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Abstract 

The use of composite materials in automobile structures has increased due to the growing demand for 

vehicles that are safe, lightweight, and fuel-efficient. Impact resistance and crashworthiness are two 

of the most important performance requirements for guaranteeing passenger safety in crashes. 

Although composite materials have great specific strength and the capacity to absorb energy, their 

failure mechanisms under impact loading are intricate and very different from those of conventional 

metallic materials. The impact and crashworthiness performance of composite structures utilized in 

automotive applications are thoroughly analyzed in this review study. Energy absorption and failure 

behavior are examined in relation to material systems, reinforcement architecture, manufacturing 

techniques, and geometrical design. Future research areas, comparison investigations with metallic 

counterparts, and present obstacles are also emphasized. 

Keywords:  Lightweight constructions1, energy absorption2, crashworthiness3, impact performance4, 

automotive composites5. 

1. Introduction 

Globally, there is growing demand on the automotive industry to lower vehicle weight while simultaneously 

boosting safety and fuel efficiency. The excellent strength-to-weight ratio, corrosion resistance, and design 

flexibility of lightweight composite materials have made them attractive substitutes for traditional steel and 

aluminum constructions. Composites including carbon fiber reinforced polymers (CFRPs), glass fiber reinforced 

polymers (GFRPs), and hybrid composites have been used more frequently in automotive body structures, crash 

beams, bumper systems, and energy-absorbing parts in recent years. The ability of a structure to protect people 

upon impact by controllably absorbing and dissipating kinetic energy is known as crashworthiness. Composite 

materials release energy through progressive damage mechanisms as matrix cracking, fiber fracture, 

delamination, and interfacial debonding, in contrast to metals, which mainly absorb energy through plastic 
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deformation. Although these processes have a tremendous potential for energy absorption, they also make crash 

behavior prediction and design more difficult. 

2. Literature Review 

The impact and crashworthiness characteristics of composite structures in automotive applications have been 

extensively studied. Early research showed that compared to their metallic equivalents, composite crash 

structures can achieve higher specific energy absorption. Understanding failure mechanisms, strain rate impacts, 

and composite architectural optimization were the main goals of later research. The better energy absorption of 

CFRP tubes and cones under axial impact stress has been demonstrated by researchers. Cost-effective solutions 

for medium-energy impact zones, like bumper beams, were found in studies on GFRP components. According 

to reports, hybrid composite systems that include glass and carbon fibers offer a balance between damage 

tolerance, affordability, and energy absorption. Carruthers et al. carried out one of the first and most important 

evaluations of the crashworthiness and energy absorption capacity of composite constructions, focusing on 

fiber-reinforced polymer tubes and automobile crash components. By carefully examining experimental 

investigations including axial compression and impact stresses, their study assessed the performance of 

composite members with conventional metallic constructions. The authors stressed that composites absorb 

impact energy mostly through progressive damage mechanisms such matrix cracking, fiber fracture, 

delamination, and interfacial debonding, as opposed to plastic deformation, which is typical in metals. The 

survey identified specific energy absorption (SEA) as the most crucial crashworthiness metric and showed that 

well-designed composite structures could attain SEA values that were on par with or greater than those of their 

steel and aluminum counterparts. By focusing on controlled failure progression and geometric optimization, this 

work established the fundamental concepts for composite crashworthy design. The crashworthiness performance 

of fiber-reinforced polymer (FRP) constructions for automotive applications was thoroughly surveyed by Isaac 

et al., with a focus on material systems, manufacturing quality, and strain-rate effects. In this review, crash 

structures made of carbon fiber, glass fiber, and hybrid composites were examined under both quasi-static and 

dynamic stress scenarios. According to the authors, GFRP structures provide economic advantages with 

moderate crash performance, while CFRP structures show superior specific energy absorption due to higher 

stiffness and strength. The study also emphasized how manufacturing flaws including voids, fiber misalignment, 

and uneven curing have a crucial impact on crash performance. According to the survey's findings, hybrid 

composite systems are appealing for automotive safety applications because they successfully strike a 

compromise between cost, weight reduction, and crashworthiness. 

In contrast to traditional steel, aluminum, and synthetic fiber-reinforced composites, Ang et al. examined the 

impact and crashworthiness performance of bio-composite crash boxes. They examined experimental crash data 

for natural fiber composites like flax and hemp reinforced polymers and concentrated on the increasing need for 

sustainable vehicle materials. The scientists noted that bio-composites show steady progressive crushing and 

appropriate energy absorption for low-to-medium energy impact applications, despite generally having lower 

strength and stiffness than CFRP. The study also showed that fiber pull-out and matrix cracking, which enhance 

energy dissipation, are the main failure modes in bio-composites. According to the survey's findings, bio-

composites can be employed successfully in secondary automotive crash components where cost-cutting and 

sustainability are given top priority. Li et al. provided a thorough analysis of crashworthiness improvement 

strategies utilizing hybrid composite structures, with a special emphasis on metal-composite and foam-filled 

hybrid tubes. Numerous experimental and computational experiments utilizing composite tubes with metallic 

skins, polymeric or metallic foam fillers, and aluminum inserts were examined in the review. The authors 

showed that by encouraging stable progressive crushing and postponing catastrophic brittle failure, hybrid 

arrangements greatly increase specific energy absorption and crush force efficiency. It was demonstrated that 

foam-filled composite tubes increased overall absorbed energy while lowering peak crushing forces. According 
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to this survey, structural hybridization is a successful method for improving crashworthiness in vehicle 

structures and overcoming the brittleness of composite materials. A survey by Zhao and Lu examined how 

composite architecture, stacking order, and ply orientation affect impact and crashworthiness behavior under 

dynamic loading circumstances. In order to evaluate the evolution of damage in composite crash structures, their 

review combined findings from numerical models, high-speed imaging, and experimental impact tests. In 

comparison to unidirectional laminates, the scientists found that cross-ply and quasi-isotropic layups improve 

energy absorption and postpone the onset of delamination. It has been demonstrated that hybrid stacking 

sequences that combine several fiber orientations offer better damage tolerance and more consistent crushing 

behavior. According to the survey's findings, controlling energy absorption and customizing crash performance 

in automotive composite constructions require rigorous ply architecture optimization. 

3. Overview of impact and Crashworthiness Behavior 

A complicated interplay between material qualities, structural geometry, loading circumstances, and strain-rate 

effects determines the impact and crashworthiness behavior of composite structures in automotive applications. 

Polymer matrix composites absorb impact energy through gradual damage mechanisms that happen at several 

length scales, in contrast to metallic materials, which mainly dissipate impact energy through plastic 

deformation and yielding. Matrix cracking, fiber breakage, pull-out, delamination between plies, and interfacial 

debonding between fiber and matrix are some of these mechanisms. The crash reaction, energy absorption 

capacity, and failure stability of composite structures under impact loads are significantly influenced by the 

combination and order of these damage patterns. Low-velocity, medium-velocity, and high-velocity impact 

regimes are commonly used to categorize impact behavior in composite vehicle components. Barely visible 

impact damage (BVID), when internal delamination and matrix cracking occur without noticeable surface 

damage, is frequently caused by low-velocity impacts, such as tool drops or mild car collisions. This undetected 

degradation can seriously reduce residual stiffness and strength, making safety evaluation difficult. Impacts at 

medium and high velocities, which are typical of car crashes, cause significant energy dissipation by 

widespread, gradual crushing and fragmentation. To prevent catastrophic brittle fracture and excessive peak 

loads that could be transferred to the occupants of the vehicle, controlled failure and steady crushing are crucial 

in these situations. Parameters including specific energy absorption (SEA), peak crushing force (PCF), mean 

crushing force (MCF), and crush force efficiency (CFE) are frequently used to assess crashworthiness 

performance. When comparing composite constructions to their metallic counterparts, SEA which is defined as 

the energy absorbed per unit mass is a crucial parameter for lightweight automobile design. Because of their 

high stiffness-to-weight ratio, composite materials especially carbon fiber reinforced polymers, or CFRPs 

typically show higher SEA values than steel and aluminum. However, if improperly built, they also have a 

tendency to produce larger peak forces, which may be harmful to occupant safety. Therefore, rather than abrupt 

collapse, automobile composite structures are designed to promote progressive crushing with relatively 

consistent load levels. 

4. Challenges in Automotive Crashworthy Composite Structures 

The widespread use of composite materials in automotive crashworthy structures is restricted by a number of 

scientific, financial, and practical issues, despite the materials' notable benefits in terms of lightweight design 

and high specific energy absorption. The intrinsic brittleness of polymer matrix composites in contrast to 

metallic materials is one of the main obstacles. Composites typically fail by abrupt fracture mechanisms such 

fiber breakage and delamination, in contrast to metals, which show ductile plastic deformation and predictable 

yielding under impact stress. This brittle failure tendency may lead to large peak crushing forces, which are 

undesirable in collision situations because they raise the possibility of occupant injuries. The intricacy of the 
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damage mechanisms that composite materials display during impact loading is another significant obstacle. 

Multiple damage modes, including as matrix cracking, fiber fracture, interlaminar delamination, and fiber–

matrix debonding, are simultaneously activated during crash events due to multi-axial pressures, high strain 

rates, and complicated loading patterns. It is challenging to precisely forecast failure behavior because these 

damage processes interact and change over time. Assessing structural integrity is much more difficult when 

scarcely visible impact damage (BVID) is present because interior damage can drastically lower residual 

strength while going unnoticed during normal inspections. Reliability in crashworthiness performance is further 

complicated by manufacturing-related problems. Defects such gaps, resin-rich regions, fiber misalignment, and 

inadequate curing can negatively effect impact resistance and energy absorption capacity in composite 

constructions. Inconsistent mechanical qualities between production batches can result from variations in 

manufacturing techniques such filament winding, compression molding, and resin transfer molding (RTM). 

When compared to the well-established manufacturing consistency of metallic components, achieving strict 

quality control in mass vehicle production continues to be a major challenge. 

5. Comparative Analysis with Metallic Structures 

To determine if polymer matrix composites are suitable for automobile crashworthiness applications, a 

comparison between composite and metallic structures is necessary. Because of its ductility, predictable plastic 

deformation, and established manufacturing techniques, steel and aluminum alloys are used to make the 

majority of traditional automobile crash components. Composite materials, on the other hand, have better 

strength-to-weight and stiffness-to-weight ratios, allowing for substantial vehicle mass reduction without 

sacrificing structural integrity. However, these material systems' basic variations in deformation and energy 

absorption mechanisms provide unique crash behaviors that need to be carefully taken into account during 

design. Large-scale deformation and plastic yielding are the main ways that metallic structures absorb impact 

energy, producing force-displacement responses that are smooth and predictable. Steel structures are particularly 

dependable in crash situations because of their superior ductility and steady progressive folding under axial 

stress. Although aluminum alloys have a lower density and a reasonable energy absorption capacity, they often 

generate larger peak loads than steel. On the other hand, progressive deterioration mechanisms such matrix 

cracking, fiber fracture, delamination, and fiber pull-out cause composite materials to dissipate energy. When 

compared to metals, these mechanisms enable composites to attain much higher specific energy absorption 

(SEA); yet, if improperly regulated, they can also result in rapid load declines and brittle fragmentation. 

Composite materials perform noticeably better than their metallic equivalents when it comes to weight 

economy. Carbon fiber reinforced polymer (CFRP) crash components can obtain SEA values two to four times 

higher than steel and aluminum structures, according to numerous experimental tests. This benefit makes it 

possible for automobile body-in-white and crash management systems to significantly reduce weight, which 

directly improves fuel economy and lowers emissions. However, if geometric design or triggering mechanisms 

are not used to reduce the greater peak crushing forces caused by CFRP's higher rigidity, occupant safety may 

be jeopardized. 

6. Discussion 

The studied literature unequivocally shows that composite materials' high specific energy absorption, 

lightweight properties, and design flexibility offer substantial potential for improving automobile 

crashworthiness. When appropriately built, composites, in contrast to traditional metallic materials, absorb 

impact energy through a variety of progressive damage mechanisms, enabling customized crash reactions. 

However, material choice, structural design, manufacturing quality, and the capacity to manage failure 

progression all have a significant impact on how well composite structures perform in actual car collision 
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situations. Implementing composite crashworthy constructions in automotive applications presents both 

potential and challenges, as evidenced by the variety of reported findings across research. One important finding 

from the reviewed studies is that crash performance is more influenced by geometry and structural design than 

by material strength alone. When built to support stable progressive crushing, composite crash components like 

tubes, cones, and multi-cell structures exhibit noticeably better energy absorption. It has been demonstrated that 

the use of triggers, ply sequence optimization, and hybrid arrangements can significantly lower peak crushing 

forces and improve crush force efficiency. This highlights the significance of integrated design approaches by 

showing that composite crashworthiness is essentially a design-driven issue rather than just a materials problem. 

The trade-off between crash stability and stiffness in composite materials is another crucial topic of discussion. 

Although carbon fiber reinforced polymers have better stiffness and energy absorption, if they are not properly 

managed, they are also vulnerable to brittle failure and high peak loads. Despite having less rigidity, glass fiber 

and hybrid composites frequently offer better damage tolerance and more progressive failure behavior. This 

trade-off implies that functionally graded composite structures and hybrid material systems may provide the best 

answers by striking a balance between cost, crash stability, and energy absorption. 

7. Conclusion 

The impact and crashworthiness performance of composite structures in automotive applications have been 

thoroughly evaluated in this research, highlighting their potential to satisfy the growing need for safe, 

lightweight, and energy-efficient car designs. Polymer matrix composites, especially carbon and glass fiber 

reinforced systems, provide noticeably better specific energy absorption than conventional metallic materials, 

according to an examination of the literature currently under publication. For crashworthy structural 

applications, their capacity to disperse impact energy through progressive damage mechanisms such matrix 

cracking, fiber fracture, delamination, and fiber pull-out offers a distinct advantage. The paper emphasizes how 

material choice, fiber architecture, ply orientation, and structural geometry all have a significant impact on the 

crashworthiness performance of composite constructions. Reliable energy absorption and tolerable peak load 

levels require controlled progressive crushing as opposed to catastrophic brittle failure. Design techniques that 

have been shown to improve crash stability and occupant safety include trigger systems, optimal stacking 

sequences, foam-filled designs, and hybrid metal-composite constructions. These results highlight the 

significance of an integrated design strategy that takes structural configuration and material behavior into 

account. Despite these benefits, a number of obstacles still prevent composite crashworthy constructions from 

being widely used in the automotive sector. Significant obstacles still include problems with brittle failure 

behavior, production unpredictability, high material and processing costs, restricted repairability, and recycling 

challenges. Furthermore, because composite materials have intricate and strain-rate-dependent failure 

mechanisms, it is still difficult to precisely forecast crash behavior by numerical simulations. These restrictions 

call for greater study into sophisticated material systems, enhanced production procedures, and more trustworthy 

predictive modeling methods. When compared to metallic constructions, composites offer better weight 

efficiency and energy absorption potential, while metals offer predictable deformation and economical 

manufacture. In order to maximize crash performance while reducing the drawbacks of individual components, 

hybrid structural designs that combine metallic and composite elements show promise. Future vehicle collision 

management systems are anticipated to heavily rely on such hybrid techniques. 
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