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Abstract 

 

Frictional Materials made from 

natural fibers has been recognised in over 

the years for their eco-friendly as well as 

sustainable in nature. This study focuses on 

the deformation analyses of frictional 

materials, specifically investigating their 

mechanical behaviour in response to 

external forces and changes in structure. 

Through finite element simulation, using 

ANSYS software, it is aimed to provide a 

comprehensive method of the deformation 

characteristics in those materials and their 

potential applications. These findings are 

obtained in natural fiber materials like jute, 

palm fibers, abeca sheath fibers, coconut 

coir fibers, coconut oil residue, sesame oil 

residue and groundnut oil cake residue for 

the significant implications in development 

of more sustainable and efficient friction 

materials in various industrial applications 

such as automobile, aerospace, military 

applications. The deformation 

characteristics are refer to the mechanical 

and frictional behaviour of a material in 

response to changes in structure which 

include stress-strain curves and initial 

cracking stress with an elongation. 
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I. INTRODUCTION 

 

 Natural fiber Materials are sustainable and renewable resources that are accessible in 

nature and has benefits such as affordability, weightlessness, and ability to renewed. They are 

biopolymers that could be taken from plant tissues or animal tissues, with cellulose being the 

key factor of stem-root-flush bones-based natural fibers [1]. Natural fiber composites have 

attracted great attention in recent years due to their good toughness and solidity, good in 

durability, and higher heat and vibration-sound behaviour. They are being used in a variety of 

applications including automotive, paperboard, and polymer composites [5]. Organic 

polymers usually contain around 30-40% organic resin and are made up of binders, fillers, 

friction modifiers, and reinforcements. Choosing the suitable organic polymer-based friction 

material for a particular application can be difficult due to the wide range of ingredients and 

formulations [2].Stress-strain behavior is an important measure of mechanical properties of 

solid materials, including natural fiber composites. Many low modulus natural fibers exhibit 

nonlinear axial stress-strain relationships, which are typically analysed for orthotropic 

composites [3, 4]. The stress-strain relationship of a material is depicted by its stress-strain 

curve, illustrating the correlation between stress and strain, and is attained regularly by 

increasing levels of stress. Natural fiber materials have been shown to have better stress and 

strain properties than synthetic materials. The rising awareness of environmental concerns 

and sustainability has led to significant apprehension regarding the utilization of metallic and 

synthetic components in the materials industry in recent times. [6]. 

 

 The usage of natural fibers in automotive materials is increasing due to its attractive 

properties of less weight, good strength, and biodegradability. The properties and 

characteristics of natural fiber materials used in automotive materials can vary relying on the 

type of fiber, methodology, and application. Few natural fibers used in automotive materials 

include flax, hemp, sisal, jute, and kenaf. These fibers are known for their high specific 

strength, low density, and good damping properties. They also have good thermal and 

acoustic insulation properties, which make them suitable for use in vehicle interiors, 

exteriors, durability and frictional behaviour components. In terms of processing, natural 

fiber materials are often processed into mats or sheets, which can be combined with 

thermoplastic or thermosetting resins to get composite materials. The mechanical properties 

of these composite materials can be improved by using techniques such as alkali treatment, 

silane coupling, and hybridization with other fibers such as glass fibers. Natural fiber 

composites also have a lower environmental impact compared to traditional automotive 

materials such as steel and aluminum. They are renewable and biodegradable, which makes 

them an attractive alternative for reducing the carbon footprint of automotive materials. 

However, natural fiber composites also have some limitations. They can be susceptible to 

moisture absorption, which can affect their mechanical properties. They also have lower 

impact resistance compared to traditional automotive materials, which can limit their 

application in certain areas such as impact protection. Overall, the properties and 

characteristics of natural fiber materials used in automotive materials make them an attractive 

alternative to traditional materials because of their weightless structure; it has better 

mechanical characteristics, and less environmental impact. 
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II. NATURAL FIBERS IN FRICTIONAL MATERIALS 

 

 Composite materials have found extensive use across various industries in over the 

years, boasting a wide range of applications, which have emerged due to the development of 

new products. by comparing other materials, natural fibers offers relatively smaller reduction 

in weight, but modernized composite materials have led to significant development in all 

engineered materials. Composite materials are produced by combining multiple elements that 

has distinct chemical or physical properties. The cause of composite materials being 

consisting of fiber that gives hardness and durability to the material and the fiber mixtures 

that cover and assign the load between the fibers is due to the mixture of several ingredients 

that have notably unrelated chemical and physical properties [3]. Natural fibers, also known 

as lingo-cellulosic fibers, are a type of fibrous material that is extracted from various parts of 

plants namely leaves, root, stems, and seeds. These fibers are collection of different amount 

of cellulose, hemicelluloses, wood polymeric substances, and lumen.  Cellulose is the most 

abundant module of fiborous material and is a long-chain polymer made up of glucose units. 

It provides the fibers with strength and stiffness. Hemicelluloses are a group of complex 

carbohydrates that provide elasticity and resilience to the fibers.  

 

 Lignin is a complex polymer that acts as a glue to fusing the fibers together, and it 

provides its yarns with resistance to moisture and microbial attacks. Lumen refers to the 

hollow space within the fiber. The proportions of these components can reliant on the basis of 

the fiber, and this can affect the performance of the fiber. For example, cotton fibers are 

composed almost entirely of cellulose, while hemp fibers have a higher proportion of lignin 

and hemicelluloses. They can be classified into different categories based on their origin and 

properties. The main types of natural fibers contain seed fibers among cotton, bast fibers, 

hemp, flax, leaves of fibers as sisal, and husk fibers like coir from coconut. These fibers can 

also be classified based on their physical properties, such as strength, elasticity, and moisture 

absorption. However, there are also some challenges associated with incorporating fibers into 

composite materials. For example, natural fibers are more susceptible to moisture absorption, 

which can affect their characteristics. Also, the properties of natural fibers can be dependent 

on the source and rectifying methods, can make it difficult to achieve consistent results. 

Despite these challenges, the trend toward incorporating naturally available materials in 

composite materials is expected to continue. Researchers are exploring new ways to enhance 

the performance of natural fibers and to develop new processing methods to overcome the 

challenges associated with their use in composites. 

 

 Natural fibers have gained popularity in industrial use because of their attractive 

properties notably cost-effective, weightless, and biodegradability. Some of the commonly 

used natural fibers and their industrial applications are provided in Table 1. 

 

Table 1: Applications of Natural fibers 

 

Fibers 
Properties and applications 

Properties Applications  

Flax seed  
Light weight, High stiffness, high 

strength, good thermal stability 

Compostes, textiles, paper 

products, Brake pad lining 

Hemp Tensile strength, excellent exposure Composites, brake pad, textiles, 
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Fibers 
Properties and applications 

Properties Applications  

to UV light, resistant to wear and tear construction materials 

Jute Tensile strength, biodegradable Packaging, textiles, construction 

Coconut Coir 
Good tensile strength, resistant to 

abrasion 

Geotextiles, Erosion control 

applications, construction 

Sisal 
Good tensile strength, resistant to 

moisture  
Composites, ropes, carpenting 

Kenaf 
Light weight, good frictional and 

thermal stability 
Brake pad and linings 

 

 Though it is having important advantages, a few drawbacks of commonly used natural 

fibers in automotive friction purposes is that they tend to absorb moisture easily. This could 

lead to a reduction in the frictional properties, which can affect the performance of the brake 

pads and linings. In addition, natural fibers may not have the same level of wear resistance 

and thermal stability as synthetic fibers, which can also impact the durability and 

performance of the automotive friction system. Another disadvantage of natural fibers is that 

they can be difficult to process and manufacture into brake pads and linings. The fibers may 

require additional treatments or modifications to improve their properties, which can add to 

the price and difficulty of the manufacturing process. In addition, the use of fibrous materials 

may require additional testing and certification to confirm that the brake pads and linings 

meet safety and regulatory standards. Despite these challenges, these fibers in automotive 

friction requirements is gaining popularity because of its renewable and environmentally 

friendly properties. To overcome these disadvantages, there are several ways to potentially 

overcome the disadvantages of using natural fibers for automotive frictional materials.  

 

1. Hybridization: One approach is to combine natural fibers with other reinforcements, 

such as synthetic fibers or nanoparticles, to improve their properties and overcome their 

limitations. Hybridizing materials are typically made by mixing couple of several natural 

fibers with other materials such as synthetic fibers, nanoparticles, or resins. The 

combination of different materials can result in a mixture of fiber compounds with 

improved mechanical, thermal, and frictional characteristics. Hybrid composites are fiber-

reinforced polymers (FRPs) that combine several types of fibers in an individual matrix 

system to achieve specific characteristics. The concept of formation of hybridizing the 

composites is shown in Fig.1. The hybridization of these fibers can also help to overcome 

the limitations of material mixtures in terms of hydrophilic nature, wear resistance, and 

thermal stability. 

 

In addition to the use of synthetic fibers or glass, studies [11] are also exploring 

the use of other compounds like nano fillers and biodegradable polymers to enhance the 

performance of its consistency. This hybridizing process that achieves the alliance 

between natural fibers and nano-reinforced bio-based polymers has been shown to lead to 

boost properties along with reduced ecological impact. Also, hybridization of natural 

fibers is a technique for providing good frictional performance of natural fibers in 

automotive applications. By combining different materials, material prototype can be 

created for frictional behaviour with enhanced properties that can help to overcome the 

limitations of natural fibers and improve the performance and durability of materials. 
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Figure1: Fiber hybridization method [11] 

 

Exploring the use of cashew nut shell liquid (CNSL) as an additive to enhance the 

properties of epoxy resin in hybrid polymer matrix development [7]. CNSL is a value 

added product of the cashew nut and has been found to have potential as a bio-based 

material due to its chemical composition and unique properties.[7,8]] developed hybrid 

polymer matrices by incorporating CNSL into epoxy resin as an additive. The resulting 

composite material is expected to have improved mechanical properties, such as increased 

strength, stiffness, and dimensional stability, as well as improved heat balance and 

resistance to wear. Various investigations have led to examining the mechanical and 

vibrational behavior of hybrid polymer matrices reinforced with eco-friendly fibers, like 

sisal, hemp, and incorporating CNSL as an additive. The use of CNSL as an additive in 

epoxy resin composite materials is a promising area of research that could lead to the 

improvement of more biodegradable and eco-friendly materials for a range of 

departments, including automotive frictional materials. 

 

Some of the articles also focus on the use of amixture of compounds known as a 

hybrid of materials, which syndicatea couple of fibers to create materials with improved 

properties [9, 10]. Natural plant fibers have drawbacks such as weak thermal and poor 

resistance to deformation[15], high porosity, and bad adhesion to the polymeric phase.  

 

However, these drawbacks could reduces by hybridization techniques. Hybrid 

composites of sisal mixed with glass, which has good porosity characteristics and 

elasticity compared to pure sisal mixtures. A 50% of sisal mixtures can enhance 

characteristics and performance due to a rise in surface contact during mixing compounds 

with other natural fillers [16]. The resultant mixtures are affected by different fiber 

pattern and stricter formations like non-woven, woven, limited size, and thick and long 

fibers. [11]. The smooth hybrid composites with a combined form of organised epoxy-

polymeric matrix subjected to impact at low speed, reinforced by the number of carbon 

and aramid fibers. [12]. The resulting epoxy compounds are also observed to be 
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lightweight and possess better mechanical properties. [13]. The use of epoxy resin with 

pineapple and glass fibers. These studies explore the characteristics and performances of 

the mixtures and the effects of different treatments and variations in fiber content. One 

study found that the combination of pineapple and glass fibers in a 1:1 ratio with epoxy 

resin resulted in a lightweight composite with improved mechanical properties [19]. 

Another study investigated the effects of chemical treatment of those fine fibers and 

found that it improved the inclusion of epoxy resins in it.[14]. 

 

2. Surface Modification: Natural fibers can be chemically treated or coated to improve their 

resistance to moisture, heat, and wear, which can enhance their performance in automotive 

frictional applications [18].Modifying the surfaces of natural fibers is a significant 

technique used to improve their frictional behavior in various applications, including 

automotive frictional materials. Natural fibers are typically hydrophilic, which can lead to 

poor adhesion to the matrix material and reduced frictional performance [20]. Surface 

modifications can help to overcome these issues by altering the surface layers and 

morphology of the fibers, which can improve their compatibility with the matrix material, 

increase their adhesion strength [21], and enhance their frictional properties. One common 

surface modification technique for natural fibers is mercerization, which involves the 

treatment of fibers with sodium hydroxide to remove impurities and increase their surface 

roughness [17]. Additionally, there are other techniques available for customizing surface 

and coating treatments. [23], and physical treatments, such as plasma treatment and corona 

discharge. Studies have shown that modifying the surface can lead to significant 

improvements in the frictional behavior of composite materials. For example, enhancing 

properties of fibers with silane coupling agents can improve the boundary between the 

chain link of fibers and the matrix material, resulting in a rise in the frictional 

characteristics of composite material [22].The inclusion of boron carbide as a reinforcing 

agent is to improve the performance of the composite material in terms of durability and 

friction properties. The composites exhibit impermeability, resistance to oxidation high 

temperature stability [25]. 

 

3. Optimization of Processing Parameters: The progress made in incorporating natural 

fibers into composites in multiple sectors is driven by demands to reduce usage of energy 

and influence in environment. Similar to synthetic fibers, organic fiber gives many 

benefits in terms of renewable, degradable, compact, less cost, development-cycle 

advantage, and excellent mechanical characteristics [26]. The manufacturing process can 

be optimized to improve the properties of natural fibers and ensure that they are properly 

integrated as frictional materials. For example, brake pads and linings in terms of 

automotive applications. Natural fibers are becoming increasingly popular as a 

sustainable and environmentally friendly alternative to synthetic fibers [26]. They are 

widely used in various industries, including automotive, aerospace, and construction. One 

of the critical parameters that need to be optimized when working with natural fibers is 

their frictional behavior. The frictional behavior of natural fibers is influenced by various 

processing parameters, including fiber type, size, shape, surface morphology, and 

chemical composition [27]. Therefore, to optimize the frictional behavior of natural 

fibers, it is essential to understand the effects of different processing parameters on their 

frictional properties. Several techniques can be used to optimize the processing 

parameters of natural fibers for frictional behaviour [28]. One of the familiar approaches 

is the Taguchi method, which involves the design of experiments to determine the optimal 
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combination of processing parameters that will result in the desired frictional behavior. 

The Taguchi method [29] uses a systematic approach to identify the most significant 

processing parameters and their level of effect on the frictional behavior of natural fibers. 

It involves selecting appropriate control factors, designing experiments, and analysing the 

results to determine the optimal combination of processing parameters [30].Other 

techniques that can be used to optimize the processing parameters of natural fibers 

include response surface methodology (RSM) [32], artificial neural networks [31], and 

genetic algorithms [33]. These techniques enable researchers to explore the complex 

relationships between processing parameters and frictional behavior and identify the 

optimal processing conditions that will result in the desired frictional properties. In 

conclusion, the optimization of processing parameters of natural fibers for frictional 

behavior is critical to ensure their effective use in various applications. By using 

appropriate techniques such as the Taguchi method, the optimal combination of 

processing parameters [34] that will result in the desired frictional behavior of natural 

fibers can be identified. 

 

4. Material Selection: Careful selection of the type of natural fiber used, as well as its 

processing and preparation, can help to ensure that it has the required properties for 

automotive frictional application. The selection of appropriate materials is critical for 

achieving the desired frictional behavior of natural fibers. The type of material used can 

significantly affect the frictional behavior of natural fibers, including their coefficient of 

friction and wear resistance. When selecting materials for natural fibers, several factors 

need to be considered, including the characteristics of the part, its processing parameters, 

surface morphology, and the chemical composition. For instance, the shape of the natural 

fiber can influence its tribological and mechanical behaviors in friction composites. The 

selection of fiber shape can affect the fiber's ability to bond with the matrix material and 

affect the resulting frictional behavior. The processing parameters used during the 

production can also affect the frictional behavior of natural fibers. 

 

The tensile test of Bamboo and Kenaf natural fibers mixed with epoxy resin and 

hardener mixture in nano size was conducted to evaluate various parameters, including 

temperature, pressure, and the presence of lubricants or other additives [24]. The material 

selection should consider these parameters to ensure the desired frictional behavior is 

achieved. In summary, the selection of appropriate materials is crucial for achieving the 

desired frictional behavior of natural fibers. The material selection process should 

consider several factors such as mechanical properties, processing parameters, surface 

morphology, and rule of mixtures in volume fraction to ensure the optimal frictional 

behaviour is achieved. The list of fibers and their properties used for selecting the best 

frictional property are displayed in Table 2. 

 

                            Table 2: Properties of Fibers [8] 

 

No. Fibres Density g/cm
3
 

1 Abaca  1.42-1.65  

2 Bamboo  0.6–1.1  

3 Banana  0.65-1.36  

4 Coconut (coir)  0.67-1.15  
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5 Flax  1.27-1.55  

6 Jute  1.3-1.45  

7 Kenaf  0.15-0.55  

8 Oil palm  0.7-1.55  

9 Rice straw  0.86-0.87  

10 Sisal  1.45-1.5  

 

 Abaca sheath has been used as a natural fiber reinforcement in frictional materials, 

such as brake composites, and has shown acceptable friction coefficient stability. 

Abaca, a leaf fiber, consists of elongated slender cells that contribute to the leaf's 

structural support. It possesses remarkable mechanical strength, resilience against 

saltwater damage, and exhibits a lengthy fiber length of up to 3 meters. The highest 

quality abaca grades are characterized by their fine, lustrous, light beige appearance, 

and exceptional strength. The material mixture of NaOH and epoxy resin makes a fine 

frictional property [35]. 

 

 Bamboo fiber has been investigated for use as a reinforcement in friction materials, 

such as brake composites. Studies have evaluated the tribological properties of 

bamboo fiber reinforced friction materials and have shown that they can have higher 

friction coefficient stability, contrast to non-bamboo fiber reinforced materials [38]. 

The mechanical and tribological properties of bamboo fiber reinforced materials have 

been evaluated in various studies [39], including their moisture regains, tensile 

properties, and friction properties. 

 

 Banana Fiber is taken from the stem of the banana tree and has been used for 

centuries as a textile fiber and dried fiber for automotive frictional properties as fillers 

[36]. It is strong and biodegradable, and has high spinnability. Banana fiber can be 

blended with other fibers, such as sisal to produce brake pads. In addition to brake 

pads and linings, banana fibers have been used to create activated carbon for super 

capacitors and cellulose nanofibril whiskers [37]. 

 

 Coconut Coir fiber has been investigated for use as reinforcement in friction 

materials, such as brake composites. Studies have evaluated the influence of alkaline 

conditioning on the friction coefficient of single fibrils and the growth of new 

reinforced compounds in brake friction materials with coconut coir fiber [40]. 

Furthermore, coconut coir fiber has been investigated for its the characteristics of 

including its tensile strength, sound absorption, and reduced health risks. These 

properties make it well-suited for a wide range of applications. 

 

 Flax Fibers can be obtained from both the stem and seed of the plant. However, the 

fibers derived from the seed possess good frictional characteristics, but they have 

certain limitations such as limited fiber length, the presence of a lumen, fibers being 

stacked together, and difficulties in organizing them into a single structure [41].The 

value of this reinforced compound using flax fibers is not always finest one due to 

factors like high water absorption, partial penetration, non-homogeneous grain size, 

and flexible fiber orientation.  It is considered a potential functional food source due 

to its high-quality fiber content [42]. 
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 Jute Fiber has been studied for its frictional properties in various applications, 

including as a reinforcement in polypropylene and epoxy hardener composites [43] 

and used as a reinforcement in non-asbestos brake friction composites to explore its 

physical, mechanical, and wear and friction properties. [44] investigated the influence 

of moisture on the frictional characteristics of jute fiber for damping and wear 

properties of jute fiber compounds. 

 

 Kenaf fiber has been studied for its frictional properties in various applications, 

including as a reinforcement in polymeric composites and as a natural filler for non-

metallic friction composites. Studies have carried out to investigate the influence of 

tissues stacking on its properties of kenaf and jute fiber compounds, as well as the 

mechanical behavior of kenaf [24], basalt, flax, and carbon bi-directional composites. 

Additionally, the mechanical functions of kenaf woven fabric mixtures have been 

evaluated with and without silk fiber stitching and the friction and wear properties of 

kenaf fiber compounds have been studied with the addition of magnetite 

reinforcement [45]. 

 

 Oil Palm Fiber was recognised for its frictional properties in various applications, 

including as a reinforcement in composites used in brake pads and organic friction 

materials. [46]has investigated the influence of oil palm fiber content on the friction 

and mechanical characteristics of the friction materials, and the part of capillary and 

sticky forces on tribological performance [47]. Also, oil palm fiber composites have 

been aged in water solutions to evaluate their wear properties, and the physical and 

mechanical properties of palm fiber loaded friction materials have been compared to 

other types of reinforced specimens. 

 

 Rice Straw Fiber has been studied for its frictional properties in different 

applications, including as a reinforcement in composites used in brake pads and 

organic friction materials. Investigations on the sliding frictional properties of 

untreated and extrusion treated rice straw, and the tribological parameter of rice straw 

dust in brake pads were performed [48]. Additionally, rice straw powder has been 

proposed as a possible friction material for use in brake pads [49], and the wear and 

friction properties of linings with rice straw and rice husk [6] as natural ingredients 

have been investigated.  

 

 Frictional properties of Sisal fiber have been studied including as a reinforcement in 

composites used in brake pads and organic friction materials. [43] investigated the 

tribological parameters of Sisal fiber with resin brake linings, which have been used 

as reinforcement in different types of composites, including resin-based and polymer-

based materials, to enhance their frictional and wear properties[19], and the friction 

properties of sisal fiber/nano-silica reinforced phenol formaldehyde resin composites 

[37]. In addition, the friction and wear properties of natural fibers, including sisal, 

reinforced PLA composite, and ramie fiber reinforced epoxy composites were studied. 
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III.  DEFORMATION CHARACTERISTICS OF FRICTIONAL MATERIALS 

 

 Deformation properties of metals are a key aspect of their mechanical behaviour. 

Metals can undergo elastic and plastic deformation. The mechanical properties of metals can 

contrast on factors such as the composition mixture, grain size and applied stress conditions 

[50]. The prediction of the behavior of the materials under different loading conditions and 

designing structures and components that can withstand expected stresses is a crucial aspect 

of engineering, as it ensures the durability and reliability of the final product [51] 

 

1. Mechanisms of Deformation: The mechanisms of deformation are critical in 

determining the behavior of natural fiber materials in various applications. Understanding 

the mechanisms of deformation can help in the design and development of natural fiber 

materials with specific properties that are suitable for different applications. For example, 

a study on the compression strength mechanisms of low-density fibrous materials found 

that the deformation mechanism of natural fibers was mainly due to the sliding of fibers 

and non-slipping contacts [54]. This study suggested that the sliding of fibers and non-

slipping contacts could be used to design natural fiber materials with high compression 

strength. Another study on polymeric fiber-reinforced composites found that any 

characteristics of the fiber-matrix interface played an acute role in defining the overall 

properties of the composite [55]. It suggested that improving the fiber-matrix interface 

could be a prime to the growth of natural fiber composites with enhanced mechanical 

properties. Also, understanding the mechanisms of deformation in natural fiber materials 

can help in identifying damage mechanisms [28] in defective natural fibers and 

developing strategies to overcome them. For example, a study on damage mechanisms in 

defective natural fibers found that the microfibrillar oriented [56] structure of cellulose 

played an essential role in cell wall reinforcement for strain hardening and under tension 

[53]. The study suggests that understanding the damage mechanisms in natural fibers can 

help in designing strategies to improve their durability and mechanical properties. In 

summary, understanding the mechanisms of deformation in natural fiber materials is 

important for designing and developing natural fiber materials with specific properties 

suitable for different applications. It can also help in identifying damage mechanisms in 

natural fibers and developing strategies to overcome them. The micromechanical models 

for effective fibers [57] involve obtaining and employing their properties through a 

stability between total potential energy and chain link model by a common natural fiber 

material with polymer matrix composite structures [52], the energy to change the size or 

orientation. 

 

2. Elastic Deformation: Elastic deformation is a type of reversible deformation that occurs 

in natural fibers under load. When a load is applied to a natural fiber material, it deforms 

elastically until it reaches a certain point where it becomes permanently deformed or 

damaged. The conventional fiber pullout test is not suitable for natural fiber-based 

composites to characterize the fiber-matrix interfacial bond. A modified pullout [58] test 

method is suitable for the indirect characterization of interfacial properties of natural fiber 

matrix interface. The elastic deformation is reversible, which means that once the load is 

released, the fiber would return to its primary shape and size. An underlying mechanisms 

of elastic deformation in natural fibers are complex[59] and depend on various factors 

such as the fiber's microstructure, chemical composition, and environmental conditions 

[60]. For example, a study on the elastic deformation of bamboo fibers found that the 
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deformation mechanism is mainly due to the sliding of micro fibers within lignin. The 

study suggests that the orientation and arrangement of microfibrils in the cell wall [61] 

plays a critical part in defining the elastic properties of bamboo fibers. Another study on 

the elastic deformation of spider silk fibers found that the deformation mechanism is 

mainly due to the reversible unfolding and refolding of protein chains within the fiber. The 

study suggests that the unique molecular structure of spider silk proteins allows for high 

elasticity and toughness, making them suitable for various applications [62].In summary, 

elastic deformation is a reversible type of deformation that occurs in natural fibers under 

load. Understanding the mechanisms of elastic deformation can help in the design and 

development of natural fiber materials with specific properties suitable for different 

applications. 

 

3. Plastic Deformation: Plastic deformation is a type of permanent deformation that occurs 

in natural fibers when the applied load exceeds the material's yield strength [62]. In this 

region, the material undergoes plastic deformation, meaning it is no longer able to revert to 

its initial size once the load is released. Studies [63] suggest that plastic deformation in 

natural fibers is influenced by various factors such as the fiber's moisture content, 

temperature, and loading rate. For example, a study on the plastic deformation of some 

natural fibers in table 2 found that the deformation behavior is vastly reliant on the 

moisture content of the fibers. The study suggests that the presence of moisture weakens 

the hydrogen bonds [64, 65] between cellulose molecules, resulting in increased plastic 

deformation. Another study on the plastic deformation of natural fiber-reinforced 

composites found that the deformation behavior is influenced by the type and position of 

the fibers in its mixture. The study suggests that the presence of defects or damage in the 

fibers can lead to premature plastic deformation and failure of the composite [66].In 

summary, plastic deformation is a type of permanent deformation that occurs in natural 

fibers when the applied load exceeds the material's yield strength. Understanding the 

mechanisms of plastic deformation in natural fibers can help in the design and 

development of materials with specific properties suited for different applications [64].The 

mechanisms of permanent deformation in fibers is critical for designing and developing 

materials with specific properties suited for different applications [67], as well as for 

monitoring and predicting the performance of fiber-reinforced materials under various 

loading conditions. The permanent deformation in fibers is a topic of interest in a variety 

of fields such as materials science, engineering, and medicine [68, 69]. For instance, a 

study on steel fibers showed that mineral fibers can be used to enhance the tensile strength 

of fiber-reinforced materials, while a study on human intervertebral disc annulus fibrous 

found that collagen fibers can undergo permanent deformation due to inelastic dissipation 

energy [70-72].Overall, understanding the mechanisms of permanent deformation in fibers 

is critical for designing and developing materials with specific properties suited for 

different applications, as well as for monitoring and predicting the performance of fiber-

reinforced materials under various loading conditions [73]. 

 

4. Factors influencing Frictional behaviour: Factors such as fiber structure, moisture 

content, and temperature can influence the deformation behavior of materials. For 

example, the attributes of concrete, wood polymeric composites, and fiber-reinforced 

polymers are all affected by temperature and moisture content, and their deformation 

behavior can be influenced by the type and orientation of the fibers used [71]. Moisture 

content [72] can weaken the hydrogen bonds between cellulose molecules in wood fibers, 
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resulting in increased plastic. Accurately identifying the factors that influence the 

deformation behavior of materials is important for designing and developing materials 

with specific properties suited for different applications in friction and for predicting the 

performance of these materials under various loading conditions. 

 

Friction is an important property to consider in natural fiber materials, as it can 

affect their performance and suitability for various applications. Natural fibers namely 

flax, hemp, jute, and kenaf, coconut coir, oil palm, sisal, abaca and other fibers [74] have 

been explored as potential alternatives to synthetic fibers in friction materials, due to its 

affordable price, thick, and environmental sustainability [75]. These fibers have shown 

promise in improving the frictional properties of composite materials used in applications 

notably brake pads [78], clutch facings, and other automotive components [76].The 

tribological properties of natural fiber-reinforced polymer matrix compounds, which has 

found to exhibit good abrasion resistance. The tribological behavior of these materials is 

inclined by a variety of factors, including the type and orientation of the fibers, the matrix 

material, and the surface topography of the material [77].The use of natural fibers in 

friction materials is also being explored in other industries, such as paper manufacturing, 

where carbon fiber-reinforced paper composites have been developed for use in printer 

and copier components. The frictional behavior of these composites is important in 

determining their suitability for use in these applications. 

 

IV.  ANALYSIS TECHNIQUES FOR DEFORMATION CHARACTERISTICS 

 

 Deformation-induced changes in frictional behavior refer to the modifications in 

frictional properties that occur due to deformation of materials, such as through mechanical 

or thermal processes. Studies has shown that deformation can significantly affect the 

frictional behavior of materials [79], leading to changes in surface roughness, contact area, 

and adhesion [80]. These changes can affect the frictional properties of the materials, such as 

the coefficient of friction, and can have implications for a wide range of applications, 

including machining, wear resistance, and adhesion. The manipulation of deformation on 

fiber-to-fiber interactions where the contact area is an important aspect of understanding the 

mechanical behavior of fibrous materials, such as textiles, composites, and biomaterials [81]. 

When two fibers come into contact and are subjected to an external force, the contact area 

between the fibers can change due to deformation, which can affect the strength, stiffness, 

and durability of the material[82].The deformation can affect the fiber-to-fiber interactions in 

a variety of ways. For example, when fibers are stretched or compressed, they can undergo 

changes in their microstructure and surface topography, which can affect the adhesion and 

frictional properties of the fibers. Additionally, when fibers are bent or twisted, they can 

experience changes in their orientation and alignment, which can affect the overall strength 

and stiffness of the material [83].The contact area between fibers can also be affected by 

deformation. When fibers are compressed, the contact area between them can increase, 

leading to a stronger bond between the fibers. Similarly, when fibers are stretched, the 

contact area can decrease, which can reduce the strength of the material [55].The influence of 

deformation on fiber-to-fiber interactions and contact area is crucial for predicting and 

controlling the mechanical behavior of fibrous materials. This knowledge can be applied in a 

variety of fields, such as textile engineering, automotive engineering, composite materials, 

and biomaterials, to improve the performance and durability of these mixture materials. The 

effects of deformation on surface roughness and contact mechanics are important 
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considerations in the study of mechanical behavior and tribology, which is the science of 

friction, wear, and lubrication. When a material undergoes deformation, its surface roughness 

and contact mechanics can change, which can affect its mechanical properties and 

performance [84]. 

 

 Surface roughness refers to the irregularities or deviations from a smooth surface, and 

it is an vitalpart in the contact mechanics of solids. When two surfaces come into contact, the 

surface roughness can affect the distribution of forces and the amount of friction between the 

surfaces [85]. Deformation can alter surface roughness by causing changes in microstructure 

or by inducing plastic flow, which can lead to the formation of asperities or surface features. 

These changes can affect the contact mechanics of materials by altering the contact area, 

stress distribution, and adhesion between surfaces [86]. Contact mechanics refers to the study 

of the deformation and stresses that occur when two surfaces come into contact. It can affect 

contact mechanics by changing the distribution of forces between surfaces and altering the 

contact area. For example, when a material is subjected to compression, the contact area 

between the surfaces can increase, leading to a stronger bond between the surfaces. Similarly, 

when a material is subjected to tension, the contact area can decrease, which can reduce the 

strength of the bond [87]. The effects of deformation on surface roughness and contact 

mechanics is important for a widespread usages, like machining, wear resistance, friction, 

cohesion and adhesion. For example, in manufacturing, controlling surface roughness and 

contact mechanics can be crucial for ensuring the quality and reliability of machined parts 

[88]. In tribology, understanding the effects of deformation can help in the development of 

new lubricants and coatings that can improve the performance and durability of materials. 

Factors affecting frictional behavior are important considerations in many fields, including 

material science, engineering, and tribology. Several factors can affect frictional behavior, 

including fiber surface roughness, moisture absorption, and environmental conditions. 

 

1. Theoretical Background of Tensile Test: The tensile test is a commonly used test in 

material science and engineering to determine the mechanical properties of a material. The 

test involves applying a uniaxial load to a test specimen and calculating the resulting 

deformation[89]. The theoretical background of the tensile test involves concepts such as 

stress, strain, and Young's modulus. When a tensile load is applied to a test specimen, it 

experiences stress, which is calculated as the force per unit area. Stress is formulated as the 

ratio of force to the cross-sectional area of the specimen. The strain is the ratio of the 

change in length of the specimen to its original length [90]. Young's modulus is a measure 

of the stiffness of a material and is calculated as the ratio of stress to strain in the elastic 

region of the stress-strain curve. The tensile test can provide information about the 

ultimate tensile strength, yield strength, and ductility of a material [50]. The ultimate 

tensile strength refers to the maximum amount of stress that a material can endure before it 

fractures or fails. The yield strength is the amount of stress a material can withstand before 

it starts to undergo plastic deformation. Ductility is the ability to deform before it breaks 

and is typically measured as the elongation or reduction in percentage at a cross sectional 

area. The tensile test is an important test in material science and engineering because it 

allows measuring the physical properties materials under tension, notably the ultimate 

tensile strength, yield strength, and workability. It offers information on the reliability and 

safety of, components and products, helping companies in verifying the parts meet 

required levels of strength and ductility. Tensile testing is widely performed in almost 

every industry, and is a quick way to detect problems in the material. By measuring tensile 
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strength, can predict how a material will perform under stress, and perform quality control 

checks to ensure the consistency and reliability of their products. 

 

The Halpin-Tsai model is a micromechanics model that is commonly used in 

material science and engineering to predict the mechanical properties of composite 

materials mixed with short fibers. The model involves empirical equations that relate the 

aspect ratio of the fibers to the mechanical properties of the composite material [19]. The 

Halpin-Tsai model can be used to predict the tensile strength of composite materials by 

modifying the original equations to include the tensile strength of the fiber and the matrix 

material. Several studies have used modified versions of the Halpin-Tsai model to predict 

the tensile strength of composite materials and have shown good agreement with 

analytical data. The measurement of tensile strength of composite material is derived with 

the formula as  

 

                                                               
 

Here,  

Scfailure strength of composite, 

Vf Volume fraction fiber 

Sf Strength of fiber 

Sm Strength of matrix 

Vm volume fraction of matrix 

 

 
 

Figure 2: Sample ASTM D638 Specimen for Tensile Test 

 

2. Finite Element Simulation: ANSYS Workbench R16.2 is used to carry out the working 

procedure for the fiber-reinforced composites in the cited materials in table 2. The ten 

different materials are taken into account for simulation as per ASTM D638 which denotes 

dog bone structure. The analysis are carried out for tensile test in uni-directional method. 

Stress can be attained by, 

                         
 

Here, 

   tensile strength, N/m
2
 

P = pulling load, N 

A = area of the specimen, m
2
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Material selection is a critical aspect of the design process due to the vast array of 

options available in the market. Natural fibers are being utilized with reinforcements, 

offering the ability to decrease the weight of the vehicle. Most of the natural composites 

composed of resistant to .wear, friction, and accounts for over 90% of reinforcement. The 

selection of natural and synthetic fibers based on their material properties was involved in 

the investigation of fiber-reinforced composites. The design of the sample is followed as 

per ASTM standard in CATIA V5 [Fig.2] and imported into the ANSYS workbench. The 

type of analysis and fine element size were determined for each material. ANSYS was 

used for linear modelling with solid model, 8 nodes element, 1440elements, and 

8581nodes [Figure 3] for drawing the samples. Load and boundary conditions [Fig.4] 

were applied at the surface, as one end fixed and other end applied a pull force of 15000N 

and the analysis results were interpreted in various graphs and recorded accordingly to 

deformation and stress-strain curves. 

 

 
 

Figure 3: Meshing 

 

 
 

Figure 4: Boundary Conditions Applied 
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3. Stress-Strain Curve: The stress-strain relationship is an illustration of how a solid body 

responds to applied forces or stresses. It shows how the material deforms or changes in 

shape under different loads. In a stress-strain curve, stress (force per unit area) is marked 

on the horizontal plane and strain (deformation per unit length) is plotted on the vertical 

axis. The curve typically has several regions, including the elastic region where the 

material returns to its initial structure after the stress is released, while in plastic region 

where permanent deformation occurs, and the fracture point where the material breaks. 

The curve provides valuable information about the material's stiffness, strength, and ability 

to withstand external forces. 

 

The Ramberg-Osgood equation is a mathematical relationship that approximates 

the stress-strain curve for a material, particularly in the elasticity-plasticity-fracture for 

deformed region. It is often used in engineering and materials science to describe the 

behavior of materials under deformation [91]. The equation is represented as  

 

   
 

 
    

 

 
 
 

    

 

Where   is the sum of the elastic strain    and the plastic strain    

 

   = 
 

 
 and       

 

 
 
 

 

 

  stress, E Elasticity modulus. K and N are constants. 

 

Considering    as reference stress and removing E from (4) the equation becomes 

 
 

  
  

 

  
     

    
 

  
 
 

    

 

Where,         . Consider      
   , then the relation of Ramberg-Osgood equation 

becomes 

 
 

  
  

 

  
     

 

  
 
 

                 

 

By obtaining the values of   and n eq. (4) can be used to model the stress – strain curve. 

[ Fig. 5] 
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Figure 5: Ramberg-Osgood Equation Representation [92] 

 

 

V. RESULTS AND DISCUSSION 

 

 Analytically the curves, which are generated by Ramberg-Osgood equation, the strain 

hardening of any natural fiber material, can model curves with slopes. To verify the 

applicability of this equation belongs to the material the tested stress-strain curves are 

explored by different studies.  

 

Table 3: Elasticity and Strain Characteristics of Environmentally Friendly 

Materials 

 

No. Fibres Deformation, 

mm 

Max. Equivalent 

Stress,MPa 

Max. Equivalent 

Strain 

1 Abaca  1.441 446.43 0.011 

2 Bamboo  1.84 447.55 0.017 

3 Banana  14.78 476.5 0.136 

4 Coconut (coir)  8.900 461 0.083 

5 Flax  0.760 445.39 0.007 

6 Jute  1.144 446.32 0.0111 

7 Kenaf  1.9058 448.7 0.0185 

8 Oil palm  18.35 483.3 0.1667 

9 Rice straw  1.864 447.46 0.0181 

10 Sisal  3.115 451.59 0.0301 

 

The above table 3 shows the value of stress and strain and deformation for 3 seconds 

under ASTM tensile testing condition in ANSYS simulation for each fibers are represented as 

figure from Fig. 6 to fig.15 
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Figure 6: Simulation Model of Abacai Tensile Test (A) Deformation. (B) Strain, (C) Stress 

(6.a) 

(6.b) 

(6.c) 
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.  

 

 
 

 
 

Figure 7: Simulation Model of Bamboo in Tensile Test (A) Deformation. (B) Strain,  

(C) Stress 

(7.a) 

(7.b) 

(7.c) 
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Figure 8: Simulation Model of Banana in Tensile Test (A) Deformation. (B) Strain,  

(C) Stress 

(7.c) 

(8.a) 

(8.b) 

(8.c) 
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Figure 9: Simulation Model of Coconut Coir in Tensile Test (A) Deformation. (B) Strain, 

(C) Stress 

(9.a) 

(9.b) 

(9.c) 
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Figure 10: Simulation Model of Flax Seed in Tensile Test (A) Deformation. (B) Strain,  

(C) Stress 

(10.a) 

(10.b) 

(10.c) 
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Figure 11: Simulation Model of Jute in Tensile Test (A) Deformation. (B) Strain, (C) Stress 

(11.a) 

(11.b) 

(11.c) 
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Figure 12: Simulation Model of Kenaf in Tensile Test (A) Deformation. (B) Strain,  

(C) Stress 

(12.a) 

(12.b) 

(12.c) 
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Figure 13: Simulation Model of Oil Palm in Tensile Test (A) Deformation. (B) Strain,  

(C) Stress 

(13.a) 

(13.b) 

(13.c) 
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Figure 14: Simulation Model of Rice Straw in Tensile Test (A) Deformation. (B) Strain,  

(C) Stress 

(14.a) 

(14.b) 

(14.c) 
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Figure 15: Simulation Model of Sisal in Tensile Test (A) Deformation. (B) Strain,  

(C) Stress 

 

 

 

(15.a) 

(15.b) 

(15.c) 
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The deformation of natural fiber materials significantly influences their frictional 

behavior, which in turn affects their performance in various applications. Understanding the 

mechanisms of deformation and the factors influencing friction in natural fiber materials is 

crucial for optimizing their performance and expanding their usage in diverse industries. 

Further research and development in this field will continue to enhance our understanding of 

the deformation and frictional behavior of natural fiber materials, leading to the creation of 

innovative and sustainable products. 

 

During a tensile test, a material is subjected to increasing tensile (pulling) forces of 

15KN upto the point of rupture. The deformation of the material is measured as strain, which 

is the ratio of deformed size to the initial size. A lower value of deformation indicates that the 

material can withstand higher loads or stresses before breaking or undergoing significant 

plastic deformation. This typically indicates a material with higher strength and better 

mechanical properties. So the value of Flax seed fiber is considered as lower deformed 

material of 0.76mm deviation whereas oil palm fiber occurs as higher deformed material of 

18.35mm.  

 

 
 

Figure 16:  Deformation Obtained 

 

In terms of stress during a tensile test is a measurement of the material's shape and 

size to deformation or breaking under tension. A higher stress value indicates that the 

material can withstand higher forces before reaching its breaking point. This typically 

indicates a material with higher strength and better mechanical properties. So the value of Oil 

palm as 483.3MPa among other fiber materials and flax seed of 445.39MPa as lower stress 

obtained material.  
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Figure 17: Maximum Equivalent Stress obtained 

 

In terms of strain obtained during a tensile test, a lower value is generally considered 

better. Materials with lower strain values are desirable because they exhibit higher strength 

and are less likely to permanently deform or fail under load. However, it is important to 

consider the specific requirements and context of the application. In some cases, a higher 

strain value might be acceptable or even desirable, depending on factors such as desired 

flexibility or the material's intended purpose. So the value of strain 0.007(mm/mm) as lower 

for Flax seed fiber and the higher strain value of 0.1667 for oil palm fiber. 

 

 

 

Figure 18: Maximum Equivalent Strain Obtained 
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From the Figure 16 - Figure 18 shows the representation of natural fibers of 

deformation and stress-strain analysis for ASTM tensile test. The combination of fibers under 

volume of mixtures can solve the good and better result to select the best material. Though it 

is individual trial, the results of deformation characteristics proceed through best results f rule 

of mixtures applied for frictional property.  
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