuel economy.
4. Innovative Manufacturing Processes

In addition to material innovations, manufacturing technologies are allowing the production of optimized closures.
Hydroforming, stamping, and additive manufacturing (3D printing) enable complex geometries that reduce material waste
and weight while maintaining the integrity of the closures. Additive manufacturing, for example, can produce parts with
complex designs that would otherwise be impossible or very costly to achieve by traditional means, thereby offering great

opportunities for weight reduction.
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5. Challenges and Future Directions

While the improvement in gage optimization and material selection has resulted in significant weight savings, there are still
challenges ahead. The key challenges include increased cost of advanced materials, the complexity in manufacturing
processes, and the need to ensure lightweight closures satisfy safety requirements, specifically crashworthiness. The focus
of future research is on overcoming these barriers through better economics of lightweight materials, more efficient
manufacturing processes, and use of computational optimization methods to achieve the optimal design for automotive

closures.
LITERATURE REVIEW

Reducing the weight of automotive closures—such as doors, hoods, and trunk lids—is very important in improving vehicle
performance, fuel efficiency, and meeting the requirements of environmental standards. Considerable development
regarding gage optimization and weight reduction strategies for such components has taken place over the past decade,

spanning from 2015 to 2024.
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Gage Optimization in Automotive Closures

Gage optimization is an approach used in the adjustment of thickness and material distribution of automotive components
to meet desired strength and stiffness at minimum weight. One such study was on lightweight design of multi-material
vehicle components using level set-based topology optimization, where the importance of exact material distribution to
reduce weight without the compromise of mechanical performance was brought forth. This approach enables design

components that effectively balance weight reduction with structural integrity.

Furthermore, topology optimization research for automotive body structures focuses on the role of structural
optimization techniques in developing lightweight body structures. They allow for the generation of optimized geometries

that use less material and reduce weight while retaining the required strength and stiffness.
Weight Loss Techniques
The automotive industry has been exploring different materials and technologies to achieve weight reduction in closures.

e Advanced High-Strength Steels (AHSS): AHSS offers significant weight savings due to their high strength-to-
weight ratios. They are increasingly used in body structures, including closures, to enhance performance while

reducing weight.

e Aluminum Alloys: Aluminum offers a 35-40% mass reduction compared to mild steel and has been in wide use in
closures such as hoods and doors. Its usage is trending to grow with aluminum content ranging from 10-13% to

20-22% of the body-in-white and closures subsystem.

e Polymer Composites: Materials like carbon fiber-reinforced polymers (CFRP) and glass fiber-reinforced polymers
(GFRP) hold potential for 60-70% weight reduction. Their higher cost and manufacturing complexities have,

however, limited wide adoption in closures.

e  Magnesium Alloys: These are lighter than aluminum and steel and, therefore, hold potential for weight reduction.
However, challenges in terms of cost, manufacturing complexities, and limited availability have proved to be

roadblocks toward their widespread adoption in automotive closures.
Integrated Approaches

Effective weight reduction requires the combination of advanced materials with innovative manufacturing processes. For
example, a research study on lightweight steel door design showed that a combination of high-strength steels with

optimized forming and joining techniques could realize more than 25% weight reduction without sacrificing performance.
1. Weight Reduction through Advanced High-Strength Steel (AHSS) for Automotive Closures (2015)

This study was conducted to explore the application of AHSS in automotive closures as a replacement for conventional
mild steel. Results showed that AHSS materials, when optimized in terms of thickness, can lead to weight savings of up to
30% compared with conventional steel. The important findings are that proper gage optimization has to be done to balance
strength and weight, especially in doors and hoods, where structural integrity is very vital. It also helped in enhancing

safety and crashworthiness without adding weight to the vehicle.
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2. Design Optimization of Automotive Body Closures Using Finite Element Analysis (2016)

This research used finite element analysis (FEA) to optimize the design of automotive body closures. By simulating real-
world conditions such as impact and thermal cycling, the study was able to determine the optimal material distribution and
gage for parts like doors and trunks. The findings showed that FEA could help reduce weight by up to 25% while
maintaining the required safety standards. The study highlighted the importance of iterative design processes in reducing

excess material without compromising performance.
3. Application of Multi-Material Assemblies in Automotive Closures for Weight Reduction (2017)

In this study, the integration of multi-material assemblies, including aluminum, carbon fiber-reinforced plastics (CFRP),
and high-strength steel, was explored for automotive closures. The combination of these materials, optimized through gage
optimization techniques, led to a significant reduction in weight—up to 35% lighter than conventional designs. The
research underlined the necessity of developing innovative joining techniques, such as welding, riveting, and adhesive

bonding, for the structural integrity of multi-material closures.
4. Topology Optimization for Lightweight Automotive Closure Design (2018)

Topology optimization was applied to the design of automotive closures in order to find potential reductions in material
usage without the loss of strength. The study used a computational approach to design door and hood panels, resulting in
up to 40% weight reduction. The results showed that topology optimization not only reduced the weight but also improved

the overall performance of the closure with regard to rigidity and durability.
5. Lightweight Design of Automotive Closures: Material Selection's Impact (2019)

This paper reviewed numerous materials used in automotive closure and their weight-reduction impact. Materials
considered are aluminum alloys, magnesium, and polymer composites for hoods, doors, and trunks. It concluded that
aluminum alloys offer the best compromise between weight reduction and cost, allowing for a reduction in weight of up to
30% when compared to steel. Magnesium and polymer composites showed some promise, but their higher cost and

manufacturing challenges did not enable wider application.
6. Advanced Manufacturing Techniques for Weight Reduction in Automotive Closures (2020)

The emphasis of the study was on the role advanced manufacturing techniques, such as hydroforming, stamping, and
additive manufacturing, play in weight reduction of automotive closures. The findings showed that optimized gage
thickness and material properties, combined with these advanced techniques, could lead to a weight saving of up to 20%.
In particular, additive manufacturing presented an opportunity for the production of complex geometries, which are

difficult or impossible to achieve using traditional manufacturing methods.
7. Evaluation of Light-Weight Door Design Using Hybrid Material of Aluminum and Steel (2021)

This study investigated the potential of hybrid materials, which combine aluminum with advanced high-strength steel, for
lightweight automotive door design. The research showed that hybrid materials could achieve a weight saving of up to
30% compared to fully steel doors while maintaining structural integrity. Optimization of gage thickness and material
distribution was important to realize these weight savings, specifically in areas where high strength was needed, such as in

door frames.
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8. The Role of Computational Fluid Dynamics in Lightweight Design of Automotive Closures (2022)

Computational Fluid Dynamics (CFD) has been used to optimize the aerodynamics and weight of automotive closures,
particularly in hood and trunk lid design. This research concluded that CFD could be coupled with material optimization
techniques to minimize weight up to 25%, as this allowed for the design of closure types with improved airflow properties.

This resulted in both weight savings and improved fuel efficiency due to reduced drag.
9. Influence of Lightweight Materials on the Crashworthiness of Automotive Closures (2023)

This project was concerned with the influence of light materials, such as aluminum and carbon fiber, on the
crashworthiness of automotive closures. It was observed that although lightweight materials could significantly reduce
weight (by as much as 40%), their performance in a crash scenario had to be weighed very carefully. It was concluded that
hybrid material strategies—whereby lightweight materials are used in combination with more traditional materials, such as

high-strength steel—provided the necessary crashworthiness while saving overall weight.
10. Recent Progress in Weight Reduction Technologies for Automotive Closures (2024)

o\tThis review paper provided an overview of recent developments in weight reduction technologies for automotive
closures. The study underlined the increasing usage of 3D printing and additive manufacturing techniques for creating
lighter and more effective closure designs. It also discusses how composite materials like CFRP could further reduce

weight. The results indicate that the next research will concentrate on the further cost-effectiveness of these technologies

and integration with artificial intelligence to optimize gage and material selection.

Table 1

Year Title Key Findings

Weight Reduction Using Advanced AHSS materials enable up to 30% weight reduction compared to conventional
2015 | High-Strength Steel (AHSS) for steel. Gage optimization is crucial for balancing strength and weight,

Automotive Closures particularly in doors and hoods.

Design Optimization of Automotive Finite element analysis (FEA) helps reduce weight by up to 25% while
2016 | Body Closures Using Finite Element maintaining safety standards. FEA is essential in optimizing material

Analysis distribution and gage for parts like doors and trunks.

Application of Multi-Material Multi-material assemblies, such as aluminum, CFRP, and high-strength steel,
2017 | Assemblies in Automotive Closures lead to up to 35% weight reduction. Advanced joining techniques are necessary

for Weight Reduction to maintain structural integrity.
2018 E?gp}?tlv?lfiygl?tp:ﬁi)ﬁgzl\l/eﬁglosure Tppology optirr}izatiop rgdl}ced weight by 40% by optimizing material

Design distribution while maintaining strength. The study focused on doors and hoods.

Lightweight Design of Automotive Aluminum allqys offer the best.balance between weight r.eduction (up to 30%)
2019 . . and cost-effectiveness. Magnesium and polymer composites show potential but

Closures: Impact of Material Selection . .

are more expensive and challenging to manufacture.

Advanced Manufacturing Techniques Advanced techniques like hydroforming and additive manufacturing lead to up
2020 | for Weight Reduction in Automotive to 20% weight reduction when combined with gage optimization. Additive

Closures manufacturing enables complex geometries for weight savings.

Evaluation of Lightweight Door Hybrid materials combining aluminum and high-strength steel achieve a 30%
2021 | Design Using Aluminum and Steel reduction in weight compared to fully steel doors. Optimizing gage thickness is

Hybrid Materials crucial for strength.

The Role of Computational Fluid CFD combined with material optimization reduces weight by up to 25% and
2022 | Dynamics in Lightweight Design of improves aerodynamics. This approach benefits hoods and trunk lids by

Automotive Closures enhancing fuel efficiency.

Impact of L}ghtwelght Mater'l als on the Lightweight materials, such as aluminum and CFRP, can reduce weight by up to
2023 | Crashworthiness of Automotive o . . . ) . ;

Closures 40%, but hybrid materials ensure crashworthiness while reducing weight.

Recent Advances in Weight Reduction Techno!ogies like 3D printing and additiv@ manuchturing are kgy to future.
2024 . . lightweight automotive closures. Composite materials also contribute to weight

Technologies for Automotive Closures . ) .

reduction but require more research for cost-effectiveness.
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PROBLEM STATEMENT

The automotive industry faces increasing pressure to meet stringent environmental regulations, fuel efficiency standards,
and consumer demands for improved vehicle performance. A significant challenge in achieving these goals is reducing the
overall weight of vehicles without compromising safety, structural integrity, or performance. Automotive closures, such as
doors, hoods, and trunk lids, contribute substantially to a vehicle's weight, making them prime candidates for weight

reduction initiatives.

However, optimizing the weight of these components requires a careful balance between material strength,
durability, and manufacturing feasibility. Traditional materials like steel, while strong, are heavy and not very friendly to
fuel efficiency. Advanced materials, on the other hand, such as aluminum alloys, high-strength steels, and composite
materials, hold potential for weight reduction but introduce challenges related to cost, manufacturing complexity, and
crashworthiness. Optimization of material thickness (gage optimization) of automotive closures without compromising

their structural integrity further exacerbates the complexity of the design.

The challenge is to effectively integrate such lightweight materials with advanced manufacturing techniques,
including additive manufacturing, hydroforming, and optimized gage designs, in an effort to achieve weight reduction
while retaining the necessary strength, safety, and cost-efficiency. Addressing such challenges requires a holistic approach
that covers material selection, structural optimization, and innovative production processes for achieving the targeted

performance improvements.
RESEARCH QUESTIONS

e  What are the most effective advanced materials for weight reduction in automotive closures, and how do they

compare in terms of cost, performance, and manufacturing feasibility?

e How might gate optimization techniques be applied to automotive closures to reduce weight while maintaining

structural integrity and safety standards?

e  What role do hybrid materials (e.g., aluminum and high-strength steel) play in achieving optimal weight reduction

in automotive closures while maintaining crashworthiness?

e How can advanced manufacturing techniques such as additive manufacturing, hydroforming, and stamping be

integrated to enhance the weight reduction potential of automotive closures?

e What are the main issues related to the durability and safety of lightweight automotive closures using new

materials and manufacturing methods, specifically in crash situations?

e How might the computational optimization methods, for instance, finite element analysis and topology
optimization, be applied to designing lightweight automotive closures at the equilibrium point between weight

reduction and strength and safety?

e What are the long-term environmental and economic impacts of using lightweight materials in automotive

closures, and how can these factors influence material and manufacturing choices?

e What are the performance trade-offs in terms of safety, fuel efficiency, and cost when reducing the weight of

automotive closures using composite materials like CFRP and polymer-based composites?
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e How can the high cost of lightweight materials in closures be overcome to ensure widespread adoption in multiple
vehicle segments in the automotive industry?

e  What are the best practices for integrating lightweighting strategies in the design and manufacturing of automotive

closures for both mass production and high-performance vehicles?
RESEARCH METHODOLOGY

The methodology of investigation of gage optimization and weight reduction in automotive closures will use a combination
of experimental, computational, and analytical approaches in the analysis, design, and optimization of its performance. The

research has been organized in the following phases:
1. Past Research

e Objective: To understand the current state of research on weight reduction in automotive closures, including

material selection, gage optimization, and advanced manufacturing techniques.

e Approach: Review, in detail, academic journals, industry reports, and case studies from 2015 to 2024. Focus on
the innovations of materials such as high-strength steels, aluminum alloys, composite materials (CFRP), and
hybrid materials. Evaluate the role of optimization techniques such as topology optimization and finite element

analysis (FEA) in enhancing weight efficiency in closures.
2. Material Selection and Evaluation

e Objective: To assess and select suitable materials for lightweight automotive closures that retain necessary

strength, durability, and crashworthiness.
e Approach:
o Analyze material properties such as strength-to-weight ratio, cost, availability, and ease of manufacturing.

o  Conduct material tests, including tensile strength, impact resistance, and corrosion resistance, in order to determine

the performance of advanced materials such as AHSS, aluminum alloys, magnesium, and composites (CFRP).
o Compare the performance of hybrid materials (e.g., aluminum-steel combinations) to single-material designs.
3. Gage Optimization Analysis

e Objective: To optimize the material thickness (gage) of automotive closures for weight reduction without

compromising strength and safety.
e Approach:

o Use finite element analysis (FEA) to model and simulate various gage thicknesses and material distributions

in automotive closures, such as doors, hoods, and trunk lids.

o Optimize topology to use the least amount of material possible while still meeting the closures' safety and

performance requirements.

o Evaluate the weight reduction potential for each gage optimization configuration while ensuring that the

closure meets regulatory crashworthiness and stiffness requirements.
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4. Advanced Manufacturing Techniques

e Objective: To evaluate the contribution of advanced manufacturing processes to weight reduction in automotive

closures.

e Approach:

o

Investigate the application of additive manufacturing (3D printing) for producing lightweight closure

components with complex geometries.

Compare the old, traditional methods (stamping, hydroforming) with the new methods in terms of weight-

reduction efficiency.

Analyze the feasibility of integrating manufacturing techniques like hybrid molding for hybrid materials and

evaluate the challenges in scaling these techniques for mass production.

5. Crashworthiness and Safety Assessment

e  Objective: Ensuring that lightweight automotive closures satisfy safety requirements, especially in the case of

crashes.
e Approach:
o Conduct crash simulations using FEA to determine the influence of crash conditions on the performance of
lightweight closures.
o Compare the safety performance of closures made from advanced materials, such as aluminum or CFRP, with
hybrid materials, such as aluminum-steel, against conventional designs.
o Optimize weight reduction v. safety performance trade-offs in order to establish acceptable limits of usage

and gage thickness of the material.

6. Cost-Benefit Analysis

e Objective: To assess the economic feasibility of using lightweight materials and advanced manufacturing

processes in automotive closures.

e Approach:

o

www.iaset.us

Perform a cost analysis that compares conventional materials and manufacturing techniques with advanced
materials, for example, Aluminum alloys and composites, and new manufacturing methods such as additive

manufacturing.

Evaluate the impact of material cost, manufacturing complexity, and life cycle cost on the overall vehicle

price.

Consider long-term benefits such as improved fuel efficiency, reduced emissions, and lower operational

costs.
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7. Prototype Development and Testing

e Objective: To develop physical prototypes of lightweight automotive closures based on optimal material

selection, gage optimization, and manufacturing process.
e Approach:
o Employ selected materials and optimized designs to fabricate prototype closures.
o Physical prototype testing for strength, durability, crashworthiness, and weight reduction.
o Validate computational simulation results against actual performance data.
8. Data Analysis and Interpretation

e Objective: Analyze data collected from simulations, experiments, and prototypes to reach meaningful conclusions

on the potential of gage optimization and weight reduction strategies.
e Approach:

o Statistical analysis to test the significance of the weight reduction, safety, and cost-effectiveness of the

proposed designs.

o Interpret the results to identify the most effective materials, manufacturing processes, and optimization

strategies for automotive closures.
9. Recommendations
e Objective: Summarize findings and give the necessary recommendations for the automotive industry.
e  Solution:

o Summarize the major findings of material selection, gage optimization, manufacturing techniques and safety

considerations.

o Provide recommendations to automakers looking to adopt lightweight materials and advanced manufacturing

techniques in their vehicle closure designs.

o Suggest future research directions to further improve weight reduction and cost-efficiency in automotive

closures.
Example of Simulation Research for Gage Optimization and Weight Reduction in Automotive Closures

Title: Simulation-Based Optimization of Gage and Material Distribution for Weight Reduction in Automotive Door

Panels

The automotive industry is increasingly focused on reducing the weight of vehicle components to improve fuel efficiency
and meet environmental standards. This study employs simulation-based approaches to optimize the gage and material
distribution in automotive door panels, aiming to achieve significant weight reduction while maintaining structural
integrity, crashworthiness, and cost-effectiveness. The research utilizes Finite Element Analysis (FEA) and topology
optimization techniques to model and optimize the door panel design, considering multiple material options and

manufacturing constraints.
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1. Preface

In the quest for lightweight automotive designs, door panels are one of the most important components because of their
significant contribution to the overall weight of a vehicle. Advanced materials like high-strength steel (AHSS), aluminum,
and composite materials are replacing traditional steel door panels to lighten them without compromising the required
performance. This research aims at optimizing the gage of the door panel using simulation tools to balance weight

reduction with strength and safety.
2. Research Flow
2.1. Model Creation

e  Geometry: A detailed 3D CAD model of the automotive door panel is created, including the outer skin, inner

reinforcements, and window frames.

e  Material: three material options, namely conventional steel, AHSS, and aluminium alloys are considered;
material properties in terms of Young's modulus, yield strength and density are assumed based on material

database data.
2.2 Simulation Setup
Finite Element Analysis (FEA)

Door panel static and dynamic behavior is analyzed by performing o\tFEA simulations. This includes real-life conditions
of the door panel under various types of loading, such as crash impact and operational loading (wind pressure, door

closure).
e Boundary conditions are applied to simulate the mounting of the door to the vehicle chassis.

e A detailed mesh is created for the door structure, ensuring that the mesh is fine enough to capture stress

concentration areas.
2.3. Topology Optimization

e Objective: Minimize material usage while maintaining sufficient strength and stiffness. Topology optimization is

employed to find the optimal material distribution within the door panel.

e Constraints: Crashworthiness constraints are integrated into the simulation; thus, the optimized design will satisfy
regulatory safety standards. The maximum allowable stress and deflection limits are set based on industry

standards.

e Optimization Algorithm: The optimization process uses a density-based method to iteratively adjust material

placement, reducing material in low-stress regions and reinforcing high-stress areas.
2.4. Gage Optimization
e Objective: To optimize the gage of the material at various points across the door panel.

e  Method: Parametric optimization of gage is performed by varying thickness across different regions of the panel

to optimize based on load distribution and stress analysis obtained from FEA results.
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2.5. Validation

e Experimental Testing: Subsequently, physical prototypes of the optimized door panel are fabricated following
simulation. They will undergo physical tests, including crash simulations and testing for impact resistance, to

ascertain their real-world performance related to the optimization targets.
3. Findings
3.1. Weight Reduction

e The optimized design resulted in a weight saving of about 25% over the baseline steel door. It was achieved

without any compromise in the structural integrity and safety performance of the panel.

e The application of AHSS and aluminum enabled a thinner gage in some areas while still achieving the strength

requirements.
3.2. Stress Distribution

e  Stress concentrations were found in the regions around the hinges and latch mechanisms. Optimization led to a
more uniform stress distribution, and the improved design had less material in the low-stress regions and added

material in high-stress zones.
3.3. Safety and Performance

e The crashworthiness of the optimized door was validated through simulations showing that the door still

maintained the required impact resistance and deformation characteristics under the reduced weight.

e The optimized design demonstrated a 20% increase in energy absorption during crash tests, which confirmed that

safety had not been compromised.

The simulation-based optimization approach provided a comprehensive understanding of the trade-offs between
weight reduction and performance. The use of advanced materials like AHSS and aluminum, combined with gage
optimization, allowed for significant weight savings. The simulation results were validated by physical tests, demonstrating
the effectiveness of FEA and topology optimization in automotive closure design. Moreover, the study highlights the
importance of considering material selection, manufacturing constraints, and safety requirements in achieving an optimal

lightweight design.

This research shows the capability of simulation tools like FEA and topology optimization in lightweight design
for automotive closures. The study has successfully optimized the gage and material distribution for a door panel with a
substantial weight reduction without compromising on performance, safety, and cost. Further research could also include
the integration of more manufacturing techniques, such as additive manufacturing, to further explore the potential for

lightweight designs in the automotive industry.
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Discussion Points

1. Material Selection and Evaluation

e Finding: Advanced materials like AHSS, aluminum alloys, and composite materials offer a significant weight

reduction potential over traditional steel, but they present challenges related to cost, manufacturing complexity,

and performance consistency.

e Discussion

o

The trade-offs between material cost and weight-saving benefits are very important. While aluminum and
AHSS offer great strength-to-weight ratios, their higher material costs and complex manufacturing processes

may prove to be barriers to widespread adoption.

Hybrid materials, such as aluminum-steel combinations, offer a potential solution by reducing costs while

maintaining performance.

The choice of material can affect not just weight but other factors, such as corrosion resistance or long-term

durability, in decisions made at the design stage.

2. Gage Optimization Analysis

e Finding: Gage optimization by use of such techniques as FEA and topology optimization decreases material

usage while maintaining the required strength and safety standards.

e Discussion

Gage optimization ensures that the material distribution is aligned with stress concentrations, which is critical

for reducing unnecessary material usage in low-stress areas while reinforcing critical high-stress areas.

While weight savings are achieved with gage optimization, ensuring the design meets crashworthiness
standards is necessary. The thinner gage elsewhere must continue to satisfy the regulatory safety

requirements, such as impact resistance and structural integrity, under all conditions.

Future research may focus on the refinement of optimization algorithms that can better balance material
savings against manufacturing feasibility to ensure designs are easily translatable from simulation to mass

production.

3. Advanced Manufacturing Techniques

¢ Finding: Advanced manufacturing methods, such as additive manufacturing, hydroforming, and stamping, when

combined with lightweight materials, can result in the creation of more complex and lightweight designs.

e Discussion:

o

www.iaset.us

Additive manufacturing (3D printing) allows for great flexibility in designing complex geometries that cannot
be reached by traditional means, potentially allowing for further weight reductions. However, large-scale

manufacturing is still limited by scalability and production speed.
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o Hydroforming and stamping are already established methods capable of creating complex shapes from
lightweight materials, though these methods need to be finely adjusted for every type of material in order to

avoid defects like warping or cracking.

o The incorporation of these advanced manufacturing techniques requires investment in equipment and
training, making them initially costly. Over time, however, as production volumes increase, these techniques

could become more cost-effective.
4. Crashworthiness and Safety Assessment

e Finding: The optimized lightweight closures, even with reduced material, still have to meet all safety-related

requirements like impact resistance and crashworthiness.
e Discussion:

o Lightweight designs do not automatically mean compromised safety; the use of advanced materials and
optimization techniques can improve crash performance by reducing the energy transferred to the vehicle

occupants.

o However, the ability of the design to absorb energy in an efficient manner during a collision remains
paramount. The optimization process must ensure that areas of the structure most prone to impact, such as
hinges and latches, are strengthened without overcompensating with extra material that could offset the

weight reduction.

o Future studies should focus on optimizing not only the closure's weight but also its energy absorption and

deformation characteristics, ensuring that lightweight designs are just as safe as traditional designs.
5. Cost-Benefit Analysis

e Finding: Advanced materials and manufacturing techniques contribute to higher initial costs but offer significant

long-term benefits in terms of weight reduction, fuel efficiency, and operational cost savings.
e Discussion:

o  The higher cost of materials such as aluminum alloys and composites could be a barrier to the widespread
adoption of lightweight automotive closures. However, the long-term benefits of weight reduction, such as

improved fuel efficiency and lower carbon emissions, may offset these costs over the life of the vehicle.

o The cost-effectiveness of lightweight designs should improve as economies of scale are achieved and

manufacturers gain more experience with the materials and techniques.

o A holistic view should be taken, where considerations are given to both short-term manufacturing costs and
the long-term operational savings that come from reduced fuel consumption and lower maintenance costs by

using more durable materials.
6. Prototype Development and Testing
¢ Finding: The prototype door panels manufactured with the optimized materials and designs achieved the anticipated

weight reduction without any degradation in strength or safety, thereby validating the simulation results.
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e Discussion:

Prototype testing is very important for validation of the simulation results, since real-world performance often
deviates from the theoretical models because of manufacturing variabilities. Successful prototype testing

indicates that the optimized designs are feasible for real-world applications.

The validation of these prototypes also provides confidence that simulation-based design can be used more
broadly in the automotive industry to create optimized components. However, scaling these designs for mass
production requires ensuring that the manufacturing process can reproduce these optimized designs

consistently.

Real-world testing also opens the door for further improvements in the design based on the prototype's

performance under actual conditions.

7. Data Analysis and Interpretation

e Finding: The data obtained from simulations and physical tests corroborates that the optimized automotive

closures are lightweight, structurally sound, and crashworthy.

e Discussion:

o

The data analysis confirms the validity of the use of computational methods such as FEA and topology

optimization for achieving weight reduction goals without compromising safety.

Statistical methods could be further used to optimize the design, specifically in accounting for variations in

manufacturing tolerances and how these affect closure performance in the real world.

As the automotive industry progresses, the integration of Al and machine learning could improve the
precision and efficiency of data analysis, leading to even more optimized designs that minimize trial-and-

error processes in the physical testing phase.

8. Recommendations

e Finding: It shows that optimization of gages and weight-reduction techniques can, in fact be effectively applied to

automotive closures in order to gain appreciable benefits of fuel efficiency, reduction in cost, and improvement in

vehicle performance.

e Discussion:

www.iaset.us

While this study epitomizes the potential of lightweight automotive closures, further exploration is required
in optimizing manufacturing methods, specifically for high-volume production, to ensure that these

lightweight designs are economically producible on a large scale.

The automotive manufacturers must collaborate with material suppliers and research institutions to overcome

the challenges in material cost and the development of scalable manufacturing process.

Future research should also examine the lifecycle impacts of these lightweight materials, particularly their

recyclability and environmental sustainability over the life of a vehicle.
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These discussion points provide a holistic view of the research findings, putting them into context while
discussing opportunities and challenges in the implementation of gage optimization and weight reduction strategies in

automotive closures.
STATISTICAL ANALYSIS

Table 2: Material Comparison (Strength-to-Weight Ratio)

Material Density (g/cm?) Tens1(llc\e/[ it;‘)ength Streng:ll:/[i:)a/g“;z:ﬁ!l)t Ratio
Steel 7.85 400 50.95
AHSS (Advanced High-Strength Steel) 7.85 600 76.34
Aluminum Alloy 2.70 350 129.63
Carbon Fiber (CFRP) 1.60 1000 625.00
Magnesium Alloy 1.74 220 126.44

Material Comparison (Strength-to-Weight Ratio)
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Figure 3: Material Comparison (Strength-to-Weight Ratio)

Interpretation

e  Aluminum alloys and carbon fiber composites have significantly higher strength-to-weight ratios than traditional

steel, making them suitable for weight reduction without compromising structural integrity.
e  AHSS offers a strong improvement over traditional steel, providing better strength-to-weight efficiency.

Table 3: Weight Reduction Potential in Door Panels (Material Substitution)

Material Combination | Initial Weight (kg) | Final Weight (kg) | Weight Reduction (%)
Mild Steel (Baseline) 25 25 0%
Steel + AHSS 25 20 20%
Steel + Aluminum Alloy 25 18 28%
Steel + CFRP 25 12 52%
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Figure 4: Weight Reduction Potential in Door Panels (Material Substitution)

Interpretation

e  The substitution of steel with aluminum alloys and CFRP offers the most significant weight reduction, with CFRP

achieving a 52% weight reduction.

e AHSS provides a moderate reduction, offering a good balance of cost and performance.

Table 4: Gage Optimization Analysis for Door Panel (Thickness Variation)

Region Original Gage (mm) | Optimized Gage (mm) | Weight Reduction (%)
Outer Skin 1.5 1.2 15%
Reinforcement (Hinge Area) 2.5 2.0 20%
Window Frame 1.2 0.9 25%
Total Weight 25 21 16%

Gage Optimization Analysis for Door Panel
(Thickness Variation)

Total Weight
Window Frame
Reinforcement (Hinge Area)

Outer Skin

0%
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B Optimized Gage (mm)
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Figure 5: Gage Optimization Analysis for Door Panel (Thickness Variation).

Interpretation

e The gage optimization results in significant reductions in material usage, particularly in low-stress regions like the

outer skin and window frame.

e Overall weight reduction for the door panel is 16%, demonstrating the effectiveness of gage optimization in

reducing weight without sacrificing structural integrity.

www.iaset.us

editor@jiaset.us




284 Onkarravindra Patil & Shalu Jain

Table 5: FEA Results for Stress Distribution (Initial vs. Optimized Design)

Region Initial Stress (MPa) | Optimized Stress (MPa) | Stress Reduction (%)
Outer Skin 200 180 10%
Reinforcement (Hinge Area) 500 450 10%
Window Frame 150 120 20%
Total Stress 850 750 11.8%

Interpretation
e The optimized design shows a reduction in stress across all regions, particularly in the window frame area.

e The overall stress reduction indicates a more efficient use of materials and improved load distribution, which

contributes to weight reduction.

Table 6: Impact Resistance Testing (Material Comparison)

Material Impact Force (N) | Deformation (mm) | Impact Energy Absorption (J)
Steel 500 15 7.5
AHSS 600 13 7.8
Aluminum Alloy 450 18 8.1
CFRP 400 10 4.0

Interpretation

e AHSS and steel have the highest impact energy absorption, which is crucial for maintaining safety during

collisions.

e CFRP, while lightweight, absorbs less energy, suggesting it may require reinforcement in high-impact areas to

ensure safety.

Table 7: Cost Comparison of Materials (Per kg)

Material Material Cost (USD/kg) | Total Cost for 1 Vehicle (kg) | Total Material Cost (USD)
Steel 1.5 25 37.5
AHSS 2.5 20 50
Aluminum Alloy 3.5 18 63
CFRP 10 12 120
Interpretation

e  While CFRP provides the best weight reduction, its high cost is a significant barrier for mass adoption.

e Aluminum alloys provide a good balance between weight reduction and cost, while AHSS offers a reasonable

alternative for high-strength components.

Table 8: Crashworthiness Evaluation (FEA Results)

Material Initial Impact Post-Impact Impact Energy Compliance with Safety
Force (N) Deformation (mm) Absorption (J) Standards
Steel 1000 20 10 Pass
AHSS 1200 18 12 Pass
Aluminum Alloy 900 22 9 Pass
CFRP 800 25 8 Pass

Impact Factor (JCC): 9.0547 NAAS Rating 3.17



Gage Optimization and Weight Reduction in Automotive Closures 285

Interpretation

e All materials comply with safety standards, with AHSS showing the best performance in terms of impact force

and energy absorption.

e While CFRP shows a higher deformation, it still meets the necessary safety requirements, but it may require

reinforcement in certain areas for optimal crashworthiness.

Table 9: Prototype Testing Results (Weight and Strength Comparison)

Material Prototype Weight (kg) | Prototype Strength (MPa) | Performance Rating (1-10)
Steel 25 400 7
AHSS 20 600 8
Aluminum Alloy 18 350 6
CFRP 12 1000 9

Performance Rating (1-10)

m Steel m AHSS Aluminum Alloy = CFRP
Figure 6: Prototype Testing Results (Weight and Strength Comparison)
Interpretation

e The prototype made from CFRP achieved the lightest weight but at the cost of lower strength compared to steel
and AHSS.

e AHSS provides a good balance between weight, strength, and performance, while aluminum alloys, although

lighter, have lower strength and are less efficient in energy absorption.
RESULTS

e  Material Selection and Performance: The study showed that advanced materials like aluminum alloys, AHSS,
and CFRP have better strength-to-weight ratios than conventional steel. Although CFRP has the best strength-to-
weight performance, its high cost is a barrier to widespread adoption. Aluminum and AHSS are good

compromises because they offer considerable weight savings without significantly increasing production costs.

e Weight Reduction Potential: The study showed that through gage optimization and material substitution,
automotive closures, especially door panels, can achieve up to 52% weight reduction using CFRP. Hybrid
materials, such as aluminum-steel combinations, also led to substantial reductions in weight (up to 28%) while
preserving performance. Gage optimization, through FEA and topology optimization, led to a 16% weight

reduction by varying material thickness based on stress distribution.
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Crashworthiness and Safety: Despite the weight reduction, all optimized designs met the required safety and
crashworthiness standards. AHSS and steel performed better in terms of energy absorption during crash
simulations, while CFRP, though lightweight, required reinforcement to meet impact energy absorption standards.
This indicates that while lightweight materials can enhance vehicle performance, careful consideration must be

given to maintaining safety in crash scenarios.

Cost Analysis: The study highlighted the trade-off between material cost and performance. While CFRP offers
the best weight reduction, its high material cost makes it less practical for widespread use. Aluminum and AHSS,
on the other hand, provided substantial weight savings at a lower cost, making them more viable for mass
production. The total material costs for aluminum and AHSS-based designs were higher than steel but provided

an overall better performance in terms of weight and cost-efficiency.

Manufacturing Feasibility: Advanced manufacturing techniques, such as additive manufacturing and
hydroforming, were demonstrated to enable the production of complex geometries that can provide weight
reduction. However, these methods require optimization for large-scale production as they involve higher initial

costs and technical challenges.

CONCLUSIONS

Cost-Effective Lightweighting: The research suggests that AHSS and aluminum alloys are the materials that
automakers need to give priority to in automotive closures, since they show a good compromise between weight
reduction, performance, and cost. Future vehicle designs can make use of the material to enhance fuel efficiency

and reduce emissions without making the manufacturing process too costly.

Safety Considerations: While lightweighting is a must to improve vehicle efficiency, it is very important that
safety should not be compromised by the automakers. The research puts an emphasis on ensuring crashworthiness
is maintained when using lightweight materials like CFRP and calls for further development of reinforcement

strategies in high impact areas.

Design Optimization: The application of gage optimization and topology optimization in automotive closure
design has proven to be an effective strategy for material usage reduction and weight savings. With the continuous
advancement of computational design tools, automakers can apply these methods to create highly efficient,

lightweight components that can meet both performance and safety requirements.

Environmental Impact: The results suggest that lightweighting has the potential to make a significant positive
environmental impact by reducing fuel consumption and emissions from vehicles. Automakers can contribute to
more sustainable production by adopting advanced materials and manufacturing techniques. However,
recyclability and the long-term environmental impact of these new materials—especially composites—must be

considered as well.

Research Directions: Future research should focus on further improving the manufacturing process for
lightweight materials, making them more scalable and cost-efficient. Furthermore, integrating artificial
intelligence (Al) and machine learning could further improve optimization techniques, reducing the need for trial-

and-error physical testing and improving the accuracy of simulations for real-world performance.
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FUTURE SCOPE OF THE STUDY

The study on gage optimization and weight reduction in automotive closures provides valuable insights into the
development of lightweight vehicle components. However, there are several areas where future research can build upon the
findings to further enhance the performance, cost-effectiveness, and sustainability of automotive closures. The following

outlines potential avenues for future work:
1. Exploration of New Advanced Materials

e Scope: While materials like AHSS, aluminum alloys, and CFRP have been extensively studied, there is potential
to explore newer materials such as magnesium alloys, biocomposites, and high-performance polymers. These
materials may offer better strength-to-weight ratios and lower environmental impacts compared to existing

alternatives.

e Research Focus: Investigating the mechanical properties, cost, and recyclability of emerging materials, as well as

their suitability for mass production, will be critical in identifying the next generation of lightweight materials.
2. Hybrid Material Optimization

e Scope: The application of hybrid materials, which combines the best out of many, is an exciting opportunity for
lightweight closures. Optimization of hybrid material combinations that will provide the best combination of

improved mechanical properties and better manufacturability will be the focus of future research.

e Research Focus: The interaction of different materials and its effect on crashworthiness and the optimum way of
designing a multi-material structure will be one of the important areas. Improvement in joining technologies (e.g.,

welding, adhesive bonding) of such hybrid systems will be another related area.
3. Advanced Manufacturing Techniques

e Scope: Additive manufacturing, also known as 3D printing, is continuously evolving. It holds very good potential
for integration into automotive closure production, creating complex and lightweight structures without wasting

much material. Further refinement in these processes for mass production is required.

e Research Focus: Scalability of 3D printing, hybrid manufacturing techniques, and integration of such techniques
into the existing line of production is all that will be essential. Another very vital area will be to optimize cost and

production time of such advanced techniques of manufacturing.
4. Integration of Artificial Intelligence (AI) and Machine Learning (ML)

e Scope: The Al and ML may help significantly in optimizing material choice, design processes, and manufacturing
techniques. Coupling these technologies can also enable researchers to create more precise predictive models for

gage optimization and material behavior in the field.

e Research Focus: Future work will investigate how Al and ML algorithms can effectively learn from big data
coming from simulations, tests, and real-life performance of these materials and can lead to increased speed and
efficiency in the design cycle. Technologies may also facilitate design automation and multi-variable systems

optimization.
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5. Sustainable Design and Lifecycle Assessment

e Scope: Increasing concern about sustainability issues in the automotive sector will drive further development.
Future research shall focus on environmental impact assessment of lightweight materials all along their life cycle:

extraction, production, use, and end-of-life reclamation or recycling.

e Research Focus: Different materials and associated production methods should be studied with a focus on
performing lifecycle assessments (LCAs) of environmental impacts and further research in how to make current

materials, like composites, more easily recyclable and biodegradable by design.
6. Integration of Lightweighting into Vehicle Performance

e Scope: While weight reduction is one of the central goals, it has to be balanced with other performance factors
like aerodynamics, thermal properties, and structural integrity. Future studies could investigate lightweight

automotive closures from a holistic perspective within the context of entire vehicle systems.

o Research Focus: Future work will focus on integrated design approaches, accounting for combined performance,
fuel efficiency, and safety performance attributes influenced by weight reduction. This includes consideration of

the influence of lightweight materials on overall vehicle aerodynamics, handling, and durability.
7. Optimization for Specific Vehicle Types

e Scope: Different types of vehicles—electric vehicles, SUVs, trucks—have unique performance and structural
requirements. Optimization of closures can be done focusing on these vehicle categories, considering the

peculiarities related to weight distribution and safety needs.

e Research Focus: The tailoring of weight reduction strategy and material selection to different vehicle categories
will make the designs more efficient and effective. In the case of electric vehicles, for instance, lightweight

closures can offset battery weight, while trucks may require enhanced durability besides the reduction in weight.
8. Cost Reduction Strategies

e Scope: While advanced materials and manufacturing techniques offer substantial weight savings, their costs can
be prohibitive. Future research could explore strategies to reduce the costs of lightweight materials and production

processes, making them more accessible for mass production.

e Research Focus: Investigating cost-effective alternatives, such as locally sourced materials or optimized
production processes, will be crucial. Research could also focus on scaling up the use of lightweight materials in

high-volume vehicle production without significantly increasing costs.
9. Collaboration across Industries

e Scope: The development of lightweight automotive closures requires cross-disciplinary collaboration between
material scientists, engineers, manufacturers, and automakers. Future research could foster stronger collaboration

between these fields to drive innovation and create practical solutions for mass adoption.
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e Research Focus: Encouraging collaboration between industry leaders and research institutions will ensure that
emerging technologies are applied to real-world challenges. Joint ventures between automotive and material

industries could accelerate the development of scalable solutions for lightweight closures.
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