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Abstract. In the context of global energy conservation, emission reduction, and sustainable development, automotive lightweight technology has become a crucial direction for the transformation and upgrading of the automotive industry. By reducing vehicle weight, it is possible to significantly improve fuel economy, extend the driving range of new energy vehicles, and decrease overall greenhouse gas emissions, thereby supporting both environmental and economic goals. This paper centers on the design and performance prediction of lightweight automotive materials and structures, with a particular emphasis on the integration of advanced algorithms into engineering practice. It first reviews the industrial background and strategic significance of lightweighting, followed by a summary of the mechanical, thermal, and economic properties of common lightweight materials such as aluminum alloys, magnesium alloys, high-strength steels, and composite materials. Furthermore, the paper introduces collaborative design concepts that couple material development with structural innovation, and discusses multiple lightweight design strategies. Special attention is given to the role of machine learning, topology optimization, and multi-objective optimization in predicting material performance, guiding structural design, and balancing trade-offs among cost, safety, and sustainability. Finally, through case studies of typical manufacturers, the paper analyzes practical applications and summarizes future trends, aiming to provide a comprehensive theoretical reference and methodological guidance for research and practice in automotive lightweight technology. 
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1. Introduction
[bookmark: _Hlk206611046]As global car ownership continues to grow, the automotive industry's energy consumption and environmental impact are becoming increasingly significant. In this context, automotive lightweight technology, as a key means to achieve energy conservation, emission reduction, and improved vehicle performance, has received widespread attention. Lightweighting not only reduces vehicle energy consumption and emissions—meeting increasingly stringent fuel economy regulations and carbon neutrality goals—but also significantly extends electric vehicle range while enhancing dynamics and handling [1]. For example, a 10% vehicle weight reduction can improve fuel economy by 6%–8% and increase pure electric vehicle range by 5%–7%. 
From an industrial strategy perspective, lightweight technology is a critical direction for automotive industry transformation. Amid fierce market competition, automakers with lightweight advantages can launch more competitive products that meet consumer demand for eco-friendly, energy-efficient, and high-performance vehicles. Simultaneously, lightweight technology development drives cross-disciplinary integration and innovation in materials science, structural mechanics, and computer science [2]. 
[bookmark: _Hlk206611087]Automotive lightweight research focuses on material development, structural optimization, and their synergistic design. Aluminum alloys are used in body panels and chassis components due to low density and high specific strength. For instance, the Tesla Model Y's one-piece die-cast rear body (aluminum alloy) replaces over 70 parts and reduces weight by 10%. Despite significant weight reduction potential, magnesium alloys face limited application due to poor corrosion resistance and defect susceptibility during machining [3]. Carbon fiber composites (BMW i3's carbon fiber frame reducing weight by >25%) are gradually adopted in luxury and racing vehicles for ultra-high strength-to-weight ratios, as shown in Fig 1, though high costs restrict mass adoption [4]. 
Structural optimization techniques (topology, size, and shape optimization) are widely applied—Audi A8's topology-optimized frame balances weight and strength. However, current research inadequately addresses material-structure synergy, often optimizing materials or structures in isolation while neglecting their interactions. Performance prediction also lacks accuracy; though machine/deep learning offers new approaches, their automotive lightweight applications remain immature due to algorithm adaptability, data quality, and model generalizability issues. 
In summary, as a key technology for energy conservation, emission reduction and performance improvement, automobile lightweight has profoundly affected the pattern of the automobile industry. However, existing studies still have fragmentation problems in the synergy of materials, structures, and algorithms. This paper systematically sorts out the research status in the field of automotive lightweighting, focusing on three aspects: first, the performance characteristics and application status of lightweight materials (such as aluminum alloy, magnesium alloy, carbon fiber composite materials), and analyzes their advantages and disadvantages and their application in typical models; second, the key technologies of collaborative design of materials and structures, including innovative methods such as topology optimization, lattice structure design, and functional gradient materials and their mechanisms; The third is the application of algorithm technology in lightweighting, such as the implementation path of machine learning, topology optimization algorithm and multi-objective optimization algorithm in performance prediction, structural design and multi-objective trade-off. 
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Fig. 1 BMW i3 carbon fiber body frame [5] 
2. Material and Structural Design Methods for Lightweight Automobiles
2.1. Properties of Common Lightweight Materials
Aluminum alloys feature low density (~1/3 of steel), high specific strength, good formability, and corrosion resistance. Relevant material parameters can be referenced in Table 1. They are widely used in body panels, engine blocks, and wheels [6]. For example, aluminum sheets reduce body panel weight while maintaining strength/stiffness and enable complex geometries via diverse processes. In premium vehicles, aluminum content exceeds 50%, significantly lowering weight while improving fuel economy and handling [7].
Magnesium alloys are among the lightest metallic structural materials, with density ~2/3 of aluminum and higher specific strength/stiffness. They can reduce body weight by >20% at equivalent strength, boosting energy efficiency. However, poor corrosion resistance and machining-induced defects limit broad adoption. Current applications include steering wheel frames, seat skeletons, and transmission housings. Improved surface treatments and processing techniques promise wider future use [8].
Composite materials combine matrices and reinforcements. Common types include carbon fiber-reinforced polymers (CFRP) and glass fiber-reinforced polymers. CFRP offers high strength, low density (~1/5 of steel), corrosion/fatigue resistance, and is used in structural components (BMW i3's CFRP frame achieving >25% weight reduction [9]). Carbon Fiber Reinforced Polymer (CFRP) is recognized as a pivotal material in automotive lightweighting due to its exceptional specific strength and stiffness. A seminal application of this technology is exemplified by the BMW i3, which features a passenger cell constructed entirely from CFRP—referred to as the 'Life Module' within its innovative Life Drive architecture. This design strategy achieves a significant reduction in mass, as CFRP possesses approximately one-fifth the density of steel, thereby directly enhancing the electric vehicle's driving range. Furthermore, the quasi-monocoque, cocoon-like structure offers exceptionally high tensile strength, providing superior occupant protection and representing a transformative approach to body-in-white engineering and manufacturing. Glass fiber composites provide lower cost and balanced performance for interiors and bumpers. 
Table 1. Comparison of materials
	Material type
	Density (relative, about 7.85 g/cm³ for steel)
	Specific strength

	Aluminum alloy
	Approximately 2.7 g/cm³, which is 1/3 of steel
	High

	Magnesium alloy
	Approximately 1.8 g/cm³, which is 2/3 of aluminum
	High

	Carbon fiber reinforced polymer
	About 1.6 g/cm³, which is 1/5 of steel
	Extremely high

	Fiberglass reinforced polymer
	About 2.0 g/cm³, which is 1/4 of steel
	medium


2.2. Synergistic Material-Structure Design Approaches
2.2.1. Topology Optimization
This structural optimization method uses mathematical programming to determine optimal material distribution within a design space under given loads and constraints [10]. For automotive lightweighting, it identifies efficient load paths, removes redundant material, and minimizes weight while ensuring structural integrity [11]. For example, the Audi A8's frame is topology-optimized to reinforce high-stress zones and hollow non-critical areas, achieving weight-strength equilibrium. Iterative finite element analysis typically refines the structural topology until requirements are met.
2.2.2. Lattice Structure Design
Lattice structures offer numerous unique advantages. As a type of periodic microscopic architecture, they exhibit remarkable characteristics such as light weight, high specific strength, and excellent energy absorption performance [12]. As shown in Table 2, honeycomb lattices comprise various structural configurations: those consisting of hexagonal unit cells arranged in a regular, tightly-packed pattern; rhombic lattices composed of diamond-shaped unit cells with an ordered distribution; and cubic lattices formed by the orderly stacking of cubic unit cells. These lattice structures hold significant importance in materials science and engineering applications. Due to their distinctive geometric shapes and arrangement patterns, they can endow materials with diverse mechanical properties and functional characteristics. For instance, honeycomb lattice structures are widely used in automotive body frames. Their unique hexagonal grid layout ensures structural strength while substantially reducing weight. As illustrated in Fig. 2, designers can flexibly adjust the geometry and arrangement of unit cells based on the specific load-bearing requirements of components, thereby precisely tailoring structural performance to fully meet the dual stringent demands of automotive lightweighting and safety performance [13].

2.2.3. Functionally Graded Materials (FGMs)
FGMs exhibit spatially continuous gradients in composition and properties. In lightweight automotive design, they enable location-specific material properties aligned with structural stress demands [14]. For instance, engine pistons can use FGMs to combine high-temperature resistance at the crown with wear-resistant skirts. Manufacturing methods include powder metallurgy, physical/chemical vapor deposition, where precise composition/process control achieves gradient properties.
Table 2. Different lattice structures and their application effects
	Lattice structure type
	Single cell geometry
	Arrangement characteristics

	Honeycomb lattice
	hexagon
	Closely arranged

	Diamond lattice
	lozenge
	Ordered distribution

	Cubic lattice
	cube
	Stack neatly
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Fig. 2 Schematic diagram of the lattice structure [15] 
2.3. Lightweight Design Strategies
2.3.1. Multi-Material Hybrid Structures
This strategy combines lightweight materials to leverage their respective advantages. Examples include: Aluminum alloys for body panels (weight reduction), high-strength steel in crash-critical zones (A/B-pillars; safety assurance), composites in select frame sections (further weight reduction + performance gains) [16]. Key challenges involve joining dissimilar materials; solutions include riveting, welding, and adhesive bonding.
2.3.2. Hot-Formed Structural Components
Hot forming (press hardening) heats sheet metal to austenitizing temperatures, followed by simultaneous forming/quenching in cooled dies. It enables thinner gauges of ultra-high-strength steel (UHSS) while achieving tensile strengths ≥1500 MPa [17]. Resulting components exhibit fully martensitic microstructures, ideal for safety parts like door beams, B-pillar reinforcements, and floor rails—enhancing crash safety without weight penalty.
3. Algorithm Applications in Performance Prediction for Automotive Lightweighting
3.1. Machine Learning Algorithms
Machine learning algorithms excel in predicting material performance. By collecting data on material composition, processing parameters, microstructure, and properties, models can be established to rapidly and accurately predict material performance. For instance, Support Vector Machines (SVM) can be used to predict the mechanical properties of aluminum alloys, while Artificial Neural Networks (ANN) can predict the performance of composite materials. These algorithms can handle complex non-linear relationships and offer higher accuracy and greater adaptability compared to traditional methods.
Rapid Surrogate Models utilize simpler models to replace complex computational ones for fast prediction of structural performance. In automotive lightweight design, Finite Element Analysis (FEA) is often time-consuming. Rapid surrogate models, such as Kriging models and Response Surface Models (RSM), can provide approximate predictions within a short timeframe, significantly enhancing optimization efficiency. For example, in the topology optimization of body structures, Kriging models can drastically reduce computation time. Constructing rapid surrogate models requires building, validating, and optimizing them based on FEA or experimental data.
3.2. Topology Optimization Algorithms
The fundamental principle of topology optimization algorithms is to optimize material distribution within a given design space based on structural loading conditions and design requirements, using mathematical algorithms to obtain the optimal structural topology. In automotive lightweight design, this algorithm can determine the optimal shape and material distribution for structures like body frames and chassis, removing redundant material to minimize structural weight. For instance, in the topology optimization of a body frame, using the loads acting on the body as input and performance metrics like stiffness and strength as constraints, the algorithm calculates the optimal material distribution within the design space. This enables the body frame to achieve the lightest possible weight while meeting performance requirements. Topology optimization algorithms typically employ methods like the Solid Isotropic Material with Penalization (SIMP) method or the Level Set method to describe material distribution and iteratively optimize the structural topology through computational cycles.
3.3. Multi-Objective Optimization Algorithms
3.3.1. Trade-offs Between Stiffness, Weight, and Safety
Multi-objective optimization algorithms are employed in automotive lightweight design to balance the competing demands of stiffness, weight, and safety. A vehicle requires sufficient stiffness to ensure driving stability and comfort, while simultaneously needing weight reduction to improve fuel economy and meet stringent safety standards [18]. Multi-objective optimization algorithms (such as the Non-dominated Sorting Genetic Algorithm II (NSGA-II), and Multi-Objective Particle Swarm Optimization (MOPSO)) can find a set of optimal solutions, known as the Pareto optimal set, under given constraints. Each solution represents a different balance point, allowing designers to select the most suitable design based on practical requirements.
3.3.2. Algorithm Implementation Process
Taking the NSGA-II algorithm as an example, its implementation process for multi-objective optimization in automotive lightweighting is as follows: First, an initial population is randomly generated, where each individual represents a potential body structure design scheme, containing information such as geometric parameters and material distribution. Each individual is then evaluated using FEA to compute objective function values like stiffness, weight, and safety performance. Next, the population is ranked and sorted based on non-dominated sorting and crowding distance calculations, selecting superior individuals to proceed to the next generation. New populations are generated through genetic operations like crossover and mutation. This process is repeated over multiple generations, gradually converging towards the Pareto optimal set. In practical applications, algorithm parameters (such as population size, crossover probability, mutation probability) need to be set appropriately to ensure convergence and optimization effectiveness.
4. Comprehensive Performance Evaluation and Case Analysis
4.1. Summary of Typical Cases
4.1.1. Integrated Die-Casting and Algorithm Application in Tesla Model Series
Tesla extensively employs integrated die-casting technology and advanced algorithms for lightweight design in its Model series vehicles. Taking the Model Y as an example, its rear underbody utilizes an integrated die-cast aluminum alloy component. Topology optimization algorithms were applied to design the die-cast structure, achieving significant weight reduction while ensuring structural strength and stiffness. Tesla combined FEA with machine learning algorithms to accurately predict the performance of aluminum alloy components under various operating conditions, providing precise boundary conditions for topology optimization. Multi-objective optimization algorithms were used to balance the weight, stiffness, and crash safety of the body structure. For instance, the energy absorption characteristics of the structure were optimized to protect occupants while ensuring body stiffness met handling and comfort requirements. This design approach not only reduces the number of parts and assembly costs but also improves production efficiency. It aligns with the multi-objective requirements of lightweight design regarding cost control and sustainability, providing innovative ideas and a successful paradigm for electric vehicle lightweighting.
4.1.2. Synergistic Carbon Fiber Composite Structure and Algorithm Application in BMW i Series
The BMW i series (i3 and i8) makes extensive use of carbon fiber reinforced polymers (CFRP) and employs algorithms to optimize the synergistic design of materials and structures. In body frame design, BMW applied topology optimization algorithms to determine the optimal material distribution based on material properties and load conditions, minimizing waste and reducing costs. Although CFRP offers high strength and low density, its high cost makes precise material usage planning crucial. BMW also utilized machine learning algorithms to build performance prediction models. These models comprehensively consider factors such as carbon fiber type, content, layup orientation, and manufacturing processes to accurately predict the strength, stiffness, and fatigue life of the body structure under different conditions. In multi-objective optimization, BMW balanced lightweighting, safety, and comfort: algorithms optimized crash safety design, enabling the body to absorb energy effectively and meet safety standards; simultaneously, body stiffness was ensured to reduce vibration and noise transmission. This synergistic application of algorithms and CFRP has yielded significant results for BMW in the lightweighting of high-end electric vehicles, highlighting the critical role of algorithms in designing complex material structures.



4.2. Comparative Analysis of Lightweight Design Differences Among Manufacturers
Different automotive manufacturers exhibit variations in their lightweight design approaches. Traditional manufacturers leverage accumulated technology and process expertise, showing maturity in the application of high-strength steel and aluminum alloys, as well as traditional structural optimization techniques. For example, Volkswagen achieves lightweighting through optimized use of high-strength steel. Emerging electric vehicle manufacturers like Tesla and NIO place greater emphasis on advanced materials and innovative algorithmic technologies. Tesla leads in aluminum die-casting and algorithm application, while NIO actively explores CFRP and multi-material hybrid structural design.
These differences stem from manufacturers' varying R&D directions, market positioning, and cost-control strategies. Traditional manufacturers tend to improve existing technologies to reduce costs and risks, whereas new entrants are more willing to adopt novel technologies to create differentiated advantages. Furthermore, disparities in data accumulation and algorithm development capabilities among manufacturers also influence the level and effectiveness of algorithm application in lightweight design.
5. Conclusion
This paper comprehensively reviews lightweight automotive material/structure design and performance prediction based on fundamental algorithms. Automotive lightweighting holds significant importance for achieving energy savings, emission reduction, and performance enhancement. In material and structural design, lightweight materials such as aluminum alloys, magnesium alloys, and composites each offer distinct advantages. Synergistic design approaches like topology optimization, lattice structure design, and FGMs, coupled with strategies such as multi-material hybrid structures and hot-formed structural components, provide effective pathways for lightweighting. Regarding algorithm applications, machine learning algorithms are useful for material performance prediction and building fast surrogate models; topology optimization algorithms aid lightweight structural design; and multi-objective optimization algorithms effectively balance stiffness, weight, and safety. Different algorithms possess their own strengths, weaknesses, and applicable scopes. Through the analysis of typical cases, it is observed that manufacturers differ in their lightweight design implementations. The integrated application of materials, structural design, and algorithmic technologies enables the optimal combination of vehicle lightweighting and performance. This review systematically examines the application of lightweight materials (aluminum alloys, magnesium alloys, carbon fiber composites), advanced structural design methods (topology optimization, lattice structures, functionally graded materials), and core algorithms (including machine learning, topology optimization, and multi-objective optimization) in automotive lightweighting. It concludes that the critical factor for achieving efficient vehicle lightweighting lies in the synergistic design and deep integration of materials, structures, and algorithms. Case studies from Tesla's integrated die-casting and BMW's carbon fiber body structures demonstrate the significant potential of this integrated innovation model in weight reduction, performance enhancement, and cost control. Although strategies vary among manufacturers due to differing technological heritage and market focus, collaborative optimization integrating multidisciplinary technologies remains the central development direction. Looking ahead, with continuous advancements in material processes, intelligent algorithms, and digital manufacturing technologies, automotive lightweighting is poised to overcome current limitations. This progress will not only provide core solutions for developing more energy-efficient, safer, and higher-performance vehicles but will also profoundly propel the automotive industry's transition towards green and low-carbon practices, making substantial contributions to global energy sustainability and the achievement of carbon neutrality goals.
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