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 Bast fibers are promising natural materials known for their biodegradability, affordability, and eco-
friendliness, making them an alternative to synthetic options. Extensive research has been conducted 
to examine the effects of integrating various bast fiber reinforcements into epoxy and polystyrene 
matrices to boost the properties of the composite materials. However, there is limited research on 
ensete fiber and its utilization as a reinforcement that needs more in-depth research to be used as an 
alternative bast fiber. This paper aimed to predict and compare the performance of ensete fiber 
composites with six other bast fiber-reinforced polystyrene and epoxy composites. In this study, flax, 
hemp, jute, ramie, banana and kenaf were selected bast fibers for comparison purposes. This article 
employed various micromechanics models and finite element method (FEM), varying the fiber volume 
fraction. Our findings revealed that hemp fiber-reinforced composites exhibited the best predicted 
elastic properties, while banana fiber-reinforced composites showed the weakest performance. 
Notably, composites made with ensete fibers outperformed those made with jute and banana fibers in 
both epoxy and polystyrene matrices. Comparisons were made between results from the 
micromechanics models and FEM for all bast fiber-reinforced epoxy and polystyrene composites and 
there was an agreement between the effective elastic properties and fiber volume fraction (FVF). 
Further, bast-fiber reinforced epoxy composites showed higher values than polystyrene for strain 
analysis while for stress analysis, polystyrene composites showed higher stress loads than epoxy 
composites. 

© 2026 Growing Science Ltd.  All rights reserved. 
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Nomenclature 

ANSYS Analysis System  𝐺𝐺12 In-plane shear modulus of the composite 
FEA Finite Element Analysis 𝐺𝐺𝑚𝑚   Shear modulus of the polymer matrix 
MATLAB Matrix Laboratory  𝐺𝐺𝑓𝑓  Shear modulus of the fiber 
RVE Representative Volume Element 𝑣𝑣𝑚𝑚  Poisson’s ratio for polymer matrix  
FVF Fiber Volume Fraction 𝑣𝑣𝑓𝑓 Poisson’s ratio for natural fiber 
V-R  Voigt-Reuss 𝜉𝜉 Reinforcement factor 
MD Material Designer 𝜂𝜂 Correction factor, 
𝐸𝐸1  Longitudinal Young’s modulus for the composite 𝜑𝜑𝑚𝑚 Maximum packing fraction  
𝐸𝐸𝑓𝑓   Young’s modulus of the natural fiber 𝐷𝐷𝑓𝑓 Fiber diameter in micrometers 
 𝑉𝑉𝑓𝑓 Volume fraction of the natural fiber   
𝐸𝐸𝑚𝑚 Young’s modulus of the matrix    
𝑉𝑉𝑚𝑚  Volume fraction of the polymer matrix   
𝐸𝐸2   Transverse Young’s modulus for the composite.   

 

1. Introduction  

     Eco-friendly and biodegradable materials have been hailed as a superior alternative to making composite materials as a 
way of promoting sustainability, and in line with the increased awareness of renewable green resources (Gholampour & 
Ozbakkaloglu, 2020). The rise in global environmental concerns props green materials over and above synthetic resources. 
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Natural fibers present many advantages in comparison to synthetic fibers (Akil et al., 2011). Such advantages include, but are 
not limited to, biodegradability, low cost, and availability (Singh et al., 2023). Appealing characteristics like low cost, light 
weight, and high specific modulus prevalent in bast fibers have led many researchers to explore the use of bast fibers such as 
banana and jute as alternatives to synthetic fibers for reinforcing composite materials. (Kiruthika, 2017).  

    At present, natural fibers are available in a good number of developing countries, and they are currently making their way 
into various industries as they are used conventionally to produce ropes, yarns, mats, and paper, among others 
(Venkateshwaran & Elayaperumal, 2010). Mechanical and thermal characteristics of natural fiber-reinforced polymer 
composites are highly influenced by the fiber-matrix interface, and on the contrary, mechanical failures of these composites 
are mainly due to fiber pull-outs, fiber debonding, and breakage, which are all a result of poor adhesion to the matrix phase 
(Balaji et al., 2020). Shankar et al. (2013) also, reiterate that the mechanical properties of a natural fiber-reinforced polymer 
composite rely on the fiber modulus, strength, length, and orientation, besides the interfacial bond strength of the fiber and 
matrix. 

    Bast fibers provide a renewable, biodegradable, and cost-effective alternative to synthetic fibers as reinforcing material in 
composites (Mishra et al., 2022). However, even though they are environmentally friendly and cost-effective, there is not yet 
a fully comprehensive understanding of their mechanical properties, particularly the elastic properties of bast fibers themselves 
and bast fiber reinforced composites. Sustainability is a very important principle for many engineering applications today. 
Ensete fiber-reinforced composites are known to be biodegradable, have a low environmental impact and are cost-effective. 
There is however a limitation on their adoption due to limited data on their mechanical properties, especially their elastic 
behaviour. This lack of information is hindering the successful use of ensete fibers in a range of engineering applications such 
as the automotive industry, construction and aerospace engineering.  

    This paper is justified by the need to study and give a detailed and systematic comparison of bast fiber-reinforced 
composites. The paper will shed new light onto the limited data pertaining to the study of ensete fiber reinforced composites. 
The findings of this paper will fill a critical research gap offering great insights into the behaviour of these selected composites. 
The elastic properties under review for each composite are transverse and longitudinal Young’s modulus, in-plane shear 
modulus and in-plane Poisson's ratio.  

2. Materials 
 

According to Dittenber & Gangarao (2012), bast fibers are collected from the stem. Both reinforcement fibers and matrix 
materials play vital roles in the composite. The reinforcement of bast fibers enhances the mechanical properties of the 
composite material (Bhowmik et al., 2021).This is because bast fibers possess superior physical and mechanical properties 
such as elevated modulus and specific strength, good process ability, low self-weight, low cost, and significant resistance to 
oxidization and fatigue (Gholampour & Ozbakkaloglu, 2020).  

Contrary to their supernumerary advantages, natural bast fibers have several drawbacks such as limited compatibility with 
polymer resins, high moisture absorption and high anisotropy (Gholampour & Ozbakkaloglu, 2020). Problems arising from 
these disadvantages displayed by bast fibers can be cancelled by physical and chemical modification procedures on both the 
natural fiber and matrix (Arthanarieswaran et al., 2014). These procedures are mainly done to improve the mechanical 
properties of bast fibers so that they are more compatible with the matrix materials resulting in improved interfacial adhesion 
between the natural bast fiber and polymer matrix (Gholampour & Ozbakkaloglu, 2020).  

A good interfacial bond is compulsory for optimal stress transfer from the matrix to the fiber through which maximum 
exploitation of the fiber strength in the composite is attained (Shankar et al., 2013). As such bast fibers are considered the best 
alternatives to be used as reinforcement in composites as compared to their synthetic counterparts. Due to the rapid decline in 
the supply of petroleum and its by-products and the increasing awareness on environmental problems arising from the use of 
artificial fibers because of their non-biodegradable nature, material scientists and engineers have been prompted to switch to 
natural bast fibers (Venkateshwaran & Elayaperumal, 2010; Yusuff et al., 2021).   

Bast fibers commonly used include banana, jute, ramie, flax, hemp, kenaf and ensete (false banana) which are extracted from 
the skin and bast around the plants’ stem (Gholampour & Ozbakkaloglu, 2020). The principal chemical properties within the 
average fibers are cellulose, hemicellulose, and lignin (Srinivas et al., 2024). As shown by Table 1 below, each fiber under 
consideration has a varying weight percentage (wt. %) of the chemical properties.  

These varying weight percentages of the chemical properties are mainly influenced by the different cultivation and harvesting 
conditions (Ari et al., 2023). When using weight considerations, cellulose constitutes a major portion of natural fibers (Teli 
& Terega, 2019) and it is an important structural element in natural fibers as it is a source of support and water retention in 
plant fibers (Srinivas et al., 2017). Lignin is also essential in plant fibers as it contributes towards the formation of cell walls 
(Srinivas et al., 2017). Other chemical properties of bast fibers which are present in less significant amounts include pectin, 
wax, and ashes (Srinivas et al., 2017). 
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Table 1. Chemical properties of natural fibers (Srinivas et al., 2024), (Teli & Terega, 2017) 
Name of fiber Cellulose (wt.%) Hemicellulose (wt.%) Lignin (wt.%) 

Hemp 57-77 14-22.4 3.7-13 
Flax 71 18.6-21.6 2.2 
kenaf 45-77 8-13 21.5 
Ramie 68.6-91 5-16.7 0.6-0.7 

Jute 59-71.5 13.6-20.4 11.8-13 
Banana 62-64 19 5 
Ensete 64.46 22.47 6.88 

 
Table 2 below displays the mechanical properties of the materials, both fibers and matrix phases used as inputs for the analysis.  
 
Table 2. Mechanical Properties for different fibres and polymer matrices 

Material Young’s modulus (GPa) Poisson ratio Shear modulus (GPa) References  
Epoxy 3.45 0.35 1.28 (Bhowmik et al., 2022)  

(Sudheer et al., 2015) 
Polystyrene 3.4 0.33 1.278 (Bhowmik et al., 2022) 

Banana 17.85 0.28 6.97 (Srinivas et al., 2024) 
Ensete (False 

Banana) 
26.7 ± 3 (Bekele et al., 

2022) 
0.175 (Batu & 
Lemu, 2021) 

11.74 (Batu & Lemu, 2021; Bekele et al., 2022) 

Flax 27.6 0.21 11.4 (Baley, 2002) 
Hemp 70 0.4 25 (Bhowmik et al., 2022) 

(Anas Nisar & Jamil, 2023) 
Jute 26.5 0.38 9.6 (V. Mariselvam and M. Logesh,)  

Kenaf 53 0.32 20.1 (Srinivas et al., 2024) 
Ramie 44 0.24 16.13 (Srinivas et al., 2024) 

Ensete (False Banana) 
 

     Ensete (Ensete Ventricosum) is a plant which bears great potential for producing natural fibers (Batu & Lemu, 2021). 
Hailing from Ethiopia, the ensete plant is regarded as a sister to the banana plant owing to its closeness to the banana plant as 
depicted in Fig. 1. The ensete plant, scientifically known as Ensete ventricosum and part of the Musa family, is commonly 
referred to as the "false banana" because of its physical similarity to the banana plant (Temesgen et al., 2024). Ensete is 
cultivated as a staple food in Ethiopia with about 100 million plants harvested yearly for the provision of starchy food to 20% 
of the population (Dejene, 2024). This harvesting also results in the production of about 150k tons of ensete fiber. The major 
advantages of ensete fiber are its price and low density (Müller et al., 2017). The low density greatly contributes to ensete 
having superior strength to some other natural fibers (Dejene, 2024). False banana fiber-reinforced composites are a promising 
field of study due to their partial or complete biodegradability, widespread availability, low cost, and notable mechanical 
properties (Dejene, 2024). 

Fig. 1 below illustrates Ensete plant and its fiber that is considered in this study.  

    

a) Ensete plant b) Pseudo stem  c) Ensete fiber 

Fig. 1. Ensete Plat and its Fiber (Borrell et al., 2020) 
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Banana 
 

     Bananas are large perennial plants whose parts cater for various needs such as fruits serving as a source of food, leaves as 
food wrapping and the stem as a source of fiber and paper pulp (Shankar et al., 2013).  Banana plant is found in most Asian 
countries such as Thailand and Southeast Asian, India, Bangladesh, Indonesia, Malaysia, Philippines, Hawaii, and some 
Pacific islands (Verma et al., 2018). Approximately 70million metric tonnes of banana are produced annually in the world 
with India being the largest producer of banana at 27% share (Laxshaman Rao et al., 2021; Venkateshwaran & Elayaperumal, 
2010b). In a review by Laxshaman Rao et al. (2021) it was indicated that for each hectare of banana cultivated, 220 tons of 
waste are produced which causes environmental problems such as the release of harmful greenhouse gases when dumped and 
burned. To deal with this waste, fiber is extracted from the biomass and can serve as a source of income for rural farmers 
(Prasad et al., 2016). Thus, banana fiber is a waste product of banana cultivation (Balaji et al., 2020b), meaning it’s cheap and 
abundantly available for use (Sivaranjana & Arumugaprabu, 2021). 

      Being a ligno-cellulosic fiber, banana fiber is obtained from the pseudo stem of a banana plant and possesses good strength 
properties compared to conventional reinforcements such as glass (Verma et al., 2018). A banana plant has heights ranging 
from 3.0m to 12m (Verma et al., 2018). The fiber extracted from the banana plant is considered one of the strongest natural 
fibers with noted excellent durability (Adeniyi et al., 2021). In an evaluation article by (Arthanarieswaran et al. (2014), the 
banana fiber was shown to have beneficial physical properties with a Young’s modulus of 3.5GPa and tensile strength of 
56MPa.  Prasad et al. (2016) highlighted other advantages of banana fiber such as good tensile strength, specific flexural 
strength, and rotting resistance. Due to its low density, high tensile strength and low elongation at break, banana fiber has 
been hailed as suitable for use in the construction automotive and machinery industries (Sivaranjana & Arumugaprabu, 2021). 
Sivaranjana & Arumugaprabu (2021) further goes on to prove that banana is a potential reinforcement in composite 
manufacturing as it is a suitable reinforcement in both thermoplastic and thermosets matrices due to its high strength and 
stiffness.  

Hemp 
 

    Hemp is a fiber of interest in many industries spanning from agriculture to construction (Zimniewska, 2022). This plant has 
emerged to be one of the most widely used natural fibers as reinforcement in composites owing to their ecological friendliness 
(Shahzad, 2012). The fibers are strong and stiff since they are found in the stem to help keep the plant rigid. Hemp has 
desirable mechanical properties that make it useful as reinforcement for polymers. It is superior to other natural fibers due to 
its resistance to rot, durability, and high strength (Twite-Kabamba et al., 2009). The fibers also have high tensile strength. In 
a study by Dittenber & Gangarao (2012), hemp had a tensile strength of between 270 and 900 MPa. The strength significantly 
increases the load-bearing capacity of composites. This holds even in comparison to other composites using a different natural 
fiber such as jute. In a study done by Singh et al. (2023) where a hemp epoxy composite and jute epoxy composite were 
compared, the hemp-epoxy composite was found to have a greater strength and stiffness compared to the jute-epoxy 
composite. 

Kenaf 
 

     In the Malvaceae plant family, there is a type of plant known as kenaf which is an allied fiber of the jute plant (Logesh M 
et al., 2017). The key producers of kenaf in the world are India, China and Thailand, accounting for 95% of the kenaf fiber 
produced in the world (Malik et al., 2021). Kenaf fiber can either be extracted from the bast, or the core resin of the plant. The 
fiber from the past possesses better mechanical strength (Bhambure et al., 2023).  Tholibon et al. (2019) also mentions that 
the kenaf bast fiber exhibits good flexural strength and tensile strength when compared to the other kenaf fiber parts. Kenaf 
fiber is a good candidate for reinforcement in composites because it has high specific strength and modulus while also having 
low density, being non-abrasive and cost-effective (Bhambure et al., 2023). Also owing to their high cellulose content as 
shown in Table 1, kenaf fiber is one of the strongest existing natural fibers. 

Ramie 
 

     Ramie is primarily cultivated in countries like China, Brazil, South Korea, the Philippines, Taiwan, Thailand, India, and 
several others China leads in production, contributing approximately 70% of the global supply, followed by Brazil and the 
Philippines. Ramie fiber is greatly used in the textile industry as it is one of the strongest natural fibers (Sriram & Sidhaarth, 
2022). Ramie fiber is a kind of hemp fiber and due to its high cellulose content, high strength, and long fiber length, it has 
been considered an excellent material to be used as a reinforcement in polymer composites (Sun et al., 2011). 

    Ramie fiber has a tensile strength of between 400MPa and 1586MPa, having a higher tensile strength compared to other 
fibers such as flax and jute as shown in the 2020 analysis of Ramie Fiber and Woven Ramie Reinforced Epoxy Composite 
(Djafar et al., 2021). From this, it can be deduced that the use of ramie fiber as a reinforcer in composite materials can greatly 
improve the tensile strength of the composites.  As analyzed by Paiva Júnior et al. (2004), composites that were reinforced by 
45% of ramie fibers had an increase of up to 338% on their tensile strength when compared to bare polyester resin.  
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Jute 
 

    In recent years, jute has been growing in popularity due to an increase in environmental concerns and pollution (Shakir & 
Singh, 2024). According to Wang et al. (2019), jute is the second most natural and biodegradable fiber used in the world. As 
a flood-resistant crop, jute is easily cultivated in areas that receive high rainfall with 95% of jute cultivated in Asia (Shakir & 
Singh, 2024), (Ahamed et al., 2022). Jute grows well in tropical climates and has minimal impact on the environment (Gupta 
et al., 2024). Furthermore, jute has a disposable nature that is advantageous to the environment. Jute has notable advantages 
such as its abundance, low cost, and low density (Ahamed et al., 2022). In contrast, it also has disadvantages such as high 
energy consumption due to its intensive mechanical steps in the manufacturing process (Ahamed et al., 2022). Jute is one of 
the most manufactured fibers in the world and has applications in many industries such as textile, transportation, and even 
some load-bearing applications. It is a common and effective reinforcement for composites (Gupta et al., 2024).  These include 
but are not limited to household, engineering, building structures, door frames, shopping bags, and furniture (Prasanthi et al., 
2022). Azim et al. (2022) has noted that the demand for jute has risen owing to its use in structural composites.  

Flax 
 

    One of the oldest textile fibres known to humans is the flax fiber. It has served as the basis for many productions such as 
the fabric, clothing, sails and tents industries (Bos, 2004). Approximately 5 million hectares of flax is cultivated in the world 
with most of it being in Canada, USA, Russia and Europe (Bos, 2004).  Flax has one of the shortest growth cycles with just 
100 days between sowing and harvesting each in March and July respectively (Yan et al., 2014). Flax fiber has been shown 
to be an excellent choice for composites with extensive mechanical properties while being environmentally friendly and 
economical. The other advantage of flax fiber is that it offers the intersection of low cost, light weight and high strength and 
stiffness (Dittenber & Gangarao, 2012). For an option of a low-density, easy-to-handle, eco-friendly and easily available type 
of fiber, the flax fiber is the best choice (Malik et al., 2022).  

    Flax fiber is a cost-effective material with the potential to replace glass fibers as reinforcement. The use of flax can be 
attributed to its ease of production and its outstanding mechanical properties (Romhány et al., 2003). At just a length of 80cm 
plant, the flax fiber has a mean strength of 1200MPa and a mean young modulus of 60GPa (Charlet et al., 2009). The fibers 
are found at the periphery of the stem cross-section, and they are strong. Flax is eco-friendly and provides biodiversity through 
the rotation of crops. There is still greater variability in the mechanical properties of flax fibers. These are influenced by field 
conditions and potential damage in the production processes (Yan et al., 2014).  

    The main disadvantage of natural fibers is poor compatibility between fiber and matrix as natural fibers tend to be 
hydrophilic, leading to high moisture absorption. Ensete being a classification of natural fibers also presents such drawbacks. 
To remedy this, ensete fibers are chemically treated to modify their fiber surface and improve their strength, which leads to 
low water/moisture absorption and overall improvement in mechanical properties (Ketema & Dar, 2021). In a study by Teli 
& Terega (2019)  ensete fibers displayed great improvement in thermal stability, tenacity, tensile and structural properties 
after being treated with 10% sodium hydroxide (NaOH). In another study on the “Optimization of ethanol-alkali 
delignification of false banana (Ensete ventricosum) fibers for pulp production using response surface methodology” ensete 
fibers were delignified to produce high-yield resistant pulps by using sulphur-free ethanol-alkali pulping (Berhanu et al., 
2018). Dunisho et al. (2020) goes on to further say alkali treatment is not just effective in cleaning the fiber surface by the 
removal of impurities, it also gives the fiber a coarser surface thus improving the adhesion or interface between the fiber itself 
and the matrix in the formation of composites.  

3. Micromechanics Models 
 
    This study partly utilizes analytical models to predict the elastic properties of materials through mathematical expressions. 
These models are divided into two main categories: micromechanical models and semi-empirical models. Micromechanical 
models are designed to estimate the bulk properties of materials by analyzing their microstructures. They predict the overall 
behavior of composites based on the characteristics of their constituents, specifically the fibers and the matrix. On the other 
hand, semi-empirical models blend theoretical predictions with experimental data to assess the overall properties of 
composites. In this study, we will employ several commonly used models, including the Halpin-Tsai, Rule of Mixture (ROM), 
Nielsen Elastic, and Chamis models (Sudheer et al. 2015).  
   
Rule of Mixture Model  
 

   A key task in the mechanics of materials is predicting how materials behave, which involves estimating their effective 
properties through the process of homogenization. One of the simplest methods for achieving homogenized properties in 
heterogeneous materials is the rule of mixtures (ROM) (Sudheer et al. 2015) where the overall properties are calculated as an 
average of the individual constituents' characteristics. This model assumes that fibers are evenly distributed, the polymer 
matrix is free of voids, and there is a perfect bond between the fibers and the matrix (Bhowmik et al. 2021). The following 
equations will be employed to estimate the elastic properties of composites using this model (Sudheer et al. 2015, Bhowmik 
et al. 2022).  
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𝐸𝐸(𝑐𝑐,𝐿𝐿) = 𝐸𝐸𝑓𝑓𝑉𝑉𝑓𝑓+𝐸𝐸𝑚𝑚𝑉𝑉𝑚𝑚 = 𝐸𝐸1         (1)                                                        

where: 𝐸𝐸1 represents the composite’s longitudinal Young’s modulus, 𝐸𝐸𝑓𝑓  and 𝑉𝑉𝑓𝑓 are the Young’s modulus and volume fraction 
of the natural fiber respectively and 𝐸𝐸𝑚𝑚  and 𝑉𝑉𝑚𝑚  represent Young’s modulus and volume fraction (VF) of the matrix 
respectively. The following equation was employed to predict the transverse modulus.  

𝐸𝐸(𝑐𝑐.𝑇𝑇) = 𝐸𝐸𝑚𝑚𝐸𝐸𝑓𝑓
𝐸𝐸𝑚𝑚𝑉𝑉𝑓𝑓+𝐸𝐸𝑓𝑓𝑉𝑉𝑚𝑚

= 𝐸𝐸2  (2)                                                                         

where: 𝐸𝐸2 is the transverse Young’s modulus for the composite. The in-plane shear modulus was computed using the 
following equation (Bhowmik et al., 2022), 
 

G12 = GfGm
GmVf+GfVm

  (3)                                                                      

 

where 𝐺𝐺12 is the in-plane shear modulus of the composite, 𝐺𝐺𝑚𝑚 and 𝑉𝑉𝑚𝑚 represent the shear modulus and volume fraction of the 
polymer matrix respectively and 𝐺𝐺𝑓𝑓and 𝑉𝑉𝑓𝑓 are the shear modulus and VF of the fiber respectively.  
The Poisson ratio was calculated using Eq. (4) (Bhowmik et al., 2022; Sudheer et al., 2015). 

𝑣𝑣𝑐𝑐 = 𝑣𝑣𝑚𝑚𝑉𝑉𝑚𝑚 + 𝑣𝑣𝑓𝑓𝑉𝑉𝑓𝑓  (4)                                                                       

where 𝑣𝑣𝑓𝑓 and 𝑣𝑣𝑚𝑚 represent Poisson’s ratio for natural fiber and polymer matrix respectively 
 
Halpin-Tsai Model 
 
      The Halpin-Tsai model is a well-known and primary semi-empirical model for computing transverse elastic properties of 
composites (Zhou et al. 2024). This model involves chains of empirical procedures to designate the reinforcing performance 
of composites by considering correcting factors. From this model, the transverse Young’s modulus of the composite can be 
computed as detailed in Eq. (5) (Yun et al. 2022).            
    
𝐸𝐸(𝑐𝑐,𝑇𝑇) =  𝐸𝐸𝑚𝑚 �

1+𝜂𝜂𝜂𝜂𝑉𝑉𝑓𝑓
1−𝜂𝜂𝑉𝑉𝑓𝑓

�  (5)                                                                         

       In Eq. (5), 𝜉𝜉 signifies reinforcement factor and has a value of 2 for a square packing of circular fiber.  Further the 
correction factor η is given as follows (Bhowmik et al. 2021, Yun et al. 2022). 
 

𝜂𝜂 =
�
𝐸𝐸𝑓𝑓
𝐸𝐸𝑚𝑚

−1�

�
𝐸𝐸𝑓𝑓
𝐸𝐸𝑚𝑚

+𝜉𝜉�
  

 

(6)                                                                        

 
       Eq. (7) below gives the shear property (Yun et al. 2022) 
 
𝐺𝐺𝑐𝑐 = 𝐺𝐺𝑚𝑚 �

1+𝜂𝜂𝜂𝜂𝑉𝑉𝑓𝑓
1−𝜂𝜂𝑉𝑉𝑓𝑓

�  (7)                                                                         

Neilsen Elastic Model 
 
      This model actually modifies the Halpin-Tsai model by incorporating the maximum packing fraction (𝜑𝜑𝑚𝑚) (Bhowmik et 
al. 2021) which is influenced by the geometric configuration of the composite materials (Sudheer et al. 2015). The following 
equation was used to calculate the transverse modulus of the composite (Sudheer et al. 2015, Bhowmik et al. 2022).  
 
      Nelsen’s model basically adapts Halpin Tsai’s model by including the maximum packing fraction (𝜑𝜑𝑚𝑚) (Bhowmik et al. 
2022). The shear and transverse modulus can be computed respectively as follows.   
 
𝐺𝐺𝑐𝑐 = 𝐺𝐺𝑚𝑚 �

1+𝜂𝜂𝜂𝜂𝑉𝑉𝑓𝑓
1−𝜔𝜔𝜔𝜔𝑉𝑉𝑓𝑓

�  (8)                  

 
𝐸𝐸(𝑐𝑐,𝑇𝑇) =  𝐸𝐸𝑚𝑚 �

1+𝜂𝜂𝜂𝜂𝑉𝑉𝑓𝑓
1−𝜔𝜔𝜔𝜔𝑉𝑉𝑓𝑓

�  (9)    

and ω was calculated using the equation (Sudheer et al. 2015, Bhowmik et al. 2022), 
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𝜔𝜔 = 1 + 1−𝜑𝜑𝑚𝑚
𝜑𝜑𝑚𝑚2

𝑉𝑉𝑓𝑓  (10)                                                                          

Chamis Model  
 
     The Chamis model is a modified version of the rule of mixtures that substitutes the FVF with square root of FVF (Sudheer 
et al. 2015, Younes et al. 2012). This model is widely used and reliable semi empirical techniques in the prediction of elastic 
properties. The longitudinal and transversal properties can respectively be computed as follows (Sudheer et al. 2015, Yun et 
al. 2022, Younes et al. 2012).  
 
𝐸𝐸(𝑐𝑐,𝐿𝐿) = 𝐸𝐸𝑓𝑓𝑉𝑉𝑓𝑓+𝐸𝐸𝑚𝑚𝑉𝑉𝑚𝑚  (11)                                                                        

𝐸𝐸(𝑐𝑐,𝑇𝑇) = 𝐸𝐸𝑚𝑚

1− ��𝑉𝑉𝑓𝑓�1−
𝐸𝐸𝑚𝑚
𝐸𝐸𝑓𝑓

��
  (12)                                                                        

      Further the Poisson’s ration can be calculated as below (Sudheer et al. 2015, Yun et al. 2022, Younes et al. 2012).  
 
𝑣𝑣𝑐𝑐 = 𝑣𝑣𝑚𝑚𝑉𝑉𝑚𝑚 + 𝑣𝑣𝑓𝑓𝑉𝑉𝑓𝑓  (13)                                                                        

 
      The longitudinal and transversal shear properties can also be computed respectively as follows (Sudheer et al. 2015, Yun 
et al. 2022, Younes et al. 2012).  
𝐺𝐺(𝑐𝑐,𝐿𝐿) = 𝐺𝐺𝑚𝑚

1 − ��𝑉𝑉𝑓𝑓�1−
𝐺𝐺𝑚𝑚
𝐺𝐺𝑓𝑓,𝐿𝐿

��
  (14)                                                                      

𝐺𝐺(𝑐𝑐,𝑇𝑇) = 𝐺𝐺𝑚𝑚

1− ��𝑉𝑉𝑓𝑓�1−
𝐺𝐺𝑚𝑚

𝐺𝐺(𝑓𝑓,𝑇𝑇)
��

  (15)    

4. Finite Element Method (FEM)  
 
     Experimental test is without a doubt the leading approach to substantiate the perdition of mechanical properties of a 
composite. However, sample preparation and testing materials are time intensive, costly, and error prone. Hence, FEM is a 
feasible numerical approach to deal with the above limitations. FEM is one of the most common numerical techniques that 
has been widely used by scholars to calculate the elastic properties of composites.  In this study, polystyrene and epoxy have 
been used as a matrix of ensete-fiber reinforced composites. Here it is assumed that the matrix and fiber are homogeneous 
and isotropic. A 3D representative volume element (RVE) with a square packing and circular cross-section of ensete fiber has 
been developed as shown in Fig. 2. The RVE is effectively sized to reasonably symbolize the composite statistically (Adeniyi 
et al. 2021).   
    

 

Fig. 2. Square RVE with a circular Ensete fiber 

     For analysis purposes, the dimensions of the RVE were taken as 𝑎𝑎𝑥𝑥 = 𝑎𝑎𝑦𝑦 = 𝑎𝑎𝑧𝑧 = 1.2 × 10−3𝑚𝑚 (Adeniyi et al. 2021). The 
fiber diameter of the RVE and the fiber volume fraction were related by the following equation which was used to determine 
the fiber diameter at the varying fiber volume fractions. The equation below shows the relation between the FVF and the fiber 
diameter.  
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𝐷𝐷𝑓𝑓 =  �
4𝐿𝐿𝐿𝐿𝑉𝑉𝑓𝑓
𝜋𝜋𝜋𝜋

 
(16)                                                                         

 

where: 𝐷𝐷𝑓𝑓 is the fiber diameter in micrometers, W and L are the RVE width and length respectively, and N is the number of 
fibers in the composite. The radius of the fibers directly corresponds to the FVFs. This study evaluated the elastic properties 
of the composites across a FVFs range of 0 to 1. Composites can be classified as orthotropic, anisotropic, or transversely 
isotropic (Agwu et al. 2022). For anisotropic materials, whose properties vary in all directions, the following constitutive 
equation applies (Adeniyi et al. 2021). 

 

𝜎𝜎 = 𝐶𝐶𝐶𝐶 (17)                                                                     
 

where 𝜎𝜎, 𝜀𝜀 𝑎𝑎𝑎𝑎𝑎𝑎 𝐶𝐶 represent the stress vector, strain vector, and stiffness matrix, respectively. When transformed into three 
dimensions, the equation becomes:  
 

⎩
⎪
⎨

⎪
⎧
𝜎𝜎1
𝜎𝜎2
𝜎𝜎3
𝜎𝜎4
𝜎𝜎5
𝜎𝜎6⎭
⎪
⎬

⎪
⎫

≡  

⎩
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𝜎𝜎𝑥𝑥𝑥𝑥⎭
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⎬
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⎫

=  

⎣
⎢
⎢
⎢
⎢
⎡
𝐶𝐶11 𝐶𝐶12 𝐶𝐶13 𝐶𝐶14 𝐶𝐶15 𝐶𝐶16
𝐶𝐶12 𝐶𝐶22 𝐶𝐶23 𝐶𝐶24 𝐶𝐶25 𝐶𝐶26
𝐶𝐶13 𝐶𝐶23 𝐶𝐶33 𝐶𝐶34 𝐶𝐶35 𝐶𝐶36
𝐶𝐶14 𝐶𝐶24 𝐶𝐶34 𝐶𝐶44 𝐶𝐶45 𝐶𝐶46
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(18)  

      This study considers the transversely isotropic characteristics of ensete fiber-reinforced polystyrene and epoxy 
composites. Transversely isotropic material has a single axis of symmetry and exhibits isotropic properties in one of the planes 
(Adeniyi et al. 2021). Since this study focuses on transversely isotropic materials (Adeniyi et al. 2021, Agwu et al. 2022), the 
above 3-D constitutive equation simplifies the following form. 
 

⎩
⎪
⎨

⎪
⎧
𝜎𝜎1
𝜎𝜎2
𝜎𝜎3
𝜎𝜎4
𝜎𝜎5
𝜎𝜎6⎭
⎪
⎬

⎪
⎫
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𝐶𝐶14 𝐶𝐶24 𝐶𝐶34
1
2

(𝐶𝐶22 − 𝐶𝐶23) 0 0
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(19)    

 

     The axis of symmetry is assumed to be aligned with the fiber direction (Agwu et al. 2022). For the homogenized material, 
the elastic properties can be determined using the following equations, provided the values of the transversely isotropic 
stiffness matrix 'C' are known. 

𝐸𝐸1 = 𝐶𝐶11 −
2𝐶𝐶122

𝐶𝐶22 + 𝐶𝐶23
 

(20)                                                                       

                      

𝐸𝐸2 =
[𝐶𝐶11(𝐶𝐶22 + 𝐶𝐶23) − 2𝐶𝐶122 ](𝐶𝐶22 − 𝐶𝐶23)

(𝐶𝐶11𝐶𝐶22 − 𝐶𝐶122 )  

(21)                                                                        
 

     

𝑣𝑣12 =
𝐶𝐶12

𝐶𝐶22 + 𝐶𝐶23
 

(22)                                                                      

   

𝐺𝐺23 =
1
2

(𝐶𝐶22 − 𝐶𝐶23) 

(23)                                                                        

 
where: 𝐸𝐸1  and 𝐸𝐸2  represent the longitudinal and transverse modulus respectively,  𝐺𝐺23  and 𝑣𝑣12 denote an in-plane shear 
modulus and in-plane Poisson’s ratio respectively (Adeniyi et al. 2021). ANSYS Material Designer (MD) was employed for 
the Finite Element Analysis (FEA) of ensete fiber-reinforced polymer composites. MD is a built-in tool in ANSYS Workbench 
that facilitates modeling and analysis. Its advantages include a variety of pre-defined fiber-reinforced geometries, which 
streamline the creation of Representative Volume Element (RVE) models for fiber-reinforced composites, saving time. Instead 
of analyzing the entire macroscopic composite, we use an RVE for material characterization, applying periodic boundary 
conditions. This simplified RVE incorporates both fiber and matrix materials. Fig. 3 shows the square arrangement available 
in ANSYS for unidirectional composite materials. In this study, a mesh size of 0.1 µm was applied to the RVE. Tetrahedral 
elements were used, resulting in a total of 1,464 elements and 2,196. 
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Fig. 3. ANSYS generated RVE with single fibre 

  
5. Results and Discussions 
 

5.1 Results from Micromechanics Models  
 

5.1.1 Axial modulus (𝐸𝐸1) results for all fibers using Rule of Mixture 
 
Fig. 4 shows the axial modulus (𝐸𝐸1) values from micromechanics models across various fiber volume fractions. On the left 
labelled a) are the epoxy values and on the right labelled b) are polystyrene composites. The effective axial modulus (𝐸𝐸1) 
varies between the two composite types. Noticeably though for both types of composites the graphs have the same structure 
with an increase of 𝐸𝐸1  with increase in FVF. This is observed from ROM micromechanics model. The conclusion from this 
is that there is a strong relationship between fiber content and stiffness in a composite. This stiffness supports the idea of using 
bast fiber as reinforcement in composites. The higher the fiber content the more axial load bearing the composite has.  

Epoxy  Polystyrene 

  

a) b) 

Fig. 4: 𝐄𝐄𝟏𝟏-ROM values for a) epoxy composites and b) polystyrene composites 
 

     In epoxy, Hemp fiber composites consistently yield the highest of 𝐸𝐸1  values than all the other fibers whereas banana fiber 
composites yield the lowest of 𝐸𝐸1  values. For hemp epoxy polystyrene in Rule of Mixture, Halpin Tsai and Chamis, the axial 
modulus is at 36.73GPa at 0.5 fiber volume fraction which is the highest recorded. Likewise, the banana epoxy composite 
consistently records 10.65 GPa at 0.5 fiber volume fraction, the lowest for all epoxy composites. The other fiber epoxy 
composites range between the two values, for example flax, jute and kenaf are around 15.5GPa and kenaf at 28.23GPa. Hemp 
polystyrene composites have the highest axial modulus compared to other fiber polystyrene composites. In Fig. 4 b), 𝐸𝐸1  for 
hemp polystyrene composites are at 36.7GPa while others are trailing below it. Just like the banana-epoxy composite, the 
banana-polystyrene composites have the lowest of 𝐸𝐸1  values across all models compared to other fibers. The trend seen of 
hemp composites having the highest of all axial modulus values suggests that hemp fibers contribute greater stiffness in the 
axial direction while banana contributes the lowest and ramie, jute, kenaf, flax and ensete are ranging in between. In all the 
models the graphs appear relatively straight across fiber types and matrix materials, which suggests that within the tested 
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range, the fiber-matrix interaction maintains a consistent impact on axial stiffness across these composites and suggests that 
there is a stable fiber matrix interaction in the tested range.  

5.1.2 Transversal modulus (E2) results for all fibers using the Rule of Mixtures 
 
     The graphs of transverse Modulus (𝐸𝐸2) are seen from Fig. 5. In contrast with 𝐸𝐸1, 𝐸𝐸2 exhibits a non-linear relationship with 
FVF. There is an increased complexity of stress distribution in the transverse direction in composites, hence the observed 
trend. True still to the observations of 𝐸𝐸1, epoxy-hemp composites show a higher 𝐸𝐸2 than other fiber composites, reinforcing 
the observation that hemp has superior mechanical properties in both axial and transverse directions. In Fig. 5 (a), at 0.5 fiber 
volume fraction hemp has 𝐸𝐸2= 6.58GPa while other fiber epoxy composites have less than that and banana epoxy composite 
has the lowest at 𝐸𝐸2= 5.78GPa. The Chamis model outputs a larger value of 𝐸𝐸2 for fiber-epoxy composites compared to the 
other models. 𝐸𝐸2 obtained from Chamis model is 10.53 GPa for hemp at 0.5 fiber volume fraction compared to 6.58GPa and 
5.96GPa in the Rule of Mixture and Nielsen models respectively. The same is observed for the remaining fibers like ensete 
which has 10.11GPa, 6.11GPa and 5.34 GPa for Chamis, Rule of mixture and Halpin Tsai respectively. For the polystyrene 
composites, hemp still has the highest value of 𝐸𝐸2. Banana has the lowest and kenaf, ensete, flax and jute are still in between 
the two.  

Epoxy Polystyrene 

  

a) b) 
Fig. 5. 𝐄𝐄𝟐𝟐-ROM results for a) epoxy composites and b) polystyrene composites. 

 
5.1.3 Shear modulus (G12) results for all fibers using the Rule of Mixtures 
 

     The shear modulus (𝐺𝐺12) values are observed from Fig. 6 for both epoxy and polystyrene composites.  

Epoxy Polystyrene 

  
a) b) 

Fig. 6: 𝐆𝐆𝟏𝟏𝟏𝟏-ROM results for a) epoxy composites and b) polystyrene composites. 

     For shear modulus (𝐺𝐺12), a pattern is observed where hemp composites exhibit higher 𝐺𝐺12 values than other composites. 
But unlike with 𝐸𝐸1 and 𝐸𝐸2 the difference is not as significant at lower fiber volume fractions. In the epoxy composite, using 
Rule of Mixture at 0.5 FVF values of 𝐺𝐺12 range between 2.16 GPa (banana) and 2.43 GPa (hemp). Likewise, the polystyrene 
composites range around the same values.  The Rule of Mixtures and Chamis models yield a bit lower estimate of 𝐺𝐺12, while 
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the Halpin-Tsai and Nielsen models present higher values, especially at greater fiber volume fractions beyond 0.5. This 
difference indicates that these models account differently for fiber-matrix interfacial bonding strength under shear loading, 
and as expected the more complex models (Halpin Tsai and Nielsen) potentially better captures the mechanics involved in the 
composites and ultimately the resulting properties. The increase in 𝐺𝐺12 with fiber volume fraction demonstrates that fibers 
effectively resist shear deformation, albeit to a lesser extent than axial stresses.  

5.1.4 Poisson's ratio (ν12) results for all fibers using the Rule of Mixtures 

     Fig. 7 demonstrates how the Poisson ratio 𝑣𝑣12 varies with increasing fiber volume fractions. Graphs with a positive gradient 
are observed for fibers with Poisson ratio higher than that of the matrix used and vice versa. For all the graphs, hemp and jute 
have an increasing Poisson ratio with an increase in fiber volume fraction whereas the rest of the fibers are the opposite. The 
other remaining fibers have a Poisson ratio below the values for epoxy and polystyrene. The Poisson ratio is largely governed 
by matrix properties, which explains the relatively small variation across composites and fiber types. On the matrix 
themselves, epoxy, being a stiffer matrix, results in slightly lower 𝑣𝑣12 values than polystyrene, which allows more lateral 
deformation. Despite these minor changes, the consistency across models highlights that the fiber-matrix interaction 
influences lateral strain to a lesser extent than axial or shear properties.  

Epoxy Polystyrene 

  

a) b) 

Fig. 7. 𝐯𝐯𝟏𝟏𝟏𝟏-ROM results for a) epoxy composites and b) polystyrene composites. 

      As evident by Fig. 4 through to Fig. 7 among the fibers, hemp has superior characteristics in either matrix for all the 
models used for evaluation. This is because it has a high modulus that indicates greater stiffness, which improves the bearing 
capacity of the composite. Hemp's rigid structure, reflected in its elastic modulus, facilitates efficient stress transfer within the 
matrices. The values of the fibers in both matrix, evaluated through the elastic properties and models used, did not vary greatly. 
Even though that is true, epoxy-based composites have superior characteristics. Examples can be seen using different fibers 
and models. Although the examples stated are isolated and few, the statement holds true for all the fibers, the fiber volume 
fractions and the models. 𝐸𝐸1 Values of 0.5 banana fiber volume fraction are 10.65GPa in epoxy and 10.63GPa in polystyrene, 
both using Rule of Mixture Fig. 4. 𝐸𝐸2 Values for 0.5 hemp volume fraction in epoxy are 10.53GPa in epoxy and 10.39 in 
polystyrene using the Chamis model. 𝐺𝐺12 values of 0.5 kenaf volume fraction are 4.00GPa in epoxy and 3.78 in polystyrene 
using the Halpin Tsai model. For 0.5 flax volume fraction in epoxy, the 𝑣𝑣12 value is 0.264 whereas it is 0.254 for polystyrene 
in the Chamis model. Epoxy is a thermoset, and it generally has a stiffer matrix and better mechanical properties as evident 
by Table 2 which is the main reason why it performs better as a matrix.  

      There is an increase in 𝐸𝐸1, 𝐸𝐸2 and 𝐺𝐺12 values of the composite when switching from using polystyrene to an epoxy matrix. 
The opposite occurs in the reverse direction. Examples are the use of polystyrene with a kenaf matrix which yields an 𝐸𝐸1 of 
28.2 but 28.23 when used with epoxy resulting in a 0.10% increase at 0.5 volume fraction. The use of bananas in a polystyrene 
matrix yields an E2 of 5.71 GPa whereas in epoxy it is at 5.78 GPa at 0.5 fiber volume fraction. There is a 1.23% increase 
due to the switch from polystyrene to epoxy. As observed in ensete values for both epoxy and polystyrene are 3.45 GPa for 
𝐺𝐺12  meaning there is a 0% increase.  

5.2 Comparative study on Ensete fiber composites 
 

5.2.1 Axial modulus (𝐸𝐸1) results for Ensete composites 
 

     Fig. 8 shows the effect of increasing the FVF on the longitudinal modulus for both ensete fiber-reinforced epoxy composite 
(EFREC) and ensete fiber-reinforced polystyrene composite (EFRPC) using all micromechanical models and FEA. From the 
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plot, it is observed that there is a linear relationship between the effective longitudinal modulus and the ensete FVF. The 
predicted values for the longitudinal modulus for the EFREC and EFRPC are found to be 15.11GPa and 15.08GPa respectively 
for a fiber volume fraction of 50%. It is also noticed that all results from models of micromechanics and FEA align for both 
composites as they all conform to the Rule of Mixtures values. This validates the results from the micromechanical models 
and proves the results to be much more accurate and reliable.  

Epoxy Polystyrene 

  

a) b) 

Fig. 8. 𝐄𝐄𝟏𝟏-FEA and micromechanical models’ result comparison for a) ensete/epoxy composite and b) ensete/polystyrene 
composite. 

5.2.2 Transverse modulus (𝐸𝐸2) results for Ensete composites 
 

      Fig. 9 (a-b) shows the equivalent transverse modulus of the ensete fiber-reinforced epoxy and EFRPC.  

Epoxy Polystyrene 

  

a) b) 

Fig. 9: 𝐄𝐄𝟐𝟐-FEA and micromechanical models’ result comparison for a) ensete/epoxy composite and b) ensete/polystyrene 
composite. 

     Although not directly proportional as with the longitudinal modulus, an increase in the effective transverse modulus with 
an increase in fiber volume fraction is observed for both the ensete fiber-reinforced composite and the EFRPC. At 0.5 FVF, 
the predicted effective in-plane transverse modulus is found to be 8.88 GPa for ensete fiber-reinforced polystyrene from 
Chamis model and 8.6 GPa for FEA, while for the ensete fiber-reinforced composite the corresponding 𝐸𝐸2 value to 50% fiber 
volume fraction is found to be 8.91 GPa for both Chamis and FEA. This proves again that the EFREC exhibits better elastic 
properties as compared to the EFRPC. From these results, it can be deduced that the 𝐸𝐸2 results from the Chamis model and 
FEA are in correlation, validating the robustness of the Chamis model, considering also that they fall within the Voigt upper 
and Reuss lower bounds of the elastic modulus as compared to the Halpin-Tsai and the Nielsen models, which are seen to 
deviate from the V-R bounds of the elastic modulus and also yielded the lowest values of the in-plane transverse modulus 
both composites.  
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5.2.3 Shear modulus (𝐺𝐺12) results for Ensete composites 
 

     Variation of the shear modulus with fiber volume fraction is displayed in Fig. 10. Results from all the analytical models 
all depict a non-linear increase of in-plane shear modulus for both EFREC and EFRPC. Again, using a FVF of 0.5 for 
comparison, of all the analytical models, Halpin-Tsai and Chamis models yielded a higher in-plane shear modulus than the 
FEM and Neilsen model for ensete fiber-reinforced epoxy composite. The same observation is made for the EFRPC. These 
results have a small deviation from the FEA results for both composites. For the EFRPC, the shear modulus predictions 
obtained from FEA were reduced by 13% from those predicted by the Chamis and Halpin-Tsai models giving a predicted 
value of 3.00GPa which was also predicted by the Nielsen model. Given the small deviation and the alignment with the 
Nielsen model results, it can be concluded that the predicted results obtained from both the micromechanical models and FEA 
are valid. As for the ensete fiber-reinforced epoxy composite, the predicted FEA and Nielsen model values for in-plane shear 
modulus were reduced by 13% compared to the Chamis and Halpin-Tsai predicted value for 0.5 fiber volume fraction. 
Considering that these values have a smaller deviation, and they also fall within the Voigt and Reuss bounds, the robustness 
of the modelling techniques is validated.  

Epoxy Polystyrene 

  

a) b) 

Fig. 10: 𝐆𝐆𝟏𝟏𝟏𝟏-FEA and micromechanical models’ result comparison for a) ensete/epoxy composite and b) ensete/polystyrene 
composite. 

5.2.4 Poisson ratio (𝑣𝑣12) results for Ensete composites  
 

     Fig. 11 displays the variation of in-plane Poisson’s ratio with FVF.  

Epoxy Polystyrene 

  

a) b) 

Fig. 11: 𝐯𝐯𝟏𝟏𝟏𝟏-FEA and micromechanical models’ result comparison for a) ensete/epoxy composite and b) ensete/polystyrene 
composite. 

     For both ensete fiber-reinforced polymer composites considered, the predicted in-plane Poisson ratio is observed to have 
a negative gradient for all analytical models and FEA, which means that as the ensete fiber volume fraction is increased, the 
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effective Poisson ratio decreases. From Fig. 11 a), it is observed that the predicted results for the EFREC from the analytical 
models align and depict a linear reduction in Poisson ratio as the FVF is increased. The same is true for the EFRPC. From the 
two composites, the EFREC proves to have better predicted values for Poisson ratio as compared to the EFRPC. Taking 
reference at 0.5 fiber volume fraction, the predicted Poisson ratio value for all analytical models is 0.2625 while that of EFRPC 
yielded 0.2525 value for all analytical models. The FEA results for both composites also reveal the same trend as the 
micromechanical models in that the predicted in-plane Poisson ratio shows a decrease, though not as linear, with an increase 
in FVF. However, the FEA results are slightly lower than those of the micromechanical models but still within the upper and 
lower boundaries of the Poisson ratio values which again validates the reliability of the micromechanical models’ predictions. 

5.3 Strain Analysis 
 

     Depicted in Fig. 12 through Fig. 21 are the ANSYS structural analysis stress results for the 14 bast fiber-reinforced 
composites under study in this article. In this study, the RVE was assigned fixed supports on the top and bottom faces, and a 
compressive uni-directional load (UDL) of 10N was applied at the centre of the RVE. The results were simulated at 0.5 FVF.  

5.3.1 Strain Analysis for Ensete polymer composite   
 
     Fig. 12 and Fig. 13 show strain results for ensete and hemp fiber-reinforced polymer composites for both epoxy and 
polystyrene polymer matrices respectively. From the figures, there is an observed trend for both composites that higher strain 
occurs on the peripheral edges of the composites, as indicated by the red-orange-yellow zones, indicating maximum strain. 
This is because the polymer matrices, epoxy and polystyrene, have lower stiffness values, making them less resistant to 
deformation. Contrarily, since the ensete and hemp fibers comparatively have higher elastic moduli, they can absorb the 
loading effect of the force applied with minimum deformation, hence marked by the blue zones on the fiber phase, indicating 
minimum strain. 

 

a) 
 

b) 

Fig. 12 Ensete strain analysis results for a) epoxy composite and b) polystyrene composite. 

 

a) 

 

b) 

Fig. 13 Hemp strain results for a) epoxy composite and b) polystyrene composite. 

 

     Fig. 14 and Fig. 15 show the average strain values for epoxy and polystyrene composites, respectively. It can be observed 
from both figures that the banana-fiber reinforced epoxy composite displayed the highest strain among all other bast fiber-
epoxy composites. This is attributed to the elastic property of banana fiber. Also, the low elastic modulus of banana fiber 
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makes it less stiff. When used as reinforcement in a composite, it cannot be able to handle and absorb the load transferred 
from the matrix. This results in most of the strain being absorbed by the polymer matrix, which has relatively low stiffness 
and is more susceptible to deformation.  

     On the other hand, hemp fiber-reinforced composites show the lowest strain values for both polymer matrices, as seen 
from Fig. 14 and Fig. 15. This is because hemp fiber has the highest elastic modulus of 70GPa and a high Poisson ratio of 
0.4, making the load transfers from the matrix more effective and lateral expansion possible due to the high Poisson ratio. 
Comparing the strain values between the two matrix materials, an overall closeness in the strain values is observed between 
the two matrices, with an average difference of 2%. From this observation, it can be deduced that the two matrices could be 
used as an alternative to each other since they display slightly similar behavior. It is observed from the results that across all 
fiber-reinforced composites, there is an overall average percentage increase of about 2% in strain when transitioning from 
polystyrene to epoxy composites.  

 

Fig. 14. Strain Analysis results with Epoxy 

 

Fig. 15. Strain Analysis results with polystyrene 

     From both Fig. 14 and Fig. 15, ensete and flax composites for both matrices show the same strain values, with 
8.7 × 10−4 mm/mm  for epoxy matrix, and 8.6 × 10−4 mm/mm  for polystyrene matrix, respectively. It is observed, 
however, that ensete composites have slightly lower strain values than jute across both polymer matrices. From these 
comparable strain values, it can be deduced that both ensete and flax behave similarly where deformation and loading are 
concerned. From this, it can be suggested that ensete fiber serves as a potential reinforcement alternative for flax fiber in fiber-
reinforced composites.  
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5.4 Stress Analysis 
  

5.4.1 Stress Analysis for Ensete polymer composite   
 

     Fig. 16 and Fig. 17 show the equivalent (von Mises) stresses, and Fig. 18 and Fig. 19 show the average stress values for 
the composites. Starting with the general trend observed in the figures of ensete and hemp composites, there's a constant stress 
pattern of maximum stresses occurring inside the fiber and at the fixed supports, as depicted by the yellow, red, and orange 
colours.  

 

a) 

 

b) 

Fig. 16:  Ensete stress results for a) epoxy composite and b) polystyrene composite. 

 

 

a) 

 

b) 

Fig. 17. Hemp stress results for a) epoxy composite and b) polystyrene composite. 

     For matrix comparison using Fig. 18 and Fig. 19 generally, polystyrene composites and epoxy composites using the same 
fiber exhibit almost the same average stress. For example, the Epoxy-banana has 5.71 MPa average stress, and the polystyrene-
banana is also 5.79MPa. The rest of the fibers follow the same trend. This shows that polystyrene is comparable to epoxy as 
a matrix material and can, therefore, be used as a substitute. Epoxy is widely used and adopted as a matrix for composites, 
and introducing a new comparable material ensures variety for material design.  

     The slight differences in the values between epoxy and polystyrene composites stresses are because of the difference (albeit 
not much) in the stiffness’s of the matrices. Epoxy has a higher stiffness at 3.45GPa whereas polystyrene is close at 3.4GPa. 
Comparing the fibers, it is noted that the average stresses have a very small range, with the lowest (banana) at 5.71MPa and 
the highest hemp at 6.14MPa. That is an 8% difference in epoxy. For polystyrene, it's 5.79 MPa and 6.23 MPa in banana (the 
lowest) and hemp (the highest) respectively, giving an 8% difference as well. 
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Fig. 18. Stress Analysis results with Epoxy 

 

Fig. 19. Stress Analysis results with polystyrene 

     Looking at the maximum stress from Fig. 20 and Fig. 21 to further differentiate between the fibers, hemp has the highest 
maximum stresses of 18.4MPa in epoxy and 18MPa in polystyrene. For all fibers, the nominal (average) stress is 
approximately the same as already stated. However, the maximum stress is explained by the stress distribution in the 
composite, i.e., how the fiber and matrix share the load.  

 

Fig. 20. Stress Analysis results (Maximum) with Epoxy  

 

 

Fig. 21. Stress Analysis results (Maximum) with polystyrene 
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     The quest to look for alternative materials and fibers is always ongoing. Therefore, the study of an unutilised material like 
ensete is a very welcome development. From both stress and strain sections of this discussion, it is evident that ensete has 
comparable characteristics to those of flax and jute. Therefore, ensete fibers can be used in composites that were originally 
created with jute fibers. 

6. Conclusion  
 

     Based on the results and the subsequent discussion, the analysis of composite materials has shown that increasing the FVF 
for composites enhances and alters the elastic properties of the resulting composites. Particularly, an increase in fiber volume 
fraction significantly enhances composite stiffness across both epoxy and polystyrene matrices. For the first figure which 
depicts the Effective axial modulus E1 of the composites against the fiber volume fraction there is a linear correlation 
indicating that fibers serve as effective reinforcements in the axial direction, with hemp fibers providing the highest stiffness 
and banana fibers the lowest. In comparison, the transverse modulus  E2  increases non-linearly, driven more by matrix 
properties, with epoxy yielding stiffer results than polystyrene due to its inherent rigidity. Similarly, hemp composites show 
superior shear modulus  G12 with more complex models (e.g., Halpin-Tsai) capturing the mechanics of fiber-matrix bonding 
more accurately under shear loading. Poisson's ratio is less impacted by fiber volume and is influenced mainly by the matrix, 
with epoxy composites exhibiting lower Poisson’s ratio than polystyrene. Figs 8 through 11 compare FEA and 
micromechanical models results for EFREC and EFRPC. The results reveal that the EFREC exhibits better effective elastic 
properties than the EFRPC, with a very slight margin between the two.  FEA results align closely with analytical models, save 
a bit of deviation, affirming their reliability for predicting mechanical properties. FEM results for all fibers validate the 
robustness of micromechanical models for analysis. In the stress-strain analysis, it is confirmed that both epoxy and 
polystyrene materials are good as matrix materials, and they are closer in behaviour and can thus be used interchangeably in 
application. Higher stresses occur in the fibers while higher strain occurs in the matrix. From Fig. 14 and Fig. 15 using strain 
rankings from highest average strain to lowest, it is banana, jute, ensete, flax, ramie, kenaf and hemp, respectively. Likewise, 
from Fig. 18 and Fig. 19 the stress rankings from highest to lowest average stresses are hemp, ramie, kenaf, ensete, flax, jute, 
and banana respectively.  
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