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Reinforcement with natural fibres is a common method to improve impact 
properties of poly(lactic acid) (PLA). In this study, composites made from 
PLA and bamboo particles were melt-compounded in a twin-screw 
extruder and formed by compression moulding. Tensile, flexural, and 
impact tests were conducted. Particle size (A), particle loading (B), screw 
speed (C), and die temperature (D) were varied at three levels. Tensile 
strength and modulus, flexural strength and modulus, and impact strength 
were the response variables. The experiment design was based on 
Taguchi’s (L9) orthogonal array. Through variance analysis, the particle 
loading was found to be the dominant factor influencing the mechanical 
properties, followed by die temperature. The optimum parameters were 
validated with a confirmation test. The results showed a noticeable 
improvement of impact properties compared to neat PLA by 55%, without 
compromising tensile and flexural properties. Flexural strength, flexural 
modulus, and tensile modulus of the composites were greater than that of 
pure PLA. However, only tensile strength was reduced by about 28% 
compared to pure PLA. Importantly, the DOE method with maximizing the 
desirability properties was found to be an effective systematic approach to 
identify an optimal parameter setting of the extrusion moulding process.  
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INTRODUCTION 
 

In the past years, biodegradable polymer has been an active subject of research and 

development with two main environmental concerns: the petroleum supplies are 

plummeting and there is an overload of plastic waste accumulation in landfills. If plastic 

production can stop depending on petroleum supplies that soon will decrease, non-

renewable resources can be preserved (Gamon et al. 2013). The excessive use of 

petroleum-based plastics will generate a huge amount of non-compostable solid wastes in 

landfills, which can cause serious depletion of landfill capacities (Ho et al. 2015). The 

concern of plastic disposal has increased as society has become aware of preserving the 

environment. Government environmental policies have been implemented to force 

industries to find environmentally friendly material (biodegradable material) to substitute 

the conventional non-biodegradable material to be used in applications such as automotive, 

packaging, and construction. 

In development of green composites, natural fibres are mixed with biodegradable 

polymers including starch (Jumaidin et al. 2017), soybean plastics (Boontima et al. 2015), 
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polyhydroxyalkanoate (PHA) (Chan et al. 2016), polyhydroxybutyrate (PHB) (Torres-

Tello et al. 2017), polycaprolactone (PCL) (Sarasini et al. 2017), and polylactic acid (PLA) 

(Zhang et al. 2013; Siakeng et al. 2017). PLA has commercially attractive features such as 

its good optical, physical, mechanical and barrier properties, good appearance, low 

toxicity, and good processability. PLA is now one of the most promising among 

biodegradable polymer due to its remarkable mechanical properties as an alternative to 

conventional synthetic polymer (Bax and Müssig 2008; Ghaffar et al. 2018). PLA also can 

be recycled or disposed without harming the environment. PLA can be used for making 

plastic bags for household bio-waste, barriers for sanitary products and diapers, planting 

cups, and disposable cups and plates. The drawbacks of PLA include its relatively high 

cost in comparison to commodity plastics, its low impact strength, its low ability in 

resisting thermal deformation, and its brittle nature (Lu et al. 2014). To make it suitable for 

many technical applications, natural fibre is introduced into the PLA matrix as 

reinforcement. In this way the production cost of PLA composites can be reduced because 

less of the PLA will be used (Shibata et al. 2004). 

Natural fibres have been considered as a potential reinforcement in biopolymer 

composites due to their excellent mechanical properties, biodegradability, renewable 

character, abundant availability, low cost, low density, accessibility, high specific modulus, 

and relatively high strength (Yu et al. 2014). Natural fibres as reinforcement to PLA matrix 

can be regarded as an ideal alternative to increase the mechanical performance of the 

composites as well as making it environmentally friendly. There are many natural fibres 

that have been studied to reinforce polymers, such as kenaf (Ochi 2008), hemp (Masirek et 

al. 2007), jute (Gupta et al. 2016), flax (Duhovic et al. 2009), and wheat straw (Ghaffar et 

al. 2017; Chougan et al. 2020). Among natural fibres available, it can be argued that 

bamboo fibres are the most suitable candidate as reinforcement for PLA matrix due to their 

favorable properties (Yu et al. 2014; Liu et al. 2018; Long et al. 2019; Chen et al. 2020; 

Wang et al. 2017; Zhang et al. 2020; Zuo et al. 2020). In this research, a specific type of 

bamboo species known as Gigantochloa scortechinii (Buluh Semantan) was chosen as 

reinforcement. Semantan bamboo is a significant commercial species that grows rapidly 

and is vastly available in forests throughout Malaysia (Rassiah et al. 2017). 

Most studies on PLA-reinforced bamboo fibre composites have been primarily 

focused on improving their mechanical properties by modifying the natural fibre without 

optimizing the parameters, regardless of the process they were using (Lee and Wang 2006; 

Yu et al. 2013, 2014). Different studies have experimented with different composites 

formulations; different extrusion conditions were also reported in these studies (Ogbomo 

et al. 2009; Bourmaud and Baley 2010; Sawpan et al. 2011; Gamon et al. 2013). Bamboo 

fibre was shown to be the most effective reinforcement material among all studied 

reinforcements (Nuthong et al. 2013). The cited authors showed that the interfacial bonding 

between bamboo fibres and the PLA matrix were better than vetiver grass fibres and 

coconut fibres. Tokoro et al. (2008) also showed that the addition of bamboo fibres 

improves the impact strength, thermal properties, and heat resistance. PLA composites 

reinforced by bamboo fibres have remarkable mechanical properties. Iwatake et al. (2008) 

showed that the tensile modulus of PLA increased as the fibre loading amount was 

increased, but at the same time it led to various problems, such as losing properties, e.g., 

yield strain, which resulted in decreased strength. Therefore, the recent research initiative 

was to use the Taguchi approach to predict the parameters affecting the mechanical 

properties of the composite, as well as obtaining an optimum set of parameters to produce 

a composite with the “desired” mechanical properties. Navaneethakrishnan and 
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Athijayamani (2015) demonstrated that the mechanical performance characteristics of a 

plant based natural fibre and particle reinforced polymer composite can be effectively 

improved via the Taguchi method. A study by Rawi et al. (2013) resulted in desirable 

tensile and flexural properties and acceptable impact performance for bamboo fabric–PLA 

composite sheets synthesized with parameters determined via the Taguchi method. 

Although there have been some recent studies that investigated the mechanical behaviours 

of natural fibre reinforced polymer composites, the application of experimental design for 

comparative analysis of the effects of the parameters on the mechanical properties of 

bamboo particle reinforced PLA composites is limited. 

Considering the use of short bamboo fibres, a twin screw extrusion method was 

selected. Extrusion is the process of converting a raw material into a product of uniform 

shape and density by forcing it through a die under controlled conditions. Extrusion can be 

operated continuously, which allows consistent product flow at relatively high throughput 

rates (Bhairav et al. 2016). Rosato (2013) points out that extrusion is the most common 

method used to manufacture thermoplastic worldwide. Single screw and twin-screw 

extruders provide vastly different shearing and mixing conditions during the process. Twin 

screw extruders operate with a feeding and mixing zone and consists of screws that are 

available in multiple shapes. Salleh et al. (2014) stated that short fibres or fillers are easy 

to blend with a polymer matrix by using this system because the mixtures pass through a 

few mixing blocks. Treece and Oberhauser (2006) expressed that twin screw extruders are 

mostly preferred to achieve a good homogeneity of fibres in the composite. 

As the demand from the bioplastic industry has increased, multiple studies have 

been carried out on single-screw and twin-screw extruders with their own screw profiles 

and temperature profiles. Hence, there were a wide range of experimental conditions to be 

optimized for the same natural fibres and polymers. Polylactic acid is one of the most 

published bio-based polymers that is associated with natural fibres. Several process 

conditions for PLA composites reinforced with natural fibres are shown in Table 1. 

Material selection and processing parameters play a critical role in determining the 

performance of the composites (Gamon et al. 2013; Zhang et al. 2013; Gallos et al. 2017). 

However, not much work has been done on the selection of parameters during the extrusion 

process to improve the mechanical properties of PLA-reinforced bamboo particle 

composites, especially their impact properties. Although there are many research articles 

has been published on the natural fibres reinforced PLA composites, unfortunately most of 

the available research works have focused only on the production and characterization of 

natural fibres reinforced PLA composites. Thus, the current study put an emphasized on 

how the material selection and processing parameters can be designed with the help of 

Design of Experiment (DoE) via the Taguchi method to improve different mechanical 

properties of the composites. This research signifies that material and processing 

parameters can be manipulated to improve the quality of the PLA reinforced bamboo 

particle. The primary objective of this study was to optimize the material and processing 

parameters during the production of PLA reinforced bamboo particle composites to 

improve the mechanical properties of these composites. The Taguchi method was used to 

determine significant parameters. Four primary parameters were considered: bamboo 

particle loading and bamboo particle size, as well as the screw speed, and die temperature 

of the twin screw extruder. The tensile, flexural, and impact properties were the responses. 

The physical, thermal, and morphological properties of the composites were also studied. 
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Table 1. Process Conditions of Single*/Twin** Screw Extruder for PLA Reinforced with Natural Fibres 

Natural 
Fibres 

Fibre 
Size 
(μm) 

Fibre 
Load 
(wt%) 

Screw 
Speed 
(rpm) 

Temperature 
Profile 
(°C) 

Tensile 
Strength 
(MPa) 

Tensile 
Modulus 

(GPa) 

Flexural 
Strength 
(MPa) 

Flexural 
Modulus 

(GPa) 

Impact 
Strength 
(kJ/m2) 

References 

Hemp 4900 10 to 30 100** 175 to 190 50 to 76 3.5 to 8.2 - - 1.0 to 2.7 
Sawpan et al. 

(2011) 

Abaca - - 100** 200 74 3.3 to 8.0 - - 6.0 
Bledzki et al. 

(2010) 

Jute - - 100** 200 81.90 3.4 to 9.6 - - 5.0 
Bledzki et al. 

(2010) 

Miscanthus 230 10 to 40 
100 to 
300** 

165 to 190 50 to 54 6.0 to 6.4 70.0 4.0 - 
Gamon et al. 

(2013) 

Miscanthus - 20 to 40 63* 175 to 200 50.9 to 59.1 2.4 to 3.2 - - - 
Ragoubi et 
al. (2012) 

Flax 1 25.7 20* 190 55.4 3.8 to 7.4 - - 9.1 
Bourmaud et 

al. (2015) 

Flax 4 30 20* 175 to 185 - - - - - 
Bourmaud et 

al. (2010) 

Kenaf 3 10 to 30 80* 200 35.5 to 39.2 1.40 to 1.90 - - - 
Pan et al. 

(2007) 

 
Bamboo 

260 

20 and 
40 

100, 150, 
225, and 

300** 
165 

50-55 6.75-9.00 69-78 4.1-6.0 -  
Gamon et al. 

(2013) 
200 55-56 7.00-10.50 72.83 4.8-7.0 - 

160 49-52 6.00-9.00 66-69 4.0-5.7 - 

80 46-49 5.50-8.00 60-63 3.7-5.2 - 
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EXPERIMENTAL 
 
Materials 

Semantan bamboo (Gigantochloa scortechinii) was purchased from local sources 

(Bamboo Village, Kuala Lumpur, Malaysia). The bamboo provided was air-dried and cut 

into small pieces. Subsequently, the bamboo pieces were ground into particle size by using 

a Riken grinder (model RAB- 15T11S3, Wakō, Japan). The bamboo particles (BP) were 

sieved with a Retsch Test Sieve Model 5667 (Haan, Germany) into three ranges: 50 to 150 

μm, 150 to 250 μm, and 250 to 425 μm.  

Image J software was used with the scanning electron microscope images of the 

fibres to determine the average dimensions. Polylactic acid (PLA) (Ingeo biopolymer 

2003D), manufactured by Nature Works LLC (Minnetonka, MN), was purchased from 

Innovative Pultrusion (Negeri Sembilan, Malaysia). The polymer was supplied in the form 

of pellets and the physical and mechanical information of the PLA pellets are shown in 

Table 2. 

 
Table 2. Mechanical and Physical Properties of PLA Based on Datasheet 

Physical Properties PLA ASTM Method 

Specific gravity 1.24 D792 

MFR (g/10 in (210 °C and 216kg)) 6 D1238 

Clarity Transparent 

Mechanical Properties  

Tensile strength (MPa) 60 D882 

Tensile modulus (GPa) 3.5 D882 

Notched Izod impact (J/m) 16 D256 

Heat distortion temperature (°C) 55 E2092 

 
Methods 
Preparation of the composites 

The bamboo particles were dried in an oven at 105 °C for 24 h prior to processing 

in order to minimize moisture content and to avoid porous structures, which may result in 

low product strength (Klyosov 2007). The PLA was also dried in a vacuum oven at 70 °C 

for 24 h before it could be used. The PLA-BP biocomposites were prepared at different 

conditions using a Lab Tech 26 mm co-rotating twin screw extruder according to the 

conditions listed in Table 2.  

Figure 1a illustrates the extrusion process of the BP and the PLA. After extrusion, 

the extrudate materials were dried at room temperature for 24 h before pelletizing. The 

pelletized biocomposites were vacuum dried at 70 °C prior to hot compression moulding. 

The pelletized biocomposites were compressed at 190 °C in a metal flat frame mould (200 

mm x 200 mm x 3 mm).  

The biocomposites were preheated at 190 °C for 10 min, compressed at 190 °C for 

5 min at 3.44 MPa and cool pressed at room temperature. Figure 1b shows the PLA-BF 

biocomposite sheet after being compression moulded. 
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(a) 

 
(b) 

 
Fig. 1. (a) Compounding of the PLA and bamboo particle using twin screw extruder; (b) the PLA-
BP biocomposite sheet after being compression moulded  

 
Mechanical Tests of Biocomposites 

The mechanical behaviour of the PLA biocomposite sheets were investigated by 

conducting three different mechanical testing processes: tensile, flexural, and Izod impact. 

At least five identical test specimens were prepared for each mechanical test. The averages 

were taken, and the corresponding standard deviations were calculated.  

 
Tensile test 

The PLA biocomposites test specimens were tested according to ASTM standard 

D638-10 (2010) to measure their tensile properties. The samples were cut according to the 

specification for Type I specimens. A universal testing machine (model 5969-50kN 

Electro-Mechanical UTM) was used to test the samples with a gauge length of 50 mm and 

a crosshead speed of 5 mm/min.  
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Flexural test 

Three-point bending tests were conducted in accordance with ASTM standard 

D790-10 (2010) to measure the flexural properties using an universal mechanical testing 

machine (model 5969-50kN Electro-Mechanical UTM). Seven samples were cut according 

to the standard specification and the samples were loaded in a three-point flexural with the 

recommendation span to depth ratio of 16 to 1. The testing was performed at a crosshead 

speed according to the standard. 

 
Impact test 

An Izod impact test was conducted according to ASTM standard D256-10 (2010) 

using a GOTECH impact tester (model GT-7045-MDL, Baton Rouge, LA) to investigate 

the toughness of the PLA-BP biocomposites. Beforehand, the samples were cut into 

rectangular biocomposite strips (64 mm x 12.7 mm x 3 mm). A 45° V-shaped notch was 

made at the centre part of the sample with the GOTECH notching machine (model GT-

7016-A2). The depth under the notch was 10.2 mm. 

 
Scanning Electron Microscopy (SEM) 

A FEI Quanta FEG 650 SEM was used to study the morphological characterization 

of the biocomposite fractured surface and size determination of the bamboo particles. The 

biocomposite samples were thoroughly cleaned, air-dried, and then mounted on an 

aluminium SEM sample holder with double sided tape. The samples were then coated with 

gold and left to dry at room temperature for 2 h before SEM could be performed. The SEM 

analyses were performed at 5 kV and at 100x magnifications, while ImageJ software was 

used to determine the average BP size. As shown in Fig. 2, the SEM images with particle 

size low, medium, and high are labelled (a), (b), and (c), respectively. 

 

 
(a) 

 
(b) 

 
(c) 

 

Fig. 2. SEM images of the bamboo particles with (a) low, (b) medium, and (c) high particle sizes 

 
Design of Experiments (DoE): Taguchi Method 

The design of experiments (DOE) is a highly effective tool to analyse the influence 

of process parameters in terms of performance. Typically, a simple approach in the research 

process is used, in which numerous experimental runs are required to explore the 

relationship by changing one parameter at a time. Thus, the experimental design approach, 

e.g., the Taguchi method, can be introduced as an effective technique to reduce the number 

of experiments while retaining the quality of the data collection.  
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The Taguchi method was used to optimize the design parameters because this 

systematic approach can be significantly minimizing the overall testing time and 

experimental cost. The proper selection of factors and their levels is the most important 

step at the early stage of the design of experiments process. Taguchi’s method tests a pair 

of factors and provides the optimum results, thereby reducing the number of experiments, 

cost, and time (Joseph and Panneerselvam 2020).  

 The particle size (A), particle loading (B), screw speed (C), and die temperature 

(D) were selected as parameters. These parameters are varied at three levels. To study the 

complete effect of parameters, four factors at three levels require 34 = 81 runs as per full-

factorial experiment, whereas Taguchi’s approach reduced the number of experiments to 

9. The minimum number of experiments that are required to conduct the Taguchi method can 

be calculated based on the degree of freedom approach. Taguchi's designs are usually highly 

fractionated, which makes them very attractive to practitioners. A quarter-fraction design, 

denoted as 2k-2, consists of a fourth of the runs of the full factorial design. In this study, the 

orthogonal array chosen was the L9 (34-2), which has 9 rows corresponding to the number 

of tests with four columns at three levels. The parameter settings at different level are given 

in Table 3. Minitab software (Version 16, Minitab Inc., State College, PA) was used to 

analyze the data statistically for each test conducted in this work.  

 

Table 3. Experimental Layout Using A L9 Orthogonal Array and Output 
Performance 

 

  

Exp. 
No 

Particle 
Size (µm) 

(A) 

Particle 
Load 
(wt%) 

(B) 

Screw 
Speed 
(rpm) 
(C) 

Die 
Temp. 
(°C) 
(D) 

TS 
(MPa) 

TM 
(GPa) 

FS 
(MPa) 

FM 
(GPa) 

IS 
(J/m) 

PLA - - - - 
57.60 
(0.89) 

4.87 
(0.20) 

88.47 
(1.78) 

3.42 
(0.35) 

19.84 
(0.86) 

R1 50 to 150 10 100 170 
40.62 
(2.83) 

5.56 
(0.14) 

62.05 
(1.15) 

3.85 
(0.35) 

31.57 
(3.19 

R2 50 to 150 30 200 180 
52.13 
(2.75) 

7.30 
(0.33) 

69.23 
(2.31) 

4.65 
(0.07) 

23.61 
(2.39) 

R3 50 to 150 50 300 190 
23.98 
(1.16) 

8.29 
(0.15) 

42.80 
(2.23) 

6.50 
(0.23) 

17.00 
(1.42) 

R4 150 to 250 10 200 190 
40.10 
(0.29) 

5.70 
(0.21) 

80.10 
(1.59) 

3.56 
(0.77) 

29.82 
(1.43) 

R5 150 to 250 30 300 170 
32.00 
(0.24) 

7.17 
(0.17) 

61.17 
(2.69) 

4.93 
(0.44) 

32.29 
(4.35) 

R6 150 to 250 50 100 180 
44.65 
(0.91) 

5.02 
(0.32) 

14.80 
(2.20) 

5.17 
(0.49) 

22.39 
(2.10) 

R7 250 to 425 10 300 180 
44.73 
(1.77) 

3.92 
(0.73) 

91.90 
(1.31) 

4.36 
(0.16) 

35.62 
(3.68) 

R8 250 to 425 30 100 190 
27.43 
(2.08) 

7.00 
(0.37) 

64.75 
(0.50) 

5.18 
(1.09) 

24.31 
(2.25) 

R9 250 to 425 50 200 170 
19.95 
(1.34) 

7.71 
(0.17) 

22.60 
(1.07) 

5.59 
(0.31) 

13.05 
(0.95) 

Note: TS = Tensile strength; TM = Tensile modulus, FS = Flexural strength; MF = Flexural 
modulus; and IS = Impact strength 
(  ) a value in parentheses is standard deviation. 
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Parameters selection  
Particle size (A) 

Low: 50-150μm Medium: 150-250μm High: 250-425μm 

Pre-experimental findings showed that the highest range of fibre size that was 

chosen was 250 to 425 μm due to the limitation of the particle size allowed for extrusion. 

A fibre size greater than 425 μm will clog the die of the twin screw extruder. According to 

literature shown in Table 1, most fibre lengths were comprised between 0.5 and 55 mm, 

but fibres shorter than 10 mm length were preferred. A 150 to 250μm fibre size was chosen 

as the intermediate value. 

 

Particle load (B) 

Low: 10 wt% Medium: 30 wt% High: 50 wt% 

According to literature, the mechanical performance of bamboo fibre composite 

increased as the bamboo fibre composition was increased, up to 60 wt%, and it declined 

sharply as the fibre increased further (Yang et al. 2015). However, the twin screw extruder 

was not able to perform as well at 60 wt%. A 50 wt% was chosen as the high limit for this 

study while 30 wt% was chosen as the intermediate value. 

 

Screw speed (C) 

Low: 100 rpm Medium: 200 rpm High: 300 rpm 

The lowest screw speed chosen was 100 rpm. This speed was chosen according to 

the literature reported in Table 1, as most of the reported work in preparation of natural 

fibres reinforced PLA composites used a screw speed of 100 rpm. In addition, the highest 

speed for the twin screw extruder was up to 300 rpm. Too high of a screw speed can result 

in insufficient time for the mixing of particles and PLA to occur in the extruder. A screw 

speed of 200 rpm was chosen as the intermediate value. 

 

Die temperature (D) 

Low: 170 °C; Medium: 180 °C; High: 190 °C  

Natural fibres are sensitive to thermal degradation. However, too low a temperature 

will result in a high viscosity, causing the mixing of the fibres with the matrix to be harder 

to occur. Passing through the die was also an important step during the extrusion process. 

The die temperature must be kept constant because it is linked with compound viscosity. 

The die temperature can change the rheology behaviour of the PLA and bamboo particle 

compounded pellet (Gamon et al. 2013). Mechanical properties vary with temperature 

because of the difference in viscosities of the composite mixtures (Sallih et al. 2014). The 

upper limit of 190 °C was set due to concerns that at a higher temperature than 190 °C, the 

bamboo particles might begin to thermally degrade. The lower die temperature limit was 

chosen to be 170 °C, although the melting temperature of PLA was found to be 

approximately 152 °C. This was due to the consequent formation of sharkskin on the 

composite sheets if a die temperature lower than 170 °C was used.  

 

Analysis of Variance (ANOVA) 
To understand the significance of the impact of the parameters on the mechanical 

behaviour of the biocomposites, a one-way analysis of variance (ANOVA) was applied. 

The analysis was done performed using Microsoft Excel.  
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RESULTS AND DISCUSSION 
 

Mechanical Properties of Composites 
The experimental results of the mechanical properties obtained from the L9 

orthogonal arrays are shown in Table 3. The results showed that the addition of bamboo 

particles to the PLA composites enhanced all mechanical properties, except for tensile 

strength, in comparison to neat PLA. This could be due to poor bonding between the 

bamboo particles and the PLA, thus leading to poor tensile strength of the PLA-bamboo 

particle composites. This has been attributed to weak interfacial interaction between the 

hydrophobic PLA matrix and the hydrophilic bamboo fibres. An article published by Zhou 

et al. (2016) also reported that the reinforcement of PLA with natural fibres reduced the 

tensile strength as well as the lack of fibre dispersion due to a high degree of fibre 

agglomeration.  

The SEM images of the PLA composites with different particle loads are shown in 

Fig. 3. In terms of poor tensile strength, Fig. 3c showed considerable fibre agglomeration, 

which occurred due to poor fibre dispersion, as well as several fibre pull outs, which 

occurred because of poor bonding. As mentioned by Mulinari et al. (2009), the mechanical 

behaviour of the composite is strongly dependent on the microstructural distribution of the 

reinforced particles in the matrix. Particle agglomerates act as defects or stress 

concentration sites for crack nucleation. The number of agglomerates increase as the 

particle loading percentage increases. The PLA composites with 10 wt% and 30 wt% 

particle load (as shown in Fig. 3a and Fig. 3b), had relatively better fibre dispersion; 

however, some fibre pull outs and fibre-matrix debonding were still observed. 

 

Fig. 3. SEM images of tensile fractured sample surfaces for (a) 10 wt% (b) 30 wt% (c) 50 wt% of 
PLA/BP composites 

 

It was expected that a higher fibre content would result in better tensile properties 

in the PLA composites because the fibres have a higher tensile strength than the matrices. 

However, the results shown in Table 3 indicate that the tensile strength and flexural 

strength decreased with an increasing particle load. The agglomeration of bamboo fibres 
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at a higher bamboo content might be the reason the tensile strength of the composites was 

reduced with the addition of more bamboo fibers. There are findings from literature that 

claimed at a certain point, the matrices cannot completely bind all the fibres (Shah et al. 

2016). Thus, this results in failure occurring at the weak area. In the tensile test reported 

by Ismail et al. (2002), it was shown that the tensile strength of bamboo fibre reinforced 

natural rubber decreased as the fibre load increased. They reported that the composites 

tensile strength was due to the inability of the irregular shaped bamboo fibres to transfer 

the stresses to the polymer matrix. However, the flexural strength was higher than the 

tensile strength, because, for two samples of the same size, only one half of the sample was 

stressed from bending, while the whole sample was under tension, and fewer defects are 

involved in bending. This is because according, to Leguillon et al. (2015), amongst the two 

strength parameters, the tensile strength seems to be the only one to be a material 

parameter. The tensile and flexural modulus of PLA/BP composites exhibited remarkable 

improvement, by 70% and 90% respectively, in comparison to neat PLA. The tensile 

modulus of the PLA/BP composites increased as the particle load increased. This may be 

attributed to the increase in bamboo content, which has a higher stiffness than the matrix 

(El-Shekeil et al. 2014). 

The results of the Izod impact tests are shown in Table 3, and it is apparent that the 

impact strength of all PLA/bamboo particles composites improved in comparison to neat 

PLA, except for R9. The improvement of the impact strength compared to neat PLA is 

owed to the presence of particles in the polymer matrix. Consequently, more energy can 

be absorbed during debonding. However, the decrease in impact strength for R9 was 

because at 50 wt%, there were many fibres that were not completely surrounded by the 

polymer matrix and were in contact with other fibres. This will lead to less energy being 

absorbed during an impact. It may also be due to the induced micro-spaces between the 

fibre and the polymer. Hence, micro-cracks will occur upon impact, which can easily lead 

to crack propagation and decrease the impact strength of the composite (Yang et al. 2004; 

Zhao et al. 2008). The effect of each parameter on the mechanical properties of the PLA/BP 

composites will be discussed in detail in the Taguchi analysis section. 

 

Taguchi Analysis 
The orthogonal array of Taguchi experimental design was employed to determine 

the parameters at different levels in separated responses using the average of the 

experimental outputs. A Taguchi orthogonal array L9 (34-2) with three logical levels for 

each parameter was used. The parameters mentioned in Table 3 were responsible for 

affecting the tensile, flexural, and impact properties. Analyses of the effects of the 

consolidation parameters were conducted on the average values of the tensile, flexural, and 

impact properties outputs using response graphs. An optimal set of conditions can be 

obtained by the calculated average values shown in the response graphs to achieve the 

greatest performance of the PLA/BP composites. Levels 1, 2, and 3 denote a low, medium, 

and high-level parameter setting, respectively. Note that a longer vertical line represents a 

higher influence of the parameter on the mechanical performance of the composite sheets. 

The horizontal line shows the average value of the composite performance. The highest 

values of each parameter were considered as the optimum set of process conditions.  

 

Tensile strength 

Figure 4 illustrates the response from the Taguchi analysis of tensile strength. The 

results in Fig. 4a show that the fibre load and die temperature had a large influence on the 
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variability in composite tensile strength. Higher bamboo content leads to lower tensile 

strength. This poor performance is likely due to a lower amount of PLA present to transfer 

the fibres in the extruder, thus resulting in poor mixing of the bamboo particles and the 

PLA matrix. Lower amounts of PLA also restricted the ability of PLA to bind the fibres 

together in the composite sheets. Besides, high fibre loading also will lead to agglomeration 

in the composites, thus reduced the tensile strength of the composites. The agglomeration 

of bamboo particles is an indication of poor bonding or low interfacial adhesion strength 

between the filler and PLA matrix as also found in Wahyuni and Soeswanto (2019). The 

agglomerates provide defects that can develop quickly and trigger brittle fracture. For 

tensile strength, the interfacial action is favoured for the stress transfer from the matrix to 

the bamboo particles, so the tensile strength can be enhanced (Zhang et al. 2011).  

For the die temperature, a low and high die temperature led to poor tensile strength. 

This could be due to the fact that at low die temperatures, the viscosity of the mixture of 

PLA and bamboo fibres in the extruder is relatively high. This leads to poor compounding 

between the PLA matrix and bamboo particles. In contrast, at a high die temperature, the 

viscosity might be too low. This will cause most of the bamboo fibres to easily transfer 

through the die. Therefore, more PLA will be left behind in the extruder without binding 

to bamboo fibres. It can be concluded that the best combination for obtaining optimal 

tensile strength in the composite sheets consists of a low-level particle load and a medium 

level die temperature, while the remaining parameters can be set to any level. It is clearly 

shown from the Taguchi analysis that the composite strength increases as the particle size 

decreases. This might be due to smaller particles having a higher total surface area that 

helps to transfer the stress more efficiently in the composite system, thus improving the 

tensile strength of the composites. Similar findings have also been reported by Fu et al. 

(2008) and Zakaria et al. (2018). The result reveals that the strength of the composite 

increases with decrease in the particle size. Zakaria et al. (2018) stated that the smaller size 

of fiber will increase interfacial interaction between fiber and matrix. Higher work 

hardening rate was also observed with decreasing the particle size. This is attributed to the 

formation of dislocation tangles around the particles, due to plastic incompatibility between 

the reinforcement and matrix, and the formation of a dislocation cell structure with a cell 

size inversely proportional to the inter particle spacing (Chaubey et al. 2016). 

Generally, the screw rotational speed is associated with the shear stress applied and 

the residence time of composite melt during compounding in an extruder. An increase in 

screw speed up will cause one of two distinct occurrences: (1) it will produce higher shear 

stress on the melt and thus promotes better distribution of the filler within the polymer 

matrix, which results in improved mechanical properties, or (2) it will reduce the residence 

time of melt in the extruder, which causes an incomplete melt compounding process 

(Ayyub et al. 2019). As for the effect of the screw speed on the tensile strength of PLA/BP 

composites, with varying screw speeds, no major difference was observed between the 

tensile strength values. This indicated that the impact of the screw speed on the mixing 

process of bamboo particles and PLA was of low significance, i.e., it did not impact the 

improvement of the tensile strength. Modifying the residence time of both the bamboo 

particles and the PLA or providing more shear did not help improve the mixing of both 

components, as the tensile strength remained similar for all the compounds tested. Gamon 

et al. (2013) also observed a small influence of screw speed on the mechanical properties 

of miscanthus/PLA composite.  

The effect of the die temperature on the tensile strength appears to be drastic; a 

medium die temperature yielded the highest tensile strength in comparison to the tensile 
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strength of samples produced using a low or high die temperature. Low die temperature 

composites did not impart any positive reinforcement by the fibres that were able to 

withstand stress transfer at the interface. Low die temperatures might lead to high viscosity, 

which results in poor mixing of the bamboo particles and PLA, thus exhibiting low tensile 

strength. The tensile strength also decreased with a high die temperature, which was 

associated with the softening of the matrix (Salleh et al. 2014). 

 

 
(a) 

 

 
(b) 

 
Fig. 4. Response graphs from the Taguchi analysis showing the average value of the tensile 
strength (a) and the tensile modulus (b) of the PLA/BP composites 
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Tensile modulus 

As shown in Fig. 4b, composites with a low particle size exhibit the highest tensile 

modulus. The results showed that low particle size can provide a greater stiffness effect. 

Stark and Berger (1997) also reported that the tensile modulus increased as the particle size 

increased, up to a particle size of approximately 250 µm, at which point the tensile values 

began to decrease.  Meanwhile, composites with a medium and high particle size showed 

trivial differences, because at a given loading percentage, the fibre-matrix interaction in 

the composite system has been saturated (Mohamed et al. 2018). As expected, the tensile 

modulus is the lowest at a low loading percentage, since a higher bamboo load amount 

increases the stiffness of the composite, thus increasing the tensile modulus at higher 

bamboo particle loads (medium and high). 

Based on the plot in Fig. 4b, a low screw speed yielded the lowest tensile modulus. 

A similar trend was found for jute fibre reinforced thermoplastic polypropylene (PP) 

composites processed using a twin-screw extruder with varying screw speeds (100 rpm, 

200 rpm, and 300 rpm) (Somashekhar et al. 2020). Their study revealed that the Young’s 

modulus increases when the screw speed was changed from 100 rpm to 300 rpm. At low 

screw speeds, the shear rate may not be sufficient in terms of wettability of the PLA matrix 

and lead to poor distribution of the filler within the polymer matrix, which results in a low 

tensile modulus. Based on the primary effect graphs, it can be concluded that particle load 

and die temperature appeared to significantly affect the tensile modulus of the composites 

synthesized with particle loads and die temperatures of 30 wt% and 190 °C, respectively. 

By increasing the die temperature, the tensile modulus presented an increasing pattern 

compared to the ones processed at a lower temperature. Similar findings were reported in 

a study by Salleh et al. 2014). 

 

Flexural strength 

As shown in Fig. 5a, the maximum flexural strength was achieved by using a high 

particle size. However, there was only a slight difference in flexural strength values of the 

composites when the particle sizes differ. The same result was reported by Kuo et al. 

(2009). The particle load showed a notable influence on the flexural strength values of the 

composites. High particle loads led to the lowest flexural strength and an identical trend 

can be seen in tensile strength. Again, the reason for low flexural strength at high particle 

loads was due to the agglomeration of the fibres, which become a weak point in the 

composite. In addition, poor interaction between the bamboo particles and the PLA matrix 

could also be one of the reasons. These observations can be seen in the SEM images shown 

in Fig. 4. The Taguchi analysis suggests that the particle size, screw speed, and die 

temperature should be set to their highest level to obtain the highest flexural strength. 

However, changing the levels of these factors has little influence on the strength of the 

composite sheet. The particle loads should be set at a low level to achieve a high flexural 

strength with minimum product variability.  

As for the screw speed, the flexural strength of the PLA/BP composites decreased 

as the screw speed was increased. Though the effect of the screw speed on the tensile 

strength was not impactful, it seemed to have an influence on the flexural strength. This 

might be due to the fact, as mentioned previously according to Leguillon et al. (2015), that 

amongst the two strength parameters, the tensile strength seems to be the only one that is a 

material parameter. Thus, any changes in process parameters might only affect the flexural 

strength and not on tensile strength. The die temperature appears to be randomly distributed 
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and with various die temperatures; only slight changes were observed in the flexural 

modulus, so it can be assumed to be of trivial importance. 
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Fig. 5. Response graphs from the Taguchi analysis showing the average value of the flexural 
strength (a) and the flexural modulus (b) of the PLA/BP composites 

 

Flexural modulus 

The flexural modulus is a convenient measurement of the composite stiffness. 

Fillers can drastically contribute to an increase in stiffness. Therefore, the flexural modulus 

is highly dependent on particle size, and as such the flexural modulus increases as the 

particle size increases. As shown in Fig. 5b, the results of the flexural modulus analysis 
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showed that a medium particle size yield the lowest value. This might be due to the weak 

wetting of medium size particles in comparison to the low and high particle sizes. 

The greatest improvement in the flexural modulus with the inclusion of BP in the 

PLA composite was found at a particle load of 50 wt%. A high particle load displayed the 

highest flexural modulus, which was due to the inclusion of bamboo particles that enhanced 

the flexural rigidity of the PLA composite. A high screw speed was found to contribute to 

a higher flexural modulus. This meant that a high screw speed created enough shear force 

to fully wet the bamboo particles, in comparison to low and medium particle sizes. Low 

and medium screw speeds yielded minimal difference in the flexural modulus. A similar 

trend was found for jute fibre reinforced thermoplastic polypropylene (PP) composite 

processed using a twin-screw extruder with varying screw speeds (100 rpm, 200 rpm, and 

300 rpm) (Somashekhar et al. 2020). Their study revealed that the Young’s modulus 

increased as the screw speed was increased from 100 rpm to 300 rpm. At a low screw 

speed, the shear rate may not be sufficient for total wettability of the PLA matrix and can 

lead to poor distribution of the filler within the polymer matrix, which resulted in a low 

tensile modulus. Similar to tensile strength, the die temperature appears to be randomly 

distributed and with various die temperatures, only slight changes in the flexural modulus 

were observed on, so it can be assumed to be practically trivial. 

 

Impact strength 

Impact strength is an important parameter in measuring the plasticity of a material. 

The impact values reflect the ability of the material to absorb the energy transferred from 

a load (Sahin and Yayla 2005). Figure 6 shows that the composites with a low and high 

particle size resulted in the lowest impact strengths. The reason for the decrease in impact 

strength at low particle sizes may be due to the possibility of fibre agglomeration, which 

creates regions of stress concentration that require less energy for crack propagation to 

occur. Meanwhile, high particle size composites yielded a decrease in impact strength due 

to the stiffening of the polymer chain, which occurred due to fibre-matrix bonding 

(Nourbakhsh et al. 2009).  

 

 
 

Fig. 6. Response graphs from the Taguchi analysis showing the average value of the impact 
strength of the PLA/bamboo composites 
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The impact strength of the composites drastically decreased as the particle load 

increased. This was expected because the presence of bamboo particles in the PLA matrix 

provided stress concentration points, thus providing sites for crack initiation and potential 

composite failure. A high screw speed yielded the highest impact strength, while a medium 

screw speed had the lowest impact strength. A high screw speed resulted in a high shear 

rate in the twin screw extruder, which led to better distribution of the BP in the PLA matrix; 

therefore, more energy was absorbed when a point force was applied. However, a medium 

and low screw speed yielded lower impact strength because the shear rate was too low for 

the sufficient compounding of the BP and PLA, but the difference was minimal. The same 

result was also reported by Peltola et al. (2006), who stated that the screw speed did not 

have a noticeable influence on the rheological and mechanical properties of the PP 

nanoclay composites. The PLA/BP composites produced with a high die temperature 

yielded the lowest impact strength. However, the influence of the die temperature on the 

impact strength was negligible, since only small changes could be seen in the samples with 

different die temperatures. With regards to impact strength, as shown in Fig. 6, it appears 

that a medium particle size range (150 to 250 µm), a low particle load (10 wt%), a high 

screw speed (300 rpm), and a medium die temperature setting yielded the highest values 

for impact strength. This set of parameters are contrary to the optimum parameters obtained 

for the tensile and flexural properties.  

 

Analysis of Variance (ANOVA) 
To find the relative contribution of the parameters (particle size, particle loading, 

screw speed, and die temperature) on the tensile, flexural, and impact properties of the 

composites, ANOVA was performed on the experimental data. Table 4 shows the results 

of the ANOVA for the four output responses considered in this work. The results showed 

that the percentage contributions of the particle size, particle load, screw speed, and die 

temperature on the tensile strength were 2.81%, 34.74%, 9.48%, and 52.97%, respectively. 

In the case of the tensile modulus, the percentage contributions of the particle size, particle 

load, screw speed, and die temperature were 5.60%, 57.05%, 9.07%, and 28.28%, 

respectively. Regarding flexural strength, the percentage contributions of the particle size, 

particle load, screw speed, and die temperature were 1.44%, 78.85%, 11.86%, and 7.85% 

respectively. The percentage contributions of particle size, particle load, screw speed, and 

die temperature on the flexural modulus were 2.97%, 79.16%, 14.84%, and 3.03% 

respectively. For the impact strength, the percentage contributions of the particle size, 

particle load, screw speed, and die temperature on the flexural modulus were 6.86%, 

72.63%, 11.52%, and 8.98 %, respectively. 

The primary objective of the percentage contribution is to analyse which parameters 

significantly affect the tensile strength, tensile modulus, flexural strength, flexural 

modulus, and impact strength. The larger the value of the percentages, the greater the 

influence the parameter has on the response variable. It was observed that the die 

temperature and particle load contributed a higher percentage in comparison to the particle 

size and screw speed. It could also be seen that the p-value of the die temperature and 

particle load (approximately 0.0001 and 0.0017, respectively) were less than alpha (0.05). 

Therefore, the authors rejected the null hypothesis. There was enough evidence to support 

the claim that at least one of the means is different. 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Nurul Fazita et al. (2021). “Bamboo- PLA composites,” BioResources 16(1), 1914-1939.  1931 

Table 4. Results of ANOVA 

Response/ 
Factors 

Sum of 
Squared 

Total (SST) 

Sum of Squared (SS) Contribution (%) 

Particle 
Size 

Particle 
Loading 

Screw 
Speed 

Die 
Temperature 

Particle 
Size 

Particle 
Loading 

Screw Speed 
Die 

Temperature 

Tensile 
strength 

3014.68 84.85 1047.38 285.65 1596.80 
2.81 

(0.6500ns) 
34.74 

(0.0017*) 
9.48 

(0.2200 ns) 
52.97 

(~0.0001*) 

Tensile 
modulus 

66.83 3.74 38.13 6.06 18.90 
5.60 

(0.3813ns) 
57.05 

(~0.0001*) 
9.07 

(0.2042 ns) 
28.28 

(0.0040*) 

Flexural 
strength 

18645.12 268.25 14701.58 2211.14 1464.15 
1.44 

(0.8220ns) 
78.85 

(~0.0002*) 
11.86 

(0.1807 ns) 
7.85 

(0.3304 ns) 

Flexural 
modulus 

21.42 0.64 16.96 3.18 0.65 
2.97 

(0.6750ns) 
79.16 

(~0.0001*) 
14.84 

(0.1282 ns) 
3.03 

(0.6699 ns) 

Impact 
strength 

1883.91 129.30 1368.30 217.05 169.26 
6.86 

(0.2471ns) 
72.63 

(~0.0001*) 
11.52 

(0.0897 ns) 
8.98 

(0.1569 ns) 

Note: The values in the parentheses are the p-value. A p-value less than 0.05 means there was a significant different at the 5% significance level. 
*Significant difference at the 95% level 
ns = not significance 
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Based on Table 4, it can also be seen that the greatest influence on the flexural 

strength, flexural modulus, and impact strength was the particle load. All p-values of the 

particle load for the flexural strength, flexural modulus, and impact strength 

(approximately 0.0002, approximately 0.0001, and approximately 0.0001) were less than 

alpha (0.05). Hence, the authors rejected the null hypothesis of equal population means and 

concluded that there was a statistically significant difference among the population means. 

 
Confirmation Test 

A set of optimum parameters that yields the most desirable mechanical properties 

for the PLA/BP composites is summarised in Table 5. To validate the set of parameters 

that had been suggested by the Taguchi analysis, which will improve the impact strength 

and provide acceptable tensile and flexural properties for the PLA/BP composites, a 

confirmation experiment was conducted. Confirmation experiments were carried out to 

determine the mechanical performance of the optimized parameter conditions. This test 

was essential to validate the conditions suggested by the Taguchi analysis, which yielded 

the “best” impact properties of the composites. 

 

Table 5. Summary of Optimum Parameters Required to Achieve Maximum 
Mechanical Properties of PLA/BP Composites 

 

The set of parameters that yielded the optimum results for providing the highest 

impact strength in the PLA/BP composites was chosen for the confirmation test. A graph 

of primary effects plot shows that the parameter combination A2B1C3D2 was the desired 

sequence for yielding maximum impact strength and acceptable tensile and flexural 

properties. Table 6 demonstrates the experimental results of the PLA/BP composites in the 

confirmation test. The increment of the tensile modulus, flexural modulus, and impact 

strength compared to pure PLA were 11.7%, 28%, and 55%, respectively. 

 

Table 6. Experimental Results of Optimized Parameter PLA/BP Composite  

 

 

  

Mechanical 
Properties 

 
Tensile 
Strength 

Tensile 
modulus 

Flexural 
Strength 

Flexural 
Modulus 

Impact 
Strength 

Optimized 
parameters 

 A2B1C1D2 A1B2C2D3 A3B1C3D3 A3B3C3D3 A2B1C3D2 
* 

Note: * denotes the optimal parameters 

Particle 
Size (µm) 

Particle 
Loading 
(wt%) 

Screw 
Speed 
(rpm) 

Die 
Temp. 
(°C) 

Tensile 
Strength 
(MPa) 

Tensile 
Modulus 

(GPa) 

Flexural 
Strength 
(MPa) 

Flexural 
Modulus 

(GPa) 

Impact 
Strength 

(J/m) 

150 to 
250 

10 300 180 
41.74 
(1.37) 

5.44 
(0.29) 

90.25 
(2.81) 

4.38 
(0.18) 

30.75 
(1.54) 
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CONCLUSIONS 
 

1. The tensile modulus, flexural modulus, and impact strength were improved with 

the presence of bamboo particles in comparison with neat poly(lactic acid) (PLA).  

2. A graph of the main effects plot shows A2B1C3D2 as the desired sequence for 

maximum impact strength and acceptable tensile and flexural properties.  

3. The results of the confirmation test showed a noticeable improvement in impact 

properties compared to neat PLA (a 55% increase), without compromising tensile 

and flexural properties. 

4. Through ANOVA analysis, the particle load was found to be the dominant factor 

influencing all the mechanical properties of the PLA/bamboo particles (BP) 

composites.  

5. The ANOVA analysis also showed that the other parameters did not have a 

significant effect on the mechanical properties of the PLA/BP composites, 

however, die temperature had a significant influence on the tensile properties. 

6. The findings from this study can help to give better insight on the factors that need 

to be considered carefully during the manufacturing of PLA/BP composites with 

better impact properties via extrusion moulding. The discoveries from this study 

also can be employed to predict the mechanical properties of PLA/BP composites 

under different extrusion moulding conditions. Specifically, the use of the DOE 

method with maximizing the desirability properties is a systematic approach to 

identify an optimal parameter setting of the extrusion moulding process. Hence, the 

efficiency of formulating an optimal solution is substantially improved and the trial-

and-error process can be prevented. 
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