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Abstract 

Biocomposite materials have brought additional possibilities to the manufacturing industry rather than 

synthetic materials. Biodegradable polymer materials such as Polylactide Acid (PLA) have attracted 

various industry attention for numerous applications due to their excellent properties such as tensile 

strength despite some weaknesses. However, their combination with varying weight percentages of 

Microcrystalline Cellulose (MCC) (0%, 3%, 6%, and 9%), Montmorillonite (MMT) nano clay (0%, 

3%, 6%, and 9%) as reinforcing agents, and Sorbitol (S) (10%, 20%, 30%, and 40%) as plasticizers 

to enhance properties, fabricated at various temperatures (100°C, 125°C, 150°C, and 175°C) using 

the melt-mixing method, can be evaluated under different testing standards and optimized to achieve 

an optimal experimental setup. This study prepared 16 biocomposite samples through Taguchi’s 

Orthogonal Array experimental design. The optimal factor level combination was investigated for 

Flexural Strength (FS) at 3% MCC and 9% MTT fillers, and 20% S plasticizer and at 175-degree 

centigrade) (3%MCC, 9%MTT, 20%S and 175-degree centigrade), at these levels, FS (Flexural 

Strength) is 96.5 MPa, Flexural Modulus (FM) (6%MCC, 9%MTT, 20%S, and 175-degree 

centigrade), at these control factors FM is 9.8 GPa, Tensile Strength (TS) (9%MCC, 9%MTT, 10%S, 

and 175-degree centigrade), at these levels, TS is 85.2 MPa, Young´s Modulus (YM) (6%MCC, 

9%MTT, 0%S, and 150-degree centigrade), at these experimental run YM is 4.22 GPa, Water 

Absorption (WA) (0% MCC, 0% MTT, 0% S and 150 degree centigrade), WA is 2.42% and Density 

(D) (9%MCC, 9%MTT, 30%S and 175 degree centigrade) at this experimental setup D is 

0.0427g/mm3. A general multiple linear model was established for each result prediction. Analysis of 

variance (ANOVA) for the regression model shows the statistical significance of the regression model 

and the significance of the factors that affect each response. The addition of fillers and plasticizers 

significantly improves the properties of PLA material and developed biocomposite material is expected 

to be utilized for lightweight load-carrying applications in structural and biomedical areas. 
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I. INTRODUCTION 

Material designers and processing firms are in unwavering investigation for novel and enhanced 

materials and fabrication methods to make materials that have enhanced mechanical properties, 

that are renewable, eco-friendly, and of low cost. One of the areas that gained the most attention 

in this regard is the field of biocomposite also alternatively referred to as natural fiber composite 

[1]. Biocomposite is a combined constituent made from natural resources as strengthening and the 

matrix is produced by a polymer from synthetic or natural materials [2]. This biocomposite 

material has numerous advantages in terms of its eco-friendliness, recyclability, biodegradability, 

low density, carbon dioxide neutrality (non-toxic), good insulating and acoustic properties, good 

thermal properties, and non-abrasiveness [3-5]. As a result, it has many industrial applications in 

the fields of automotive, building, packaging, and furniture [6]. Natural fibers contain three main 

essential polymers: hemicellulose and cellulose are the polysaccharides and those called 

holocellulose and lignin are the aromatic polymers. The lignin and hemicellulose content in fibers 

influences the end characteristics of biocomposites as they have a higher attraction of moisture 

and are hydrophilic. Researchers and material engineers have devoted themselves to the 

elimination of these (hemicellulose and lignin) contents in cellulose application and its derivatives 

microcrystalline cellulose (MCC) and Nano-cellulose (NC) as fillers in different polymers. 

Additionally, they are in continuous search for new and higher sources of cellulose material and 

high amounts of cellulose-based biocomposite materials [7]. Cellulose is the abundant and most 

essential polymer in nature, which can be derived from renewable resources. Its presence as the 

common constituent on the cell wall of plants was first observed by Braconnot in 1819 [8]. It has 

a dense microfibril structure with a linear chain of  β-1,4-glycosidic  linked D-glucose units as the 

main building blocks having crystallinity and strong hydrogen bonds that offer excellent 

mechanical strength, nontoxic, and biodegradability properties [9]. It is a promising renewable and 

biodegradable resource that could potentially substitute man-made fibers in industrial applications 

[10]. It is extensively utilized in numerous areas,  such as water treatment, food industry packaging,  

biomaterial composites, textile and paper manufacturing, and the pharmaceutical industry as a raw 

material [11]. Numerous plants such as jute, flax, hemp, bamboo, wood, and cotton have abundant 

cellulose content [12]. Furthermore, cellulose has been isolated from different resources, i.e. hop 

stems [13], milkweed stems [14], coffee husks [15], rice husks [16], Cissus quadrangularis root 
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[17], etc.Its derivative, microcrystalline cellulose, is a tasteless and micro-sized naturally available 

constituent investigated from partially depolymerized and purified cellulose. Cellulose chains are 

combined to make microfibrils and these microfibrils are additionally combined to make “cellulose 

macro fibers”. Therefore, natural fibers that hold cellulose structure are considered “cellulose 

microfibers”, which contain both “amorphous” and “crystalline” cellulose regions [18]. Acidic 

attack treatment is used to reduce cellulose macro fibers properties by removing amorphous region 

for the intention of crystalline region separation. Then, these crystallites can move without 

restrictions due to an increase in size. In research works, this structure is generally named 

“microcrystalline cellulose”. Its extraction techniques are various containing biological, chemical, 

and mechanical treatment. Chemical treatment, predominantly acid hydrolysis, is the common 

technique used for the isolation of MCC [19]. Polylactic acid is a bio-degradable and eco-friendly 

polymer made up of lactic acid by-products such as starch sugar cane, potatoes, corn grain, etc., 

and renewable agricultural products [20, 21]. It is considered a leading candidate thermoplastic 

polymer that yields different components for structural, packaging, and biocompatibility 

applications. Currently, different bio-based polymer materials are used for binding natural fiber. 

Among these polymers, PLA is the dominant one that is being studied intensively [22]. However, 

it has low performance on mechanical and thermal properties as well as high cost. These pose great 

scientific challenges and limit their large-scale applications to outdoor environments [23, 24]. 

Recently, several studies that used plasticization [25], copolymerization [26], blending [27], fiber-

reinforced composite [28], and nano-based composite [29] fabrication have been done to enhance 

the PLA bioplastic properties. Plasticizers are commonly used materials to modify polymers and 

are considered the most common plastic material additive. They are a type of non-volatile and low 

molecular weight organic compounds that improve the processability and flexibility of the polymer 

by decreasing the glass transition temperature. The plasticizing theory assumes that the low 

molecular weight of a plasticizer permits decreasing connecting forces such as Vander Waals 

forces, hydrogen bonding, etc. between the polymer chains by penetrating the intermolecular 

places and reducing the intermolecular frictions [30]. The inclusion of these materials in polymers 

influences the viscosity, density, elastic modulus, hardness, impact resistance, water absorption, 

crystallization, melting temperatures, permeability, and degradation rate [31]. Plasticizers can be 

differentiated into petro-based or bio-based. Bio-based plasticizers are assumed as ideal green 
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plasticizers and non-toxic, have good miscibility, are efficient, low cost, high resistance to leach 

from polymer. The most common bio-based plasticizers are polyols such as glycerol, diethylene 

glycol, ethylene glycol, tri ethylene glycol, tetra ethylene glycol propylene glycol, polyethylene 

glycol, xylitol, mannitol and sorbitol, monosaccharides (glucose, fructose, mannose, sucrose), 

fatty acids, vegetable oils, ethanolamine, urea, triethanolamine, lecithin, waxes, surfactants, amino 

acids, and water [32]. The inclusion of a plasticizer in biodegradable composites reduces the 

composite fragility behavior noticeably [33]. As a plasticizer, sorbitol has superior mechanical and 

physicochemical properties than other polyols [34]. As the study reports, the incorporation of 

sorbitol plasticizer amounts up to 30 wt.%, simplifies the creation of crystalline areas in chitosan 

films. These crystalline areas act as cross-links limit the movement of amorphous chemical chains 

and lead to improvement in thermo gravimetric results. Furthermore, the inclusion of sorbitol was 

capable to increase the physicochemical and thermal characteristics of chitosan films [35].  

Clay is a material class having layered clay minerals or silicates with traces of organic matter and 

metal oxides. The classes of clays are classified in terms of their crystal structure and chemical 

compositions. Based on the ratios of its building block (silica tetrahedron and aluminum (or other) 

octahedron) natural clay is categorized into three groups kaolinite (1:1), montmorillonite, and 

vermiculite (2:1) and chlorite (2:2) related with constitutive interchanging layers of “SiO2” and 

“AlO6” units. Montmorillonite (MMT) is the frequently used Nano clay because of its availability, 

eco-friendliness, high aspect ratio, high swelling property in polar spaces, and well-analyzed 

chemistry [36, 37]. The incorporation of Nano clay into polymers and natural fiber-reinforced 

polymers improves the performance (physical, mechanical, thermal, ultraviolet, diffusional 

barrier, etc.) of Nanocomposites [38]. The mechanical property of polymer matrix composite is 

greatly enhanced due to the interfacial level interaction between the constituent and better 

dispersion of Nano clay in the polymer matrix. This ensures better load transfer between them and 

highly uniform stress distribution for better properties [39]. Previously, conducted research work 

has shown Nano clay’s usefulness to make excellent properties of biocomposites. Nano clay 

content addition is considered a basic constituent. The inclusion of Nano clay into a polyester 

matrix improves the mechanical performance and decreases the shrinkage of the composite 

material [40]. On the same matrix material incorporation of graded Nano clay, the flexural and 

tensile strength with modulus improves [41]. Additionally, the loading of Nano clay, Nanomer I30 
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E, into epoxy resin enhanced the tensile strength with a reduction in strain at failure [42]. The 

addition of Cloisite 20A Nano clay enhanced the mechanical properties of vinyl ester composites, 

specifically fracture toughness with an insignificant reduction in flexural strength [43]. Moreover, 

it has been verified that the flammability behavior of polymer composite is improved with a 

charging of 2 % of Nano clay [44]. 

Optimization is an important method used to determine the well-known design factors that can 

provide the optimal (maximum or minimum) result for a given problem. Problems of optimization 

are figured out through non-conventional and conventional techniques [45]. Non-conventional 

optimization techniques were used for the optimization of multi-response characteristics. 

Conventional techniques are statistical designs of experiments that consist of response surface 

methodology and Taguchi’s method. These methods were used to find the optimal factors of 

single-quality characteristics. Taguchi’s method has a special design method called orthogonal 

array used to analyze several numbers of factors with a lesser number of experiments. The results 

drawn from these small experiments are acceptable over the whole experimental domain varied by 

the control factor and their levels. The result of experiments is converted into a signal-to-noise 

(S/N) ratio. It is used to measure the deviation of the response from the desired value. 

Based on this background, in the present study, the flexural strength, flexural modulus, tensile 

strength, young modulus, hardness, water absorption, and density properties of PLA-based 

biocomposite at different filler (MCC and MTT) and plasticizing (sorbitol) content with operating 

parameter (temperature) are determined. Fillers and plasticizer content with operating parameters 

are considered as process parameters to determine how they behave for flexural stress, tensile 

stress, and indentation. Taguchi’s orthogonal array is used to optimize the responses of PLA-based 

developed biocomposite. Regression model analysis of variance is executed to expose the 

statistical significance of the regression model and the significance factor level of influence on the 

responses of developed biocomposite. 

II. MATERIALS AND METHODS 

A. Description of Materials and Bio-composite Preparation 

In this study, the biocomposite sample material used is made from coffee husk-derived MCC and 

MMT Nano clay powder as reinforcing agent, and PLA as a matrix material. Additionally, sorbitol 
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powder was used as a plasticizer. The PLA grade NCZ-NP-381/22, MMT Nano clay grade NCZ-

MN-118/20, and D - sorbitol were supplied from India, Aritech Chemazone Pvt. Ltd.  The 

reinforcing material, MCC was extracted from outer skin isolated coffee husk according to the 

procedure reported in Nehemiah M.Z et.al [15]. All samples of MCC/MMT/S/PLA biocomposite 

were fabricated using the melt-mixing method. Initially, the designated weight percentage of PLA 

and sorbitol were mixed and heated at the required temperature on the heating plate. Then -pre-

calculated amounts of MCC and MMT were added to the heated blend of PLA and sorbitol and 

stirred properly to make uniform distributions of reinforcing agent. After that, the material was 

poured into the mold size of 100x50x4mm with a constant pressure of 2 MPa for 24 hrs. It was 

then cut into the specimens using a hacksaw according to ASTM standards and sanded using 

sandpaper. Finally, the -post-curing of specimens was carried out at 40 °C temperature in an oven 

for 3 hours to remove the existence of moisture that may affect the final results. 

B. Experimental Design and Plan of Investigation 

In the present research investigation, biocomposite material based on Polylactide acid with coffee 

husk-derived MCC and MTT particles, and an S plasticizer at different T was prepared using a 

melt mixing setup. The intended amount of MCC and MMT particles were mixed properly to make 

homogeneous distributions. For the preparation of biocomposite material, four effective 

parameters (MCC, MTT, S, and T) with four levels for each parameter were used to investigate 

responses. The control factors and their levels are exhibited in Table 1 below. The response factors 

tensile strength and modulus, flexural strength and modulus, hardness value, water absorption, and 

density values were measured according to their perspective ASTM standards. 

Table 1: Control factors and their values at four levels 

Factors Unit 
Levels 

1 2 3 4 

A – MCC Wt. % 0 3 6 9 

B – MMT Nano clay Wt. % 0 3 6 9 

C – Sorbitol Wt. % 0 10 20 30 

D - Temperature oC 100 125 150 175 

Taguchi’s method has a special design method called orthogonal array used to analyze several 

numbers of factors with a lesser number of experiments. The results drawn from these small 

https://doi.org/10.59122/164CFC15


ISSN (E): 2959-3921                                                          Ethiopian International Journal of Engineering and Technology (EIJET) 

         (P): 2959-393X  Volume 2, Issue 2, 2024 

DOI: https://doi.org/10.59122/164CFC15                                   Copyright and License Grant: CC By 4.0                            
 

 

Received: July 2024; Revised: 29 November 2024; Accepted: 15 December 2024; Published: 23 December 2024 

Corresponding author- Nehemiah Mengistu 
49 

experiments are acceptable over the whole experimental domain varied by the control factor and 

their levels. The result of experiments is changed into a signal-to-noise ratio. It helps to evaluate 

the variation of the response from the preferred value. Based on the type of desired response, S/N 

ratio analysis is categorized into three, i.e. the higher the better, the lower the better, and the 

nominal the better. For developed biocomposite, flexural strength, tensile strength, hardness value, 

and density have been thought of as the larger-the-better; and for water absorption, it is the smaller-

the-better. The S/N ratio for the corresponding responses was calculated using the following cases. 

Case 1: The larger-the–better performance characteristics are utilized for a problem when 

maximization of interest is required. 

𝑆 𝑁 𝑟𝑎𝑡𝑖𝑜 =  −10 𝑙𝑜𝑔10⁄ (
1

𝑛
) ∑

1

𝑦𝑖𝑗
2

𝑛
𝑖=1                                            (1) 

Where; yij - observed response value, n - Number of replications, i=1, 2, ...n; j=1, 2, …k 

Case 2: The smaller–the–better performance characteristics are used for a problem where 

minimization of interest is required. 

𝑆 𝑁 𝑟𝑎𝑡𝑖𝑜 = −10 ⁄ 𝑙𝑜𝑔10  (
1

𝑛
) ∑ 𝑦𝑖𝑗

2𝑛
𝑖=1                          (2) 

Taguchi’s orthogonal array (L16) experimental design made by “Minitab” software is shown in 

Table 2. 

Table 2: L16-OA design matrix for biocomposite development 

Sample  

No. 

Coded Factor Uncoded Factor 

A B C D MCC (Wt. %) MMT (Wt. %) S (Wt. %) T (0C) 

1 1 1 1 1 0 0 10 100 

2 1 2 2 2 0 3 20 125 

3 1 3 3 3 0 6 30 150 

4 1 4 4 4 0 9 40 175 

5 2 1 2 3 3 0 20 150 

6 2 2 1 4 3 3 10 175 

7 2 3 4 1 3 6 40 100 

8 2 4 3 2 3 9 30 125 

9 3 1 3 4 6 0 30 175 

10 3 2 4 3 6 3 40 150 
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11 3 3 1 2 6 6 10 125 

12 3 4 2 1 6 9 20 100 

13 4 1 4 2 9 0 40 125 

14 4 2 3 1 9 3 30 100 

15 4 3 2 4 9 6 20 175 

16 4 4 1 3 9 9 10 150 

C. Regression analysis  

The factors (MCC, MTT, S, and T) were considered in the development of mathematical models 

for the response value (TS, YM, FS, FM, HV, WA, and D) accuracy. The correlation between 

factors (MCC, MTT, S, and T) and response values (TS, YM, FS, FM, HV, WA, and D) accuracy 

of developed biocomposite was obtained by multiple linear regression, which is a technique that 

analyzes numerous explanatory factors to forecast the result of performance characteristics [46]. 

A linear model is developed to control the response (TS, YM, FS, FM, HV, WA, and D) data 

fitness to represent a characteristic as a form as follows: 

Y = b0 + b1MCC + b2MTT + b3S+ b4T+ ԑ                                                        (3) 

Where Y is the response, b1, b2, b3, and b4 are estimates of the factors and ԑ is the error. The 

statistical software package MINITAB was applied to develop the models.  

D. Characterization Techniques of Developed Biocomposite 
1) Flexural: The flexural strength of the samples was determined as per ASTM D790 through-

point bend testing method by UTM machine i.e. Bongshin Model DSCK machine [47, 48]. The 

flexural strength and modulus were determined with the given equations;  

                     Flexural strength, FS =  
3𝐹𝐿

2𝑤𝑡2                                                        (4) 

                      Flexural modulus, FM =  
𝐿3𝐹

4𝑤𝑡3𝛿
                                                   (5) 

Where; F - is the applied load, L - is the length of the specimen, w - is the width of the specimen, 

t - is the thickness of the specimen and 𝛿 - is the deflection. 

2) Tensile: tensile was performed based on ASTM D638 to measure the tensile strength of 

the samples [49][50].  

https://doi.org/10.59122/164CFC15


ISSN (E): 2959-3921                                                          Ethiopian International Journal of Engineering and Technology (EIJET) 

         (P): 2959-393X  Volume 2, Issue 2, 2024 

DOI: https://doi.org/10.59122/164CFC15                                   Copyright and License Grant: CC By 4.0                            
 

 

Received: July 2024; Revised: 29 November 2024; Accepted: 15 December 2024; Published: 23 December 2024 

Corresponding author- Nehemiah Mengistu 
51 

3) Water absorption: the material’s water absorption is important to study in case the 

developed materials are used in contact with water for determining water uptake in contact with 

water. This can adversely affect mechanical and aging properties. The investigation was conducted 

according to ASTM D570-98, sample size of 20x20x3mm to find out the water absorption of 

specimens [51]. The water absorption of the specimens was determined as an increase in weight % 

with the following equation [52]. 

Increase in weight % = (wet weight − dry weight) dry weight⁄  x 100          (6) 

4) Density: the density of developed biocomposite specimens was carried out according to 

ASTMD792-98, sample size of 20x20x3mm. Then, the density was determined through the given 

equation [53]. 

Density =  Mass (g) Volume (mm3)⁄                        (7) 

III. RESULTS AND DISCUSSION 

A. Flexural Strength and Modulus of Biocomposite 

The flexural strength and modulus of biocomposite samples at a different weight percentage of 

MCC, MTT, and S in PLA at various temperature levels were shown in Table 3 with its S/N ratio 

and Fig. 2. Under flexural loading, Table 3 and Fig. 2 exhibit that the addition of MCC, MTT and 

S improved the flexural strength and modulus of neat PLA. The flexural strength values of the 

MCC and MTT reinforced and S plasticized PLA (MCC/MTT/S/PLA) biocomposites could be 

higher than the neat PLA except for 9MCC/0MTT/30S/125T values at experiment 13. This is 

probably due to the establishment of agglomeration at higher content of MCC and because 

increasing S content at higher levels leads to low flexural strength due its low flexural strength 

[54]. The experimental setup 3MCC/9MTT/20S/125T combination shows the highest flexural 

strength with the value of 93.75 MPa as shown in experiment 8, which improves 78.5 % greater 

than that of the neat PLA experiment 1. It is easily assumed that at these contents the fillers are 

dispersed uniformly within the PLA material. It is clearly shown in Table 3 that the flexural 

modulus of each MCC/MTT/S bio-composite sample is greater than that of the neat PLA. This is 

mainly caused due to flexural 3-point bending tests in which the upper half part of the cross-section 

of the sample is in compression, whereas the lower half part of the cross-section is revealed to 

tensile loads. Therefore, the parting boundary would be hindered in the sample on the side 
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compressive, resulting in an improved load transfer mechanism from the matrix material to the 

fillers [55]. 

Table 3: Flexural strength and modulus of biocomposite with s/n ratios 

S. 

N 

Factors Responses 

MCC MMT S T 
FS 

(MPa) 

S/N 

Ratio 

FM 

(GPa) 

S/N 

Ratio 

1 0 0 0 100 52.50 34.40 4.1 72.19 

2 0 3 10 125 60.00 35.56 5.3 74.53 

3 0 6 20 150 75.00 37.50 6.7 76.59 

4 0 9 30 175 82.50 38.32 7.5 77.54 

5 3 0 10 150 60.00 35.56 5.5 74.89 

6 3 3 0 175 71.25 37.05 7.1 77.01 

7 3 6 30 100 75.00 37.50 7.5 77.58 

8 3 9 20 125 93.75 39.43 9.7 79.79 

9 6 0 20 175 63.75 36.08 6.7 76.58 

10 6 3 30 150 63.75 36.08 7.1 77.00 

11 6 6 0 125 67.50 36.58 7.7 77.79 

12 6 9 10 100 71.25 37.05 8.4 78.57 

13 9 0 30 125 45.00 33.06 5.0 73.97 

14 9 3 20 100 56.25 35.00 8.1 78.22 

15 9 6 10 175 56.25 35.00 7.8 77.85 

16 9 9 0 150 60.00 35.56 8.6 78.78 

The best S/N ratio shown in Table 3 for FS is 39.43 at experiment number 8 and also offers a 

higher FS value of 93.75. The weakest S/N ratio is 33.06 observed in experiment 13. The best S/N 

ratio of FM is observed in the same experimental setup, experiment 8 with a value of 79.79, and 

the weakest S/N ratio is observed in experiment 1 with a value of 72.19. 

A. Probability Plot 

Fig. 1 presents the probability plot of flexural strength and modulus of all samples. As exhibited 

in Fig. 1 (a) and (b) all data are under normal distribution at the confidence level of 95%. The two 

lines beside the center line on the left and right show the upper and lower limits of the confidence 

interval. No sample value is out of the confidence interval. Additionally, the p-values 0.657 and 

0.544, which are higher than the significance level of 0.05 show that the data follows a normal 

distribution. 
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Fig. 1.: Probability plot for flexural strength (a) and flexural modulus (b) of samples 

B. S/N Ratio Analysis of FS and FM 

Tables 4 and 5 present responses for the S/N ratio of flexural strength and flexural modulus, 

respectively. The delta value shows the significance of the control variables and helps to identify 

the optimal setting that generates higher flexural strength and modulus. The higher values of delta 

show the more significant variable, and based on values of delta, the whole significant variables 

are ranked properly. The value of delta ranking in Table 4 indicates the MTT content as the most 

significant parameter in influencing the flexural strength of the biocomposite, followed by MCC 

content, and then S and T, respectively. The value of delta ranking in Table 5 indicates the MTT 

is the highest significant factor in influencing the flexural modulus of the biocomposite, followed 

by MCC content, and then S and T, respectively. 

Table 4: Response table for s/n ratios of fs (the larger the better) 

Level MCC MTT S T 

1 36.45 34.78 35.90 35.99 

2 37.39 35.93 35.80 36.16 

3 36.46 36.65 37.01 36.18 

4 34.66 37.60 36.25 36.62 

Delta 2.73 2.82 1.21 0.63 

Rank 2 1 3 4 
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Table 5:  Response table for s/n ratios of FM (the larger the better) 

Level MCC MTT S T 

1 75.22 74.41 76.45 76.64 

2 77.32 76.70 76.47 76.53 

3 77.49 77.46 77.80 76.82 

4 77.21 78.67 76.53 77.25 

Delta 2.27 4.26 1.35 0.72 

Rank 2 1 3 4 

The S/N Ratio graphs are plotted for flexural strength and flexural modulus responses in Fig. 2. 

(a) and (b). The graph is drawn using the optimal control factors, and the optimal value is the one 

with the highest value of mean SNR. It has been found that the maximum flexural strength was 

obtained for developed biocomposite at 3%MCC, 9%MTT, 20%S, and 1750C T as shown in Fig. 

2. (a). At this level, FS is 96.5 MPa. For flexural modulus, 6%MCC, 9%MTT, the 20S, and 175C 

showed the maximum S/N ratio as shown in Fig. 2. (b), and at this level FM is 9.8 GPa. 

   

Fig. 2.:  Main effect plot for S/N ratios of FS (a) and FM (b) 

C. Regression Analysis 

The relationship between factors that affect the flexural responses and outcomes is expressed by 

using the regression equation as follows:- 

FS = 51.80 - 4.78 MCC + 7.03 MTT + 2.16 S + 1.22 T                (8) 

FM = 2.997 + 0.450 MCC + 1.039 MTT + 0.074 S + 0.074 T      (9) 

b a 
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Table 6 presents the significance of factors incorporated in the regression equation of flexural 

strength. Table 6 clearly shows that regression P-value 0.005 suggests that the factors incorporated 

in the experimental setup are statistically highly significant for the linear model, and factors with 

a P-value lesser than 0.05 show the most significant parameter that influences the regression 

equation. Additionally, the larger F-value shows the more significant factor that influences the 

regression response. Table 6 exhibits that MTT and MCC P-values are 0.002 and 0.016, 

respectively. This indicates that they are the most significant factors that affect the regression 

model of biocomposite flexural strength, and factors T and S have less significance, respectively.  

Table 6: ANOVA for regression model of FS 

 

 

Table 7 presents the significance of factors incorporated in the regression equation of flexural 

modulus. Table 7 indicates that regression P-value 0.001 suggests that the factors incorporated in 

the model are statistically highly significant and factors MTT and MCC with P-value s of 0.000 

and 0.033, respectively are the most significant factors that affect the regression model of 

biocomposite flexural modulus, and factor S and T have less significances, respectively. 

Table 7: ANOVA for regression model of FM 

Source DF Seq SS Adj SS Adj MS F-Value P-Value 

Regression 4 25.855 25.855 6.463 9.47 0.001 

  MCC 1 4.042 4.042 4.042 5.92 0.033 

  MTT 1 21.594 21.594 21.594 31.63 0.000 

  S 1 0.110 0.110 0.110 0.16 0.695 

  T 1 0.108 0.108 0.108 0.16 0.698 

Error 11 7.509 7.509 0.682  

Total        15 33.365  

Source DF Seq SS Adj SS Adj MS F-Value P-Value 

Regression 4 1568.67 1568.67 392.17 6.91 0.005 

  MCC 1 457.21 457.21 457.21 8.06 0.016 

  MTT 1 988.77 988.77 988.77 17.42 0.002 

  S 1 92.99 92.99 92.99 1.64 0.227 

  T 1 29.71 29.71 29.71 0.52 0.484 

Error 11 624.20 624.20 56.75  

Total 15 2192.87  
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D. Tensile Strength and Young Modulus of Biocomposite 

Table 8 presents different specimen configurations of PLA-based biocomposites with various loadings 

of plasticizer, MCC and MTT contents, and temperature to analyze tensile strength and young modulus 

properties as responses and all data converted to S/N ratio also shown in Table 8. From Table 8, it is 

observed that the loading of S, MCC, and MTT improves the tensile strength of PLA. The experimental 

setup 6MCC/9MTT/10S/100T combination shows the highest tensile strength followed by 

9MCC/6MTT/10S/175T, and experimental combination 6MCC/0MTT/20S/175T shows the lowest 

tensile strength following the neat PLA. The highest tensile strength experimental setup 

6MCC/9MTT/10S/100T biocomposite has 83.3 MPa, which is 50 % greater than that of the neat PLA. 

It is easily assumed that in these contents, the fillers are dispersed uniformly within the PLA material 

[56]. The lowest biocomposite combination improves by 5% greater than that of the neat PLA. This is 

probably because the absence of MTT and increment of S reduces the tensile strength relative to the 

rest of the experimental setup [57]. As presented in Table 8, the addition of fillers improves the 

modulus of elasticity of the neat PLA and plasticizer reduces the modulus of elasticity of neat PLA 

[58]. Therefore, the tradeoff is conducted to gain the optimal level of parameters. The minor inclusion 

of fillers without plasticizer at higher temperatures shows the highest young modulus at experiment 6 

(3MCC/3MTT/0S/175T) with the value of 4.28 GPa. In this experimental combination, the young 

modulus is increased by 23% more than the neat PLA. This improvement is caused by the presence of 

MCC and MTT contents which restrict the molecular chain movement in the PLA and form physical 

and chemical interlock with the PLA matrix.  

Table 8: Experimental setup and result of TS and YM with S/N ratio 

S. N 

Factors Responses 

MCC MMT S T 
TS 

(MPa) 

S/N 

Ratio 

YS 

(GPa) 

S/N 

Ratio 

1 0 0 0 100 55.5 34.8945 3.28 10.3175 

2 0 3 10 125 68.8 36.7630 3.60 11.1261 

3 0 6 20 150 72.2 37.1734 3.93 11.8879 

4 0 9 30 175 77.7 37.8171 3.70 11.364 

5 3 0 10 150 66.6 36.4782 3.38 10.5783 

6 3 3 0 175 77.7 37.8171 4.26 12.5882 

7 3 6 30 100 67.7 36.6217 3.44 10.7312 

8 3 9 20 125 75.5 37.5653 3.53 10.9555 

9 6 0 20 175 58.3 35.3178 3.12 9.8831 

10 6 3 30 150 72.2 37.1734 3.75 11.4806 
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11 6 6 0 125 78.8 37.9403 4.13 12.319 

12 6 9 10 100 83.3 38.4164 3.95 11.9319 

13 9 0 30 125 66.6 36.4773 2.55 8.1308 

14 9 3 20 100 70.5 36.9706 2.63 8.3991 

15 9 6 10 175 81.6 38.2409 2.89 9.218 

16 9 9 0 150 78.8 37.9403 3.21 10.1301 

The best S/N ratio shown in Table 8 for TS is 38.41 at experiment number 12 and also offers the 

higher TS value of 83.3 MPa. The weakest S/N ratio is 34.89 observed in experiment 1. The best 

S/N ratio of YM is observed in experiment 6 with a value of 12.58 and the weakest S/N ratio is 

observed in experiment 13 with a value of 8.13. 

E. Probability Plot 

The probability plot shows each value of the experimental setup against the percentage of values 

in the specimen that are less than or equal to it, along a fitted distribution line. Fig. 3 exhibits that 

all sample values are under normal distribution at the confidence level of 95%. The two lines 

beside the center line on the left and right show the upper and lower limits of the confidence 

interval. No sample value is out of the confidence interval. This tendency offers improved 

outcomes for future estimation of process characteristics. 

 

Fig. 3. : Probability plot of FS and YM 

F. Signal to Noise Ratio Analysis of Tensile strength and Young modulus 

Table 8 shows the S/N ratios of TS for the greater the better characteristic to maximize the tensile 

strength of biocomposite material. The optimal experimental setup for the larger the better tensile 

strength characteristics is 9%MCC, 9%MTT, 10%S, and 1750C. At this level, the TS is 85.2 MPa 

and MTT primarily affects the tensile strength followed by MCC, S, and T, respectively. The main 

effects plot for S/N ratios of TS is presented in Fig. 4 (a). 
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Table 9:  Response table for S/noise ratios of TS (the larger the better) 

Level MCC MTT S T 

1 36.66 35.79 37.15 36.73 

2 37.12 37.18 37.47 37.19 

3 37.21 37.49 36.76 37.19 

4 37.41 37.93 37.02 37.30 

Delta 0.75 2.14 0.72 0.57 

Rank 2 1 3 4 

 

Table 10 presents the S/N ratios of the young modulus of biocomposites. The optimal experimental 

setup for the larger the better characteristics of young modulus is 6%MCC, 9%MTT, 0%S, and 1500C. 

At this level, the YM is 4.28 GPa and is primarily affected by MCC followed by MTT, S, and T, 

respectively. The main effects plot for S/N ratios of young modulus is presented in Fig. 4 (b). 

Table 10: Response table for S/N ratios of young modulus (the larger the better) 

Level MCC MTT S T 

1 11.174 9.727 11.339 10.345 

2 11.213 10.898 10.714 10.633 

3 11.404 11.039 10.281 11.019 

4 8.969 11.095 10.427 10.763 

Delta 2.434 1.368 1.057 0.674 

Rank 1 2 3 4 

 

   
Fig.  4: Main effects plot for S/N ratios of tensile strength (a) and young modulus (b) 

a b 
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G. Regression Analysis 

The regression analysis is a statistical technique that explains the correlation between factors and 

one or more responses. The relations tensile strength and young modulus have with the input 

parameters i.e. MCC content, MTT content, S content, and temperature are given by regression 

equation as follows; 

TS = 53.16 + 1.87 MCC + 5.40 MTT - 1.10 S + 1.37 T          (10) 

YM = 3.802 - 0.2338 MCC + 0.1583 MTT - 0.1232 S + 0.0618 T      (11) 

ANOVA for regression model of TS and YM of biocomposite 

The significance of factors incorporated in the regression equation of tensile strength is given in 

ANOVA Table 11. The regression P-value (0.002) lesser than 0.05 suggests that a statistically 

significant relationship occurs between factors and responses in the experimental design. And 

factors’ P-value lesser than 0.05 shows the most significant parameter that influences the 

regression equation. Additionally, the larger F-value shows the more significant factor that 

influences the response. Table 11 presents that MTT P-value 0.000 and F-value 28.68 indicate that 

MTT is the most significant factor for the regression model of tensile strength, and factors MCC, 

T, and S have less and less significance, respectively.  

Table 11: ANOVA for regression equation of TS 

Source DF Adj SS Adj MS F-Value P-Value 

Regression 4 716.14 179.04 8.79 0.002 

  MCC 1 70.27 70.27 3.45 0.090 

  MTT 1 583.96 583.96 28.68 0.000 

  S 1 24.10 24.10 1.18 0.300 

  T 1 37.81 37.81 1.86 0.200 

Error 11 223.97 20.36   

Total 15 940.11    

 

Table 12 presents the significance of factors incorporated in the regression equation of the young 

modulus. Table 12 clearly shows that regression P-value 0.066 suggests that the factors 

incorporated in the experimental setup are satisfactory for the linear model because factors with a 
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P-value lesser than 0.05 show the most significant parameter that influences the regression 

equation. Additionally, the larger F-value shows the more significant factor that influences the 

regression response. Table 12 exhibits that MCC P-value 0.025 and F-value 6.67 indicate that 

MCC is the most significant factor that affects the regression model of biocomposite young 

modulus, and factors MTT, S, and T have less and less significance, respectively. 

Table 12: ANOVA for regression model of YM 

Source DF Seq SS Adj SS Adj MS F-Value P-Value 

Regression 4 1.97372 1.97372 0.49343 3.01 0.066 

MCC 1 1.09278 1.09278 1.09278 6.67 0.025 

MTT 1 0.50086 0.50086 0.50086 3.06 0.108 

S 1 0.30381 0.30381 0.30381 1.85 0.200 

T 1 0.07626 0.07626 0.07626 0.47 0.509 

Error 11 1.80158 1.80158 0.16378  

Total 15 3.77529  

H. Water Absorption and Density  

Table 13 displays the water absorption and density of the developed biocomposite. Underwater 

absorption, as observed in Table 13, the combination of MCC, MTT, and S addition highly 

influences the water absorption of PLA. The experimental setup of higher levels of MCC and S 

such as 6MCC/3MTT/30S/150T and 9MCC/0MTT/30S/125T indicated higher water absorptions 

of 15.17 and 16.22 %, respectively. This is caused mainly because MCC and S have high water 

absorption trends [59]. Additionally, the water absorption rises with temperature due to the 

molecular processes. An increase in non-equilibrium vapor pressure at the interface leads to greater 

absorption of water molecules by the fiber. This phenomenon, associated with a reduction in solid–

gas interfacial tension, enhances water absorption [60]. Under the density, the addition of MCC, 

MTT, and S slightly increases the density of PLA. In related studies, the addition of natural fiber 

(MTT and MCC) in PLA increases the densities of PLA, this is probably due to the high densities 

of fillers [61]. 
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Table 13: Water absorption and density of biocomposite with S/N ratios 

S. N 

Factors Responses 

MCC MMT S T 
Water 

absorption (%) 
S/N Ratio 

Density 

(g/mm3) 
S/N Ratio 

1 0 0 0 100 2.48 -7.91 0.0303 -30.371 

2 0 3 10 125 6.03 -15.60 0.0331 -29.617 

3 0 6 20 150 8.78 -18.87 0.0348 -29.164 

4 0 9 30 175 10.63 -20.53 0.0384 -28.311 

5 3 0 10 150 5.54 -14.87 0.0331 -29.608 

6 3 3 0 175 4.19 -12.46 0.0342 -29.327 

7 3 6 30 100 12.32 -21.81 0.0332 -29.569 

8 3 9 20 125 7.81 -17.86 0.0362 -28.838 

9 6 0 20 175 9.73 -19.76 0.0364 -28.771 

10 6 3 30 150 15.22 -23.65 0.0376 -28.508 

11 6 6 0 125 5.11 -14.17 0.0353 -29.038 

12 6 9 10 100 6.94 -16.83 0.0381 -28.378 

13 9 0 30 125 16.17 -24.17 0.0362 -28.826 

14 9 3 20 100 10.02 -20.02 0.0371 -28.609 

15 9 6 10 175 7.28 -17.24 0.0393 -28.123 

16 9 9 0 150 6.86 -16.73 0.0415 -27.639 

I. Probability Plot 

The normal probability plot shown in Fig. 5 represents the comparison between the actual 

experimental results and the predicted values of water absorption and density. As clearly shown in 

Fig. 5 all the experimental data are under the interval of 95% confidence level. 
 

   

Fig. 5: Probability plot for water absorption (a) and density (b) of developed biocomposite 

a b 
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As Table 14 and Table 15 show, based on the S/N ratio result, it can be examined which factor has 

the highest influence on water absorption and density, respectively. The optimal water absorption 

factor of these controlled variables is investigated based on S/N ratios shown in Table 14 and Fig. 

6 (a). The optimal factor for WA is at the combination of 0%MCC, 0%MTT, 0%S, and 1500C, 

and at this level, the WA is 2.42 %. The factors that highly affect water absorption are S and MCC, 

respectively. This is mainly due to a lot of hydroxyl (-OH) groups in these constituents [62]. The 

optimization of water absorption factors, based on the criterion that 'smaller is better,' indicates 

that lower levels of fillers and plasticizers are most effective, as shown in Fig. 6(a). Table 15 and 

Fig. 6(b) reveal the optimal factors for density, identified at 9MCC/9MTT/30S/175T. At this level, 

the density is determined to be 0.0427 g/mm³.  

Table 14: Response table for S/N ratios of water absorption (the smaller the better) 

Level MCC MTT S T 

1 -15.73 -16.68 -12.82 -16.65 

2 -16.75 -17.94 -16.14 -17.96 

3 -18.61 -18.03 -19.13 -18.53 

4 -19.55 -17.99 -22.54 -17.50 

Delta 3.81 1.35 9.72 1.89 

Rank 2 4 1 3 

Table 15: Response table for S/N ratios of density (the larger the better) 

Level MCC MTT S T 

1 -29.37 -29.39 -29.09 -29.23 

2 -29.34 -29.02 -28.93 -29.08 

3 -28.67 -28.97 -28.85 -28.73 

4 -28.30 -28.29 -28.80 -28.63 

Delta 1.07 1.10 0.29 0.60 

Rank 2 1 4 3 
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Fig.  6: Main effect plot for S/N ratios of water absorption (a) and density (b) 

J. Regression Analysis of Correlation between Significant Factors and Water Absorption 

The correlation between significant factors and water absorption of developed biocomposite is 

established through linear regression. The regression equation for the water absorption is shown 

as follows; 

WA = -1.33 + 1.110 MCC - 0.175 MTT + 2.941 S + 0.037 T                (12) 

           Density = 0.02551 + 0.001581 MCC + 0.001381 MTT + 0.000332 S + 0.000868 T    (13) 

ANOVA for regression model of water absorption and density of developed biocomposite 

The significance of factors incorporated in the regression equation of water absorption and density 

is given in ANOVA Tables 16 and 17, respectively. The regression P-value (0.000) suggests that 

a statistically significant relationship occurs between factors and responses in the experimental 

design, and factors with a P-value lesser than 0.05 show the most significant element that 

influences the regression equation. Table 16 presents that S and MCC are the most significant 

factors for the regression model of water absorption. Table 17 presents that MCC, MTT, and T are 

the most significant factors for the regression model of density. 

Table 16: ANOVA for regression model of water absorption 

Source DF Seq SS Adj SS Adj MS F-Value P-Value 

Regression 4 198.222 198.222 49.555 32.11 0.000 

  MCC 1 24.635 24.635 24.635 15.96 0.002 

  MTT 1 0.611 0.611 0.611 0.40 0.542 

  S 1 172.948 172.948 172.948 112.06 0.000 

  T 1 0.027 0.027 0.027 0.02 0.897 

Error 11 16.977 16.977 1.543  

Total 15 215.199  
 

a b 
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Table 17: Analysis of variance for regression model of density 

Source DF Seq SS Adj SS Adj MS F-Value P-Value 

Regression 4 0.000105 0.000105 0.000026 24.09 0.000 

  MCC 1 0.000050 0.000050 0.000050 45.73 0.000 

  MTT 1 0.000038 0.000038 0.000038 34.86 0.000 

  S 1 0.000002 0.000002 0.000002 2.02 0.183 

  T 1 0.000015 0.000015 0.000015 13.76 0.003 

Error 11 0.000012 0.000012 0.000001  

Total 15 0.000117  

IV. CONCLUSION 

This study investigated the optimization of PLA-based biocomposite material development using 

the application of Taguchi and regression model analysis. The fillers namely MCC and MTT, and 

Plasticizer S at various weight % loadings were considered with different T. Based on the 

experimental studies’ results, the following conclusions could be made:- 

1. The optimal factors in flexural strength are at 3%MCC, 9%MTT, 20%S, and 1750C. At these 

levels, FS is 96.5 MPa whereas for flexural modulus, 6%MCC, 9%MTT, 20%S, and 1750C. 

At these control factors, FM is 9.8 GPa. 

2. The optimal factors in tensile strength are at 9%MCC, 9%MTT, 10%S, and 1750C. At these 

levels, TS is 85.2 MPa whereas for tensile modulus, 6%MCC, 9%MTT, 0%S, and 1500C. At 

these experimental runs, YM is 4.22 GPa 

3. The optimal factors in hardness value are at 6%MCC, 9%MTT, 10%S, and 1750C. At these 

levels, HV is 138.2. 

4. The optimal factors in water absorption are at 0%MCC, 0%MTT, 0%S, and 1500C. At these 

experimental runs, WA is 2.42% whereas for density, 9%MCC, 9%MTT, 30%S, and 1750C. 

At this experimental setup, D is 0.0427g/mm3. 

Finally, it was concluded that the inclusion of MCC, MTT, and S highly influences the 

performance characteristics of PLA. The PLA-based biocomposite developed using this approach 

is expected to be utilized for lightweight load-carrying applications 
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