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Abstract 

The burgeoning electric vehicle (EV) market necessitates innovative solutions for sustainable and high- 

performance components. Traditional brake pads often utilize materials with significant environmental 

footprints and may contribute to particulate matter pollution. This research paper explores the 

development of additively manufactured, functionally graded natural fiber composites (FG-NFCs) for 

enhanced eco-friendly EV brake pads. By strategically varying the concentration and type of natural 

fibers (e.g., flax, hemp, cellulose) within a polymer matrix (e.g., PLA, PHA) using advanced additive 

manufacturing techniques (e.g., FDM, binder jetting), we aim to create brake pads with optimized 

tribological properties, improved heat dissipation, reduced noise, and a significantly lower 

environmental impact. The functionally graded architecture will allow for tailoring specific zones of 

the brake pad to different performance requirements, such as a wear-resistant friction surface and a 

compliant backing. This paper details the proposed system development, experimental setup for 

characterization (tribometer, thermal analysis, acoustic emissions), and anticipates significant 

improvements in sustainability and performance compared to conventional alternatives. 
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1. Introduction 

The global demand for green transportation has given growth to the adoption of electric vehicles. 

While EVs offer substantial environmental benefits in terms of emissions reduction during operation, 

the manufacturing and disposal of their components remain critical areas for improvement. Brake pads, 

as frequently replaced wear components, represent a significant opportunity for sustainable material 

innovation. Traditional brake pads often contain heavy metals (e.g., copper), asbestos (historically), and 

various synthetic fibers and binders that can contribute to environmental pollution and health concerns 

upon wear . The rising demand for EVs amplifies the need for eco-friendly alternatives that do not 

compromise on performance, safety, or longevity. 

Additively manufactured (AM), or 3D printed, materials offer unparalleled design freedom and the 
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ability to create complex geometries and functionally graded structures . This capability presents a 

transformative approach to manufacturing brake pads. . Applying this concept to natural fiber 

composites allows for the localized optimization of material properties within a single component, 

addressing the multifaceted demands placed on a brake pad. Natural fibers, derived from renewable 

resources, offer numerous advantages over synthetic alternatives, including biodegradability, lower 

density, comparable specific strength, and reduced energy consumption during processing . 

This research proposes the synergistic integration of additive manufacturing, functional grading, and 

natural fiber composites to develop next-generation EV brake pads. The goal is to achieve enhanced 

tribological performance (friction coefficient, wear rate), improved thermal management, reduced 

noise, and a substantial reduction in environmental impact. 

 

2. Literature Review 

The development of sustainable brake pad materials has been a subject of extensive research for several 

decades. Early efforts focused on replacing asbestos due to its health risks, leading to the adoption of 

semi-metallic, non-asbestos organic (NAO), and low-metallic formulations . However, concerns 

regarding copper content (due to its aquatic toxicity) and particulate matter emissions from these 

materials persist . 

Natural fibers have emerged as promising candidates for friction materials. Studies have explored 

various natural fibers, including kenaf, jute, bamboo, coir, and bagasse, as reinforcements in polymer 

matrices for brake pad applications . These studies generally indicate that natural fibers can improve 

wear resistance and reduce noise, but their thermal stability and adhesion to the matrix can be 

challenging . For instance, cellulose fibers have shown promise in reducing wear and improving 

friction stability due to their good thermal insulation properties and high stiffness . Hemp and flax 

fibers, known for their high tensile strength and stiffness, have also been investigated for their potential 

to enhance the mechanical and tribological properties of composites . 

The application of additive manufacturing in friction material development is a relatively nascent but 

rapidly growing field. Fused Deposition Modeling (FDM) and Binder Jetting are two prominent AM 

techniques that offer the versatility required for composite fabrication. FDM allows for the extrusion of 

polymer filaments loaded with reinforcing fibers, enabling precise control over material distribution . 

Binder jetting, on the other hand, can create complex geometries by selectively binding powder 

particles, offering potential for higher fiber loading and diverse material combinations . Limited 

research has explored AM for brake pad fabrication, primarily focusing on metallic or ceramic-based 

structures for enhanced heat dissipation . However, the concept of functionally graded materials for 

brake pads, while theoretically appealing, has seen limited practical implementation, especially with 

natural fibers. Research by Kumar et al. (2020) demonstrated the potential of 3D printed functionally 

graded materials for various engineering applications, highlighting the precise control over property 

variation . 

Existing literature often addresses either natural fiber composites or additive manufacturing 

independently for friction materials. There is a clear gap in research that systematically investigates the 

combination of additive manufacturing, functional grading, and natural fiber composites for the 

specific application of eco-friendly EV brake pads. The challenges lie in optimizing the fiber loading 

and distribution within the AM process, ensuring strong interfacial adhesion between fibers and matrix, 
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and achieving the desired tribological and thermal performance characteristics. 

 

3. Observations from Literature Review 

Based on the comprehensive review of existing literature, several key observations can be made: 

Growing Demand for Sustainable Brake Materials: The environmental impact of conventional brake 

pads, particularly concerning particulate emissions and heavy metal content, necessitates the 

development of more sustainable alternatives, especially with the expansion of the EV market 

Natural Fibers as Viable Replacements: Natural fibers offer a compelling eco-friendly alternative to 

synthetic and metallic reinforcements in friction materials, demonstrating potential for improved wear 

resistance and noise reduction. 

Challenges with Natural Fiber Composites: Despite their advantages, natural fiber composites face 

challenges related to thermal stability, moisture absorption, and ensuring strong interfacial bonding 

with the polymer matrix, which can impact overall performance. 

Additive Manufacturing's Untapped Potential: Additive manufacturing provides unprecedented design 

freedom, enabling the fabrication of intricate geometries and functionally graded structures. This 

capability is largely underutilized in the context of eco-friendly brake pad development. 

Limited Integration of Key Technologies: While natural fiber composites and additive manufacturing 

are individually researched, their synergistic integration, particularly with the concept of functional 

grading for brake pads, remains largely unexplored in a systematic manner. 

Need for Performance Optimization: A primary challenge is to develop natural fiber composite brake 

pads that not only meet eco-friendly criteria but also match or surpass the performance characteristics. 

 

4. Problem Statement 

Conventional electric vehicle brake pads often rely on materials with significant environmental 

drawbacks, contributing to pollution through wear debris containing heavy metals and other harmful 

substances. While natural fiber composites offer a sustainable alternative, their widespread adoption is 

hindered by challenges in optimizing their tribological performance, thermal stability, and 

manufacturability for complex brake pad geometries. Current manufacturing methods for composites 

often limit the ability to precisely control material distribution and create tailored properties within a 

single component. Therefore, there is a critical need to develop an innovative manufacturing approach 

that enables the creation of high-performance, eco-friendly brake pads using natural fibers, specifically 

addressing the limitations of existing materials and manufacturing processes while meeting the 

stringent demands of EV braking systems. 

 

5. Objectives 

The primary objective of this research is to develop and characterize additively manufactured 

functionally graded natural fiber composites for enhanced eco-friendly electric vehicle brake pads. : 

1.  • To identify and characterize suitable natural fibers (e.g., flax, hemp, cellulose) and polymer 

matrices (e.g., PLA, PHA) for the development of additively manufactured brake pad 

composites. 

2.  • To design and optimize functionally graded architectures for EV brake pads, strategically 
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varying natural fiber content and type across different zones to achieve tailored tribological, 

thermal, and mechanical properties. 

3.  • To develop and refine additive manufacturing processes (e.g., FDM, Binder Jetting) for the 

precise fabrication of functionally graded natural fiber composite brake pad prototypes. 

 

4. To experimentally evaluate the tribological performance (friction coefficient, wear rate, fade 

resistance), thermal characteristics (heat dissipation, temperature stability), and acoustic 

properties (noise reduction) of the developed additively manufactured FG-NFC brake pads. 

5. • To compare the performance of the developed FG-NFC brake pads with conventional brake 

pad materials, demonstrating their enhanced eco-friendliness and competitive performance. 

 

6. System Development 

The system development for additively manufactured functionally graded natural fiber composites for 

EV brake pads will involve several interconnected stages: material selection and preparation, functional 

grading design, additive manufacturing process optimization, and post-processing. 

The system development for additively manufactured functionally graded natural fiber composites for 

EV brake pads will involve several interconnected stages: material selection and preparation, functional 

grading design, additive manufacturing process optimization, and post-processing. 

 

6.1. Material Selection and Preparation 

Natural Fibers: A range of natural fibers will be investigated based on their mechanical properties, 

thermal stability, and availability. Potential candidates include: 

Flax Fibers: Known for high specific strength and stiffness, good damping properties. 

Hemp Fibers: Similar to flax, good strength-to-weight ratio. 

Cellulose Nanofibers (CNF) / Microfibrillated Cellulose (MFC): Offer high surface area, potential for 

improved interfacial adhesion and reinforcement at the nanoscale. 

Other agricultural waste fibers: Exploring sustainability and cost-effectiveness. Fibers will undergo 

pre-treatment (e.g., alkali treatment, silane treatment) to improve surface roughness, remove impurities, 

and enhance adhesion with the polymer matrix . 

Polymer Matrix: Biodegradable and environmentally friendly polymers will be prioritized. 

Polylactic Acid (PLA): Biodegradable, good mechanical properties, widely used in FDM. 

Polyhydroxyalkanoates (PHA): Biodegradable, good thermal properties, potentially more flexible than 

PLA. 

Thermoplastic Polyurethanes (TPU): For potential use in compliant backing layers due to their 

elasticity. 

Additives: Minor amounts of conventional friction modifiers (e.g., graphite, silicon carbide) may be 

considered to fine-tune tribological properties, while minimizing their environmental impact. 

 

6.2. Functional Grading Design 

The core of this research lies in the intelligent design of the functionally graded structure. The brake 

pad will be conceptually divided into distinct zones, each with tailored material composition to meet 
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specific performance requirements: 

Friction Surface (Wear Layer): This outermost layer will be designed for high wear resistance, stable 

friction coefficient, and heat dissipation. It will likely feature a higher concentration of stiffer, wear- 

resistant natural fibers (e.g., flax, hemp) and potentially a small percentage of inorganic friction 

modifiers. 

Transition Layer(s): Intermediate layers will provide a gradual transition in properties from the wear 

layer to the backing layer, ensuring good adhesion and stress distribution. The fiber content and type 

will be progressively varied. 

Backing Layer: This innermost layer, bonded to the brake pad's metal backing plate, will prioritize 

good adhesion, thermal insulation, and damping properties to reduce noise and vibration. 

The grading profile can be continuous (e.g., linear, exponential variation) or stepwise, depending on the 

chosen AM technique and material compatibility. Computational modeling (e.g., Finite Element 

Analysis - FEA) will be employed to simulate stress distribution and thermal flow within different 

functionally graded designs, aiding in optimal material placement. 

 

6.3. Additive Manufacturing Process Optimization 

Two primary additive manufacturing techniques will be explored: 

Fused Deposition Modeling (FDM): 

Process: Natural fibers will be compounded with the polymer matrix to create filaments. The FDM 

printer will then deposit these filaments layer by layer, allowing for precise control over the local fiber 

concentration and orientation by utilizing multiple extruders or by varying the filament composition. 

Optimization: Parameters such as extrusion temperature, print speed, layer height, infill density, and 

nozzle diameter will be optimized to ensure good inter-layer adhesion, fiber dispersion, and mechanical 

integrity of the composite. 

Binder Jetting: 

Process: A powdered mixture of natural fibers and polymer particles (or a pre-polymerized powder) 

will be spread in thin layers. A binder (containing a resin or a curing agent) will be selectively jetted 

onto the powder bed to consolidate the material according to the designed functional gradient. 

Optimization: Parameters such as powder particle size, binder saturation, curing temperature, and layer 

thickness will be optimized for mechanical strength and desired porosity. This method offers greater 

flexibility in material combinations and higher fiber loading. 

 

6.4. Post-Processing 

Depending on the AM technique, post-processing steps may include: 

Curing/Sintering: For binder-jetted parts, a post-cure or sintering step might be necessary to achieve full 

material consolidation and mechanical strength. 

Surface Finishing: Minor surface finishing may be required to achieve the desired tribological surface 

roughness for optimal friction performance. 

Bonding to Backing Plate: Methods for securely bonding the additively manufactured composite to a 

standard metal brake pad backing plate will be investigated. 
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7. Experimental Setup 

The experimental evaluation will involve a multi-faceted approach to characterize the developed FG- 

NFC brake pads. 

 

7.1. Material Characterization 

Fiber and Polymer Characterization: 

Morphology: Scanning Electron Microscopy (SEM) to observe fiber dispersion, length, and interfacial 

adhesion within the composite. 

Thermal Properties: Thermogravimetric Analysis (TGA) to determine thermal degradation 

temperatures of fibers and composites; Differential Scanning Calorimetry (DSC) to analyze glass 

transition and melting temperatures of polymers and composites. 

Mechanical Properties: Tensile strength, flexural strength, and impact strength tests on composite 

specimens according to ASTM standards to assess the mechanical integrity of the functionally graded 

structures. 

Density and Porosity: Pycnometer and Archimedes' principle for density, image analysis for porosity. 

 

7.2. Tribological Performance Evaluation 

Bench-Scale Tribometer: A pin-on-disc or block-on-ring tribometer (e.g., ASTM G99) will be used for 

preliminary tribological characterization. 

Parameters: Applied normal load, sliding speed, and temperature will be varied to simulate braking 

conditions. 

Measurements: Coefficient of friction (COF) will be continuously recorded. Wear rate will be 

determined by measuring mass loss of the brake pad specimen and wear track dimensions on the 

counterface (simulated disc material, e.g., cast iron). 

Fade and Recovery Tests: Standard fade and recovery cycles will be performed to assess the COF 

stability under increasing temperature and its recovery after cooling. 

Full-Scale Dynamometer Testing: If resources permit, a full-scale brake dynamometer will be used to 

simulate realistic vehicle braking cycles (e.g., standard automotive test procedures like SAE J2784) for 

comprehensive performance validation. 

Measurements: COF, stopping distance, temperature profiles, wear rate, and noise levels will be 

recorded. 

 

7.3. Thermal Performance Evaluation 

Thermal Conductivity: Hot disk method or laser flash analysis to measure the thermal conductivity of 

different layers of the functionally graded composite. 

Infrared Thermography: During tribological testing, an infrared camera will be used to monitor the 

temperature distribution on the brake pad surface and counterface, providing insights into heat 

dissipation characteristics. 

 

7.4. Acoustic Performance Evaluation 

Noise and Vibration Analysis: During tribometer or dynamometer testing, microphones and 
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accelerometers will be used to record noise (squeal, groan) and vibration levels. Fast Fourier Transform 

(FFT) analysis will be performed to identify dominant frequencies. 

7.5. Environmental Impact Assessment (LCA - Life Cycle Assessment) 

A preliminary Life Cycle Assessment (LCA) will be performed to evaluate the environmental impact of 

the newly developed FG-NFC brake pads in comparison to traditional brake pads, taking into account 

The extraction of raw materials, the processes involved in manufacturing, the phase of usage (including 

wear debris), and the end-of-life considerations. 

 

8. Results and Discussion 

8.1. Material Characterization Results 

SEM images of additively manufactured FG-NFC specimens would reveal well-dispersed natural fibers 

within the polymer matrix, with successful adherence to the designed functional gradient. For instance, 

the friction layer might show a higher density of longitudinally aligned fibers for enhanced wear 

resistance, while the backing layer might exhibit a more random or lower concentration of fibers for 

compliance. TGA results would confirm the thermal stability of the natural fibers and the composite up 

to typical operating temperatures of brake pads (e.g., up to 250-300°C), with degradation occurring at 

higher temperatures. Mechanical testing (tensile, flexural) of graded specimens would demonstrate 

tailored stiffness and strength profiles, confirming the successful implementation of the functional 

grading concept. For example, the friction layer would exhibit higher stiffness, while the backing layer 

would show greater ductility. 

 

8.2. Tribological Performance 

Tribometer results would show that the additively manufactured FG-NFC brake pads achieve a stable 

coefficient of friction (e.g., 0.35-0.45) within the desired operating temperature range for EV 

applications, comparable to or exceeding conventional NAO brake pads. The wear rate of the FG-NFCs 

would be significantly lower than that of conventional organic brake pads, and potentially competitive 

with semi-metallic alternatives, especially in the optimized friction layer. Fade resistance tests would 

demonstrate a minimal drop in COF at elevated temperatures, followed by good recovery, indicating 

superior thermal stability compared to non-graded natural fiber composites. The unique functionally 

graded structure would mitigate the tendency for friction fade often observed in homogeneous natural 

fiber composites, as the wear surface is specifically designed for high-temperature stability. 

 

8.3. Thermal Performance 

Infrared thermography during tribological testing would illustrate a more uniform temperature 

distribution across the contact area and improved heat dissipation for the FG-NFC brake pads 

compared to homogeneous natural fiber composites. The strategically placed thermally conductive 

elements or fiber orientations within the graded structure would facilitate efficient heat transfer away 

from the friction interface, preventing localized hot spots and improving fade resistance. Thermal 

conductivity measurements would confirm the designed variations in thermal properties across the 

layers. 
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8.4. Acoustic Performance 

Acoustic emission analysis would reveal a reduction in noise (e.g., squeal, groan) and vibration levels 

for the FG-NFC brake pads, particularly at specific frequencies prone to brake noise. The graded 

structure, with its varying elastic moduli and damping properties, would effectively dissipate 

vibrational energy, leading to a quieter braking experience. This could be attributed to the compliant 

backing layer effectively absorbing vibrations generated at the friction interface. 

 

8.5. Comparison and Discussion 

When compared to conventional brake pads, the additively manufactured FG-NFCs would demonstrate 

a superior environmental profile due to the use of renewable natural resources and potentially reduced 

energy consumption during manufacturing (especially with optimized AM processes). Performance- 

wise, the FG-NFCs would offer competitive or enhanced tribological and thermal characteristics, 

addressing key limitations of previous natural fiber-based solutions. The functional grading would be a 

critical factor in achieving this balance, allowing for the fine-tuning of properties that are otherwise 

conflicting in homogeneous materials. For example, the high stiffness required for wear resistance in 

the friction layer would be balanced by the need for compliance and damping in the backing layer for 

Noise reduction is a challenging accomplishment when utilizing conventional monolithic composites.. 

The ability to precisely control fiber orientation and distribution via AM would allow for anisotropic 

properties, further optimizing performance beyond what is achievable with conventional molding 

techniques. 

 

9. Conclusion and Future Scope 

This research outlines a promising approach for the development of additively manufactured 

functionally graded natural fiber composites for eco-friendly electric vehicle brake pads. The proposed 

system development, incorporating intelligent material selection, functional grading design, and 

advanced additive manufacturing techniques, aims to overcome the limitations of current sustainable 

brake pad solutions while meeting the demanding performance requirements of modern EVs. The 

anticipated results suggest that these innovative brake pads will offer enhanced tribological 

performance, superior thermal management, reduced noise, and a significantly lower environmental 

footprint compared to conventional alternatives. 

 

Future Scope: 

Long-Term Durability Testing: Conduct extensive long-term durability tests under varied real-world 

driving conditions to assess the fatigue life and performance stability of the FG-NFC brake pads. 

Optimization of Fiber-Matrix Interface: Further research into advanced surface treatments for 

natural fibers and novel coupling agents to enhance interfacial adhesion and prevent moisture 

absorption. 

Multi-Material Printing: Explore multi-material additive manufacturing techniques to incorporate 

different types of natural fibers and potentially other sustainable additives (e.g., biocarbons) with even 

greater precision. 

Recyclability and End-of-Life: Investigate the recyclability and end-of-life pathways for the 

additively manufactured FG-NFC brake pads, aiming for a fully circular economy approach. 
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Cost-Benefit Analysis: Conduct a comprehensive cost-benefit analysis to evaluate the economic 

viability of manufacturing these advanced brake pads at scale compared to traditional methods. 

Simulation and AI Integration: Integrate advanced simulation tools (e.g., multi-scale modeling, AI- 

driven material design) to further optimize the functional grading profiles and predict performance 

under diverse operating conditions. 
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