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ABSTRACT

The employment of natural fibres in fused deposition modeling has raised much attention from researchers in
finding a suitable formulation for the natural fibre composite filaments. Moreover, selection of suitable natural
fibres for fused deposition modeling should be performed before the development of the composites. It could
not be performed without identifying selection criteria that comprehend both materials and fused deposition
modeling process requirements. Therefore, in this study, integration of the Analytic Hierarchy Process (AHP)/
Analytic Network Process (ANP) has been introduced in selecting the natural fibres based in different clusters
of selection concurrently. The selection process has been performed based on the interdependency among the
selection criteria. Pairwise comparison matrices are constructed based on AHP’s hierarchical model and super
matrices are constructed based on the ANP’s network model. As a result, flax fibre has ranked at the top of
the selection by scored 19.5% from the overall evaluation. Flax fibre has excellent material properties and been
found in various natural fibre composite applications. Further investigation is needed to study the compatibility
of this fibre to be reinforced with a thermoplastic polymer matrix to develop a resultant natural fibre composite
filament for fused deposition modeling.
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1 Introduction

Nowadays, the employment of natural fibre composites in any type of application has become common
and popular to achieve sustainability goals. Generally, natural fibre composites are classified into three
resources which are plants, animals, and minerals. Among these three groups of natural fibre, plant-based
natural fibres have been majorly found in various product design applications as reinforced materials for
polymer-based products due to their availability and simple extraction processing. Research on plant-
based natural fibre was conducted a long time ago, and its properties have been proven comparable with
synthetic fibre [1]. The advantages of employing natural fibres in product design are environmentally
friendly, improving the material properties, low cost, lightweight and biodegradable. Mansor et al. [2] in
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their study have shown that employment of natural fibre composites in product design could reduce the
carbon footprint and energy consumption during the product’s whole life cycle. Ishak et al.’s [3] study
has shown that the addition of natural fibre in polymer materials increased the materials’ tensile strength.
Moreover, natural fibres composites have become a popular choice in material selection for cheaper and
lightweight criteria [4]. All these studies show the potential of natural fibres to be applied in various
product types and reduce the dependency of polymer materials in product design. Therefore, many
manufacturers are looking for the potential of natural fibres to be employed in their products such as
automotive components, medical tools, food packaging, and others. Audi has developed natural fibre
composites seat back, side, and back door panel, boot lining and hat rack for model A2, A3, A4,
A4 Avant, A6, A8, Roadstar, and Coupe [5]. Danso et al. [6] had studied soil building blocks made of
fibre reinforced composite, which are sugarcane bagasse, oil palm fruit, and coconut husk. Moreover, to
reduce the waste from the food industry, Universal Biopack has commercialized bamboo/cassava food
containers to cut down on trash issues in Thailand [7]. Many researchers have studied natural fibers for
their manufacturability in different techniques of the manufacturing process. As reinforced materials for
polymer, natural fibres have a similar manufacturing process principle with polymer-based materials and are
more likely into additive manufacturing techniques. The process includes extraction of the fibres from the
origin, producing the desired form such as yam, particles and mat, blending with the matrix, and finally
forming the desired shapes and products [8]. Before blending method, the fibres will be treated or clean up
to removes impurities to ensure good adhesive bonding with the polymer matrix. Consequently, the
properties of the fibre composites would be improved by proper fibre treatment either by alkaline, silane or
sea water concentration. However, improper treatment process would lead to degradation of the fibres [9].

Generally, Fused Deposition Modeling (FDM) is a process where the thermoplastic filament is extruded
through a hot nozzle head onto a flat platform to build a 3D object layer by layer [10]. The quality of the 3D
printed object majorly depends on the quality of the filament. Before the printing process, the filament is
prepared through the kneading or extrusion process. Various filament materials are developed for FDM,
such as ceramics, biopolymers, and natural fibre composites [11]. For natural fibre composites to be
employed for FDM, it includes mixing and extruding the composites to produce the feedstock. Stoof
et al. [12] fed polymer and fibre granules into a twin-screw extruder to fabricate fibre reinforced recycled
polypropylene filament. In another way, initially, Kariz et al. [13] compounded the wood particles and
polylactide (PLA) granules and pelletized them to extrude the 1.75 mm filament using a single screw
filament extruder. When the filament is ready to be used in the FDM 3D printer, the engineer needs to
optimize the printing process parameter concerning material properties. As mentioned previously, the
filaments’ quality is necessary before the filament is ready to be used for the 3D printer. The properties of
the filament materials are greatly influencing the process parameter set up during the printing process.
Consequently, the process parameter could influence the quality of the final 3D printed object. Jiang et al.
[14] had shown a study of the effect of printing process parameters on the quality of the 3D printed
object. Most of the process parameters significantly affect the mechanical properties of the 3D printed
object. Determination of the raster angle and layer thickness would affect the interlayer properties. A
raster angle that less than 45° would contribute to interlayer fracture mode, and smaller layer thickness is
preferable to strengthen the interlayer bonding strength. A study from Attoye et al. [15] had showed that
45° printing angle is not recommended as it exhibits the weakest mechanical properties of printed object.
Sheoran et al. [16] stated that printed objects with 0° of raster angle would have a higher tensile strength
as the fibres are parallel to applied tensile load. Interlayer bonding strength of the printed object is
influenced by the layer thickness set up and influenced by the properties of the morphological of the
filament materials. Less void is desirable where it would strengthen the bonding. However, voids in
the composite filament would significantly appear when the fibre volume fraction is increasing. Besides,
the water absorption behaviour of the fibres could contribute to void occurrence in the composite
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morphology [17]. Moreover, good interfacial bonding strength of the composites could avoid agglomeration
in the nozzle during the printing process [18]. Therefore, it is important to select the most suitable material
that could comprehend process parameters. As the principle of FDM includes thermal extrusion process,
filament material is heated with elevated temperature inside a nozzle. It is necessary to employ filament
material with suitable working temperature ranges and melt flow properties. A suitable material with the
desirable thermal and physical properties should be selected prior to printing process to ensure the molten
filament could be extruded. For natural fibre composite, thermal degradation behaviour of the composite
should be observed as the fibre could affect the amorphous and semi-crystalline properties of the
thermoplastic materials. Moreover, it is suggested to increase fill rate of the printing process as it would
decrease the air gap in the material. Therefore, the printing process parameter such as fill rate and nozzle
temperature are greatly affected by the thermal and physical properties of the filament materials. Printing
angle and layer thickness would influence the mechanical properties of the filament material.

The variety of natural fibre has become an issue in selecting which type is the most suitable for a
particular application. Material selection of natural fibres has been performed by many researchers for
different applications such as automotive components [19], food industry [20], medical instruments [21],
construction [22,23], defence technology [24], and manufacturing process [25]. In selecting the most
suitable natural fibre, the engineer must be aware of the material characteristics that should be aligned
with the selection requirements. For manufacturing process application, the candidate of materials should
satisfy the essential process parameters to ensure the processability and compatibility of the material as
the feedstock. Therefore, in selecting natural fibre for FDM, it is vital to understand the unique
characteristics of the natural fibres that comprehend the process parameters. A structured and systematic
decision making is required to avoid any mistakes and a biased decision that can lead to damages on
cost, time, and materials. In addition, the material selection process could take most of the time in the
product development process. The selection requirements that are grouped in different elements should be
evaluated in detail. The selection criteria have to be prioritized before selecting the natural fibre to avoid
misleading judgment and bias. Moreover, the relationship among the criteria should be considered, and it
could influence the judgement during the selection. Consequently, this process requires more time and
will delay the development process. A concurrent engineering approach is introduced by several
researchers [26—28] in selecting materials that could reduce the time of decision making. Hence, in this
study, selecting the most suitable natural fibres for FDM is performed using an integrated decision-
making tool. The selection process will be performed under principle of concurrent engineering approach
where all the selection criteria from different categories will be evaluated in parallel.

2 Selection of Natural Fibre Filament for Fused Deposition Modeling

The selection of natural fibres is determined from critical criteria studied through past literature. The
criteria are based on material characteristics that should comply with the process parameter of FDM. It
could be categorized into four main categories: general properties, physical properties, mechanical
properties, and chemical properties. As summarized in Table 1, each of the criteria is described.
According to the table, the general properties included in the selection criteria are the natural fibers’
production rate and raw cost. These two sub-criteria are vital as they would exhibit the potential and
readiness of the natural fibres to be processed using FDM techniques as an alternative to 100% polymer
filaments. The three sub-criteria; density, thermal conductivity, and glass transition temperature, are
important for the physical properties. These criteria would predict the natural fibers’ behaviour under
certain heat conditions during the thermal extrusion in the FDM process. Besides, these properties would
predict the behaviour of the natural fibre-based filaments that are supposed to solidify immediately after
extrusion from a nozzle [29]. Glass transition temperature of the materials is highly related to printing
temperature (nozzle and platform temperature) where the operator must know at which level of
temperature that the filament material able to change its phase from crystalline to liquid state without
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damaging its integrity. Undesirable material characteristics would lead to the set up of thermal processing
parameters mistakenly. Consequently, the mechanical and physical properties of the fabricated object will
get affected. Moreover, inappropriate set up of printing temperatures that do not match the properties of
filament materials would cause deformation such as warping or shrinkage [30]. Mechanical properties are
usually required in any design and process condition to ensure the performance of the final parts would
not be affected or degraded. Young’s modulus, tensile strength, and elongation at break would measure
the reliability of the materials to resist stress and show the material’s strength. In FDM, the feeding
mechanism involved mechanically pushing a filament held between two-counter rotating gears. The
filament is subjected to compression, and if the filament material is too brittle, it tends to fracture and
discontinue. Consequently, the fractured filament blocks the nozzle orifice. Similarly, if the filament
material is too ductile, it will deform inside the nozzle and block the nozzle orifice. Therefore, before the
printing process, the operator needs to understand the mechanical behaviour of the filament materials to
determine their printability [31]. For natural fibre, chemical properties are important and should be
considered as they contribute to the behaviour of natural fibre composites. Four important chemical
properties were chosen as sub-criteria: cellulose, hemicellulose, lignin, and moisture content. These
properties are related to other properties such as physical and mechanical properties. They also would
exhibit the behaviour of the natural fibres in facing challenges in FDM in terms of the rheological and
interfacial bonding strength with a polymer matrix. These chemical properties significantly cause the
fibre’s hydrophilic behaviour, affecting the resin compatibility and surface adhesion. This behaviour
exhibits the stiffness and rigidity of the fibres. Moreover, cellulose in natural fibre acts as a thermal
barrier would exhibit the thermal stability of the composites. The FDM technology is mainly using the
thermal extrusion process principle, and therefore the feedstock materials must have good thermal
stability. Selection of the desirable properties of the filament materials should considered all these
behaviours of natural fibre to ensure the printability of the resultant composite. Therefore, all these
criteria and their sub-criteria are considered in selecting natural fibres for FDM in this study.

Table 1: Selection criteria for natural fibre

Main criteria Sub-criteria Description
General Production rate To evaluate the availability of the natural fibre that
properties ready to be processed
Raw cost To determine the price of the materials
Physical Density To identify lighter natural fibres
properties Thermal conductivity To predict thermal characteristics of the natural fibres
Glass transition To measure degree of crystallinity and thermodegradibility
temperature complex of the natural fibres
Mechanical Young’s modulus To measure elastic constant to resist deformation
properties when stress is applied
Tensile strength To determine the durability and strength of materials

Elongation at break  To determine the strength and toughness level

Chemical Cellulose To determine the degree of polymerization and reflect the
properties mechanical properties
Hemicellulose To predict biodegradation and moisture absorption
Lignin To predict the rigidity of the fibres
Moisture content To predict the relative performance of natural fibre

under wet conditions during its lifetime
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The potential of natural fibres to be reinforced in a polymer matrix to produce filament for FDM is selected
based on past studies. In Table 2, the potential natural fibres are listed together with their properties for unbiased
judgement. Sugar palm, hemp, kenaf, coir, flax, and banana are shortlisted as the potential natural fibres to be
employed for the FDM process. Hemp, kenaf, coir, flax, sisal, and banana fibres are already being studied by
past researcher [32] for their ability as a reinforced element in polymer filaments except for sugar palm. In this
study, sugar palm is considered to evaluate the potential of this local natural fibre in the additive
manufacturing industry. Sugar palm or “ijuk” is well planted in the south area of Peninsular Malaysia and has
the potential to be applied in various industries. Consequently, it would improve the rural community
financially and support the sustainability campaign nationally and globally. Natural fibres like hemp and flax
with good mechanical properties regarding modulus and strength are most likely to be found in any
application, including FDM [33]. Hemp and flax fibre reinforced composites filaments are already being
developed and commercialized [34]. In addition, sisal, banana, coir, kenaf and sugar palm are found as
reinforced natural fibres for poly-lactic acid (PLA) or acrylonitrile butadiene styrene (ABS) composites. PLA
and ABS polymers are the most common polymer filaments that applied for FDM. Wang et al. [35] have
studied the potential of sisal to be reinforced with PLA. Their study shows that sisal fibres can nucleate and
transcrystallize in the PLA matrix, which is the desired behaviour of materials for FDM. Hybrid banana/sisal
reinforced PLA composites also exhibit better mechanical properties in a study shown by Asaithambi et al.
[36]. Safka et al. [37] show a study on coit/ABS composites for FDM and concluded that adding natural
fibres such as coir in ABS could decrease its strength. Dong et al. [38] suggested fibre treatment to improve
the properties of the polymer matrix. A study on kenaf as filler in the ABS polymer matrix also has been
studied by other researchers. Dunne et al. [39] characterized hybrid kenaf/sisal reinforced ABS matrix to
determine their mechanical properties. Adding natural fibres for polymer composites FDM would enhance the
performance and add elements of environmentally friendly.

Table 2: Potential natural fibres and their properties [40—42]

Properties Sugar palm Coir  Flax  Kenaf Hemp Sisal Banana
Production rate (10 tonne per year) 40 100 830 970 214 378 200
Raw cost (USD/kg) 4.00 0.50 4.15 0.52 2.07 1.00  0.81
Density (kg/m°) 1260 1200 1500 1400 1500 1500 1350
Thermal conductivity (W/m°C) — 0.05 030 035 0.30 0.35 0.66
Glass transition temperature (°C) - 209 130 390 100 390 -
Young’s modulus (GPa) 5.9 9.0 100.0 53.0 73.5 22.0 320
Tensile strength (MPa) 276 175 1500 930 921 640 914
Elongation at break (%) 22.30 40.00 3.20 1.60 1.68 7.00 9
Cellulose (%) 50.3 43.0 71.0 702 68.0 65.0 67.6
Hemicellulose (%) 13.30 025 20.60 2030 1500 12.00 19
Lignin (%) 31.50 025 220 2030 10.00 990 5.00
Moisture content (%) 7.4 8.0 120 12.0 12.0 10.0 8.7

Selection of the most suitable natural fibre for composites FDM should be performed to avoid any mistakes
after the decision has been made. The selection process should consider all the requirements concurrently and
prioritize without biased judgement. Concurrent engineering for natural fibres selection is an approach where
all the requirements from different criteria are evaluated together by correlating them in the judgement.
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Besides, this approach has been widely applied in decision-making by many researchers. Hambali et al. [27] used
a concurrent engineering approach to select design concepts and material at the conceptual design stage. Both
decisions comply with each other in conceptual design development. Sapuan et al. [43] reported that Sapuan
[44] and Sapuan et al. [45] had developed an expert system for material selection that satisfied mechanical,
chemical, physical, economic, and manufacturing requirements in a concurrent engineering manner.
Furthermore, to satisfy the requirements of the product design, Voice of Customers and Voice of Environment
should be applied concurrently in material selection. Hence, a concurrent material selection process has been
applied and approved for its effectiveness in making a decision. This technique complied with integrated
decision-making tools that will be explained in the next section.

3 Integration of AHP/ANP method

Analytic Hierarchy Process (AHP) was developed by Saaty [46] to derive the scale of relative importance
for alternatives and criteria. This method has been used since it effectively computes the weighting value to deal
with complex decision-making problems. The weighting values obtained from this method are acceptable in
objective or subjective evaluation by using pairwise comparisons that can derive accurate ratio and scale
priorities [47]. AHP has been employed widely in deciding on suitable materials for a particular application.
As mentioned in Noryani et al. [48] study, AHP has been applied by many researchers in determining the
most suitable materials that could meet the product design specification. Sapuan et al. [49] determined the
most appropriate natural fibre composite for the automotive dashboard panel by considering the main
criteria and sub-criteria in the hierarchy model developed through AHP. Salwa et al. [50] employed AHP to
determine suitable natural fibres in food packaging applications. Regarding the simple operation of
decision-making through AHP, some researchers integrate AHP with other decision-making tools. Salwa
et al. [51] integrated AHP with Quality Functional Deployment for Environment (QFDE) to rank the
choices of materials based on the customer needs for take-out food container application. In another study,
Shaharuzaman et al. [52] found that integration of AHP with Vlse Kriterijumska Optimizacija
Kompromisno Resenje (VIKOR) would provide systematic comparison and material selection method
especially for automotive product development that involves hybrid natural fibre composites. Bakhoum
et al. [53] proposed a hybrid approach that combined AHP with other decision-making tools which are
TOPSIS and the concept of entropy that present an objective, systematic and comprehensive method for the
sustainable ranking of materials. This approach would assist design engineer to select sustainable materials
for structural element design. With regards to all advantages and flexibility of AHP, this tool will be
employed in this study to evaluate all the criteria in selecting the most appropriate natural fibres for FDM.
There is another tool that also has been used in the decision-making process is the Analytic Network
Process (ANP). Saaty [54] has mentioned in his book that ANP is proposed to solve the interactions among
criteria that could deal with all kinds of dependences systematically to evaluate the decision criteria.
Therefore, some researchers would prefer to use ANP to select materials and solve the interaction between
the criteria and alternatives. Milani et al. [55] showed a concept of ANP for a material selection process
based on network problems as opposed to a conventional hierarchical decision-making process in their
study. Mahmoudkelaye et al. [22] applied ANP to assist constructionists in selecting materials that could
reduce the environmental footprint. Similarly, ANP has been integrated with other decision-making tools to
improve the judgement and reliability of the final score. Liu et al. [56] integrated ANP with other decision-
making tools, which are Decision Making Trail and Evaluation Laboratory (DEMATEL) and modified Vlse
Kriterijumska Optimizacija Kompromisno Resenje (VIKOR) to solve the material selection problems of
multiple dimensions and interdependent criteria. Govindan et al. [23] have employed ANP and other
decision-making tools; DEMATEL and TOPSIS to evaluate the best sustainable construction material based
on sustainable indicators. Zhang et al. [57] have proposed a hybrid approach that integrates four types of
decision-making tools: DEMATEL, ANP, Grey Relational Analysis (GRA), and TOPSIS. This approach
would help the design engineer to select the most suitable green material for sustainability based on the
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product’s requirements. Moreover, there is another study performed by Sharma et al. [58]. They have selected
the priority parameter for manufacturing material for motorcycle axle using an integration of AHP and ANP.

Selecting natural fibres with regards to the application should consider all the material constraints, and
dependency among them should be considered during the selection process. Therefore, integration of AHP
and ANP is employed in this study. It was proven as an alternative method in making a decision, especially
for selecting materials for a particular application. Integration method in decision making is preferable to
overcome the deficiency of single method approach. As conducted in previous study [59], a single
method of AHP cannot evaluate the inner dependency among the selection criteria, which is necessarily
performed to avoid biasness and misjudgement in final score calculation. Decision-making in AHP
includes linear relationships among the criteria in single-direction judgement. In this study, it is clearly
explained in the previous section that the selection of suitable natural fibre for FDM is based on the
material characteristics that comply with the printability requirements for FDM. Therefore, the integration
approach of AHP and ANP is more desirable where the ANP could assess the interrelationship between
the criteria, and two-way direction judgement is more reliable and valid. The concept of a pairwise
comparison matrix from AHP is implemented and embedded in the supermatrix of the ANP approach.
Hence, the complex material selection of natural fibre is possibly achieved by integrating AHP/ANP
where the selection criterion is evaluated concurrently considering interrelationship among them. In
material selection for filament FDM, there are four clusters of main selection criteria regarding the
process parameter set up for fibre reinforced FDM, as mentioned previously. The four clusters are general
properties, physical properties, mechanical properties and chemical properties. These four clusters include
criteria for the selection, as shown in Fig. 1. All the criteria are arranged based on a related cluster.
Candidate of natural fibres is selected as suggested in the literature review of material for FDM as in Table 2.

General Properties

Production Rate, Raw Cost

" 4 -

Physical Properties Mechanical Properties
Density, Thermal Conductivity, Young's Modulus, Tensile
Glass Transition Temperature Strength, Elongation at Break

A " 4

Chemical Properties

Cellulose, Hemicellulose, Lignin,
Moisture Content

Figure 1: Four main clusters for selection of natural fibres

Initially, the hierarchical model is constructed based on the goal, cluster, and criteria to perform a
pairwise comparison matrix as practised in AHP, as shown in Fig. 2. The goal is to prioritize criteria for
material selection that are set at Level 1. The four main clusters are set at Level 2, and the criteria are set
at Level 3, which need to be prioritised. Loops are drawn at the side of the model to indicate the inner
dependence of the elements which implied the network model. Next, a pairwise comparison matrix is
conducted based on the importance rate for each cluster and criteria over one and another using a nine-
point scale as explained in Table 3. Based on the literature reviews, the scoring criterion is determined.
The pairwise comparison matrices are constructed by answering questions like how much tensile strength
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(criteria) is more important than cellulose (criteria) concerning mechanical properties. Priority values are
obtained by calculating the eigenvector of the comparison matrix. The eigenvalue of the comparison
matrix would be used to calculate the consistency index and consistency ratio of the judgments in a
pairwise comparison. The consistency ratio will be considered, and it should be less than 10% to validate
the judgement in the pairwise comparison matrix. All the calculations of eigenvector, eigenvalue, and
consistency ratio are automatically generated from the Expert Choice® software.

Level 1 Goal: Prioritize criteria for material selection

General Properties Physical Properties
Level 2 ) . ) )

Mechanical Properties Chemical Properties
|
Production rate Raw cost Density Thermal conductivity Glass transition
Leve| 3 temperature Young's modulus Tensile strength Elongation at break Cellulose
Hemicellulose Lignin Moisture content

Figure 2: Hierarchical and network model for selection of natural fibres

Table 3: Nine-point scale for a pairwise comparison matrix [60]

Intensity of preference Verbal definition

1 Equally preferred

2 Equally to moderately preferred

3 Moderately preferred

4 Moderately to strongly preferred

5 Strongly preferred

6 Moderately to very strongly preferred

7 Very strongly preferred

8 Moderately to extremely strongly preferred
9 Extremely strongly preferred

The network model is constructed to obtain the dependency elements among the clusters and criteria,
and a supermatrix will be constructed based on this model. Both hierarchical and network models are
combined and presented in Fig. 2. At first, the inner dependence matrix based on the pairwise comparison
matrix (Fig. 3) of the clusters in Level 2 is constructed as shown in Table 4. This matrix was constructed
after the decision-maker determined the importance of each cluster over another. For example, the
decision-maker must rate the importance of physical properties compared with mechanical properties to
general properties (Fig. 3). When all the judgements have been made for Level 2 using AHP pairwise
comparison matrix as shown in Fig. 4, scores for each cluster are obtained and used as input for Table 4.
Next, an unweighted supermatrix is developed and constituted with the priority values for each criterion
as shown in Table 5. Here, the priority values are obtained from the pairwise comparison matrix (Fig. 5)
of criteria in Level 3 as similar approaches as for the main cluster. Due to some limitations, only one
pairwise comparison matrix is shown which is the judgement on how important the thermal conductivity,
cellulose, hemicellulose, lignin, and moisture content are to the glass transition temperature of the fibres.
Weighted supermatrix is derived by multiply the unweighted with the priority values of the clusters
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obtained earlier in Table 4 and presented in Table 6. Normalization is required if the summation of each column
for the weighted supermatrix is not equal to one. In this case, the weighted supermatrix in Table 6 needs to be
normalized. The normalized weighted supermatrix is presented in Table 7. In the next stage, the limited
supermatrix (Table 8) is calculated by derived the convergent matrix at the high powers of the supermatrix.
The priority value of the criteria for goal is obtained from the values of the limited matrix in Table 8 [56].
Finally, the most suitable natural fibre for filament FDM is selected as shown in Table 9. The evaluations
are based on the property values of natural fibre for each of the criteria. Raw scores are calculated by the
sum products of a column for priority values and score of property values. Weight for each natural fibre is
derived by the normalizing value of raw scores and rank is obtained based on this value as shown at the
bottom of the table. The summary of the proposed methodology is demonstrated in Fig. 6.

9875543212315357389
Physical Properties | ‘tttvrttrtt I RORH Mechanical Properties
14
Compare the relative importance with respect to: General Properties |

Physical P Mechanica Chemical F
Physical Properties. 3.0 3.0
Mechanical Properties I 5.0
Chemical Propertie s [ |

Figure 3: Pairwise comparison matrix for main clusters

Table 4: Inner dependence matrix for main clusters

General Physical Mechanical Chemical
properties properties properties properties
General properties 1 0.258 0.105 0.105
Physical properties  0.258 1 0.258 0.258
Mechanical 0.637 0.105 1 0.637
properties
Chemical properties 0.105 0.637 0.637 1

4 Ranking of the Natural Fibres for Filament FDM

After several considerations and calculations, a ranking of the natural fibres for filament FDM is
obtained through the integration of AHP/ANP. In an earlier stage, while prioritising the criteria for the
selection, criteria from chemical properties obtained the highest priority value. The moisture content of
natural fibre obtained 21.1%, followed by Young’s modulus from mechanical properties that obtained
15.5% for the priority value. Hence, these two criteria are considered the most important criteria for
selecting natural fibre as reinforced materials for polymer composites. Generally, natural fibres have poor
adhesion to hydrophobic polymer matrices because of their hydrophilic nature [61]. As shown in Table 9,
the lower moisture content is desirable as the direction of improvement is set as -1 in the final evaluation.
The low moisture content of natural fibre is the most desirable criteria for polymer composites that could
overcome the problems in terms of dimensional stability, electrical resistivity, tensile strength, porosity,
and swelling behaviour of natural fibre in composite materials [62]. Razali et al. [63] had shown a study
on the desired moisture content of natural fibre. Their study shows that the lower moisture content of
natural fibre exhibits high dimensional stability and quality of the final product. In another study,
mechanical properties will increase as the moisture content decreases [64]. Prediction of mechanical
properties of natural fibres shows that moisture content has a significant relationship with the other
properties and therefore exhibits their dependency among others in the material selection process [65].
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[CJ) Prioritze criteria for material selection
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Figure 4: Priority values of main clusters based on interdependency
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Figure 5: Pairwise comparison matrix for sub-criteria

As illustrated in Fig. 7 that based on Table 9, flax fibre (19.5%) scored the highest as the most suitable
natural fibres for filament FDM, followed by kenaf (16.5%) and sisal (16.4%). In the final evaluation, it can
be concluded that flax fibres satisfied most of the selection criteria by obtained 100% for Young’s modulus,
tensile strength, cellulose content, and hemicellulose content. However, flax fibres scored 100% for the
moisture content and this result is undesirable for the selection. Here, fibre modification is required to
reduce the moisture level significantly [66]. As mentioned earlier, flax reinforced polymer composite
filaments are already commercialized in the FDM industry. Flax fibres are widely applied for many
polymer composites in various industries because of their superior material properties comparable with
synthetic fibres like carbon and glass [67]. Flax fibre reinforced with PLA also shows good properties in
preliminary results of extruded compounds. In the latest study by Le Duigou et al. [68], flax fibre was
selected as the reinforced materials for developing continuous fibre reinforced bio-composite for FDM.
Flax fibre was selected because it exhibits almost the best tensile properties while a low linear weight
allowed a reduction in microstructural heterogeneities. Moreover, the rheological behaviour of flax/PLA
composites shows enhancement of the rate of crystallization due to the presence of flax fibre as a
cellulosic element and effectively accelerate the shear flow of the neat PLA [69]. This condition could
overcome an issue of the natural fibres in FDM regarding the rheological properties of deposition materials.
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Table 9: Final evaluation on natural fibres

Criteria Direction of Priority Sugar Coir Flax Kenaf Hemp Banana Sisal
improvement value palm

Production rate 1 0.008  0.041 0.103 0.856 1.000 0.221 0.206 0.399
Raw cost -1 0.007 0964 0.120 1.000 0.125 0.499 0.195 0.241
Density -1 0.001 0.840 0.800 1.000 0.933 1.00 0.900 1.000
Thermal 1 0.039  0.000 0.071 0.455 0.530 0.455 1.000 0.530
conductivity

Glass transition 1 0.034  0.000 0.536 0.333 1.000 0.256 - 1.000
temperature

Young’s modulus 1 0.155 0.059 0.090 1.000 0.530 0.735 0.320 0.220
Tensile strength 1 0.117  0.184 0.117 1.000 0.620 0.614 0.609 0.427
Elongation at 1 0.137  0.558 1.000 0.080 0.040 0.042 0.225 0.175
break

Cellulose 1 0.114  0.708 0.606 1.000 0.989 0.958 0.952 0915
Hemi cellulose 1 0.096 0.646 0.012 1.000 0.985 0.728 0.922 0.583
Lignin 1 0.085 1.000 0.008 0.070 0.644 0317 0.159 0.314
Moisture content —1 0.211 0.617 0.667 1.000 1.000 1.000 0.725 0.833

Raw 20.501 11.664 32.380 27.395 21.480 24.997 27.228

score
Weight 0.124 0.070 0.195 0.165 0.130 0.151 0.164
Rank 6 7 1 2 5 4 3
S Step 1
Identify criteria for material selection of natural fiber
NS
- Step 2
Construct hierarchical model to prioritize the criteria (AHP)
NS
o Step 3
Develop network model of material selection of natural fiber (ANP)
o B
J— Step 4

Develop super matrix (unweighted, weighted and limited super matrix)
S ork model (ANP)

N\
Step 5
Derive the priority value of the criteria based on network model (ANP)
N
Step 6
Rank the potential materials

Figure 6: Methodology of selection of natural fibres for filament FDM
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Figure 7: Rank of natural fibres for filament FDM

5 Conclusions

In summary, the selection of natural fibres for the FDM application has been performed using integrated
decision-making tools in the concurrent engineering approach. This study has explained the potential natural
fibres that compatible with process parameters of FDM that make them the most suitable candidate as
feedstock materials. In consideration of interdependency among the criteria, integration of AHP and ANP
has scored flax fibre as the most appropriate natural fibre that satisfies the selection requirements with a
score of 19.5%. Coir has scored the lowest as it obtained 7% from the whole evaluation. The results
obtained from the integration method of AHP and ANP have been verified by the excellent properties of
flax fibres that many researchers have investigated. Moreover, to save more time, cost and energy, a
concurrent engineering approach is suggested to be comprehended in the material selection process of
natural fibres. This approach included all the elements from different criteria and interdependency among
the criteria were evaluated through the selection process. Therefore, it is suggested for further
investigation on the suitable polymer matrix using the same approach for flax fibres to develop new
composite material as the feedstock of FDM.
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