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Abstract: The continuous demand for lightweight, fuel-efficient, and environmentally sustainable automobiles has encouraged 

researchers and manufacturers to replace conventional metallic components with advanced composite materials. Automotive 

suspension springs, which are essential components responsible for supporting vehicle loads, absorbing road shocks, and 

maintaining ride comfort, have attracted significant attention for weight reduction. Conventional steel springs offer excellent 

strength and durability; however, their high density contributes substantially to the unsprung mass of vehicles, negatively 

influencing fuel economy, acceleration, and dynamic response. Hybrid automotive composite springs, fabricated using 

combinations of carbon, glass, aramid, and natural fibers reinforced with polymer matrices, provide an effective solution due to 

their superior specific strength, high fatigue resistance, excellent corrosion resistance, and improved vibration damping 

characteristics. The development of finite element analysis (FEA) techniques has further facilitated accurate prediction of the 

structural behavior of hybrid composite springs under static, dynamic, impact, and cyclic loading conditions. This review presents 

a detailed discussion on the evolution of hybrid composite springs, material selection, design methodologies, finite element modeling 

techniques, failure mechanisms, manufacturing methods, optimization approaches, and future research directions. The study 

highlights the potential of hybrid composite spring systems to replace conventional steel springs in next-generation automotive 

suspension systems. 
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I. INTRODUCTION 
 
Automotive suspension systems play a significant role in 

maintaining vehicle stability, ride comfort, and safety by 

absorbing shocks generated due to irregular road 

conditions. Springs are the primary energy-storing 

elements within suspension systems and are traditionally 

manufactured from high-strength steel because of their 

excellent mechanical strength, durability, and relatively 

low manufacturing cost. However, the increasing emphasis 

on reducing vehicle weight to improve fuel efficiency and 

reduce greenhouse gas emissions has motivated researchers 

to explore alternative lightweight materials for spring 

applications [1]. The reduction of unsprung mass is 

particularly important because it improves vehicle 

handling, acceleration, braking performance, and overall 

energy efficiency. 

Fiber-reinforced polymer composites have emerged as 

promising alternatives to conventional steel springs due to 

their high specific strength, high stiffness-to-weight ratio, 

superior fatigue performance, and excellent resistance to 

corrosion [2]. Several investigations have demonstrated 

that replacing steel leaf springs with composite materials 

can reduce the weight of suspension systems by nearly 60–

80% while maintaining comparable stiffness and load-

carrying capacity [3]. The capability of tailoring the 

mechanical properties of composite materials by 

controlling fiber orientation, stacking sequence, fiber 

volume fraction, and matrix characteristics offers 

significant advantages over conventional isotropic 

materials. 



 

 

International Journal of Scientific Research & Engineering Trends 

Volume 12, Issue 3, May-Jun-2026, ISSN (Online): 2395-566X 

 

© 2026 IJSRET 

2 

Although single-fiber composite systems such as glass 

fiber reinforced polymer (GFRP) and carbon fiber 

reinforced polymer (CFRP) have demonstrated excellent 

performance, each material has certain limitations. Carbon 

fibers provide exceptional stiffness and strength but are 

expensive, whereas glass fibers offer economical 

advantages but have lower mechanical properties. 

Consequently, hybrid composite systems combining two or 

more reinforcement materials have received significant 

attention because they provide an optimum balance 

between performance, durability, and manufacturing cost 

[4]. The complex anisotropic behavior of hybrid 

composites requires advanced numerical approaches to 

accurately predict their mechanical response, making finite 

element analysis an indispensable tool in the design and 

development of modern composite springs [5]. 

  
II. EVOLUTION OF HYBRID 

AUTOMOTIVE COMPOSITE SPRINGS 
 
The development of composite springs originated from the 

need to reduce the weight of conventional steel suspension 

components without compromising their structural 

integrity. Early research mainly concentrated on glass fiber 

reinforced epoxy leaf springs because of their relatively 

low cost, ease of fabrication, and favorable mechanical 

characteristics. Experimental investigations demonstrated 

that composite leaf springs exhibited improved energy 

absorption capability and superior fatigue resistance 

compared with traditional steel springs [1]. 

With advancements in composite technology, researchers 

introduced carbon fiber reinforced composites to achieve 

greater stiffness and improved dynamic behavior. 

However, the high cost associated with carbon fibers 

restricted their application in mass-production vehicles. 

This limitation led to the development of hybrid composite 

springs in which carbon fibers were combined with glass 

fibers, aramid fibers, or natural fibers to achieve an 

appropriate compromise between mechanical performance 

and economic feasibility [6]. Modern hybrid composite 

spring designs employ optimized laminate configurations, 

variable thickness geometries, and advanced 

manufacturing methods to maximize strength while 

minimizing overall weight. 

  

III. MATERIALS USED IN HYBRID 

COMPOSITE SPRINGS 
 
The selection of appropriate reinforcement and matrix 

materials is a crucial factor in the successful design of 

hybrid composite springs. Glass fiber reinforced polymer 

composites are widely employed because they provide a 

combination of good tensile strength, corrosion resistance, 

impact resistance, and relatively low manufacturing cost. 

E-glass/epoxy composites, in particular, have been 

extensively investigated for automotive leaf spring 

applications due to their favorable fatigue performance and 

ability to withstand repeated loading cycles [3]. 

Carbon fiber reinforced polymers are preferred in high-

performance applications because of their superior elastic 

modulus, low density, and excellent fatigue characteristics. 

The incorporation of carbon fibers into hybrid composite 

structures significantly enhances stiffness and increases the 

natural frequency of the spring, thereby improving dynamic 

performance [7]. However, the high cost of carbon fibers 

limits their use as the sole reinforcement material in 

commercial vehicles. 

Aramid fibers such as Kevlar provide excellent impact 

resistance and energy absorption capabilities and are often 

integrated with other fibers to improve damage tolerance. 

In recent years, natural fibers such as flax, hemp, and jute 

have also gained attention as environmentally sustainable 

alternatives due to their biodegradability, low density, and 

reduced environmental impact [8]. The mechanical 

performance of hybrid composite systems depends 

significantly on fiber arrangement, fiber volume fraction, 

interfacial bonding, and laminate stacking sequence.  

IV. DESIGN CONSIDERATIONS OF 

HYBRID COMPOSITE SPRINGS 
 
The design of hybrid automotive composite springs 

requires careful consideration of stiffness, strength, fatigue 

life, vibration behavior, and manufacturing feasibility. 

Unlike metallic springs, whose properties remain constant 

in all directions, composite materials exhibit anisotropic 

behavior, allowing engineers to tailor the mechanical 

response according to specific design requirements [2]. 

Parameters such as fiber orientation angle, number of 

layers, laminate sequence, and spring geometry play 

important roles in determining overall performance. 
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One of the primary objectives in composite spring design 

is achieving uniform stress distribution throughout the 

spring length. Conventional steel leaf springs generally 

experience stress concentration near the central region, 

whereas composite springs can be designed with variable 

thickness or parabolic profiles to achieve nearly uniform 

stress distribution and improved material utilization [1]. 

The load-carrying capability and deflection characteristics 

of the spring are strongly dependent on the elastic 

properties of the composite laminate and the geometrical 

configuration of the spring. 

Since suspension springs are subjected to millions of 

loading cycles throughout their operational life, fatigue 

resistance is a critical design consideration. Composite 

materials generally exhibit better fatigue performance than 

metallic materials because crack initiation and propagation 

mechanisms are significantly different in fiber-reinforced 

systems. Therefore, accurate prediction of fatigue 

behaviour is essential for ensuring long-term reliability and 

durability [9].  

V. FINITE ELEMENT ANALYSIS OF 

HYBRID COMPOSITE SPRINGS 
 
Finite element analysis has become one of the most 

important computational techniques for the design and 

optimization of hybrid composite springs. Due to the 

anisotropic and heterogeneous nature of composite 

materials, analytical solutions are often inadequate for 

accurately predicting stress distributions, deformation 

characteristics, and failure mechanisms. FEA allows 

detailed simulation of complex composite structures by 

incorporating orthotropic material properties, different 

laminate configurations, and realistic loading conditions 

[5]. 

In a typical finite element study, a three-dimensional model 

of the spring is developed using computer-aided design 

software, followed by the assignment of composite material 

properties and laminate stacking sequences. The structure 

is then discretized into finite elements, and appropriate 

boundary conditions and external loads are applied. The 

numerical analysis provides detailed information regarding 

stress distribution, strain, deformation, strain energy, and 

safety factors. Commercial software packages such as 

ANSYS, ABAQUS, and MSC NASTRAN are extensively 

utilized for evaluating the structural performance of 

composite springs [10].  

VI. FINITE ELEMENT-BASED 

PERFORMANCE ANALYSIS 
 
Static structural analysis is commonly performed to 

determine the maximum stress, deformation, and load-

bearing capacity of hybrid composite springs. Numerous 

studies have shown that properly designed hybrid 

composite springs can achieve substantial weight 

reductions while maintaining equivalent or superior 

mechanical performance compared with conventional steel 

springs [3]. 

Dynamic and modal analyses are performed to evaluate the 

natural frequencies and vibration modes of the spring. The 

lower density and improved damping characteristics of 

composite materials result in better vibration absorption 

and enhanced ride comfort. These analyses are essential to 

prevent resonance conditions and ensure stable operation of 

automotive suspension systems [7]. 

Fatigue analysis is another important aspect of finite 

element evaluation because suspension springs are exposed 

to repeated loading during their service life. Numerical 

fatigue models are used to identify critical regions where 

damage initiation may occur and to estimate the expected 

service life of the spring [9]. Failure prediction in hybrid 

composite springs is particularly complex because multiple 

damage mechanisms, including fiber fracture, matrix 

cracking, delamination, and interfacial debonding, may 

occur simultaneously. Advanced failure criteria such as 

Tsai–Hill, Tsai–Wu, and Hashin theories are therefore 

incorporated into finite element models to accurately 

predict the initiation and progression of damage in 

composite laminates [11].  

VII. MANUFACTURING TECHNIQUES 

OF HYBRID COMPOSITE SPRINGS 
 
The manufacturing process plays a significant role in 

determining the mechanical performance and durability of 

hybrid composite springs. Different fabrication techniques 

such as hand lay-up, compression molding, resin transfer 

molding, filament winding, and vacuum-assisted resin 

infusion have been employed for producing high-quality 

composite components [12]. The choice of manufacturing 

technique affects fiber alignment, resin distribution, void 

formation, and interfacial bonding between fibers and 

matrix materials. Advanced processing methods are 
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increasingly being adopted to improve dimensional 

accuracy, reduce manufacturing defects, and enhance the 

mechanical reliability of hybrid composite springs. 

  
VIII. OPTIMIZATION OF HYBRID 

COMPOSITE SPRING DESIGN 
 

Challenges And Future Research Trends  
Despite their significant advantages, hybrid automotive 

composite springs still face several challenges related to 

high manufacturing costs, complex failure mechanisms, 

long-term environmental degradation, repair difficulties, 

and recycling issues associated with polymer-based 

composites. The accurate prediction of fatigue damage and 

delamination behavior under real service conditions 

remains a major research challenge [10]. 

Future developments are expected to focus on nano-

reinforced hybrid composites, sustainable bio-based 

reinforcement materials, smart composite springs 

embedded with health-monitoring sensors, and advanced 

multi-scale finite element models capable of accurately 

predicting progressive damage. The integration of artificial 

intelligence and machine learning with finite element 

simulations is also expected to provide new opportunities 

for rapid design optimization and improved performance 

prediction.  
IX. CONCLUSIONS 

 
Hybrid automotive composite springs have emerged as 

highly promising alternatives to conventional steel 

suspension springs due to their exceptional specific 

strength, significant weight reduction potential, superior 

fatigue resistance, and improved vibration damping 

capability. The combination of different reinforcement 

fibers allows engineers to achieve an effective balance 

between mechanical performance and manufacturing cost. 

Finite element analysis has become an essential tool for 

understanding the structural behavior of these complex 

anisotropic systems, enabling accurate evaluation of 

stresses, deformation, dynamic characteristics, fatigue life, 

and failure mechanisms. Continuous advancements in 

hybrid materials, manufacturing technologies, numerical 

modeling techniques, and intelligent optimization methods 

are expected to accelerate the large-scale adoption of 

composite spring systems in future lightweight and energy-

efficient vehicles.  
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