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Abstract 

Natural fibre-reinforced composites have garnered growing interest for their 

biodegradability and sustainability in additive manufacturing, particularly in Fused 

Deposition Modelling (FDM). However, current research lacks systematic 

understanding of how natural fibre content influences mechanical performance and how 

moisture absorption affects structural integrity in humid conditions. To fill these gaps, 

this thesis investigated the following: 

Firstly, this thesis examined the mechanical performance of commercially available 

pure PLA (Polylactic Acid) and wood-PLA filaments fabricated via FDM in their 

original state (without any special conditioning). Tensile and SENB (single-edge 

notched bending) were evaluated to assess differences in strength, stiffness, and energy 

absorption. The results demonstrated that wood fibre reinforcement led to reduced 

tensile strength but enhanced energy absorption, due to altered fracture mechanisms. 

This stage provided a performance baseline and insight into how fibre inclusion 

influences failure behaviour. 

Secondly, this thesis evaluated the tensile and fracture properties of wood-PLA and 

pure PLA composites fabricated via FDM under water-immersed conditions, followed 

by a redrying process to assess the potential for property recovery. The study revealed 

distinct differences in mechanical behaviour between the two materials, particularly in 

response to moisture uptake. Variations in strength, stiffness, and energy absorption 

were analysed to better understand each material’s sensitivity to environmental exposure. 

The findings clarified the reversible nature of moisture-induced plasticisation and 

provided a foundation for evaluating the long-term reliability of natural fibre 

composites in humid service environments. 

Thirdly, the thesis developed custom wood-PLA composite filaments with various 

wood fibre contents through melt-extrusion blending. These tailored materials were 

used to fabricate tensile specimens via FDM, enabling a systematic investigation of how 
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fibre concentration influences mechanical performance in both dry and 

moisture-conditioned states. The study revealed that fibre content significantly affects 

the trade-off between strength and energy absorption, offering practical guidance for 

optimising composite formulations. Furthermore, the degree of water-induced 

plasticisation and the extent of property recovery upon drying were found to correlate 

with fibre concentration, providing deeper insights into the microstructural mechanisms 

underlying performance variation. This work supports the development of 

environmentally sustainable FDM composites for broader engineering applications. 
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Chapter 1. Introduction 

1.1. Background 

Additive manufacturing (AM) technology, or 3D printing, was initially developed 

in the 1980s [1], adding material layer by layer may create items from a geometric 

representation, offering a precise and expressive way to create highly complex 

structures and substituting the laborious mould-making procedure[1]. Following the 

turn of the twenty-first century, this technology began finding applications in several 

industries, such as aviation [2], jewellery [3], medical science [4], automobile 

manufacturing [5] and food production [6]. In recent years, 3D printing technology has 

gained widespread adoption, enabling individuals and families to integrate it into 

everyday routines. This innovation allows consumers to manufacture items that 

traditional manufacturing processes cannot produce [7]. Currently, 3D printing 

technology encompasses various methods, including material extrusion (e.g., FDM), 

material jetting, vat photo polymerisation (e.g., Stereolithography, or SLA), powder bed 

fusion (e.g., Selective Laser Sintering, or SLS), directed energy deposition (e.g., Laser 

Engineered Net Shaping, or LENS), binder jetting, and sheet lamination (e.g., 

Laminated Object Manufacturing, or LOM, and Ultrasonic Additive Manufacturing, or 

UAM), in which FDM is one of the most early established method, offering the broadest 

range of applications and the best economic benefits [1]. 

In contemporary FDM printing technology, a wide variety of materials are 

supported, with polymer-based materials being the most commonly used, including PLA 

[8], ABS (Acrylonitrile Butadiene Styrene) [9], PETG (Polyethylene Terephthalate 

Glycol) [10], TPU (Thermoplastic Polyurethane) [11], and others. Among the diverse 

range of materials, fibre-polymer composites have increasingly gained attention in 

recent years. These materials leverage the advantages of both fibres and polymers [12], 
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allowing for enhanced performance (including their biocompatibility, lightweight, 

durability, and aesthetic superiority [13]) compared to single-material systems and 

offering broader applications [14, 15]. Currently, the commonly used and widely 

available fibres in FDM include carbon fibre [16], glass fibre [17], and aramid fibres 

[18]. These fibres offer distinct properties with specific advantages, making them 

suitable for a wide range of applications.  

Besides the above-mentioned conventional fibres, natural or bio-based fibres have 

recently emerged as promising materials for composite applications. Natural fibres are 

frequently combined with polymers such as PLA [19], TPU [20], and PA (Polyamide) 

[21] to produce filaments in FDM, exhibiting several advantages, including their easy 

availability from natural sources, biodegradability, and lower carbon emissions [15, 22]. 

These environmentally friendly features have made them attractive for applications in 

packaging, automotive parts, construction components, and consumer goods [23, 24]. 

Among the various natural fibres, such as flax [25], hemp [26], and bamboo [27], wood 

fibre has emerged as one of the most widely used reinforcements due to its ready 

availability, low cost, and ease of integration with thermoplastics [28]. 

Wood fibre composites, particularly those based on PLA, have seen growing use in 

additive manufacturing technologies, especially in FDM. However, the incorporation of 

wood fibres introduces complexity in terms of moisture sensitivity and mechanical 

variability [28, 29]. These factors raise important questions about the structural 

performance and environmental durability of such materials. In this context, the present 

study aims to systematically investigate the mechanical behaviour of wood-PLA 

composites, considering both material composition and environmental exposure, 

thereby contributing to the optimisation and broader application of bio-based materials 

in functional and structural contexts. 

This study contributes to the current understanding of natural fibre-reinforced 

composites in additive manufacturing by providing a systematic investigation of the 

mechanical behaviour of FDM-printed wood-PLA under water conditioning. Unlike 
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previous studies that mainly focused on the original characterisation, this work 

examines the effects of water absorption and redrying on the tensile and fracture 

properties and compares the behaviour of wood-PLA composites with different wood 

fibre contents, revealing the reversible plasticisation induced by moisture uptake. The 

findings offer new insights into the environmental durability of wood-PLA composites 

and their potential for practical applications in moisture-varying environments. 

1.2. Research scopes 

In response to the three research gaps identified in this field, this study proposes 

three research objectives to address the current challenges. 

1. Although wood-PLA composites are widely used in FDM applications, limited 

studies have directly compared their mechanical properties with those of pure PLA 

under consistent processing and testing conditions. To address this, the first objective is 

to establish a mechanical baseline by experimentally comparing the tensile and fracture 

behaviour of commercially available pure PLA and wood-PLA filaments in their 

original printed state. This comparison aims to clarify the impact of wood fibre 

inclusion on energy absorption and failure mechanisms. 

2. The environmental sensitivity of natural fibre composites, particularly their 

response to moisture, remains insufficiently characterised. Most studies have not 

systematically explored how water immersion and subsequent drying affect mechanical 

properties such as strength, stiffness, and toughness. Therefore, the second objective is 

to investigate the reversible plasticising effects of water on PLA and wood-PLA 

composites. The study will assess moisture-induced degradation and recovery to support 

their use in humidity-variable service environments. 

3. While fibre content is known to influence composite performance, existing 

research lacks detailed analysis of intermediate wood fibre concentrations. Therefore, 

the third objective is to produce and assess a series of custom wood-PLA filaments with 
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controlled fibre loadings. This stage will examine the impact of fibre content on tensile 

performance, water absorption, and redrying behaviour, with the goal of identifying an 

optimal composition that balances mechanical resilience and moisture resistance. 

1.3. Thesis organisation 

The thesis is structured into six chapters. This chapter provides an overview of the 

research background, objectives, and scope of the study. 

Chapter 2 presents a literature review for this thesis. It begins by reviewing prior 

research focused on the incorporation of various types of fibres into FDM-printed 

composite materials. This includes investigations involving conventional reinforcements 

such as carbon and glass fibres, as well as more recent attention directed towards wood 

and other natural fibres. Emphasis is placed on the growing interest in bio-based 

alternatives due to their sustainability and compatibility with additive manufacturing. 

The chapter then examines studies that have assessed the mechanical performance of 

fibre-reinforced composites under humid or moisture-exposed environments, 

highlighting how environmental conditions can significantly influence structural 

integrity. Finally, it summarises key research concerning the practical applications of 

fibre-reinforced FDM composites, particularly in structural components, where both 

mechanical strength and material adaptability are critical considerations. 

Chapter 3 presents the first part of the experimental study, investigating the 

mechanical performance of FDM-printed PLA and wood-PLA composites in their 

original, unconditioned state. Two commercially available filaments, pure PLA and a 

wood-PLA composite containing 40% wood fibre by volume, were used to fabricate the 

specimens. Mechanical characterisation was performed using tensile and SENB tests. 

The results showed that, compared to pure PLA, the wood-PLA composite exhibited 

lower tensile strength and stiffness, but a significantly higher energy absorption capacity. 

This chapter establishes a baseline for understanding how the incorporation of wood 
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fibre affects the fracture behaviour and toughness of the material. 

Chapter 4 presents the second part of the study examining how water immersion 

and subsequent redrying influence the mechanical behaviour of the same PLA and 

wood-PLA composites. Following controlled water conditioning, both tensile and 

SENB tests were repeated to assess the effects of moisture uptake and recovery. The 

results revealed that water immersion led to a noticeable decrease in strength and 

stiffness, while simultaneously enhancing the energy absorption and elongation at break, 

particularly in wood-PLA composites. These changes were largely reversed after 

redrying, confirming the plasticising effect of water as a reversible process. This chapter 

highlights the environmental sensitivity of natural fibre composites and their potential 

for use in moisture-variable conditions. 

Chapter 5 presents the third part of the study, in which custom filaments with 

varying wood fibre contents were successfully manufactured and evaluated. The 

fabrication process used the same two commercially sourced base filaments (pure PLA 

and 40% wood-PLA). After mechanical grinding, the materials were blended in 

controlled proportions and re-extruded using a filament extruder to produce printable 

filaments containing 5%, 10%, 15%, and 20% wood fibre by volume. Printing trials 

confirmed the printability of all formulations using FDM. The study then examined and 

compared the tensile performance, water absorption characteristics, and post-immersion 

mechanical changes of these materials, along with their recovery following redrying. 

Notably, the filament with 15% wood fibre content demonstrated the highest toughness, 

achieving the optimal balance between strength and ductility. This investigation 

provided a more detailed understanding of how wood fibre content influences 

mechanical behaviour, and the identification of the 15% formulation as the most 

effective further supports its potential for broader application in sustainable 

manufacturing.  

Chapter 6 summarises the key findings of the present thesis and highlights the 

promising topics of future work. 
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Chapter 2. Literature review 

2.1. Different used fibre composite materials  

Carbon and glass fibres are commonly used reinforcement materials known for their 

significant strengthening effects [30]. In current research within this field, the 

enhancement mechanisms are primarily focused on the strength of the fibres themselves 

[31], the length and volume of the fibres [12, 32], as well as the bonding efficiency 

between the fibres and the matrix [19, 33]. The sophisticated research findings on these 

two types of fibres have enabled their widespread application across various industries 

today, including automotive[34-36] and aerospace manufacturing [11, 30]. However, 

with the growing awareness of environmental issues, carbon and glass fibres have 

gradually exhibited several disadvantages in their applications, including high carbon 

emissions [11, 27] during the production lifecycle and their non-biodegradable nature 

[33]. As a result, there has been a growing interest in finding alternative fibres to replace 

them. Bio-based fibres, as materials that can be directly obtained from nature [28] and are 

biodegradable [37], have emerged as the most suitable alternatives. Therefore, as shown 

in the above comparison, bio-based fibre composites possess significant research value as 

an emerging material. Additionally, by summarising the reinforcement mechanisms of 

carbon and glass fibres, insights can be provided for analysing the strengthening 

mechanisms of bio-based fibres. 

Additive manufacturing encompasses various printing techniques, including FDM, 

SLS, SLA and LOM. Each of these methods possesses distinct advantages and 

limitations, making them suitable for different application requirements. Moreover, 

these techniques are capable of processing a wide range of fibre composite materials, 

such as glass fibre, carbon fibre, and wood fibre, depending on the intended 

functionality and structural needs [38, 39]. For the use of these printing methods in 

wood-fibre composites, FDM has received the most extensive research due to its 
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advantages, such as low cost and high efficiency [28], and compared to SLA and SLS, 

FDM can support larger fibre particle sizes [39]. 

This section will review several studies focusing on the mechanical properties of 

FDM composites reinforced with various types of fibres, including carbon, glass, and 

bio-based fibres. The characteristics of each type of fibre will be presented in each 

sub-section (2.1.1. and 2.1.2.), notably in Section 2.1.2. Wood and natural 

fibre-reinforced FDM Filament will highlight a discussion on the properties and 

advantages of bio-based fibres. In this context, the composites reinforced with wood 

fibres will be emphasised. 

2.1.1. Conventional fibre-reinforced FDM filament 

Both carbon fibre and glass fibre are characterised by their high tensile strength and 

modulus, significantly outperforming the polymer matrix, such as PLA [12, 33, 40], PA 

[16, 41], PETG [42], ABS [43], PEEK (Polyether Ether Ketone) [31], and PP 

(Polypropylene) [44]. These properties enable them to effectively share and transfer 

external loads when embedded in the matrix, thereby reducing stress concentration within 

the polymer.  

Anwer [32], Ferreira et al.[40] and Li et al. [12] each conducted studies on three 

different sizes of carbon fibre-reinforced PLA composites, focusing on nano-fibres, short 

fibres, and continuous fibres, respectively. 

Anwer [32] investigated mechanical enhancement of nanoscale micro carbon fibres 

by designing materials with varying mass fractions ranging from 1% to 15%. The results 

indicated that in the group with a 15% carbon fibre content, Young's modulus was 

increased by 42%. Ferreira et al. [40] compared short carbon fibre-reinforced PLA and 

pure PLA and concluded that adding carbon fibre of 15% mass fraction resulted in a 

2.2-fold increase in tensile modulus in the direction of printing (0°) and a 1.25-fold 

increase in the transverse direction (90°) compared to the mechanical properties of pure 
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PLA. This finding is consistent with the results of several other studies[12, 32, 33]. Li et 

al. studied the FDM performance of continuous carbon fibre-reinforced PLA [12]. By 

improving the nozzle design, the research enabled the carbon fibre bundles to be extruded 

alongside the molten PLA material through the nozzle, facilitating the printing of 

continuous carbon fibre-reinforced structures (Figure 2.1 (a)). Furthermore, the carbon 

fibre bundles were pre-treated with a PLA wetting agent, significantly enhancing the 

adhesion between the carbon fibres and the matrix. The results indicated that this 

approach increased 13.5% in tensile strength and 164% in flexural strength compared to 

untreated carbon fibre-reinforced PLA [12]. 

 
Figure 2.1. Different carbon fibre and glass fibre composites: (a) the continuous 

carbon fibre reinforced PLA [12], (b) the glass fibre and ABS gears [43], (c) the glass 
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fibre and carbon fibre with PEEK [31]. 

There has also been some research on carbon fibre-reinforced nylon, another 

common material used in FDM. Melenka et al. [41] studied carbon fibre-reinforced nylon 

FDM structures with varying volume fractions of carbon fibre contents, specifically 

4.04%, 8.08%, and 10.1%. The experimental results indicated that as the carbon fibre 

content increased, the elastic modulus of the nylon structures progressively rose, with 

values of 1767.2 MPa, 6920.0 MPa, and 9001.2 MPa, respectively[41]. 

Alarifi [16] investigated the bending properties of the nylon-carbon fibre composite 

materials using a three-point bending test considering three different printing orientations 

(0°, 90° and ±45°). It was concluded that adding carbon fibres enhanced the overall 

elastic behaviour, achieving a significant increase in deflection at the expense of some 

bending strength. In contrast, the incorporation of glass fibres resulted in a substantial 

increase in the material's overall stiffness, demonstrating an enhancement in bending 

performance. The improvement in bending performance can be attributed to the effective 

stress transfer provided by the interfacial bonding between the nylon matrix and the 

fibres. 

Srinidhi et al. [42] compared the performance variations of PETG with an increased 

carbon fibre content of 20% by weight while designing different infill patterns during 

printing, including grid, honeycomb, rectilinear, and cubic configurations. Experimental 

results indicated that the grid infill pattern exhibited superior performance, which can be 

attributed to the inherent structural advantages of the grid design. The combination of 

carbon fibre reinforcement and the unique geometry of the grid infill pattern contributed 

to improvements of 16.7% in tensile strength, 22% in impact strength, and 10.7% in 

flexural strength. This improvement is attributed to the carbon fibre content and the 

subsequent removal of internal stress in these samples [42]. 

Glass fibre is another widely used material for the production of composites. In the 

automotive industry, short glass fibre-reinforced polyamides are widely utilised for 

load-bearing and semi-structural applications, including parts found in engine 
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compartments [34-36]. Currently, many commercially available filaments incorporating 

glass fibres are accessible for public use in FDM 3D printing. The extensive use of glass 

fibres can be attributed to several advantages, including cost-effectiveness, corrosion 

resistance, excellent structural strength, superior strength-to-weight ratio, high heat 

distortion temperature, electrical non-conductivity, and the ability to be moulded to 

precise tolerances [30, 45]. 

Cao et al. [17] employed some treatment methods to address the disadvantage of 

poor surface roughness in mixed FDM-manufactured PLA/TPU/short glass fibres 

composite samples, thereby enhancing the precision of the printed components. 

Akhoundi et al. [19] conducted a study focused on improving the mechanical 

properties of PLA after FDM by incorporating continuous glass fibres. In this study, as 

the fibre content increased, the tensile strengths of samples with fibre volume contents of 

40%, 46%, and 49% were measured at 401 MPa, 446 MPa, and 478 MPa, respectively. 

Regarding the tensile modulus, the corresponding values were found to be 24.3 GPa, 27.8 

GPa, and 29.4 GPa. The reinforcement with continuous glass fibres was demonstrated to 

be reliable [19]. 

Bodaghi et al. [43], in their study of glass fibre-reinforced ABS materials, 

researched the impact of the fibre content and the adhesion between the fibre and the 

matrix. The study designed and investigated the special gears produced from ABS 

composites infused with short glass fibres through FDM (Figure 2.1 (b)). The study 

aimed to gain insights into the impact of glass fibre addition on key parameters such as 

tooth failure load, tooth bending strength, hardness, weight loss, wear resistance, 

mechanical wear, and the overall performance of composite gears to explore the potential 

for real-world applications of the gears. It was found that increasing the glass fibre 

content from 0% to 5% led to an 11% rise in hardness. The enhancement is linked to the 

effective distribution and presence of the glass fibres. Furthermore, the strong bonding 

between the glass fibres and the matrix material facilitated the transfer of applied forces, 

which helped prevent permeation and resist plastic deformation, thus improving hardness 
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[46]. However, with further increases in glass fibre content, the hardness began to 

decrease, likely due to the growing number of voids between the fibres and the matrix. 

ABS with 5% glass fibre showed optimal performance, with a 44% increase in hardness 

and 61% better wear resistance compared to pure ABS. This improvement is due to the 

effective adhesion between the glass fibres and the ABS matrix, which strengthens the 

gear teeth and improves wear resistance. However, higher fibre content led to voids and 

clumping, increasing wear-induced weight loss. These findings highlight 5% glass 

fibre-reinforced ABS as an optimal material for gears with excellent strength and wear 

resistance [43]. 

Sodeifian et al. [44] studied a PP composite reinforced with glass fibres for FDM, 

incorporating POE-gMA (Polyolefin Elastomer grafted with Maleic Anhydride) as an 

additive to enhance flexibility. Glass fibres increased the strength from 20 MPa to 32 

MPa (a 60% improvement) but reduced toughness, with elongation at break dropping 

from 24% to 7% (a 70% reduction) due to restricted polymer chain mobility [47]. 

Adding POE-gMA partially restored flexibility, improving elongation at break to 12%, 

though strength and modulus were slightly compromised. 

There have been studies that attempt to compare the performance differences 

between the two types of fibres, carbon and glass. Wang et al. [31] explored PEEK 

composites for FDM, incorporating carbon fibres (5 wt%) or glass fibres (5 wt%) 

respectively (Figure 2.1 (c)). They found that printing parameters significantly influence 

the mechanical performance of composites and optimal mechanical properties was 

obtained at 440 °C. Higher temperatures improved melt flow, interlayer adhesion, and 

reduced porosity [48, 49]. Low printing speeds enhanced extrusion stability, while 

thinner layers improved bonding and overall performance[50]. Employing thinner layers 

leads to closely bonded stacks, driven by nozzle extrusion, which enhances overall 

performance [51]. Glass fibres significantly increased tensile and flexural strengths, 

indicating strong fibre-matrix anchoring. However, impact resistance declined due to 

porosity and molecular chain deterioration during filament production [31]. 
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Although carbon and glass fibres have numerous applications, they also present 

several limitations, such as high carbon emissions [11, 27] during manufacturing and 

their non-biodegradable ending [33]. To mitigate the environmental impact of these fibres, 

some studies have explored the use of recycled fibres to investigate the reliability of 

recycling. Tian et al.[33]. achieved 100% carbon fibre and 73% PLA recovery from 

recycled 3D-printed materials, improving tensile strength by 20% and flexural strength 

by 25% due to enhanced fibre-matrix bonding. However, the process consumed 133.7 

MJ/kg, suggesting a need for energy-efficient alternatives [33]. 

As mentioned above, a key limitation of glass and carbon fibre composites lies in 

their environmental impact and recycling challenges compared to natural fibres [52, 53]. 

A primary concern is the ecological footprint: manufacturing can consume significant 

energy and emit harmful chemicals [11, 27]. Additionally, the resin matrix that holds the 

fibres together complicates the recycling of glass fibre composites at the end of their 

useful life [54]. This creates difficulties in disposing of carbon and glass fibre products, 

which frequently end up in landfills and are resistant to decomposition [55]. The concerns 

related to environmental issues, present a significant obstacle to the development of 

traditional fibre in this field. These challenges have also driven the industry to focus on 

identifying alternative fibres that are more environmentally suitable. 

2.1.2. Wood and natural fibre-reinforced FDM Filament 

Some studies on FDM have utilised natural fibres to produce composite filaments, 

representing advancements in environmental sustainability and enhancements of 

mechanical performance. In the current research, commonly used biopolymers for the 

production of FDM filaments primarily consist of natural fibres, including bast fibres 

(such as jute, flax, hemp, and ramie), leaf fibres (such as those derived from pineapple 

and banana), seed fibres (such as cotton), husk fibres (from walnut, almond, coconut, 

peanut, and hazelnut), as well as stem and reed fibres (including bamboo and sugarcane), 
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and wood fibres [56-61]. Wood fibres, due to their high cellulose content and ease of 

natural availability, are widely utilised in the research of polymer blends. This section 

will review several studies on natural fibre composites , including research on the impact 

of wood fibre content on mechanical properties [20, 62, 63], the influence of printing 

parameters on mechanical performance [64, 65], and the printability of wood fibre 

composites [66]. Additionally, other types of natural fibre composites will also be 

discussed [13, 67-73]. 

Kariz et al. [62] investigated the performance of wood fibres and PLA composites in 

FDM. This study designed six samples with varying wood fibre contents, specifically 

comparing changes at levels of 0%, 10%, 20%, 30%, 40%, and 50% by weight (Figure 

2.2 (a)). The most evident finding was a decrease in the overall density of the materials. 

Samples with a wood fibre content of 10% and 20% exhibited a density reduction of 17%, 

while those with wood fibre content ranging from 30% to 50% showed a 24% decrease in 

density. This reduction contributes to the search for weight-optimised materials in civil 

engineering applications. Tensile strength (Figure 2.2 (a)) exhibited a slight increase at 

low wood fibre contents; specifically, the tensile strength of the filaments increased from 

55 MPa to 57 MPa with a 10% addition of wood fibres. However, as the wood fibre 

content increased, the tensile strength declined consistently, dropping to 49 MPa at 30% 

and further to 30 MPa at 50%[62]. The elastic modulus (Figure 2.2 (a)) exhibited a trend 

of increasing and then decreasing with the increase of the wood fibre content. It rose from 

3.27 GPa at 0% to 3.94 GPa at 20%, after which the value began to decline, reaching 3 

GPa at 50% wood fibre content. At lower wood fibre contents, a slight increase in the 

elastic modulus and tensile strength was observed; however, these values decreased with 

higher loading levels. The wood particles can provide a reinforcing effect at low wood 

fibre content. Conversely, the polymer may not fully encapsulate the particles at elevated 

loading levels, leading to poor adhesion and limited load transfer. 

Yang and Yeh [64] investigated the influence of FDM printing parameters on the 

performance of wood fibres and PLA composite materials. As the printing speed 



14 

 

increases, the colour of the final product's surface progressively darkens while its density 

gradually decreases. As printing speed increases, 3D-printed wood fibre/PLA composite 

parts show a decrease in compressive qualities. In particular, increasing the printing 

speed from 30 to 70 mm/s resulted in a considerable decrease in the modulus and 

compressive strength of the FDM-printed items by 14.6% and 34.3%, respectively. At 

greater printing rates, the surrounding layers' bonding strength weakens, so the 

compressive properties decrease. By employing SEM (Scanning Electron Microscopy), 

several conclusions regarding surface morphology were drawn: Higher printing speeds 

result in an uneven surface of the wood-plastic composite part, with a narrower width of 

printed layers and more frequent pull-outs of wood fibres on the fracture surface of the 

tensile samples [64]. 

Duigou et al. [65] also investigated the impact of printing parameters on the 

performance of wood fibre-reinforced PLA. In this study, the primary parameters were 

the printing orientation (0° and 90°) and the line width of the print. Changes in printing 

width (100%, 200%, and 300%) caused significant variations in the mechanical 

properties of 0° and 90° printed samples. The 0°-printed samples exhibited increased 

ductility with the rise in printing width; however, the tensile strength gradually decreased. 

Specifically, the tensile strength of the bio-composites at 100% and 300% printing widths 

decreased by 30% and 50%, respectively, while the tensile modulus decreased by 50% 

and 65%. The decline in performance can be attributed to the increased porosity but 

lowers the cohesion of the material, resulting from the wider printing line widths. This 

study found that as the printing width increased from 100% to 200% and 300%, the 

porosity increased from 14.7% to 15.5% and 21.8%, respectively (Using the SEM and CT 

(Computed Tomography)). Such an increase in porosity also enhanced water absorption. 

Compared to samples produced through compression, increasing the printing width from 

100% to 300% resulted in a 5- to 10-fold increase in water absorption  (will be 

introduced in the next part) [65]. 

Kariz et al. [62] stated that the performance of printed components is impacted when 
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wood content is added to the 3D-printed PLA material. The wood’s structural filling 

function and inconsistencies in the printing material, caused by nozzle clogging, led to 

varying diameters in wood-PLA filaments. These variations reduced the material amount 

in the printed samples and caused inadequate layer fusion, which in turn lowered 

mechanical properties. With increased wood content, bending performance declined, 

though the effects were not statistically significant under these moist conditions. The 

samples’ moisture content increased with higher wood content in all climate conditions. 

Samples with higher wood content also showed greater length expansion due to 

hygroscopicity [62]. 

Tao et al. [66] used the laboratory-made mean particle size of 14 µm Aspen wood 

flour and a desktop-class plastic extruder to fabricate the wood fibre/PLA  composite 

filaments with 5% wood powder by weight. The study discovered that the fracture 

surface of pure PLA filaments was smooth and flat by comparing the SEM pictures of 

the fracture surfaces of the two materials: wood fibre composites and pure PLA 

filaments. In contrast, the addition of wood fibre caused the composite fracture surface 

to become rough, with visible gaps between the PLA and wood fibre interface in certain 

areas. It suggests that the interfacial bonding between PLA and wood fibre is inadequate, 

which led to the results of this experiment: the tensile strength decreased by 20% with 

the addition of 5% wood powder. wood fibre and PLA should have less interfacial 

adhesion since wood fibre has a polar (hydrophilic) surface and PLA has a non-polar 

(hydrophobic) surface [67, 74]. The results revealed that the addition of wood fibres led 

to poor interfacial bonding between the wood fibres and PLA, resulting in an increased 

occurrence of pores. The bad adhesion, in turn, contributed to a decrease in tensile 

strength and an enhancement in water absorption. Such characteristics are not entirely 

disadvantageous; they present potential applications as well [65, 66]. 

Several studies have also investigated the characteristics of wood fibre composites 

with other polymers, such as TPU [20]. Bi et al. [20] investigated the performance of 

TPU and wood fibre composites by preparing five different wood fibre content levels: 
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10 wt%, 20 wt%, 30 wt%, 40 wt%, and 50 wt% (Figure 2.2 (b)). The results indicated 

that as the wood fibre content increased, the elongation at break of the samples 

gradually decreased from 500% to 50%, while the tensile strength initially decreased 

from 28 MPa to 16 MPa and then increased to 21 MPa (Figure 2.2 (b)). The composite 

exhibited the lowest tensile strength at a wood fibre content of 20 wt%. Subsequently, 

additives, such as EPDM-g-MAH (Ethylene Propylene Diene Monomer grafted with 

Maleic Anhydride), were introduced to enhance the flexibility of the TPU/wood fibre 

composites and improve interfacial adhesion. The study confirmed that EPDM-g-MAH 

enhanced the interfacial adhesion between TPU and wood fibre. The EPDM-g-MAH 

modified TPU/wood fibre composites displayed the highest storage modulus, loss 

modulus, and viscosity, with an approximately 100.14% increase in the elongation at the 

break of the wood fibre/TPU composites [20]. Such high flexibility differentiates wood 

fibre-reinforced TPU from conventional brittle 3D printing materials available in the 

market, providing significant application potential. For example, the study [20] 

attempted to print a phone case that demonstrated excellent flexibility, capable of 

absorbing energy during falls and offering protection for the device, thereby meeting 

current market demands. The study by Diestel and Krause [75] reached similar 

conclusions, indicating that the tensile strength of TPU decreased with increasing wood 

flour content (from 0% to 35% decreased from 16 MPa to 12 MPa) and then increased 

again with further additions of wood flour, reaching up to 70%. 

Pandey et al. [63] utilised a co-rotating twin-screw micro extruder to produce PLA, 

TPU, and wood flour composites. By keeping the wood flour content constant at 10 

wt%, the study varied the amounts of TPU and PLA to design multiple samples, with 

TPU content set at 10 wt%, 20 wt%, 30 wt%, and 50 wt%. As the TPU content 

increased, the elongation at break consistently improved, while the tensile strength and 

modulus decreased. This is attributed to the fact that TPU provides flexibility and 

elasticity to the blend [20], resulting in reduced tensile strength and modulus while 

enhancing the elongation at break. The research also manufactured the composite add 
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with wood fibres (composites with three contents: PLA, TPU and wood fibres) 

Compared to composites filled with wood flour, the impact strength or toughness of the 

blends with no wood fillers was slightly higher, particularly at higher TPU content (50 

wt%). At lower percentages of TPU, there was no significant difference in impact 

strength after being filled with extra wood fibbers. Because the wood fibres particles 

were well distributed throughout the mixture, hydrogen bonding between the wood 

flour and the PLA/TPU mixture improved interfacial adhesion [62]. The mechanical 

characteristics of the composites were enhanced as a result of this better interfacial 

adhesion. Such advancements open up potential applications in various industries, 

including automotive, packaging, and furniture [63]. 

 

 

Figure 2.2. The wood fibre composites: (a) the wood fibre PLA and its 
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mechanical properties with different content [62], (b) wood fibre TPU has superb 

elasticity and mechanical properties with different content [20]. 

 

In recent years, there has been a surge of research that not only focuses on the 

performance of wood fibre-based composite materials in FDM but also explores the use 

of other bio-based materials in conjunction with polymers to create composites [15]. In 

current research, such natural fillers primarily originate from various plants and fine 

aggregates derived from the grinding of different types of stones [73]. The primary 

reason for the adoption of various plant-based composites is their rich content of 

cellulose, hemicellulose, and lignin [76]. These components enhance the performance of 

the original polymer while also minimising environmental impact, as these natural 

materials are readily biodegradable [13]. 

Haryńska et al. [67] designed a composite filament based on PLA mixed with TPS 

(thermoplastic potato starch) and investigated its mechanical properties in comparison 

to commercial PLA filaments (Figure 2.3 (a)). In the study, the PLA/TPS filament had a 

TPS composition of 40% by weight, with potato starch comprising 65.7%, glycerine 

33.3%, and epoxidised soybean oil 1%. This formulation results in high potato starch 

content. Compared to commercial PLA printed outputs, the hydrophilicity and 

sensitivity to hydrolytic degradation were significantly improved, enhancing 

composability. Furthermore, this study demonstrated that PLA/TPS filaments exhibit 

printability comparable to the commercial counterparts, making them suitable for 

personalised anatomical models and complex porous structures in FDM. The study 

showed the Young’s modulus of PLA/TPS was in the range of 1.6−1.7 GPa, the tensile 

strength was around 15−16 MPa, and the elongation at break was at 1.8−3.0%. Other 

studies [77] have found that using injected-moulded (continuous) test samples, the 

addition of TPS to pure PLA increases elongation at the break while reducing tensile 

strength. Furthermore, when compared to pure PLA, no significant increase in the 

ductility of PLA/TPS samples was observed. This can be attributed to poor interlayer 
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adhesion within the PLA/TPS composite. 

In a different study, Liu et al. [68] used a chemical treatment technique to extract 

cellulose fibres from leftover SCB (sugarcane bagasse) and prepare PLA composite 

materials that could be used in FDM. The SCB contains large amounts of cellulose (45.7 

wt%), hemicellulose (24.2 wt%) and lignin (21.8 wt%). Incorporating SCB into PLA 

reduces both the tensile and flexural strengths of the 3D-printed samples but increases 

the flexural modulus. Notably, the tensile strength reaches the optimum when the SCB 

content is at 6 wt%, while the flexural modulus decreases with increasing SCB content. 

Furthermore, SCB exhibits sufficiently high thermal decomposition temperatures to 

meet the requirements for the melt extrusion processing of PLA composites. 

Additionally, the SCB fibres can promote the crystallisation of PLA. SEM analysis 

revealed that, in addition to the 'inter-strand voids' inherent to FDM, the fracture surface 

morphology of the 3D-printed samples also exhibited 'internal voids' and 'interlayer 

voids' [78]. Moreover, the same optimal SCB content (6%) can be achieved via 'cross' 

and 'parallel' printing techniques, yielding the best mechanical performance. However, 

the mechanical characteristics of the 3D-printed samples are severely harmed by the rise 

in porosity brought on by a large filler fraction [68]. 

Costa et al. [69] conducted research on ABS reinforced with pine cone residues, 

focusing on the thermal stability of the composite material and the feasibility for use in 

FDM. The pine ABS serves as an alternative for reducing solid waste and enhances the 

concept of green composites. Prior to mixing, all fibres were bleached using a hydrogen 

peroxide solution, which was shown to enhance the thermal stability of the composites 

compared to unbleached fibres. Subsequent FTIR (Fourier Transform Infrared 

Spectroscopy) analysis at the microscopic level revealed that the addition of bleached 

fibres to ABS resulted in a uniform distribution embedded throughout the cross-section 

of the filament. It indicates that the fibres are hydrogen-bonded to the ABS, leading to 

an increase in filament density. Finally, the study attempted to extrude filaments using a 

3D printing pen, which exhibited good performance in terms of appearance, shape, and 
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stability. It demonstrates the potential applicability in FDM. The use of ABS reinforced 

with pine cone fibres reduces raw material costs compared to pure ABS and provides a 

second life to natural materials through recycling [69]. 

Bajwa et al. [70] investigated a bio-based composite using PLA reinforced with 

DDGS (Distillers Dried Grains with Solubles) (Figure 2.3 (b)). The study involved three 

different composites, each incorporating one of three distinct plasticisers: ESO 

(Epoxidised Soybean Oil), PEG (Polyethylene Glycol), and glycerol. Following this, the 

study assessed the tensile properties, demonstrating that the PLA-DDGS composite 

plasticised with ESO showed a greater elongation at break than both pure PLA and 

PLA-DDGS blends that were plasticised with glycerol and PEG. In comparison to pure 

PLA samples, the PLA-DDGS blend with 10% ESO showed a 6% increase in storage 

modulus, whereas the addition of 12.5% ESO led to a 27% reduction in storage modulus. 

For the 3D printed samples plasticised with PEG and glycerol, the storage modulus 

decreased by 32% and 89%, respectively. The results indicate that ESO is the most 

effective plasticiser for enhancing the elongation at the break of PLA composites. Overall, 

this study demonstrates the feasibility of designing PLA-based filaments for 3D printing 

using 10-15% DDGS filler and ESO as a plasticiser [70]. 

Marton et al. [13] utilised solid waste from recycled palm residues (Australian royal 

palm) and ABS to create a bio-based composite polymer for use in FDM. Filaments with 

different palm fibre contents (5%, 10%, 15%, and 20% by weight) were produced using a 

thermodynamic mixer for processing, followed by a mini extruder to process various 

fibre loadings (Figure 2.3 (c)). The original ABS exhibited no porosity, whereas the 

filament composites displayed a porous structure with pore sizes smaller than 50 μm due 

to the presence of fibres and the higher fibre loadings. It could be explained by the way 

the fibres and matrix interact at the interface, placing restrictions on the matrix as a result 

of the fibres. The finding was validated by FTIR analysis, which showed a rise in 

hydrogen bonding coefficients. According to the findings, adding fibres could have a 

positive impact on the environment, especially in the areas of land usage and ozone 
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depletion. It is because the filament composites used less polymer resin, and there was 

less waste from Australian royal palms, which are frequently mishandled and have a 

detrimental impact on ecosystems. Finally, the study successfully extruded filaments 

using a 3D printing pen, which demonstrated good performance in terms of appearance, 

shape, and stability, confirming the feasibility of this material [13]. 

Taborda-Ríos et al. [71] conducted a study on bamboo fibre-reinforced PLA, 

utilising a commercially available PLA that contains 20% bamboo fibre. The experiment 

compared three filling patterns during printing: (a) grid, (b) cubic, and (c) zigzag, as well 

as other printing parameters, including layer thickness and infill density. The experiment 

found that, regardless of changes in printing parameters, the tensile test results for 

bamboo fibre-reinforced PLA were lower than those for pure PLA. Both tensile strength, 

elastic modulus, and energy absorption decreased. These reductions are attributed to the 

lack of adhesion between the PLA matrix and the bamboo fibres, allowing the fibres to 

separate [62, 68]. This failure may be related to the presence of bubbles, cracks, and 

localised deformations. Furthermore, due to the different filling patterns, the internal fibre 

orientations do not fully align with the direction of applied stress (fibres align with the 

nozzle movement), thereby reducing the capacity to absorb energy [71]. 

Long et al. [72] also studied bamboo fibre composites, designing a blend of bamboo 

fibre, PLA, and PP. The experiment demonstrated that as the bamboo fibre content 

increased, the tensile strength and elongation at the composite break decreased. 

Specifically, the tensile strength dropped from 38 MPa to 27 MPa as bamboo fibre 

content increased from 0% to 30%, while the elongation at break decreased from 17% to 

10%. The reasons for the declines are similar to those analysed in previous studies, 

attributed to insufficient bonding between the matrix and the fibres[68, 71, 79]. Therefore, 

this research further explores the use of chemical modification to overcome this 

deficiency. MAPP (Maleated Polypropylene) was added to the bamboo fibre composite, 

improving the mechanical properties of the PP/PLA composites by enhancing the 

interfacial adhesion between the bamboo fibres and the polymer matrix. MAPP 
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significantly increased the compatibility between the fibres and the matrix, enhanced 

thermal stability, and accelerated the crystallisation rate of PP/PLA, resulting in better 

mechanical performance. Experimental results showed that the tensile strength of the 

previously underperforming 30% bamboo fibre composite increased from 29 MPa to a 

maximum of 33.5 MPa, while the elongation at break improved from 10% to 14.5%. 

Modifying the material to address the microscopic defects has expanded the potential 

applications of the composite [72]. 

In addition to natural-based materials for FDM composite production, recent 

studies have explored the use of various rock powders, including basalt fibre [80]. Hua 

et al. [73] designed and produced flexible plastic called L-PA (low-temperature 

polyamide) filaments, containing 15% by-weight basalt fibre, which offers the 

advantages of sustainability and recyclability. The experiment utilised the Taguchi L9 

orthogonal array method to compare the effects of printing parameters (printing 

temperature, printing speed, and layer height) on the performance of the material. The 

results concluded that printing temperature had the most significant impact, while 

printing speed had the least effect. When basalt fibre is added to L-PA, it improves the 

tensile modulus, tensile strength, and energy absorption per unit volume without 

compromising ductility in comparison to pure L-PA. These enhancements reached 

increases of up to 176.6%, 142.0%, and 172.2%, respectively, relative to the pure L-PA. 

Microscopic structural analyses reveal that the fibres serve as reinforcing agents within 

the L-PA matrix. The effective adhesion both within individual layers and between 

successive layers is a primary reason for the improved mechanical properties of the 

FDM-printed composite samples. Incorporating a small quantity of basalt fibres 

improves the material's overall properties, thereby expanding the potential applications 

of FDM-based 3D printing in sustainable and recyclable fibre-reinforced flexible 

thermoplastic composites [73]. 

In summary, this section reviews various studies on fibre-reinforced composites in 

FDM, focusing on wood and natural fibres. It represents a novel research direction, as 
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carbon and glass fibres have been widely utilised in the industry for a considerable time. 

However, natural fibres still require further investigation. Most existing research 

addresses the challenge of inadequate adhesion at the interface between the fibres and 

the matrix, which frequently leads to issues within fibre composites and hinders their 

mechanical performance and applicability. Some studies have attempted to resolve this 

issue through additives, while others have explored various physical post-processing 

methods. Therefore, future research should aim to explore more economical, practical, 

efficient, and reliable approaches to enhance the bonding between fibres and the matrix, 

ultimately achieving improved performance of natural fibres. 
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Figure 2.3. The novel natural fibre composites: (a) the complicated structures 

are made from potato fibre composite [67], (b) the DDGS fibre PLA [70], (c) the 

ABS is made of palm fibres and uses a 3D printing pen for extrusion [13]. 

2.2. Water and moisture effect on the FDM fibre composites 

The introduction of fibres creates new voids within the initially dense polymer 

matrix [13, 68, 72], which can affect the mechanical properties of the final product by 
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influencing the bonding between the fibres and the matrix. Similarly, the voids facilitate 

water ingress, making it essential to study the impact of moisture on the performance of 

the fibre composites. In practical applications, many scenarios involve high humidity 

levels, leading to potential challenges [14]. The following section will present several 

studies examining the performance of different fibre composites (carbon, glass and 

natural fibre) under water immersion or in humid environments. 

2.2.1. Conventional fibre-reinforced FDM filament 

Ergene et al. [81] focused on carbon fibre-reinforced PLA structures' corrosion 

resistance and wear performance in a seawater environment. They compared FDM 

structures with filling densities of 20%, 60%, and 100%, which enhanced the composite's 

interaction with seawater. As the filling density increased (while keeping the immersion 

time in seawater constant), the volume loss values decreased[65]. This indicates that a 

higher filling density is more effective in combating seawater corrosion [82]. On the other 

hand, with the addition of carbon fibre, it was observed that at lower filling densities, the 

volume loss was greater. However, as the filling density increased, seawater corrosion 

resistance can be achieved by simultaneously increasing both the filling density and the 

carbon fibre content, thereby broadening the application potential[81]. 

Di Pompeo et al. [21] investigated the effects of drying on short carbon fibre and PA 

FDM composites. Their results showed that drying out the residual moisture improved 

tensile performance: the ultimate tensile strength increased from 127 MPa to 138 MPa, 

and Young's modulus rose from 13.5 GPa to 14.1 GPa, representing increases of 9% and 

4%, respectively (Figure 2.4 (a)). The study highlighted that moisture impairs the 

interfacial stress transfer between carbon fibres and the PA matrix, reducing material 

performance. Additionally, drying enhanced the maximum strain and load capacity under 

buckling conditions [78]. These findings demonstrate that water’s impact is reversible, 

and performance can be restored by complete drying [41, 78]. Future studies should 

explore a wider range of materials and loading conditions [21]. 
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Zhang [83] arrived at comparable conclusions in his study of short carbon 

fibre-reinforced PA composites, highlighting the critical role of interfacial properties 

between the fibres and the matrix in determining tensile strength, damage mechanisms, 

and failure characteristics. Specifically, the findings of this research revealed significant 

damage and a more pronounced reduction in tensile strength of the PA composites due to 

water absorption [72]. 

Guo et al. [84] studied continuous carbon fibre-reinforced nylon composites 

produced by FDM. The study focused on significant changes in tensile properties under 

hydrothermal conditions. The aim was to simulate the materials in high humidity and 

high-temperature conditions, typical of aerospace applications. The results showed a 

strong correlation between water absorption and both filling density and layer thickness, 

with layer thickness having the greatest impact [65]. As the layer thickness increased 

from 0.3 mm to 0.6 mm, the water absorption rate decreased from 70% to 30%. By 

comparing various parameter combinations, the optimal combination for the best 

performance was found to be a layup angle of 0°, a nozzle temperature of 260 °C, a fibre 

filling density of 80%, and a layer thickness of 0.6 mm [84]. 

Similar to Guo et al. [84], Zhang [83] also investigated continuous carbon 

fibre-reinforced PA, finding that its strength decreased minimally after water immersion 

compared to short carbon fibre composites. It is due to the fact that tensile performance of 

continuous carbon fibre-reinforced composites primarily depends on the fibres 

themselves rather than the bonding between the fibres and the matrix, making them less 

sensitive to moisture absorption. 

Currently, there is research in research field about the fibre composite that focuses 

on the performance of glass fibre-reinforced composites in water immersion or humid 

environments. This section will introduce several studies on glass fibre composites, 

focusing on the effects of moisture absorption. These studies include both pre-moisture 

(moisture inherently present within the material) [85] and post-moisture (moisture 

introduced from the surrounding environment after manufacturing) [86] conditions. 
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Figure 2.4. The effect of the water absorption on the mechanical properties of the 

fibre composites: (a) the carbon fibre PA performance after drying [21], (b) the PLA 

wood was stored in water, and the mechanical test results [78]. 

 

Hassan et al. [85] investigated the pre-moisture of the glass fibre composite. The 

authors investigated PA materials with three different volume fractions of glass fibre 

(4%, 8%, and 12%) to test the mechanical properties under three moisture conditions: 

dry, 50% relative humidity, and wet. From the tensile test, compared to PA without glass 
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fibre, the tensile modulus and tensile strength significantly increase with the addition of 

glass fibre, while tensile strain decreases [85]. As the humidity of the exposed 

environment increases, the samples' strength and modulus decrease, along with an 

increase in final strain. The authors attribute the observed changes of the mechanical 

properties under humid conditions to the plasticising effect of water [87, 88], as the 

polymer swells when exposed to water, resulting in alterations to its size, shape, 

stiffness, and permeability [85]. The authors explain the increase in strain as a result of 

the lubricating effect of water molecules [89]. When water molecules enter the system, 

they reduce the hydrogen bonding and dipole-dipole interactions originally present 

between the fibre and matrix, instead forming interactions with the water molecules [90]. 

This change facilitates lubrication between the polymer chains. As the humidity of the 

environment increases, this lubricating effect becomes more pronounced. It is important 

to note that fibres in the composite make the material's response to water more 

pronounced compared to pure polymer. It is because water has a greater impact on the 

interactions between the fibres and the matrix, which are typically the weakest points in 

the material [85]. 

Hadi et al. [86] investigated glass fibre-reinforced PA FDM composites, and 

included an examination of the influence of moisture content on mechanical 

performance. The study also focuses primarily on various printing parameters aimed at 

minimising the effect on the mechanical properties of the samples from the moisture. 

They concluded similar findings to those presented in the previous study, noting that 

lower initial moisture content corresponds to higher tensile strength in the samples[21]. 

One of the most significant problems that arises from moisture in 3D printing (including 

FDM) is the formation of bubbles during the extrusion of a filament that contains 

moisture [62]. These bubbles are caused by trapped water (moisture) in the plastic, 

which expands and vaporises at temperatures above 100 °C, creating a series of bubbles 

in the filament. The bubbles' creation of voids in the heated filament strand causes a 

number of problems in FDM [86]. After the addition of glass fibre, the negative effects 
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associated with this issue become more pronounced, as the pre-existing poor contact 

between the matrix and the fibres is exacerbated [72]. 

The above studies comprehensively demonstrate that both pre-moisture and 

post-printing moisture have significant adverse effects on conventional fibre-reinforced 

(carbon and glass fibre) composites. Therefore, it is essential to avoid these moisture 

issues in applications to ensure the structural stability and safety of the materials. 

2.2.2. Wood and natural fibre 

Currently, research on natural fibres in composites primarily focuses on various 

types, such as wood fibres [20, 28]. These natural fibres are rich in cellulose, which 

enhances the hydrophilicity and water absorption of the composite [91]. Consequently, 

the performance changes observed after immersion in water are more pronounced in 

these natural fibre composites compared to those made with other types of fibres [78]. 

This section will review several research studies investigating the effects of water 

absorption on natural fibre composites. These studies focus on composites made from 

various fibres, including wood fibre [65, 78, 92], potato starch fibre [67], palm fibre [13], 

and cellulose pulp fibre [91, 93]. 

The study by Duigou et al. [65], investigated the effects of printing width on water 

absorption and subsequent changes in the properties of wood fibre-reinforced PLA, and 

the results were also compared with those of samples produced using compression 

moulding. Additionally, in this research, Duigou et al. developed a method that utilised 

water to induce deformation in the material. By using the SEM and micro-CT, this study 

found that as the printing width increased from 100% to 200% and 300%, the porosity 

increased from 14.7% to 15.5% and 21.8%, respectively. Such an increase in porosity led 

to an increased water absorption ability. Also, increasing the printing width from 100% to 

300% resulted in a 5- to 10-fold increase in water absorption. After absorbing moisture, 

there was a significant decline in tensile properties. Socked samples lose 10% and 30% of 
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their stiffness and strength, respectively, in comparison to dry samples. Compared with 

the compressed sample, FDM-printed samples exhibited a more pronounced decline in 

tensile properties (strength and modulus) after saturation as the printing width increased. 

The high expansion rate of wood bio-composites reflects the anisotropic 

hydro-mechanical properties. The study leveraged the anisotropic characteristics to 

design a method for achieving hygromorphism [94, 95]. By studying bio-inspiration 

paradigms in nature, such as phenomena like seed dispersal in pine cones, the study 

achieved a dual-layer printed structure by customising the printing orientation (0° and 90° 

across multiple layers) while maintaining similar components of the wood bio-composite 

to prevent delamination between layers (Figure 2.5 (a) and (b)) [65]. After absorbing 

water, the bio-composite layers began to actuate, demonstrating autonomous bending. 

Dynamic hydromorphic bio-composites offer self-shaping actuation (Figure 2.5 (a) and 

(b)), a novel capability for bio-composites, in contrast to static bio-composites, which are 

designed to provide stiffness and strength [65]. 

Consistent with the results of Duigou et al. [65], Kamau-Devers et al. [92] found that 

the incorporation of wood fibre contributes to enhancing the water absorption capacity of 

PLA. After soaking for 400 hours at room temperature (25 °C), the water absorption of 

pure PLA was less than 1%. The water absorption value is directly proportional to the 

wood fibre content, with the sample containing 30% wood fibre exhibiting a water 

absorption rate of 10% [92]. The significant enhancement in water absorption capacity 

can be attributed to two main factors. First, Ayrilmis et al. [96] demonstrated that pores 

within the material provide the entire sample with the capacity to retain water. The pores 

originate from the interactions between the fibres and the matrix, as well as from the gaps 

between the strands during the printing process [96]. Another explanation lies in the 

chemical properties of wood fibres, which contain significant amounts of cellulose, 

hemicellulose, and lignin. Cellulose exhibits pronounced hydrophilicity compared to 

PLA, which is hydrophobic. This contrast contributes to the overall enhancement of the 

sample's water absorption capacity [23, 67, 97]. 
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Ecker et al. [78] conducted a study comparing the mechanical property changes of 

pure PLA and various amounts of wood fibres after water absorption [78]. Besides, the 

research examined the performance differences resulting from two manufacturing 

methods: FDM and injection moulding [98, 99]. The study demonstrated that after seven 

days of immersion, the water’s effect reduced the samples’ stiffness, regardless of the 

presence of wood fibres. Furthermore, the decline in stiffness was more pronounced with 

the increasing wood fibre content (Figure 2.4 (b)). 

Additionally, samples produced using injection moulding exhibited a smaller 

decrease in stiffness compared to those manufactured through FDM. The injection 

moulding process utilises the deformation rate induced by high pressure and a rapid 

cooling process, resulting in a more compact microstructure throughout the sample [100, 

101]. The compactness reduces the impact of water absorption. In contrast, the FDM 

technique tends to create larger voids, leading to a greater susceptibility to the effects of 

water. The reduction in performance after water absorption is a significant barrier to the 

material’s application, as prolonged exposure to extreme weather and humidity, ranging 

from one week to one month, can severely affect its mechanical properties in practical use 

[78, 102]. 

Haryńska et al. [67] discussed the performance of their independently designed 

potato-PLA composite in FDM within their research. In this study, the PLA/TPS filament 

was utilised to examine the water absorption effect. Through water contact angle 

experiments, the hydrophilicity of the PLA/TPS composite was demonstrated. At 0° 

(printing direction), the contact angle for PLA/TPS was 6°, while that for PLA was 

75.77°. At 90°, the contact angle for PLA/TPS was 81.54 °, compared to 111.46° for 

PLA. In tensile testing, standard PLA exhibited significant differences in performance 

across different printing directions and methods (0° and 90°, as well as XY and ZX 

printing) [67]. 

Marton et al. [13] utilised solid waste from recycled palm residues (Australian royal 

palm) and ABS to create a bio-based composite polymer for use in FDM [13]. Filaments 
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with different palm fibre contents (5%, 10%, 15%, and 20% by weight) were produced 

using a thermodynamic mixer for processing, followed by a mini extruder to process 

various fibre loadings. The water absorption properties at various fibre compositions 

were investigated in this study. The findings showed that water absorption increased with 

time. Furthermore, it was discovered that the inclusion of fibres raised the rate of water 

absorption of the reinforced composite materials. This increase can be attributed to the 

presence of voids between the fibres and the matrix [13]. 

 

Figure 2.5. The research about the effect of moisture on the natural fibre composites: 

(a) and (b) dual-layer printed structure with wood fibres for actuation functionality 

[65], (c) water actuation shape changes printing practices with cellulose content [91]. 

 

Due to the previously mentioned results, natural fibre composites feature a higher 

water absorption ability [13]; many researchers have predicted, attempted, and utilised 

natural fibre composites to explore the potential for water actuation shape changes [65, 
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103]. Water actuation shape changes allow structures to change and morph over water 

immersion while exhibiting self-repair and self-assembly capabilities [104]. This 

intelligent feature enables the technology to be utilised across various advanced fields, 

including aerospace [2] and medical science [15, 58]. Water actuation shape changes 

technology is mainly compatible with shape memory polymers. The mechanism of this 

technology enables the structure to absorb water and swelling to change the overall 

volume of the structure. Then, the shape can be changed by the internal mechanics [104]. 

This method has been frequently researched in this realm due to its simple concept and 

the stimuli (water) that can be controlled readily. The primary considerations in designing 

water actuation shape changes are swelling anisotropy and the design of printing 

materials with different swelling characteristics in various directions in a water 

environment [65]. From the concept, the target materials for this technique must have a 

good performance in water absorbency. Cellulose has some advantages, such as its 

biodegradability and existence in nature, enabling cellulose to be a typical material for 

water actuation shape changes. 

Mulakkal [91] conducted a novel practice. A sustainable and cost-effective ink 

(cellulosic pulp hydrogel composite ink) was developed with a high total cellulose 

content and good dispersion of cellulose fibres within the hydrogel matrix. The cellulose 

pulp fibre was mixed with CMC (carboxymethyl cellulose). Montmorillonite was added 

to give the ink good extrusion properties and storage stability. The practice results show 

that the flower's petals made from special ink can be opened and closed (Figure 2.5 (c)) 

during hydration and dehydration processes [91]. However, further research is required to 

show that the ink can be extruded smoothly without congestion.  

Gladman et al. [93] conducted research to find out the microscopic principles of the 

shape memory effect of cellulose-based material, ensuring the direction of cellulose 

fibres is identical to the printing direction. After soaking in a moist environment, the 

swelling rate is higher in the printing direction. The research shows that the water-driven 

shape memory effect presents anisotropy properties, which can be applied to achieve 
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better shape memory performance and lower manufacturing costs for future designs [93]. 

In water actuation shape changes, the high-water absorption characteristics of cellulose 

enable originally hydrophobic polymers to acquire hydrophilicity, thus facilitating the 

possibility of water actuation shape changes. 

2.3. Complex structures manufactured by FDM and their applications  

Some studies employ complex structures to achieve improved performance and 

broader application prospects [105]. Wood-PLA composites, being bio-based and 

sustainable, are gaining attention in the field of energy absorption [106-108] due to their 

good mechanical properties and environmental advantages [11]. The development of 

complex energy-absorbing structures using wood-PLA composites could open up new 

possibilities for their use in lightweight, impact-resistant applications [109], particularly 

in industries such as automotive and construction. When designing complex 

energy-absorbing structures, it is essential to consider several key factors, including 

materials, components, optimisation, and deformation[108]. Among the key factors for 

designing energy-absorbing structures, material selection plays a significant role in 

determining the performance of the structure. Bio-based composites, with their 

combination of natural fibers and polymer matrix, offer excellent opportunities for energy 

absorption, especially in lightweight designs where sustainability is a priority [26]. Based 

on these factors, common complex energy-absorbing structures studied in current 

research include lattice structures [105], foam structures [110], and graded material 

structures [111]. Among them, research on lattice structures is the most extensive [112]. 

Furthermore, depending on the different components within the lattice, lattice structures 

can be further divided into numerous subcategories, including honeycomb structures [5], 

re-entrant honeycomb structures [53], various TPMS (Triply Periodic Minimal Surface) 

structures [113], and others. Wood-PLA composites have been used in some studies to 

fabricate energy-absorbing lattice structures, such as honeycomb and TPMS designs 
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[26]. Their lightweight, bio-based properties make them ideal candidates for improving 

the energy absorption capacity of these structures, especially in applications requiring 

both mechanical strength and environmental sustainability [28]. 

In this section, the three common types of lattice structures (honeycomb (2.3.1), 

re-entrant honeycomb (2.3.2), and TPMS (2.3.3)) will be introduced. The studies selected 

for review all utilise fibre composites as materials, including carbon fibres, glass fibres, 

and natural fibres. 

 

2.3.1. Honeycomb structure 

The hexagonal honeycomb structure has been widely utilised in sandwich 

construction across aerospace, naval, and packaging sectors since 1940 [114]. This 

structure is an effective shock absorber in applications like air-dropped containers and 

crashed vehicle bodies [5]. Its diverse applications stem from its capacity to convert 

impact energy into energy associated with plastic deformation. The energy absorption 

characteristics are influenced by the material used, cell wall thickness, and geometric 

configuration [5]. This section will review several research studies on using fibre 

composites in honeycomb structures and their applications. 

Dou et al. [115] investigated the compression performance of hexagonal 

honeycomb structures made from continuous carbon fibre-reinforced PLA fabricated via 

FDM. They compared the compression performance with similar structures made from 

pure PLA and aluminium alloy, considering two loading directions: X1 (horizontal) and 

X2 (vertical) (Figure 2.6). The experiments demonstrated that the hexagonal honeycomb 

structure reinforced with continuous carbon fibres exhibited a significant advantage in 

the X1 direction compared to the other two materials, showing energy absorption 

improvements of 186.58% and 596.84% over pure PLA and aluminium alloy, 

respectively. The in-plane compression altered the deformation characteristics of the 

structure, transforming it from brittle and fragile to standard elastoplastic behaviour [12], 
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resulting in a smoother and more stable stress-strain curve(Figure 2.6). These changes 

are attributed to the continuous carbon fibres inhibiting the further propagation of cracks 

in the matrix under compression [84], with the fibres providing internal tensile forces 

that keep the soon-to-fragment sections tightly connected. It illustrates that continuous 

carbon fibres can enhance the reliability of structural applications by enabling excellent 

energy absorption and that the performance of such structures can be further improved 

by optimising the bonding between the fibres and the matrix [115]. 

 

Figure 2.6. The carbon fibre-reinforced PLA honeycomb structure [115]. 

 

Cheng et al. [116] also investigated the continuous carbon fibre-reinforced PLA 

hexagonal honeycomb structures. After compression testing and deformation, they used 

heating to achieve the shape-memory effect. In the experiment, the constant carbon fibres 

served two functions: on the one hand, they enhanced the mechanical performance of the 

structures; on the other hand, they facilitated heating (Figure 2.7 (a)). By connecting both 
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sides of the honeycomb structure to the positive and negative terminals of a power source, 

the conductivity of the carbon fibres created an electric circuit, allowing the entire 

structure to be uniformly heated through Joule heating. Firstly, the honeycomb structure 

reinforced with carbon fibres exhibited significantly higher energy absorption capacity 

and stiffness than the conventional structure, regardless of the loading direction. This 

confirms the first function of the carbon fibres. After compressing until a fixed strain of 

0.2 and unloading, electric heating was applied to restore the sample. It was observed that 

after the first heating, the strength and recovery reached 87% of the original value. Finally, 

the authors suggested that due to the insufficient memory properties of PLA, future 

research should explore the use of entirely new materials, such as TPU, to achieve 

improved shape memory effects [116]. 

Antony et al. [26] utilised hemp PLA materials with a content of 20%-25% hemp 

fibres to fabricate hexagonal honeycomb structures, incorporating flat panels on both 

the top and bottom to create a sandwich structure (Figure 2.7 (b)). The structures are 

applicable in fields such as automotive and aerospace applications, highlighting the 

potential of these composites in reducing plastic content while maintaining mechanical 

performance [11]. Using hemp/PLA honeycomb structures offers several advantages, 

including their superior compressive strength compared to other materials [117]. 

Specifically, they surpass the compressive strength of hemp/PP honeycomb (6.51 MPa), 

aluminium core (9.37 MPa), and stainless-steel core (2.41 MPa). This design achieves 

better recyclability, renewability, and biodegradability of the materials without 

compromising mechanical strength, promoting sustainable development [26]. 
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Figure 2.7. The honeycomb structure and its applications: (a) the shape memory test 

uses carbon fibre as the heating source [116], (b) the hemp PLA composite 

honeycomb structure [26]. 

 

 

2.3.2. Re-entrant honeycomb auxetic structure 

The re-entrant honeycomb auxetic structure is characterised by a negative Poisson's 

ratio [118]. When compressed perpendicular to its axis, the structure contracts while it 

expands under perpendicular tensile forces. The innovative design of the re-entrant 

honeycomb auxetic structure was initially developed by Lakes in 1987. It exhibits 

remarkable qualities in terms of shear stiffness [119], resistance to indentation, fracture 
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toughness, energy absorption, and distinctive acoustic properties [118]. These attributes 

allow the structure to absorb energy during compression and impact effectively. Its 

applications include energy-absorbing and sound-dampening frameworks, as well as 

structural reinforcements. For this innovative structural design, using fibre-reinforced 

composites can yield improved performance and demonstrate various mechanical 

advantages, enhancing its potential for broader applications [120]. This section will 

review several research studies on using fibre composites in re-entrant honeycomb 

structures and their applications. 

W. Liu et al. [121] focused on comparing the re-entrant honeycomb auxetic structure 

with the hexagonal honeycomb regarding compression and crushing performance. Early 

densification enabled the re-entrant honeycomb auxetic structure to absorb more energy 

[122]. The re-entrant structure exhibits higher peak stress to resist equivalent impact 

energy in the experiment data. When subjected to the same initial velocity, the re-entrant 

honeycomb requires less crushing strain or time to halt the impact plate than the 

hexagonal honeycomb. Moreover, both structures show similar sensitivity to the relative 

density gradient in the direction of impact [121]. 

Quan et al. [109] utilised continuous carbon fibre-reinforced PLA to fabricate a 

re-entrant honeycomb auxetic structure via FDM. Compression tests demonstrated that 

the re-entrant honeycomb auxetic structure exhibited significantly greater compressive 

stiffness and energy absorption compared to pure PLA while only resulting in a 6% 

increase in mass. Using a 5×3-unit cell configuration, the final structure measures 96.8 

mm in length, 50 mm in width, and 79.34 mm in height. In loading orientations 1 and 2 

(Figure 2.8), the continuous carbon fibre-reinforced PLA exhibited stiffness increases of 

98.7% and 86.3%, respectively, with total energy absorption improvements of 87% and 

100%. These significant enhancements can be attributed to the continuous fibres 

effectively inhibiting crack propagation within the matrix [12], thereby preventing pillar 

failure and overall structural collapse. In contrast, the pure PLA structure experienced 

premature pillar failure, resulting in a sudden drop in load-bearing capacity. The authors 
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note that there is still room for improvement in this approach; by increasing fibre content 

and reducing printing defects, further enhancements in mechanical performance can be 

achieved [109]. 

 

Figure 2.8. The carbon fibre PLA re-entrant honeycomb structure with two directions 

[109]. 

 

Essassi et al. [123] employed a flax (bio-based) fibre and PLA composite to fabricate 

a re-entrant honeycomb auxetic structure, utilising a sandwich design to enclose the upper 

and lower surfaces fully. The stress ratio's influence on the samples' fatigue performance 

was determined through cyclic bending tests. The experiment included a variable 

concerning the printing density of the core material sandwiched in the middle. The 

findings indicate that core density significantly impacts the fatigue performances of 

sandwich composites [124]. In detail, sandwiches with the lowest core densities have the 

most extended fatigue lives and can support a lower maximum load [26]. Therefore, 

selecting the appropriate core density based on the actual application scenario is crucial, 

as it involves a trade-off between fatigue life and maximum strength [123]. 

Taherkhani et al. [125] capitalised on the advantages of the re-entrant honeycomb 

auxetic structures, characterised by its negative Poisson's ratio and strong energy 

absorption capabilities, in conjunction with the benefits of carbon fibre reinforcement, to 

design a flexible and stretchable strain sensor. The structures can be applied in various 

fields, including robot design and healthcare monitoring [11, 126]. Flexible substrates 
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were designed using the re-entrant auxetic structure to increase the stretchability and 

improve the sensitivity of the flexible, stretchable strain sensor. It enhances stretchability 

by 98% and sensitivity by 24 times more than the conventional sensors; these sensors 

have high sensitivity at even low strain and can be used for lower strain conditions like 

vocal cord dysfunctions, wrist pulses, and earth vibrations [125]. 

2.3.3. TPMS 

TPMS are mathematically defined structures with zero mean curvature in three 

dimensions and large surface areas [124, 127]. TPMS structures provide desirable 

advantages for the application, including being structurally lightweight, providing 

impact protection, and good thermal conductivity [124]. However, the complex 

geometry makes TPMS challenging to fabricate using traditional techniques such as 

mould manufacturing [128]. There are various types of TPMS structures, among which 

the Gyroid, Primitive, and Diamond (Figure 2.9 (a)) forms are commonly studied [129]. 

These structures exhibit distinct shapes. 

The structure of TPMS can be applied across various fields, with its most 

significant application being in the medical domain [130]. It primarily serves as a 

fundamental structure for artificial bones and tissues [131], crucial in this area. 

Additionally, TPMS can be applied in aerospace and automotive manufacturing, where 

its primary function is to provide impact absorption and protect internal structures and 

components [132]. Numerous studies utilise fibre-reinforced composites to manufacture 

TPMS, employing techniques such as SLA, SLS [133], and FDM. Among all these fibre 

composites related to TPMS research, carbon fibre-reinforced composites are the most 

widely used [128, 129]. This section will review several research studies on using 

different fibre composites in TPMS structures and their applications. 

Saleh et al. [129] utilised PLA infused with 15% short carbon fibres to fabricate 

various TPMS samples (Gyroid, Primitive and Diamond) through FDM. The study 

mainly investigated the effects of carbon fibre incorporation, unit cell type, size effects, 
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and relative density on the compressive performance of the TPMS structures. The 

results revealed that among the three-unit cell structures, the Schwarz-Diamond (d for 

Diamond) configuration exhibited the best energy absorption capacity and compressive 

strength, and the Primitive configuration performed the worst (Figure 2.9 (b)). This is 

attributed to its larger surface area and improved material distribution, which enhances 

wall contact and minimises voids between the walls [134, 135]. Relative density has a 

significant impact on the mechanical properties of TPMS structures. An increase in 

relative density results in enhanced compressive strength and modulus. This effect can 

be observed across TPMS topologies, including Gyroid, Primitive, and Diamond 

(Figure 2.9 (b)). Higher relative density indicates that the walls within the structure 

become thicker, which implies that more material is used during the FDM process. This 

results in an overall increase in the structural resistance, thereby enhancing the 

mechanical properties. Additionally, incorporating carbon fibres in all three structures 

demonstrated increased compressive strength, compressive modulus, and energy 

absorption compared to pure PLA. Moreover, this enhancement is particularly 

pronounced in structures with high relative density [129]. 

Lazar et al. [128] investigated glass fibre and PA composites, fabricating TPMS 

structures through FDM. Also, it compared the effects of relative density, unit cell type, 

and fibre incorporation on the compressive performance of TPMS structures and the 

impact of loading direction. Consistent with previous research [129], the findings 

indicate that the Schwarz-Diamond (d) unit cell structure exhibits the best performance 

[129]. As relative density increases, the overall performance of the structure was 

significantly improved. Additionally, altering the loading direction can change the 

mechanical properties, primarily affecting the failure mode. All structures experienced a 

progressive layer-by-layer collapse mode of deformation under axial compression as 

opposed to shear bands and catastrophic failure, resulting in smoother curves and 

increased energy absorption. Adding glass fibres to reinforced composites significantly 

increases the final structures’ strength and stiffness but at the expense of the ductility 
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[85, 86]. Short fibre alignment greatly increases modulus and strength in the alignment 

direction and produces direction-dependent material characteristics [136]. Furthermore, 

short glass fibre reinforcements' notable heat conductivity encourages polymer diffusion 

and reduces porosity, which enhances interfacial bonding and prevents fibre breakage 

and matrix cracking [128]. 

Mandava et al. [137] utilised a composite called PAPC, composed of cellulose 

fibres, PA, and polyolefin, to fabricate TPMS structures suitable for simulating bone 

scaffolds through FDM. PAPC is a medical-grade, biocompatible polymer composite 

commonly used in research related to artificial bones and tissues. It offers numerous 

advantages, including enhanced mechanical and impact properties [113, 124], due to its 

combination of polyamide's flexibility and polycarbonate's high strength. Additionally, 

this material possesses thermal stability, chemical resistance, and low weight, making it 

one of the most widely used medical materials in this field [131]. Compressive tests 

were conducted to assess their performance. The compressive tests concluded that the 

diamond structure remains the most effective configuration compared with all the other 

types TPMS structures. The authors attributed this to the fact that the Schwarz-Diamond 

(d) structure, under the same printing parameters, achieves a higher deposited mass than 

other structures, enhancing its compressive performance. In contrast, the compressive 

performance of the other TPMS structures (Gyroid and Primitive), decreases as their 

deposited mass declines. This study validated the feasibility of creating artificial bone 

tissue using TPMS structures and FDM, setting the stage for developing complex 

composite bone scaffolds with customisable medical and functional characteristics 

[137]. 

Many studies have also explored the effects of various natural fibres on TPMS 

structures. Veeman et al. [138] utilised a composite of wood fibres and PLA to fabricate 

Gyroid TPMS structures through FDM, adding a 2.5 mm thick wall around the structure 

(Figure 2.9 (c)). They conducted compressive tests on the resulting structures. The study 

employed the Taguchi method [139] to compare the effects of various printing 
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parameters on the performance of the Gyroid structure, including raster angle, layer 

thickness, and wall thickness. The results indicated that a raster angle of 45°, a layer 

thickness of 0.1 mm, and a wall thickness of 0.8 mm yielded the best compressive 

strength and could absorb more energy. Although the wood fibre-PLA TPMS cannot be 

used for medical applications, this study also demonstrated the potential for other 

applications of this material and structure. For instance, it proved that FDM can be 

utilised to print such complex structures, which could be applied in furniture design or 

the production of art pieces [138]. 
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Figure 2.9. The research about the TPMS structures with different kinds of 

fibre composites: (a) different types of TPMS [129], (b) the influence of different 

types of TPMS and their RD%, cell size [129], and (c) Gyriod structure with 

wood-PLA [138]. 
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2.4. Research gaps 

Based on the previous literature review, there is a foundational understanding of 

fibre composites in FDM. However, several research gaps remain that need to be 

addressed. The three main gaps can be summarised as follows: 

1. Although extensive studies have examined carbon- and glass-fibre composites, 

research on wood-fibre-reinforced composites, especially those produced by FDM, 

remains limited. Most existing works have concentrated on filament formulation and 

printability rather than the mechanical and fracture behaviour of printed parts. 

2. Previous studies have mainly explored the water absorption behaviour of 

wood-fibre composites in terms of moisture uptake and dimensional change. However, 

the degradation mechanisms associated with water exposure—such as plasticisation, 

interfacial debonding, and reversibility upon redrying—are not yet fully understood. 

3. While natural-fibre-reinforced composites have been widely studied, the 

progressive effects of different fibre loading levels on the mechanical performance (e.g., 

strength, ductility, and energy absorption) of FDM-printed wood-PLA composites have 

not been systematically characterised. 

2.5. Research objectives 

To address the research gaps identified in Section 2.4, this thesis has been 

structured into three main experimental stages, each corresponding to one of the 

outlined gaps. 

To address Gap 1, a foundational understanding of the mechanical properties of 

wood fibre-reinforced PLA was developed by comparing the tensile and fracture 

behaviour of two commercially available FDM filaments: pure PLA and wood-PLA. 

This comparative analysis aimed to clarify the baseline mechanical differences 

introduced by incorporating wood fibres and to assess the practical feasibility of 

substituting traditional fibres in additive manufacturing. The findings are presented in 
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Chapter 3. 

For Gap 2, the study examined how water immersion and subsequent drying affect 

the mechanical properties of both PLA and wood-PLA. Mechanical testing was 

conducted before and after water exposure, followed by a redrying phase, to determine 

whether the observed degradation is reversible. This research provided insight into the 

role of moisture in changing the mechanical properties and evaluated the reliability of 

wood-fibre composites under humid environmental conditions. This stage of research is 

detailed in Chapter 4. 

To respond to Gap 3, the influence of different wood fibre contents (ranging from 

0% to 20%) on mechanical performance was systematically investigated. The study 

examined how fibre content affects tensile strength, ductility, and energy absorption, as 

well as how these properties respond to water immersion and drying. This helped 

identify optimal formulations with improved performance. The results of this 

investigation are presented in Chapter 5. 

Together, these three chapters form a cohesive framework that addresses the 

previously identified knowledge gaps and advances the understanding of wood fibre 

composites in additive manufacturing. 
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Chapter 3. Mechanical properties of PLA and wood-PLA 

composites fabricated via FDM 

3.1. Introduction 

In recent years, additive manufacturing, also known as 3D printing, has 

progressively found applications in an increasing number of fields, due to its ability to 

reduces the human labour, material consumption, and time required throughout the 

production process, thereby enhancing overall efficiency [140]. Among the various types 

of 3D printing technologies, FDM has attracted growing attention in the scientific 

community due to its early development, advanced state of refinement, high prevalence, 

and wide range of applications  [141-144]. It has found broad applications in industries 

such as automotive, aerospace, construction materials, and medical devices [4, 24, 145]. 

Fibre-polymer composites have gained significant attention  in FDM applications 

owing to their improved strength-to-weight ratio and durability compared to 

single-material systems [14, 15, 146]. Currently, the fibres commonly used in FDM 

include carbon fibre [12, 32, 33, 147, 148], glass fibre [17, 34], and aramid fibres [18]. 

These fibres have distinct properties that provide specific advantages, making them 

suitable for various applications across various fields. 

Natural or bio-based fibres have emerged in recent years as new materials suitable 

for composites, frequently combined with polymers such as PLA, TPU, and PA to 

produce filaments for FDM [20, 62, 64, 66, 149]. Compared to traditional materials like 

carbon fibre, these bio-based fibres offer several advantages, including easy availability 

from natural sources, biodegradability, and lower carbon emissions [15, 22, 150]. 

Recent studies have begun to focus on the mechanical properties of natural fibre 

composites and how the other factors affect their mechanical properties, including the 

effects of varying fibre content [62], printing parameters [64], and the impact of additives 

on the optimisation of their internal structure and properties [20]. Some studies have also 
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focused on utilising recycled raw materials to produce natural fibres, thereby enhancing 

their sustainability benefits. This includes the use of materials such as flax [25], potato 

starch [67], grains [70], and recycled palm residues [13], which are blended with various 

types of polymers to create FDM-compatible filaments. Additionally, the high cellulose 

content in natural fibres contributes to the material’s significant water absorption 

properties [13, 65, 67, 92], leading to more pronounced changes in properties upon 

exposure to moisture. 

Wood-PLA composites represent a unique class of natural fibre composites that 

simultaneously exhibit biodegradability [151, 152]. They have become one of the most 

widely adopted natural fibre-reinforced materials for FDM applications [28]. 

Understanding the mechanical behaviour of wood-PLA is essential for expanding its 

practical applications in load-bearing and structural contexts [26]. However, its inherent 

heterogeneity and fibre-matrix interactions may significantly alter its mechanical 

performance [78]. Therefore, examining how wood-PLA behaves under mechanical 

loading, particularly in terms of strength and energy absorption ability, is critical for 

determining its feasibility. 

This chapter compares the mechanical behaviour of two commercially available 

filaments: a pure PLA and a wood-PLA composite. All specimens were printed and 

tested in their original state (without any special conditioning) shortly after fabrication. 

Mechanical characterisation including both tensile and SENB tests were conducted, 

aiming to assess strength, stiffness, and energy absorption. Section 3.2 outlines the 

materials and methods used, including the fabrication process, mechanical testing, and 

post-test analysis. Section 3.3 presents and compares the experimental results for the 

two materials, and Section 3.4 concludes with a summary of key findings and 

observations. 
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3.2. Methods and materials 

3.2.1. Materials and samples preparation 

Two commercial filaments are involved in this research project: 

1) The pure PLA, called PLA EF 3D850, with a diameter of 2.85 mm, was purchased 

from commercial supplier (Nanovia, France). The density of the filament is 1.24 g/cm3, 

and the recommended extrusion temperature is between 190 °C and 230 °C; 

2) The wood-PLA composite filament, containing 40 % pine wood fibre by volume and 

with a diameter of 2.85 mm, was purchased from the same supplier. The density of the 

filament is 1.13 g/cm3, the recommended extrusion temperature is between 210 °C to 

230 °C. 

In this study, tensile samples and SENB samples were fabricated and tested using 

PLA and wood-PLA materials. Ultimaker S5 FDM printer (Ultimaker, Netherlands) was 

used to printing these two materials following the printing configurations listed in Table 

3.1. The preparation process of samples is illustrated in Figure 3.1. Tensile samples were 

Type IV, conforming to ASTM D638 specifications, with a thickness of 1.6 mm [153]. To 

fabricate tensile samples with unidirectional filament, a hollow square tube with 

dimensions of 160 mm × 160 mm × 60 mm and a thickness of 1.6 mm was printed. The 

hollow tube was printed by using a concentric infill pattern to ensure that the structure 

was fully symmetric on all sides. Type IV dog-bone tensile samples were cut from each 

side of the hollow tube using the laser cutter (Thunder, Australia) [126]. In this way, the 

smooth transition in sample dimensions helps to minimise stress concentration in the 

fillet radius area, addressing the issue typically observed in directly printed samples [154, 

155]. 
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Table 3.1. FDM printing parameters 
Printing parameters Configurations 
Layer height 0.2 mm 
Line width 0.8 mm 
Printing temperature 210 °C 
Building temperature 28 °C 
Bed temperature 65 °C 
Printing speed 35 mm/s 
Fill pattern (tensile) Concentric 
Fill pattern (bending) Line 

 

For SENB samples, the dimensions, especially the length of notch, vary across 

standards due to differences in material of interest and the test objectives. Given that 3D 

printing is a relatively novel technique compared to traditional manufacturing 

techniques, standardised guidelines specifically addressing the mechanical testing of 

FDM printed materials have not yet been established. Current testing practices rely on 

existing standards for conventional manufacturing method [156]. Hence, SENB samples 

with different notch lengths, in accordance with two standards, i.e., ASTM D5045 

standard and ASTM E1820, were utilised to investigate the fracture behaviour under 

bending [157-160]. Since the notch length may affect stress distribution at the crack tip 

and influence crack propagation, samples with notch lengths of 4 mm and 10 mm were 

prepared. The total length of SENB samples was 90 mm, with a thickness of 10 mm and 

a height of 20 mm (Figure 3.1).During the printing, a linear infill pattern was adopted 

for the SENB samples to ensure structural uniformity and reduce anisotropy in the crack 

propagation direction. This configuration facilitates a more stable crack path during 

testing, thereby improving the reliability of fracture behaviour analysis. 
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Figure 3.1. The sample preparation processes.

3.2.2. Mechanical testing and post analysis 

Tensile and SENB tests were performed on samples of PLA and wood-PLA 

samples using a universal testing machine (AGX-50kN, Shimadzu, Japan). The tensile 

tests were conducted at a constant loading speed of 2 mm/min, while the SENB test was 

performed at 4 mm/min. The SENB test was considered complete when the applied load 

dropped to 10 N. During the tests, DIC (Digital Image Correlation) system was also 

employed to capture images and calculate strain data. Additionally, DIC images were 

used to generate local strain contours, providing a more detailed analysis. To ensure 

accurate recognition by DIC software, a sufficient amount of speckle was required on 

the surface of samples. Therefore, all samples were painted to create identifiable speckle 

patterns.

Stress-strain curves were obtained from tensile tests, and key mechanical 

parameters, including ultimate tensile strength, Young’s modulus, elongation at break, 

and strain energy density, were evaluated. The Young’s modulus was determined from 

the slope of the linear region of the stress–strain curve (strain range 0.5–1%), which 

represents the elastic response while minimising initial loading errors and avoiding 
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nonlinearity near the yield point. The strain energy density (Ψ, J/m³) is defined as the 

amount of energy absorbed per unit volume during the tensile test and is calculated 

using: 

𝛹 =  ∫ 𝜎𝑑𝜀 ,
𝜀𝑚𝑎𝑥

0

 (3. 1) 

where 𝜎 is the stress, 𝜀 is the strain, and 𝜀𝑚𝑎𝑥 is the elongation at break. 

In the SENB tests, energy absorption and peak force were analysed, with energy 

absorption determined by the area under the force-displacement curve. The local strain 

was calculated using DIC images to investigate the crack initiation and propagation. 

 

3.3. Results and discussion 

3.3.1. Mechanical properties of PLA and wood-PLA without water immersion 

This section presents the mechanical behaviours of PLA and wood-PLA in the 

control group, including tensile and SENB testing results, as well as the corresponding 

fracture characteristics. Additionally, the printing quality of these two materials was 

compared to demonstrate the influence of wood fibre addition. 

3.3.1.1. Print quality  

Figure 3.2 (a) shows a SENB specimen with the red frame marking the region for 

surface observation. The PLA surface exhibited a relatively smooth and uniform 

layer-by-layer pattern (Figure 3.2 (b)). In contrast, the wood-PLA sample (Figure 3.2 (c)) 

displayed a rough and uneven surface with noticeable stringing defects, characterised by 

small filaments left on the surface. The incorporation of solid wood fibre particles 

introduces disturbances to the melt flow field, primarily due to the disparity in 

flowability between the molten PLA and the non-melting fibres [161]. These 

disturbances, combined with the rigidity and pronounced polarity of the wood particles, 
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further disrupt the continuity of the polymer melt phase, thereby promoting surface 

roughness [162]. Moreover, the potential non-uniform distribution of wood fibres can 

lead to spatial viscosity variations, giving rise to transient flow instabilities, pulsed 

extrusion behaviour [163] and stringing defects [162]. Figure 3.2 (d) shows the images 

of the surface characterization of wood-PLA captured using the optical microscope. The 

distribution of the wood fibres and several of their characteristics (highlighted with red 

dashed lines) are clearly visible, and the stringing defect is also indicated in the image.

The deviations in mass and thickness are summarised in Table 3.2. The nominal 

mass of the samples was determined by multiplying the STL-designed volume of 

samples by the filament density, while the nominal thickness corresponded to the 

STL-designed thickness. Both PLA and wood-PLA samples exhibited higher actual 

masses and thickness than their nominal values, indicating potential over-extrusion 

during printing. The deviations in the thicknesses for both materials are comparable, 

which is around 0.30 mm (3%), indicating good dimensional accuracy.

(a) (b)

(c) (d)



55 

 

Figure 3.2. (a) Schematic of the SENB specimen with the red frame indicating the 
observed region, (b) the surface of PLA and (c) wood-PLA SENB specimen, and (d) 

surface morphology of wood-PLA SENB specimen under an optical microscope. 

 

Table 3.2. Deviation in mass and dimension between the printed and designed sample 

Sample Mass (g) Thickness (mm) 

Nominal Actual Deviation 
(%) 

Nominal Actual Deviation 
(%) 

PLA 22.04 22.74 
(0.29) 

3.2 10 10.32 
(0.11) 

3.2 

Wood-PLA 20.08 21.37 
(0.18) 

6.4 10 10.24 
(0.08) 

2.4 

Note: Data were derived from 30 SENB samples, with standard deviation shown in 
parentheses. 

 

3.3.1.2. Tensile properties of PLA and wood-PLA 

Compared to pure PLA material, wood-PLA exhibited reduced ultimate tensile 

strength and Young’s modulus. As presented in Table 3.3, PLA had an ultimate tensile 

strength of 54.6 MPa, whereas wood-PLA demonstrated a significantly lower value of 

23.4 MPa, corresponding to a 57% reduction. The Young’s modulus of wood-PLA was 

1495 MPa, approximately 52.7% of that of PLA (3050 MPa). However, wood-PLA 

showed a higher elongation at break than PLA, reaching 4.7%, compared with 2.7% for 

PLA.  

The stress-strain curves in Figure 3.3 (A) show that wood-PLA exhibited a plastic 

deformation stage (from point II to III) after reaching its ultimate tensile strength, 

whereas PLA underwent brittle failure with no significant post-yield deformation. The 

strain distribution in Figure 3.3 (B) reveals that PLA fractured immediately upon the 

formation of localised strain concentration in the gauge area. In contrast, wood-PLA 

displayed a more uniform deformation at the same strain value (point II) and a broad 
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plastic deformation range before breakage (point III), as shown in Figure 3.3 (C). Due 

to the plastic deformation in wood-PLA, the strain energy density (see Eq. (3. 1) of 

wood-PLA reached 8.91 × 10−7 J/m3, which is 1.41 times greater than that of the PLA 

sample. These findings are consistent with other studies on wood fibre-PLA and 

biofibre-reinforced PLA composites. Lage-Rivera et al. observed that increasing fibre 

content led to a progressive decrease in tensile strength [164], while the elongation at 

break increased, reaching its maximum at a fibre content of 15%. Siddiqui et al., [165] 

and Mazur et al., [166] reported the reduction of Young’s modulus of wood-PLA. 

Similarly, Yu et al. confirmed these observations in their work [167]. 

The higher strain energy density observed in wood–PLA composites may be 

attributed to several synergistic mechanisms. Interfacial debonding between the wood 

fibres and the PLA matrix, followed by fibre pull-out, serves as an effective energy 

dissipation process. In addition, the introduction of wood particles results in a 

heterogeneous internal structure that disrupts crack propagation paths, increases the 

effective crack path length, and reduces local stress concentrations. These combined 

effects delay the onset of catastrophic failure, enabling the material to accommodate 

greater deformation prior to fracture. 

The reduction in the ultimate tensile strength and Young’s modulus results from the 

introduction of the wood fibre. According to Tao’s research [66], wood fibre has a polar 

(hydrophilic) surface, whereas PLA has a non-polar (hydrophobic)surface. The disparity 

between the polar and non-polar surfaces prevents the formation of a strong interfacial 

bond [168]. During the tensile test, the pull-out effects are often observed in on the 

wood-PLA samples in previous studies [64]. Besides, many researchers have found that 

short fibre reinforcement can reduce the tensile strength of polymer, as these fibres 

cannot effectively bear tensile loads the way continuous molecular chains do [19, 20]. 

In addition to the interfacial challenges caused by the wood fibres, 

thermomechanical degradation of the PLA matrix during melt processing can also play a 

significant role in reducing the mechanical performance of wood-PLA composites [169]. 
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During compounding and extrusion, repeated heating and shearing may induce chain 

scissions in the PLA, leading to decreased molecular weight, which in turn compromises 

the thermal stability and mechanical integrity of the material [170]. These degradative 

changes are often accompanied by an increase in crystallinity, as shorter polymer chains 

reorganize more easily [171]. 

 

Table 3.3. The tensile results of PLA and wood-PLA 
Parameters PLA  wood-PLA 
Ultimate tensile strength (MPa) 54.6 (2.44) 23.4 (1.0) 
Elongation at break (%) 2.0 (0.2) 4.7 (1.0) 
Young’s modulus (MPa) 3074 (170) 1568 (102) 
Strain energy density (10−7 ×J/m3) 6.39 (0.9) 8.91 (1.8) 

 

   
(a) (b) 

Figure 3.3. The tensile results of PLA and wood-PLA samples in the control group: 
(a) stress-strain curves, (b) 𝜀𝑦𝑦 strain contour of the PLA and wood-PLA samples 
at critical displacement (Marked on red stars in (a)).  

 

3.3.2. SENB test of PLA and wood-PLA 

3.3.2.1. Fracture pattern 

Figure 3.4 exhibits the crack initiation and propagation of PLA and wood-PLA 

samples during SENB tests. The contour diagrams illustrate the evolution of the 𝜀𝑥𝑥 
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strain during the loading processes. For the PLA sample, crack initiation occurred at the 

notch tip, followed by an increasingly pronounced crack propagation as the applied 

displacement increased. The observed strain distribution indicates that stress was 

concentrated around the notch tip, resulting in brittle fracture characteristics with a 

straight, upward crack propagation. Notably, samples with a 4 mm notch length 

exhibited more pronounced cracking under the same applied displacement due to the 

larger maximum stress at the crack tip. The maximum flexural stress in SENB samples 

is approximately calculated in Appendix using a simplified three-point bending model. 

It shows that the maximum flexural stress decreases as the notch length increases in the 

notch length under the same deflection.

Figure 3.4. The 𝜀𝑥𝑥 contour diagram of PLA and wood-PLA SENB samples with 4 

mm and 10 mm notch length during the loading process.

Due to the introduction of wood fibres, wood-PLA samples exhibited a different 
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crack evolution pattern, which was impacted by the notch length. The presence of wood 

fibres led to more distributed plastic strain accumulation around the crack tip as 

highlighted in the red areas (Figure 3.4), which was consistent with the observation in 

Section 3.3.1.2 that wood-PLA exhibited more plastic deformation before break. The 

sample with a 4 mm notch exhibited slight zigzag crack pattern with the propagation 

primarily in the vertical direction. In contrast, the 10 mm notched wood-PLA sample 

showed horizontal crack propagation before the applied displacement reached 3 mm. 

This behaviour was attributed to the lower maximum flexural stress at the notch tip 

compared to the 4 mm notched sample, which inhibited the initial upward crack 

propagation. Instead, the strain mismatch between the elongated region above the notch 

tip and the undeformed material below led to interlayer shear debonding, causing the 

crack to propagate horizontally at first. After the applied displacement exceeded 3 mm, 

the crack changed its direction and developed vertically upwards due to the tensile 

stress. 

 

3.3.2.2. Force-displacement curve 

Figure 3.5 (a) presents force-displacement curves obtained from SENB samples 

with notch length of 4 mm and 10 mm. PLA samples exhibited a higher initial peak 

force, followed by a sharp drop in load, characteristic of brittle fracture. In contrast, 

wood-PLA samples displayed a lower peak force but a more gradual force decline, 

corresponding to the ductile fracture mode in Figure 3.4. 

For the 4 mm notched samples (Figure 3.5 (b)), wood-PLA exhibited a larger 

displacement at crack onset compared to PLA, measuring 2.3 mm. For the 10 mm 

notched samples, the wood-PLA sample initially developed a horizontal crack at a 

displacement of 2.1 mm, followed by vertical crack propagation beginning at 3.2 mm. 

During the debonding phase from 2.1 mm to 3.2 mm, no significant force reduction was 
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observed in wood-PLA. 

Figure 3.5 (c) shows that wood-PLA samples exhibited higher energy absorption 

compared to PLA. The energy absorption of wood-PLA was 2.90 J for the 4 mm 

notched samples and 2.13 J for the 10 mm notched samples, while the corresponding 

values for PLA counterparts were 2.05 J and 1.53 J, respectively. 

In Figure 3.5 (d), PLA exhibited significantly higher peak force of 1.53 kN with the 

4 mm notch, which decreased to 1.23 kN with the 10 mm notch. In contrast, the peak 

force for wood-PLA samples was only 0.75 kN and 0.59 kN for the 4 mm and 10 mm 

notched samples, respectively, confirming the lower strength of wood-PLA. 

Hence, despite its lower strength, wood-PLA exhibited superior energy absorption 

capability and ductile fracture characteristics, preventing sudden failure under loading. 

  
(a) (b) 

  
(c) (d) 

Figure 3.5. Results of SENB samples in control group: (a) force-displacement 
curves, (b) displace at crack onset, (c) energy absorption and (d) peak force. The 
displacement at crack onset of wood-PLA with a 10 mm notch corresponds to the 
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vertical crack onset. 

 

3.3.2.3. Discussion on the SENB test 

The distinct fracture pattern observed in wood-PLA samples during SENB testing 

can be attributed to the introduction of wood fibres. The zigzag fracture pattern of the 

wood-PLA is primarily associated with crack bridging [161], where individual wood 

fibres interact with the advancing crack front, delaying its growth in the process [159, 

172]. As the crack attempts to propagate, some fibres act as bridges across the crack 

surfaces, temporarily holding the material together and resisting separation [173]. This 

phenomenon increases resistance to fracture initiation and promotes a more gradual 

failure process. 

Consequently, the zigzag fracture pattern and complex crack path of the wood-PLA 

extended the duration of the fracture process and spread [112, 160]. As a result, the 

energy required to complete the fracture, represented by the area under the 

force-displacement curve, significantly increased [159]. Based on the finding of 

superior energy absorption, wood-PLA composites may be well suited for applications 

requiring impact resistance or energy dissipation [14], such as protective packaging [23], 

where gradual failure and higher toughness are advantageous. 

3.4. Summary 

This study investigated the mechanical performance of two commercially available 

FDM filaments: pure PLA and a wood-PLA (40% wood fibre content) composite. 

Tensile and SENB tests were performed to evaluate differences in strength, stiffness, 

and energy absorption under consistent fabrication and testing conditions. The objective 

was to assess how the incorporation of natural wood fibres influences the mechanical 

behaviour of PLA-based materials in their original state. 

The results revealed that the addition of wood fibres led to a noticeable reduction in 
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tensile strength and elastic modulus compared to pure PLA. However, wood-PLA 

demonstrated a significant improvement in energy absorption capacity across both 

testing methods. SENB results showed that wood-PLA underwent a more gradual and 

extended fracture process, attributed to crack-bridging mechanisms introduced by the 

wood fibres. These mechanisms contributed to a zigzag crack path and increased 

deformation, enhancing the material’s overall toughness. 

The findings highlight the role of natural fibres in altering failure behaviour and 

improving fracture energy in 3D-printed composites. The comparison provides a clear 

baseline for understanding performance trade-offs between stiffness and toughness. This 

insight is essential for guiding the application of bio-based FDM materials in structural 

components where controlled deformation and energy dissipation are desirable. 

However, considering the variability of environmental conditions in practical 

applications, it becomes crucial to investigate the influence of moisture exposure on 

mechanical properties. This vital point will be systematically addressed in Chapter 4. 
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Chapter 4. Mechanical characterisation of FDM-printed 

wood-PLA composites under water conditioning 

4.1. Introduction 

FDM is one of the most widely used additive manufacturing technologies due to its 

low cost, geometric flexibility, and material efficiency [142-144]. Its compatibility with 

fibre-reinforced thermoplastics has led to increasing interest in the use of bio-based 

fillers to improve environmental sustainability [15]. Among various reinforcement 

options, natural fibres have gained significant attention for their biodegradability and 

renewable sourcing [22, 150]. In particular, wood fibres have become a popular choice 

for combining with PLA, resulting in commercially available filaments that offer a 

balance between processability and environmental performance [28]. These wood-PLA 

composites have been adopted in a range of applications, including aesthetic 

components, design prototypes, and low-load structural elements [4, 24, 145]. As their 

use becomes more widespread, especially in contexts where environmental exposure is 

likely, it is essential to investigate how such materials respond to changing conditions to 

ensure their mechanical reliability and long-term functionality. 

However, a critical challenge in utilizing wood-PLA composites is their inevitable 

moisture absorption in real-world environments [174]. The highly hydrophilic nature of 

wood fibres makes wood-PLA composites significantly more susceptible to swelling or 

softening [67, 175]. These moisture-induced changes pose serious concerns for 

applications requiring environmental durability, such as outdoor decorative elements, 

biodegradable packaging, and functional prototypes [20, 176, 177], which are often 

exposed to humid environments, temperature fluctuations, or direct water contact during 

their service life [178]. 

Numerous studies have investigated the effects of water absorption on wood-PLA 

composites. Ainin et al. found that wood-PLA shows significant strength loss due to the 
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swelling and structural distortion upon immersion [179], while Ecker et al. reported 

more severe degradation in FDM-printed samples compared to injection-moulded ones 

[78]. Oliver-Ortega et al. showed that PLA composites reinforced with bleached 

softwood fibres still exhibited moisture sensitivity due to the hydrophilic nature of the 

fibres [180]. Ayrilmis and his colleagues revealed that increasing wood content and 

layer thickness leads to higher porosity, thus reducing strength and increasing water 

uptake [181, 182]. Several reviews have explained these effects through fibre swelling, 

diffusion, and interfacial debonding [183]. Martínez-Sánchez et al. highlighted the role 

of printing parameters in controlling moisture adsorption [162], and Zandvliet et al. 

noted that even for interior applications [184], PLA-based composites face dimensional 

instability from water exposure. Surface property studies also show compromised 

wettability and bonding performance as wood content increases. Numerous studies have 

investigated the effects of water absorption on wood-PLA composites. Ainin et al. found 

that wood-PLA shows significant strength loss due to the swelling and structural 

distortion upon immersion [179], while Ecker et al. reported more severe degradation in 

FDM-printed samples compared to injection-moulded ones [78]. Oliver-Ortega et al. 

showed that PLA composites reinforced with bleached softwood fibres still exhibited 

moisture sensitivity due to the hydrophilic nature of the fibres [180]. Ayrilmis and his 

colleagues revealed that increasing wood content and layer thickness leads to higher 

porosity, thus reducing strength and increasing water uptake [181, 182]. Several reviews 

have explained these effects through fibre swelling, diffusion, and interfacial debonding 

[183]. Martínez-Sánchez et al. highlighted the role of printing parameters in controlling 

moisture adsorption [162], and Zandvliet et al. noted that even for interior applications 

[184], PLA-based composites face dimensional instability from water exposure. Surface 

property studies also show compromised wettability and bonding performance as wood 

content increases. 

Despite these findings, few studies have addressed the recovery of mechanical 

performance after re-drying, or directly compared PLA and wood-PLA under the same 
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aging and drying conditions. Mechanical evaluations are often limited to tensile or 

bending tests, lacking fracture-based insights. 

Compared to the study presented in Chapter 3, this chapter investigates the 

mechanical performance of wood-PLA composites fabricated via FDM, with particular 

focus on their behaviour after water absorption and subsequent redrying. 

Comprehensive mechanical testing was conducted to assess the material’s response to 

moisture exposure and its potential for property recovery upon redrying. Section 4.2 

outlines the materials and methods employed. Section 4.3 presents and discusses the 

results, focusing on the mechanical effects of water absorption and redrying. Section 4.4 

summarises the key findings of this study. 

4.2. Methods and materials 

This study focuses on evaluating and comparing the mechanical performance of 

wood-PLA and pure PLA after water immersion. The materials used, a commercially 

available wood-PLA filament containing 40% wood fibre by volume and PLA EF 

3D850, are the same as those utilised in Chapter 3. Further details regarding these 

materials are provided in Section 3.2. 

Mechanical characterisation in this chapter is conducted through tensile testing and 

SENB tests. The specimen dimensions and fabrication processes used for both test types 

are identical to those outlined in Chapter 3. 

Additionally, the testing procedures and post-analysis methods applied in this 

chapter closely follow those previously established (Section 3.2), ensuring consistency 

and comparability across experimental conditions. 

In this study, the effects of water absorption on the tensile and bending properties of 

PLA and wood-PLA materials were investigated. The experimental workflow is 

depicted in Figure 4.1. Based on the water treatment procedures, the samples were 

categorised into three groups: (1) the control group, consisting of samples that were not 
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subjected to water immersion; (2) the wet group, comprising samples immersed in water 

for varying durations; and (3) the redried group, which included samples subjected to 

water immersion followed by a controlled drying process.

The water absorption tests were performed in accordance with ASTM D570-22

[185], with soaking water maintained at a constant room temperature of 25 °C. The 

immersion duration was set at 3, 7, 10 and 15 days, with weight gain recorded after each 

period. Surface water was wiped dry with a paper towel before weighing. The water 

absorption rate 𝑀𝑡 (%) was determined by:

𝑀𝑡 =
𝑊𝑤 − 𝑊𝑑

𝑊𝑑
× 100 (4. 1)

where 𝑊𝑑 and 𝑊𝑤 are the weights of dry (before immersion) and wet (after 

immersion) samples.

Figure 4.1. Experimental workflow

The drying process for the redried group was conducted using a vacuum desiccator 

containing silica gel at the bottom to facilitate moisture absorption. The desiccator was 

maintained under vacuum at a constant room temperature of 25 °C to ensure efficient 
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moisture removal. Each sample was dried for at least three days, after which it was 

weighed to verify whether its weight had returned to the initial value prior to water 

exposure. 

To investigate the interactions between chemical bonds and the forces between 

polymer chains within the material, Fourier-Transform Infrared spectroscopy (FTIR) 

technology was employed to examine the distribution characteristics of specific 

functional groups, particularly hydroxyl groups [186]. FTIR spectra were recorded 

using a Thermo Scientific Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific, 

Waltham, Massachusetts, USA) equipped with an Attenuated Total Reflectance (ATR) 

accessory. The spectra were collected in the wavenumber range of 4000–400 cm⁻¹ with 

a resolution of 4 cm⁻¹. A total of 32 scans were performed for each sample, and 

background spectra were recorded before each measurement. The samples, which were 

1.6 mm thick with dimensions of 1 × 1 cm, were prepared using FDM printing. Both 

PLA and wood-PLA samples were scanned after complete drying treatment or after 

immersion in water for 15 days. The samples were directly placed on the ATR crystal 

for measurement. The spectra were analysed using OMNIC software (OMNIC 9.0, 

Thermo Fisher Scientific, Waltham, Massachusetts, USA). 

Thermal analysis was conducted using a simultaneous thermal analyser (STA 449 F1 

Jupiter, Netzsch, Germany) to characterize both thermal stability and thermal transitions 

of the materials. Material samples were extracted from tensile specimens in the virgin 

group and from those in the wet group after 15 days of immersion. The material samples 

of approximately 6.0 to 9.0 mg were placed in aluminium crucibles with pierced lids. In 

an inert nitrogen atmosphere, these crucibles were heated to 600 °C  at a rate of 10 °C /min. 

The measurements provided the glass transition temperature (Tg) from the DSC signal, 

as well as thermogravimetric (TG) curves and derivative thermogravimetry (DTG) 

reflecting the mass loss as a function of temperature. 
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4.3. Results and discussion 

4.3.1. Water absorption ability  

The wood-PLA tensile samples exhibit a significantly higher water absorption rate 

compared to the pure PLA samples. Figure 4.2 (A) exhibits that after soaking for 3 days, 

the water absorption rate of wood-PLA reached 5.24%, which was 12.8 times higher than 

that of PLA (0.41%). Thereafter, the water absorption rate of wood-PLA continued to 

increase significantly with immersion time, whereas the increase in PLA remained 

negligible. Notably, after 15 days of immersion, the water absorption rate of the 

wood-PLA samples rose to 9.81%, which was 21.7 times higher than that of the PLA 

samples (0.45%). The high water absorption in wood-PLA arises from the hydrophilic 

nature of wood fibres, where the cellulose composition promotes interactions with water 

molecules [164]. The ATR-FTIR results [187, 188] in Figure 4.2 (C) shows that the 

wood-PLA exhibited a pronounced increase in the peak intensity within the wavenumber 

range of 3000–4000 cm⁻¹ (with transmittance reaching approximately 80%) after water 

immersion, whereas PLA showed no significant change. The pronounced peak in this 

region indicates an increased presence of hydroxyl groups, which reflects the enhanced 

formation of hydrogen bonds and the uptake of water molecules within the wood-PLA 

composites [186]. 

In SENB samples (Figure 4.2 (b)), PLA maintained consistently low values 

(around 0.44%) with minimal change over time, aligning with the results observed in 

the tensile samples. However, the values of wood-PLA were significantly lower than 

those of their tensile counterparts, despite exhibiting a similar increasing trend over time, 

with a maximum value of 1.72% at 15 days. The reduction observed in SENB samples 

was caused by their increased thickness, as well as differences in shape and surface area, 

which reduced their overall contact efficiency with water. Additionally, the greater 

thickness likely hindered water penetration into the inner layers, resulting in a lower 
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absorption rate over the same immersion duration. 

Pure PLA exhibits relatively poor hydrophilicity, particularly on the smooth surfaces 

of PLA materials produced by traditional manufacturing methods [67, 78]. Although 

using FDM can effectively enhance hydrophilicity by creating surface porosities and 

uneven, wavy textures that increase contact with water [189], the water absorption of 

FDM printed PLA remains limited. 

 

  
(a) (b) 

 
(c) 

Figure 4.2. (a) The water absorption rates of wood-PLA and PLA tensile samples, (b) 
SENB samples, and (c) ATR-FTIR spectra of PLA and wood-PLA samples after 
drying and after 7 days of water immersion. 
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4.3.2. Effect of water absorption on thermal properties 

Figure 4.3 (a) presents the DSC thermograms of PLA and wood-PLA in both dry 

and wet states. The glass transition temperature (Tg) of dry PLA was measured at 

58.8 °C, indicating that water absorption had only a marginal effect on the polymer 

chain mobility of neat PLA. In contrast, dry wood-PLA exhibited a lower Tg of 57.2 °C, 

which further decreased to 55.5 °C after moisture absorption. This more pronounced 

reduction highlights the effect of water absorption on wood particles in wood-PLA, 

which enhances segmental motion and lowers the glass transition temperature. 

The TG results shown in Figure 4.3 (b) reveal that the major weight loss for all 

samples occurred between 300 and 400 °C, corresponding to the thermal decomposition 

of the PLA matrix. The wet wood-PLA displayed a slight shift of the TG and DTG 

curves toward lower temperatures, suggesting the evaporation of absorbed moisture 

retained by the hydrophilic wood fibres. In contrast, wet PLA showed negligible weight 

loss in this region due to its much lower water uptake. Importantly, the decomposition 

profiles of wet and dry samples after 15 days of immersion at room temperature 

exhibited no notable differences, indicating that no measurable degradation had taken 

place during this period. 

  
(a) (b) 

Figure 4.3. Thermal analysis curves from (a) DSC tests and (b) TGA tests. 
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4.3.3. Tensile properties with water immersion 

4.3.3.1. Stress-strain curves 

Figure 4.4 presents the tensile stress-strain curves of PLA and wood-PLA after 

different immersion durations. Additionally, it compares the curves of samples that were 

re-dried after each immersion stage, providing insights into the effects of water 

exposure on the mechanical properties of the materials. It can be observed that 

prolonged immersion led to a decline in tensile strength and stiffness for both materials 

in the wet group. Wood-PLA exhibited a more pronounced reduction in tensile strength 

due to its higher hydrophilicity. In the wet group, the elongation at break of wood-PLA 

increased significantly after 7 days of water exposure. The redried samples showed 

notable recovery in their tensile stress-strain behaviour, indicating that the observed 

degradation was primarily physical and reversible, rather than a result of permanent 

chemical breakdown. Both wet and redried groups exhibited the same deformation and 

fracture patterns shown in Figure 4.4 (b). 

 

  

(a)       (b) 
Figure 4.4. The stress-strain curves of (a) PLA and (b) wood-PLA with different 
conditions. 
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4.3.3.2. Mechanical properties 

The ultimate tensile strength, elastic modulus, elongation at break and strain 

energy density were extracted from tensile stress-strain curves and presented in Figure 

4.5. The mechanical metrics of control group samples were plotted as dashed lines for 

comparison. As shown in Figure 4.5 (a), the ultimate tensile strength notably decreased 

as the water immersion duration increased from 3 to 15 days. The ultimate tensile 

strength of PLA samples dropped from 54.6 MPa in the control group to 47.8 MPa after 

12 days of immersion, demonstrating a 12% reduction. The ultimate tensile strength of 

wood-PLA samples decreased from 23.4 MPa in the control group to 21.1 MPa after 3 

days, further dropping to 18.5 MPa after 15 days, representing a 20% reduction. For both 

PLA and wood-PLA samples, the most significant decrease in ultimate tensile strength 

occurred within the first seven days, after which the decline gradually stabilised. By 

applying the Jonckheere–Terpstra test [190] to the ultimate tensile strength of 

wood-PLA and PLA after water immersion, both datasets were shown to exhibit a clear 

monotonic decreasing trend. The one-sided p-values were 0.998 and 0.982, respectively 

for wood-PLA and PLA, both exceeding the significance threshold of 0.95. After 

redrying, the tensile strength of both samples returned almost to the control level. 

Figure 4.5 (b) shows that in the wet group, Young's modulus of wood-PLA 

decreased with prolonged immersion, dropping from 1468 MPa in the control group to 

1333 MPa after 15 days, corresponding to a 10% reduction. After redrying, the Young’s 

modulus of the samples from each immersion stage returned to its original value. PLA 

samples exhibited a decrease from 3074 MPa to 2846 MPa after 15 days of water 

exposure, representing an 8% decrease. The Young’s modulus of PLA samples 

immersed for 3 days fully recovered to its initial value after redrying. However, for 

other immersion durations, the redried samples exhibited a lower modulus than the 

initial value. After 15 days of immersion, the Young’s modulus of the redried samples 

was 2863 MPa. 



73 

 

  
(a) (b) 

  
(c) (d) 

Figure 4.5. Tensile results of wet and redried groups: (a) ultimate tensile strength, (b) 
Young’s modulus, (c) elongation at break, and (d) strain energy density. 

 

Water absorption had a significant influence on elongation at break. As shown in 

Figure 4.5 (c), with increasing immersion time, both PLA and wood-PLA samples 

exhibited a notable increase in elongation at break, reaching a peak value at 10 days, 

followed by a decline by 15 days. Wood-PLA sample had an initial elongation at break 

of 4.8% in the control group, reaching a peak of 8.0% after 10 days, representing a 66% 

increase. For PLA, the value started at 2.1% and peaked at 2.8% after 10 days. After 

redrying, elongation at break of wood-PLA samples decreased compared to the wet 

group but remained higher than control group, possibly due to residual moisture trapped 

within the wood fibres. The p-values were 0.026 and 0.037, respectively for wood-PLA 

and PLA, both below the significance threshold of 0.05. After redrying, elongation at 

break of wood-PLA samples decreased compared to the wet group but remained higher 
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than control group, possibly due to residual moisture trapped within the wood fibres. 

However, the elongation of PLA returned close to the control level after redrying, 

suggesting a fully reversible effect in PLA. 

Primarily due to the increase of elongation at break, both wood-PLA and PLA 

samples exhibited an increased energy absorption after water immersion as shown in 

Figure 4.5 (d). Initially, the strain energy density of wood-PLA and PLA was 8.91× 10−7 

J/m³ and 6.39× 10−7 J/m³, respectively. After 10 days of immersion, the strain energy 

density of the wood-PLA and PLA samples peaked at 1.32 × 10−6 J/m³ and 8.46 

× 10−7 J/m³, and with the maximum increase rate 48% and 32% respectively. Then, the 

values for both materials decreased to 9.78 × 10−7 J/m³ for wood-PLA and 6.87 × 10−7 

J/m³ for PLA, though both remained higher than their initial values. Hence, both 

wood-PLA and PLA demonstrated a noticeable increase in their energy absorption 

capacities within a short period (up to 15 days) of water absorption. After redrying, both 

samples showed a decline in strain energy density, with their values closely aligning with 

that of control group, indicating that the energy absorption capacity was reversible during 

the water soaking and redrying treatment processes. 

Similar observations have been reported in previous studies on wood-PLA and 

other biofibre-reinforced PLA composites after water immersion. For instance, Ecker et 

al. [78] found that immersion in water led to a noticeable reduction in tensile strength 

particularly in composites containing higher hydrophilic fibre content. Ayrilmis et al. 

[181] similarly reported that water uptake caused pronounced reduction in tensile 

strength in wood-PLA. Ali et al. [191] emphasized the significant increase in elongation 

at break and toughness of flax/PLA composites. 

The observed changes in mechanical properties can be attributed to water-induced 

plasticisation [192]. Water functions as an external plasticiser by reducing 

intermolecular interactions and enhancing chain mobility [193]. Although both PLA and 

wood-PLA underwent this process, the effect was more pronounced in wood-PLA 

owing to its hydroxyl-rich constituents (i.e., cellulose and hemicellulose) and higher 
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porosity, which facilitated water uptake and hydrogen bond formation, as discussed in 

Section 4.3.1. FTIR analysis corroborated this mechanism, showing intensified 

absorption in 3000 – 4000 cm-1 regions after immersion, indicative of increased 

hydroxyl groups and hydrogen bonding. 

4.3.4. SENB test results with water immersion 

Figure 4.6 (a) and (c) show the force-displacement curves for wood-PLA with 4 mm 

and 10 mm notches, respectively. Unlike the tensile results, water absorption has a 

negligible impact on the peak force of SENB samples. Compared to the curves of the 

redried samples, the wet samples consistently exhibited a slower force decline stage with 

higher force levels after the peak force. In contrast, Figure 4.6 (e) presented that for PLA 

with a 4 mm notch, regardless of the immersion time or whether the sample was redried, 

the curves were tightly clustered with very minimal differences. The deformation and 

fracture patterns remain consistent with the control group as presented in Chapter 3 

(Figure 3.4 and Figure 3.5), regardless of the water immersion. 

As shown in Figure 4.6 (b) and (d), wood-PLA samples with 4 mm notch exhibited 

an initial energy absorption of 2.89 J in the control group, which increased to 3.326 J 

after 15 days of water immersion. Similarly, wood-PLA samples with 10 mm notch had 

a slight lower energy absorption of 2.12 J but increased to 2.89 J by 15 days.  Both 

types of wood-PLA samples exhibited a significant increase in energy absorption: the 4 

mm notch sample showed a growth rate of 15%, while the 10 mm notch sample 

demonstrated an even more pronounced increase of 36%. The increase in energy 

absorption was primarily reflected in the descending phase of the force-displacement 

curves. As mentioned earlier, compared to the redried samples, the wet samples 

consistently exhibited a more gradual force decline while maintaining higher force 

levels after reaching the peak force. Consequently, the area beneath the curves for the 

wet samples was larger, resulting in greater energy absorption. After redrying, both 

samples exhibited a reduction in energy absorption, with the values returning to their 
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original level as indicated by control group.

(a) (b)

(c) (d)

(e) (f)
Figure 4.6. The force-displacement curve and energy absorption of the SENB 
sample with different conditions: (a) and (b) wood-PLA with 4 mm notch, (c) and 
(d) wood-PLA with 10 mm notch, (e) and (f) PLA with 4 mm notch. 

In contrast, the pure PLA samples showed minimal changes in energy absorption 

after water immersion as demonstrated in Figure 4.6 (f). The energy values remained 
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stable around 2.1 J, with only slight fluctuations observed. The subtle changes observed 

in the PLA SENB test can be attributed to the structural characteristics of the SENB 

testing method. Unlike the dog bone samples used in the tensile test, the SENB 

configuration exhibited reduced contact efficiency with the surrounding water. The 

increased thickness of the sample hindered water penetration (mentioned in Figure 4.2 (b) 

before), limiting the water absorption effect on the material [67, 92, 194]. This reduction 

in water absorption was noted in both PLA and wood-PLA samples. Additionally, the 

minimal variation in energy absorption observed for PLA in the SENB test, compared to 

wood-PLA, can be explained by the inherent material differences. PLA is less sensitive to 

water exposure than wood-PLA, which incorporates wood fibres. 

 

4.3.5. Discussion on mechanisms and implications 

The changes in mechanical properties of PLA and wood-PLA samples can be 

attributed to plasticisation effects [192]. Water can play a role in plasticisation by acting 

as the external plasticiser [89, 195, 196], where external plasticisers alter the 

intermolecular forces between the molecules in the material [193, 197-199]. During the 

water immersion, both PLA and wood-PLA experienced plasticisation, but wood-PLA 

exhibited a more pronounced effect under the same water immersion conditions. This is 

because of the differences in their internal chemical structures, which enable wood-PLA 

to form more hydrogen bonds with water molecules [23]. The main components of 

wood-PLA, cellulose and hemicellulose, possess abundant hydroxyl groups in their 

chemical structure, which allow water, as a plasticiser, to freely form hydrogen bonds 

with each carbonyl oxygen atom in the matrix once it enters [76, 97]. In this process, the 

interactions between different chains decrease, but the flexibility of each chain increases, 

thereby plasticising the overall structure to a higher degree. Besides, the great 

plasticisation in wood-PLA is also attributed to its porosity, as discussed in Section 4.3.1. 

The material’s porous nature substantially improved water absorption, facilitating 
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enhanced interaction between the water molecules and the internal structure, thereby 

leading to a more pronounced plasticisation effect. 

The irreversible effects of water immersion on wood-PLA material within a short 

duration have significant implications for their practical applications:  

1. Environmental sensitivity: The hydrophilic nature of wood fibres leads to 

moisture uptake in humid conditions, compromising the composite’s 

mechanical strength. This necessitates careful consideration when deploying 

these materials in environments with fluctuating humidity or exposure to water, 

as their structural integrity may be affected. 

2. Energy absorption applications: The increase in energy absorption upon 

moisture uptake suggests potential for applications requiring impact resistance 

or damping properties. However, the concurrent reduction in strength must be 

accounted for, ensuring that the material’s load-bearing capacity remains within 

acceptable limits for the intended use. 

3. Maintenance and recoverability: The ability of the composites to regain their 

original mechanical properties after drying indicates that moisture-induced 

degradation is reversible for the studied short term water immersion. This 

behaviour is advantageous for applications where the material may 

intermittently encounter moisture, as it allows for restoration of mechanical 

performance through drying processes, thereby extending the material’s service 

life. 

4.4. Summary  

This study examined the mechanical properties of wood-PLA composites 

manufactured via FDM printing, with particular attention to the effects of water 

absorption. Tensile and SENB tests were conducted and compared with those of pure 

PLA. The impact of water absorption on mechanical performance was evaluated 
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through immersion for up to 15 days, followed by a redrying process. The key findings 

are as follows: 

Wood-PLA exhibited significant water absorption owing to the hydrophilic nature 

of cellulose in the wood fibres. During immersion, water molecules penetrated the 

polymer matrix and formed hydrogen bonds with the hydroxyl groups in wood fibres 

and the carbonyl groups in PLA, leading to a reduction in intermolecular interactions 

and an increase in chain flexibility. As a result, both materials experienced a decline in 

tensile strength and stiffness but an improvement in elongation at break and energy 

absorption capacity, with these effects being more pronounced in wood-PLA due to the 

stronger plasticising action of water on cellulose. The maximum reductions in tensile 

strength and elastic modulus for wood-PLA were 20% and 10%, respectively, while the 

maximum increases in elongation at break and energy absorption capacity reached 66% 

and 48%, respectively. 

After drying, both materials largely recovered their original properties, including 

ultimate tensile strength, elongation at break, Young’s modulus, and energy absorption 

capacity. This recovery is attributed to the role of water as an external plasticiser, with 

its effects reversed upon removal. 

These findings emphasise the influence of environmental conditions on the 

mechanical behaviour of natural fibre-reinforced FDM composites. The study provides 

valuable insights for advancing bio-based additive manufacturing. Building on the 

results from Chapters 3 and 4, which explored the mechanical performance of 

wood-PLA in both its original and moisture-conditioned states, the observed reduction 

in tensile strength relative to pure PLA suggests the need to optimise the formulation for 

better mechanical balance. This serves as the basis for the subsequent investigation into 

varying wood fibre content, which forms the focus of Chapter 5. 
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Chapter 5. Influence of wood fibre content on the mechanical 

properties of FDM-printed wood-PLA composites after water 

absorption 

5.1. Introduction 

In recent years, 3D printing has rapidly expanded its footprint across diverse 

sectors, owing to its high material efficiency, reduced labour costs, and ability to 

fabricate complex structures directly from digital models [140]. Among the various 3D 

printing technologies, FDM has become one of the most widely adopted methods due to 

its technical maturity, cost-effectiveness, and compatibility with a broad range of 

thermoplastic materials [200]. Its capacity to construct geometrically intricate objects 

without the limitations of traditional moulding techniques has made it especially 

suitable for applications in automotive components, biomedical devices, architectural 

models, and lightweight functional parts [4, 24]. With the growing emphasis on 

sustainability and environmental impact, natural fibre-reinforced composites have 

emerged as promising candidates for bio-based FDM printing [15, 22]. These materials 

integrate biodegradable polymers, such as PLA, with organic reinforcements like wood, 

flax, or recycled agricultural residues, offering an environmentally friendly alternative 

to synthetic fibre composites [13, 70]. In particular, wood-PLA composites have 

garnered attention for their good processability, renewable source origins, and aesthetic 

appeal, making them suitable for both functional and decorative uses [28, 151, 152]. 

Despite increasing interest in natural fibre composites, current research efforts 

have focused on printing parameters and fibre content [62, 64]. Accurately controlling 

wood fibre content is essential for optimising the mechanical performance of wood-PLA 

composites in real-world applications [20, 29]. While previous studies have explored 

wood fibre-reinforced filaments in FDM, there remains a clear research gap in 
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understanding how different fibre loadings affect the composite’s mechanical properties 

[182]. Most existing research focuses on either single-content filaments or commercial 

products, lacking comparative analysis across a range of fibre fractions. Moreover, little 

attention has been paid to how moisture exposure alters the mechanical behaviour of 

composites with varying fibre contents. As the results from chapter 4, given the 

hydrophilic nature of wood fibres [67, 183], water absorption can significantly influence 

strength, stiffness, and ductility through plasticisation or interfacial weakening [164]. 

However, this influence under different fibre loadings remains underexplored. Such 

investigations are especially important for applications exposed to humidity or water, 

such as biodegradable outdoor products or horticultural components [174]. Therefore, 

this study aims to address these gaps by systematically evaluating the mechanical 

response of FDM-printed wood-PLA composites with varying fibre contents, under both 

dry and post-immersion conditions. 

This chapter presents a detailed investigation into the mechanical behaviour of 

wood-PLA composites with different wood fibre contents, specifically 5%, 10%, 15%, 

and 20% by volume. Custom filaments were prepared through melt mixing and 

re-extrusion processes, enabling full control over fibre dispersion and volume fraction. 

This study builds upon the foundational understanding established in Chapter 3 and 

Chapter 4, which evaluated the mechanical performance and water sensitivity of pure 

PLA and commercial wood-PLA (40% fibre). Unlike the previous work, the current 

investigation introduces a systematic variation in fibre content to assess how this 

parameter influences tensile performance and energy absorption, both before and after 

environmental conditioning. The insights gained from this chapter aim to advance the 

understanding of fibre-matrix interactions, identify optimal fibre content ranges, and 

offer material design strategies for applications that demand both sustainability and 

mechanical reliability. Section 5.2 details the materials and methods used in this study, 

including how the filament with different wood content were fabricated, conditioning 

protocols, and testing. Section 5.3 presents the major findings on the mechanical 
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properties of the materials with different wood fibre content and conditions. Section 5.4 

concludes the key findings of this study. 

5.2. Method and materials 

To investigate the influence of wood fibre content on the mechanical behaviour of 

PLA-based composites, customised filaments containing 5%, 10%, 15%, and 20% 

wood fibre by volume were individually produced. 

Two commercial filaments (used in Chapters 3 and 4, as detailed in Section 3.2) 

were selected as base materials: a pure PLA filament (PLA EF 3D850) and a wood-PLA 

composite filament comprising 40% pine wood fibre by volume (PLA Wood). These 

filaments were mechanically shredded using an industrial granulator, producing 

uniformly sized granules with an average particle size below 1.5 mm, suitable for 

re-extrusion. 

The whole filament production process is shown in Figure 5.1. To obtain 

intermediate formulations, the granulated materials were blended in defined mass ratios 

to achieve wood fibre contents of 5%, 10%, 15%, and 20% by volume. In addition to 

these custom blends, two reference formulations were also prepared: 0% wood fibre 

(pure PLA) and 40% wood fibre (commercial wood-PLA), both of which were 

reprocessed using the same extrusion conditions to ensure consistency across all 

filament samples. All mixtures were processed using a filament extruder (Well-Zoom, 

China) via melt mixing to ensure homogeneous fibre dispersion within the PLA matrix. 

During the extrusion, each composition was processed under identical temperature and 

rotation conditions to minimise batch-to-batch variation. The uniformity of the 

regenerated filaments was visually checked through continuous filament diameter 

monitoring, and the extrusion rate was maintained at a stable flow to avoid segregation. 

This procedure followed the general guidelines of polymer composite filament 

fabrication reported in previous studies, which are widely recognised as standard 
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practice for ensuring mixing consistency [201]. The extrusion temperature was 

maintained at 180 °C, and the screw rotation speed was set to 35 rpm. These parameters 

were selected based on preliminary trials to ensure sufficient melting of the PLA matrix 

while preventing thermal degradation of both the polymer and the wood fibres. The 

moderate screw speed facilitated uniform mixing and stable filament extrusion without 

inducing excessive shear stress [202, 203]. The extruded filaments were subsequently 

cooled, spooled, and stored under ambient conditions for later use.

Figure 5.1. The filament manufacturing process.

Tensile specimens were fabricated using the same method described in Chapters 3 

and 4 (section 3.2 and Figure 3.1). All samples conformed to the Type IV geometry 

specified in ASTM D638 [153], with a consistent thickness of 1.6 mm.

This study also examined the tensile property variations of PLA-wood composites 

with differing wood fibre contents following water absorption, for which dedicated 

water immersion tests were designed. The samples were classified into three moisture 

states (Figure 5.2) based on post-processing after printing and laser cutting. The control 

group comprised non-immersed samples. For water conditioning, all relevant samples 
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were fully submerged in distilled water for 10 days at room temperature, following the 

same procedure and environmental conditions described in Chapter 4 (Section 4.2). The 

water absorption rate was calculated as the percentage mass increase relative to the 

original state, as defined in Equation (4. 1)). 

Tensile tests were conducted on all samples after different conditioning. The 

testing applied the same parameters and equipment outlined in Chapters 3 and 4. 

Post-test analysis, including strain energy density calculations and DIC analysis, 

followed the same procedures in previous chapters to ensure consistency and 

comparability.

Figure 5.2. Experimental workflow.

5.3. Results and discussion 

5.3.1. Mechanical properties of different wood-PLA without water immersion 

This section presents the mechanical behaviours of wood-PLA composites with 
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varying wood fibre contents under the control condition, focusing on their tensile 

performance. In addition, the printing quality of the two materials was also compared to 

demonstrate the influence of wood fibre incorporation.

5.3.1.1. Surface property

As shown in Figure 5.3 (a), the surface appearance of FDM-printed PLA 

composites changes noticeably with increasing wood fibre content. The colour of the 

samples changed from pure white in the unfilled PLA to increasingly darker, 

brown-toned shades. At higher magnifications, wood fibres become visible in samples 

containing between 5% and 20% fibre (marked in red in Figure 5.3 (b)), with a 

noticeable increase in fibre density as the content rises. Furthermore, the surface of 

wood-PLA with low wood content (5%) exhibited a relatively smooth and uniform 

layer-by-layer pattern, characteristic of FDM printing. However, as the wood fibre 

content increased, this pattern became progressively less distinct. In addition, with the 

gradual increase in wood fibre content, the surface becomes noticeably rougher and 

more irregular (Figure 5.3 (b)). 

(a)
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(b) 

Figure 5.3. (a) The printed samples with different wood fibre content, (b) the closed 

view of each sample (visible wood fibres were circled in red). 

 

Additionally, surface defects become increasingly prevalent, characterised by small 

filaments remaining on the printed surface. The increased surface roughness observed in 

3D-printed wood-PLA composites can be largely attributed to the presence of solid 

wood fibre fillers, which interfere with the uniform flow and extrusion behaviour of the 

molten polymer during the printing process [182]. These embedded fibres introduce 

localised flow irregularities and disrupt melt homogeneity [161], leading to inconsistent 

layer deposition. 

5.3.1.2. Tensile property of wood-PLA with different wood content 

By comparing the tensile properties of PLA composites with varying wood fibre 

content, it is evident that both the tensile strength and Young’s modulus gradually 

decrease as the wood fibre content increases. According to Table 5.1, the tensile strength 

of pure PLA is 54.6 MPa. After the addition of 5% wood fibre, this value decreases to 

47.8 MPa. With further increases in wood fibre content, the tensile strength continues to 

decline, eventually reaching 41.37 MPa. The decline in Young’s modulus exhibits a 

similar pattern, progressively decreasing as the wood fibre content increases. Pure PLA 

exhibits a Young’s modulus of 3074 MPa (Table 5.1), which reduces to 2477 MPa with 

the incorporation of 5% wood fibre, and continues to decrease to 2051 MPa at 20% 

wood content, corresponding to an overall reduction of approximately 33%. 

The strain energy density, which reflects the energy absorbed per unit volume, 

shows a rising trend with increasing wood fibre content up to a certain point (Table 5.1). 

For pure PLA, the strain energy density is 6.39 × 10−7  J/m3; this increases to 

1.081 × 10−6 J/m3 at 5% and 10% wood fibre content, and peaks at 1.58 × 10−6 J/m3 
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with 15% wood fibre, representing a 147% increase compared to pure PLA. Beyond this 

point, a decline is observed, with the value falling to 8.76 × 10−7 J/m3 at20% wood 

fibre content and 6.91 × 10−7 J/m3 at 40%. 

Table 5.1 The tensile results of wood-PLA with different wood fibre content 

Fibre Content (%) 0 5 10 

Tensile Strength (MPa) 54.6 (2.44) 47.8 (0.54) 44.37 (1.7) 

Elastic Modulus (MPa) 3074 (140) 2477 (26) 2254 (78) 

Elongation at Break (%) 2 (0.2) 3 (0.7) 3.2 (0.1) 

Strain Energy Density (10−7 ×J/m3) 6.39 (0.9) 10.81 (3.6) 10.3 (2.1) 

    

Fibre Content (%) 15 20 40 

Tensile Strength (MPa) 42.4 (1.34) 41.37 (1.75) 26.51 (0.86) 

Elastic Modulus (MPa) 2246 (83) 2051 (69) 1597 (174) 

Elongation at Break (%) 4.4 (0.37) 2.9 (0.19) 3.4 (0.12) 

Strain Energy Density (10−7 ×J/m3) 15.8 (1.5) 8.76 (2.1) 6.91 (0.39) 

 

The stress-strain curves of samples with varying wood fibre content are presented 

in Figure 5.4. By comparing the blue curve (representing pure PLA) with different 

brown curves (representing wood-PLA composites with different fibre contents), it can 

be observed that the addition of wood fibre introduces a distinct plastic deformation 

stage during tensile testing, a feature absents in pure PLA. Pure PLA fractures 

immediately after reaching its maximum stress, exhibiting a brittle failure behaviour 

throughout the entire test. In contrast, all wood-PLA composites demonstrate varying 

degrees of plastic deformation following the peak stress (Figure 5.4). This effect is 

particularly pronounced in the sample containing 15% wood fibre, which shows the 

most extended plastic region. Additionally, as the wood fibre content increases from 0%, 

the peak stress values on the curves gradually decrease, with the most pronounced 
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reduction occurring between 0% and 5% wood fibre content. 

 
Figure 5.4. The tensile results of wood-PLA samples with different wood fibre 

content in the control group. 

 

The 𝜀𝑦𝑦 strain distribution of the samples at the time of breakage, as analysed 

using DIC, is illustrated in Figure 5.5. The strain distribution picture of pure PLA 

reveals a fracture pattern characterised by immediate failure following the formation of 

a localised strain concentration within the gauge region. However, upon the addition of 

wood fibre, the magnitude of local strain increases progressively. Notably, the sample 

with 15% wood fibre content exhibits a wide range of plastic deformation prior to 

failure, as shown in its strain distribution. In the images corresponding to the 0%, 5%, 

10%, 20% and 40% wood fibre composites (Figure 5.5), the strain, indicated in red, is 

primarily concentrated in a small region at the centre of the gauge section. This 

localised area is also where fracture subsequently occurs. In contrast, the 15% wood 

fibre composite exhibits a much more uniform strain distribution, with elevated strain 

values spread across almost the entire gauge region. This observation provides further 

evidence that a wood fibre content of 15% enhances the toughness of the composite, 

resulting in improved toughness under tensile loading. 
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Figure 5.5. 𝜀𝑦𝑦 strain contour of the wood-PLA samples with different wood fibre 

content before breakage.

As wood fibre content increases in PLA composites, the material gradually shows 

improved toughness and energy absorption ability, while its tensile strength and 

stiffness decline (mentioned in Table 5.1, Figure 5.4 and Figure 5.5). This trend is 

caused by the interaction between wood fibres and the PLA matrix. On the one hand, 

the addition of fibres creates structural discontinuities and weak interfaces between PLA 

matrix and wood fibres [66, 82]. These defects reduce the material’s overall strength 

[19]. On the other hand, fibres contribute to toughening mechanisms such as changing 

the fracture pattern and crack bridging [172]. These effects help slow down crack 

growth and absorb more mechanical energy during deformation [204]. Among all tested 

samples, the composite with 15% wood fibre content exhibited the highest elongation at 

break and strain energy density, indicating that 15% is a favourable balance point. This 

result is consistent with some other similar research results [164, 167]. At this wood 

fibre content, there are enough fibres to enhance energy absorption, but not so many that 

they cause fibre agglomeration [205], increased voids [82], and inferior adhesion 

between PLA matrix and fibre [66]. As a result, the material retains its structural 
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integrity while gaining additional toughness from the fibre network. This explains why 

the 15% wood-PLA sample achieved the best mechanical performance in terms of 

toughness. 

 

5.3.2. Water absorption ability  

To assess the hygroscopic behaviour of the composites, the water absorption of 

wood-PLA samples with varying fibre contents was measured following a 10-day 

immersion period. Figure 5.6 illustrates the water absorption percentages of wood-PLA 

composites with varying wood fibre contents after immersion. The horizontal axis 

represents the wood fibre content by weight (%), while the vertical axis indicates the 

corresponding water uptake as a percentage of the sample’s initial mass. A clear upward 

trend is observed as wood fibre content increases. 

The pure PLA sample (0% wood fibre) exhibits the lowest water absorption, with a 

recorded value of just 0.5%. Upon the addition of 5% wood fibre, the absorption 

increases to 0.8%, more than doubling that of the neat PLA. This upward trend 

continues: the 10% fibre composite reaches 1.1%, and the 15% sample records 1.2%. 

At higher fibre contents, the water uptake becomes more substantial. The 20% 

wood-PLA composite absorbs 1.7% of its mass in water. The most dramatic rise is 

observed in the 40% composite, which absorbs 7.7%, approximately 15.4 times the 

amount of the pure PLA. The overall trend suggests progressive increase in water 

absorption as the wood fibre content rises. 
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Figure 5.6. Water absorption rate for the samples with different wood fibre content. 

 

The progressive increase in water absorption can be primarily attributed to the 

presence of wood fibres within the composite. Wood fibres are predominantly 

composed of cellulose and hemicellulose, both of which are significantly more 

hydrophilic than PLA chains [67, 206]. In contrast, pure PLA is inherently hydrophobic. 

As the wood fibre content increases, the overall hydrophilicity of the composite also 

rises, thereby enhancing its capacity to absorb moisture [67]. 

In addition, as mentioned in Section 5.3.1.1, increasing the wood fibre content 

results in a visibly rougher and more uneven surface morphology in the printed samples 

(Figure 5.3). This increase in surface irregularity facilitates greater contact between the 

material and water, further contributing to the elevated water uptake observed in 

composites with higher fibre content. 

As previously discussed in Chapter 4, a comparison of water absorption between 

pure PLA and 40% wood-PLA over 3, 7, 10, and 15 days revealed a significantly higher 

absorption capacity in the wood-PLA composite (Figure 4.2). In the present chapter, this 

observation is further validated by the absorption data across a broader range of wood 

fibre contents (0-40%). The results confirm a clear positive correlation between water 

absorption capacity and wood fibre content. 

Similar conclusions have also been drawn in other studies [206]. Lage-Rivera et al. 
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investigated the water absorption behaviour of PLA composites filled with coffee 

grounds as bio-fillers [164]. The findings indicated that the water uptake increased 

exponentially with rising bio-filler content, particularly when the filler content exceeded 

20% [164]. 

The observed increasing trend in water absorption behaviour can largely be 

attributed to the presence of wood fibres. These fibres are primarily composed of 

cellulose, a component known for its strong affinity to water, which substantially 

enhances the overall moisture uptake of the composite. This is due to the inherently 

hydrophilic nature of both cellulose and hemicellulose found in wood fibres [206]. In 

contrast, pure PLA exhibits relatively low water affinity, particularly in its 

conventionally manufactured form, where the smooth surface limits moisture 

interaction [67, 78]. Although FDM can improve surface wettability by introducing 

porosity and irregular surface textures that promote water contact [189], the overall 

water absorption of FDM-printed pure PLA remains comparatively low. 

5.3.3. Tensile properties with water immersion 

5.3.3.1. Stress strain curve 

Figure 5.7 presents the stress-strain curves of all wood-PLA composites with 

varying wood fibre content after 10 days of water immersion and subsequent redrying. 

It includes a comparison with the corresponding curves of samples that were re-dried 

following each immersion stage. It can be observed that, for each fibre content level, 

water immersion leads to a reduction in both peak strength and stiffness, accompanied 

by a noticeable increase in strain at break. However, after re-drying, the tensile 

properties are largely restored, indicating that the reduction observed was primarily 

physical and reversible in nature, rather than the result of irreversible chemical 

degradation. 
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Figure 5.7. The stress strain curve of samples with different wood fibres content 

and different conditions. 

5.3.3.2. Mechanical properties 

This section will primarily analyse the tensile strength, elongation at break, 

Young’s modulus, and strain energy density extracted from the stress-strain curves. The 

data for the original, water-immersed for ten days, and re-dried samples are presented in 

Figure 5.8. As shown in Figure 5.8 (a), there is a noticeable and significant decrease in 

tensile strength after 10 days of water immersion. This reduction is particularly 

pronounced in the samples with higher wood fibre content. For the 5% wood fibre 

composite, the tensile strength decreases from 47.8 MPa to 42.6 MPa, corresponding to 

a reduction of 10.9%. In the 20% wood fibre composite, the tensile strength drops 

dramatically from 41.4 MPa to 29.9 MPa, representing a decline of 27.8%. Similarly, 

the reduction rate for the 40% wood fibre composite is even more substantial at 29.1% 

(Figure 5.8 (a)). After re-drying, it is clearly evident that the tensile strength of all 

samples shows a significant recovery. Regardless of the wood fibre content, the tensile 

strength largely returns to its original level after the re-drying treatment. 

The results of the Young’s modulus extraction are presented in Figure 5.8 (b). It is 
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clearly evident that, after 10 days of water immersion, there is a decrease in Young’s 

modulus, with the reduction being more pronounced at higher wood fibre content. For 

the 5% wood fibre composite, Young’s modulus decreases from 2477 MPa to 2363 MPa, 

a reduction of 4.6%. In the 20% wood fibre composite, Young’s modulus drops from 

2051 MPa to 1853 MPa, representing a decline of 9.7%. After re-drying, a noticeable 

recovery in Young’s modulus is observed, with most samples nearly fully recovering 

their original values. However, the 20% and 40% wood fibre composites still show a 

slight reduction compared to their original values, although they demonstrate a clear 

recovery trend. 

  
(a) (b) 

  
(c) (d) 

Figure 5.8. Tensile results with different wood fibre content and (wet or redry) 

conditions, (a) ultimate tensile strength, (b) Young’s modulus, (c) elongation at 

break, (d) strain energy density. 
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During the 10-day water absorption process, all wood-PLA samples exhibited a 

significant increase in elongation at break (Figure 5.8 (c)), with the 40% wood fibre 

composite showing the largest increase, reached 8% after water immersion. After 

re-drying, the elongation at break of all wood-PLA composites decreased and returned 

to values that were close to their original levels. 

The enhanced elongation at break after full water absorption also significantly 

increases the strain energy density of the samples. Figure 5.8 (d) illustrates the change 

in strain energy density of wood-PLA composites with varying wood fibre content after 

10 days of water immersion. Notably, the sample with 15% wood fibre content shows 

the highest strain energy density after water absorption, with a value of 2.18 × 10−6 

J/m3, representing an increase of 38.2% compared to its original value. After re-drying, 

all samples experience a decrease in strain energy density, returning to values close to 

their original levels. 

 

5.3.3.3. DIC analysis 

Figure 5.9 presents the DIC images of wood-PLA composites with wood fibre 

contents ranging from 0% to 40% after 10 days of water immersion, captured during 

tensile testing just prior to fracture. The images display the local strain distribution in 

the y-direction. A clear increase in local strain can be observed in comparison with the 

corresponding images in Figure 5.5. Although the red region in the pure PLA sample 

remains relatively limited, it is still evident that water immersion has led to a noticeable 

increase in strain (Figure 5.9). In the 40% wood fibre composite, close examination 

reveals the presence of white surface markings Figure 5.9, commonly referred to as 

stress whitening. This suggests that significant plastic deformation has occurred without 

macroscopic fracture, further demonstrating that the enhanced water absorption 
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introduced by the wood fibres contributes to improved toughness following immersion. 

A comparison with the corresponding pre-immersion DIC images in Figure 5.5 reveals 

further insights. While the pure PLA sample continues to exhibit strain localisation 

within a small region at the point of imminent fracture, the other wood-PLA composites 

show a more uniform strain distribution across the entire gauge area (Figure 5.9), even 

though the red region in the 5% fibre sample remains relatively limited. In Figure 5.5, 

the strain concentration corresponds to a brittle, highly localised fracture pattern, 

whereas after water immersion (Figure 5.9), the expanded red regions indicate that the 

deformation became more homogeneous and ductile. This change in failure mode is 

mainly attributed to the plasticisation effect induced by absorbed water molecules, 

which form hydrogen bonds with the polymer chains and wood fibres. The detailed 

analysis of the effect of plasticisation will be presented in next section. This shift in 

strain behaviour following water immersion suggests that the ductility enhancement 

imparted by moisture uptake is not confined to a specific region, but rather distributed 

more evenly throughout the material.

Figure 5.9. 𝜀𝑦𝑦 strain contour of the samples with different wood fibre content 
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after water absorption before breakage. 

 

5.3.4. Discussion on mechanisms and implications 

The performance variations observed in wood-PLA composites with different fibre 

contents after water immersion, as well as the subsequent changes following re-drying, 

can be primarily attributed to the plasticising effect of water within the material [89]. As 

mentioned in Chapter 4, water is commonly regarded as an external plasticiser, 

alongside other typical examples such as glycerol [89, 196]. External plasticisers 

typically modify the mechanical properties of a material by altering the intermolecular 

forces, such as hydrogen bonding, between its constituent molecules [164, 167, 197]. 

This microstructural modification typically manifests macroscopically as softening, 

with reductions in strength and stiffness, while toughness is noticeably enhanced [207, 

208]. Moreover, the main chemical constituents of wood fibres, cellulose and 

hemicellulose, contain a high density of hydroxyl groups [76, 97], which can form a 

greater number of hydrogen bonds with water molecules compared to pure PLA [23], 

making the plasticising effect of water more pronounced in materials with higher wood 

fibre content. In this process, the interactions between different chains decrease, but the 

flexibility of each chain increases, thereby plasticising the overall structure to a higher 

degree. 

Another explanation for the observed decrease in strength and modulus, alongside 

the increase in elongation at break and strain energy density with rising wood fibre 

content, lies in the enhanced water absorption behaviour discussed in Section 5.3.2. As 

wood fibre content increases, particularly at higher levels, the composites exhibit 

significantly greater moisture uptake. This, in turn, leads to a more efficient and 

pronounced plasticising effect of water, which softens the material matrix and promotes 

ductile deformation under load. 

Following the re-drying process, the tensile properties of the wood-PLA 
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composites, with varying wood fibre contents, were restored to their respective original 

levels. This behaviour can be attributed to the nature of water as an external plasticiser 

during the immersion phase. Rather than forming new, strong chemical bonds, water 

temporarily alters the intermolecular interactions (hydrogen bonding) between polymer 

chains [164, 167, 197]. Once the absorbed moisture is fully removed through drying, 

these weakened intermolecular forces dissipate accordingly [89, 196]. As a result, the 

mechanical properties observed in tensile testing show a clear recovery, reflecting the 

reversible nature of this physical plasticisation process.  

Based on the findings of this study, two key implications can be drawn regarding 

the application of wood-PLA composites in environments involving moisture exposure. 

First, the reversible plasticising effect of water in wood-PLA composites highlight 

the potential of these materials in applications where temporary softening and energy 

absorption are desirable under wet conditions, followed by recovery of stiffness and 

strength upon drying. This characteristic is particularly beneficial in fields such as 

packaging or temporary structural components [23], where moisture exposure is 

intermittent and short-term mechanical resilience is valued. 

Second, the effect of plasticisation is strongly influenced by wood fibre content, 

due to the abundant hydroxyl groups in cellulose and hemicellulose, which facilitate 

hydrogen bonding with water. This suggests that fibre loading can be strategically tuned 

to customise the moisture-response behaviour of the composite. For instance, in 

environments requiring improved toughness or energy dissipation under wet conditions, 

higher fibre content may be advantageous. This opens up design opportunities for 

wood-PLA components in reusable, moisture-interactive systems. 

5.4. Summary  

This study demonstrated the successful fabrication of wood-PLA composite 

filaments containing 5%, 10%, 15%, and 20% wood fibre by volume. These customised 
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filaments were produced via melt blending and extrusion, and subsequently employed 

in FDM printing to manufacture tensile test samples. The mechanical performance of 

each material was systematically examined, both in the original condition and after 

exposure to water immersion and redrying processes, providing a comprehensive 

understanding of how varying wood fibre content influences material behaviour under 

different environmental conditions. 

With increasing wood fibre content, a consistent decline in tensile strength and 

elastic modulus was observed, beginning from a baseline of 54.6 MPa for pure PLA. In 

contrast, both elongation at break and strain energy density progressively increased. The 

15% wood fibre formulation achieved the highest energy absorption performance, with 

an elongation at break of 4.4% and a strain energy density of 1.58 × 10−6 J/m3, 

representing increases of 120% and 147%, respectively, compared to pure PLA. This 

enhancement in energy absorption was attributed to the presence of wood fibres, which 

modified the fracture behaviour of the material. Unlike the brittle failure observed in 

pure PLA, the wood-PLA composites exhibited a more gradual fracture progression, 

enabling greater strain accommodation and more effective dissipation of mechanical 

energy. 

Water absorption tests revealed that the hydrophilic nature of cellulose within the 

wood fibres led to a pronounced increase in moisture uptake with rising fibre content. 

The overall absorption rate exhibited an approximately exponential growth pattern, 

particularly in formulations with higher wood fibre concentrations. After 10 days of 

immersion, all materials experienced a reduction in tensile strength and elastic modulus, 

while elongation at break and energy absorption capacity increased. These changes 

reflected the plasticising effect of water within the composite structure. 

Following the redrying process, the mechanical properties of the wood-PLA 

composites largely returned to their original levels across all wood fibre contents. 

Tensile strength, elastic modulus, elongation at break, and strain energy density showed 

substantial recovery. 
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The results highlighted the optimisation of the wood fibre content when utilizing 

the wood-PLA in real application, and emphasized the sensitivity to the environmental 

changes, providing new insight to the development of the research of the bio-based 

composite materials. 

Chapter 6. Conclusion and future works 

6.1. Conclusion 

This thesis presents a comprehensive investigation into the mechanical behaviour 

and water sensitivity of wood-PLA composites manufactured through FDM. Three 

interconnected experimental studies were conducted, each designed to deepen the 

understanding of how wood fibre content influences the performance and applicability 

of PLA-based materials in additively manufactured components. Together, these studies 

provide valuable insights into the balance between sustainability, mechanical 

functionality, and environmental responsiveness in bio-composite 3D printing. 

In the first stage of the study, the mechanical behaviour of two commercially 

available FDM filaments, pure PLA and a wood-PLA composite containing 40% wood 

fibre by volume, was comparatively analysed. Evaluations included assessments of 

printing quality, tensile performance, and SENB testing. The results demonstrated that 

while the wood-PLA composite exhibited lower ultimate tensile strength (23.4 MPa vs. 

54.6 MPa for pure PLA), it showed substantially greater elongation at break and strain 

energy density (8.91 × 10−7  J/m3 vs 6.39 × 10−7  J/m3). SENB testing further 

confirmed this enhanced energy absorption, with wood-PLA samples exhibiting a 

slower, more progressive fracture mode compared to the brittle failure observed in pure 

PLA. These findings highlighted the inherent toughness advantage offered by natural 

fibre reinforcement. 

The second stage of the research examined the effects of water immersion and 
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subsequent redrying on the mechanical performance of the same PLA and wood-PLA 

materials. Owing to the hydrophilic nature of cellulose and hemicellulose in the wood 

fibres, the wood-PLA composite exhibited significantly greater moisture uptake. After 

10 days of immersion, both materials showed reductions in tensile strength and modulus, 

accompanied by increases in elongation at break and strain energy density. These 

changes were more pronounced in the wood-PLA samples. Crucially, the mechanical 

properties were largely restored following redrying, confirming the reversible nature of 

the changes. This behaviour reflects the action of water as an external plasticiser, 

temporarily disrupting intermolecular interactions without inducing permanent chemical 

degradation. These findings indicate that wood-PLA composites can retain mechanical 

functionality in moisture-variable environments, supporting their use in applications 

requiring both energy absorption and environmental responsiveness. 

The third study expanded upon these findings by preparing four custom wood-PLA 

filaments containing 5%, 10%, 15%, and 20% wood fibre by volume. The aim was to 

investigate how incremental changes in wood fibre content would affect mechanical 

properties, water uptake, and post-immersion recovery. Custom filaments were 

produced by mechanically shredding and melt-blending the base PLA and 40% 

wood-PLA filaments, followed by extrusion into new filament forms. These were 

printed under consistent FDM parameters, and tensile samples were prepared using 

laser cutting techniques to ensure dimensional accuracy and reduce stress concentration 

effects. 

The tensile results of the newly developed formulations revealed clear trends: as 

wood fibre content increased, tensile strength and Young’s modulus decreased, while 

elongation at break and strain energy density increased. Among all formulations, the 

filament with 15% wood fibre content exhibited the most favourable mechanical profile, 

achieving the highest values for elongation at break (4.4%) and strain energy density 

(1.58 × 10−6 J/m3), representing increases of 120% and 147%, respectively, compared 

to pure PLA. This optimal balance was attributed to a toughening mechanism known as 
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crack bridging, where finely dispersed wood fibres hinder crack propagation, allowing 

for more plastic deformation and improved energy absorption without significant 

structural failure. 

Water absorption testing confirmed a strong positive correlation between wood 

fibre content and moisture uptake. Particularly in higher fibre formulations (over 20% 

fibre content), the water absorption increased exponentially. Post-immersion tensile 

testing again revealed decreases in strength and stiffness, paired with increases in 

ductility and energy absorption, confirming the plasticising role of water. Crucially, 

after redrying, all formulations showed a strong tendency to recover their original 

mechanical characteristics, supporting the conclusion that these changes were physical 

and reversible. 

Overall, the three studies conducted in this thesis have demonstrated the viability 

and adaptability of wood-PLA composites in FDM-based manufacturing. Key 

contributions include: (1). Confirming the enhanced toughness and energy absorption 

capacity of wood-PLA compared to pure PLA; (2). Demonstrating the reversibility of 

water-induced mechanical changes through redrying; (3). Identifying the 15% wood 

fibre formulation as the most effective in balancing strength, ductility, and energy 

performance; (4). Providing foundational insights into the role of fibre content and 

water interaction in shaping the mechanical response of bio-composite filaments. 

These findings highlight the potential of wood-PLA as a sustainable alternative for 

applications where energy absorption, recoverability, and eco-friendly materials are 

valued. 

6.2. Recommendations for future work 

While this study has yielded valuable insights into the mechanical performance and 

water sensitivity of FDM-fabricated wood–PLA composites, several avenues remain 

open for further exploration to deepen understanding of this material system.  



103 

 

6.2.1. Long-term water immersion and environmental ageing 

While this thesis primarily investigated short-term water immersion effects, it is 

recommended that future work assess the long-term durability of wood-PLA under 

sustained exposure to humid environments. In practical applications, especially those 

involving outdoor or horticultural settings, composite parts may be subjected to 

extended periods of environmental stress [209]. Evaluating the mechanical property 

degradation under prolonged immersion, combined with cyclic wetting-drying 

conditions, would yield a more comprehensive view of material stability. Moreover, 

analysing the reversibility of plasticisation effects over repeated drying cycles, and the 

hydrothermal degradation [210], will be essential in determining the long-term 

feasibility of these materials for functional applications. 

6.2.2. Interfacial modification strategies to enhance fibre-matrix bonding 

The results of this study suggest that the mechanical properties, particularly 

stiffness and strength, tend to decrease with increasing wood fibre content. The reason is 

weak interfacial adhesion between the hydrophilic fibres and the hydrophobic PLA 

matrix. Therefore, interfacial enhancement strategies represent a crucial direction for 

future research. Techniques such as fibre surface treatment (e.g., alkali treatment, silane 

coupling agents [211]), or the use of compatibilisers (e.g., maleic anhydride-grafted 

PLA [212]) could significantly improve fibre-matrix adhesion. These treatments may 

help to bridge the mechanical disparity between the two phases and reduce fibre 

pull-out, leading to higher tensile strength and toughness [213]. Investigating the effects 

of these modifications at both microscopic (e.g., SEM fracture surface analysis) and 

macroscopic (e.g., tensile, impact testing) scales will further clarify the role of 

interfacial bonding in composite performance [211]. 
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Appendix 

Approximate calculation of flexural stress in SENB samples 

To illustrate the effect of notch length on the crack behaviour, the flexural stress in 

SENB samples is approximately calculated. In the notched samples in Figure A.1 (a), 

the sample height is denoted as H= 20 mm, and the notch length is presented as a. When 

the sample exhibits a deflection of 𝛿, Then flexural stress of the sample above the notch 

can be approximately calculated based on the simplified schematic shown in Figure A.1 

(b). 

When the sample in Figure A.1 (b) is subjected to three-point bending, the 

deflection 𝛿 formulas can be applied: 

𝛿 =
𝑃𝐿3

48𝐸𝐼
 , (A1) 

where P is the central load, L represents the span length, E is Young's modulus, and I 

denote the second moment of area. The bending moment (M) in the mid-span can be 

calculated as: 

𝑀 =
𝑃𝐿

4
 . (A2) 

The maximum flexural stress (𝜎𝐵) can be determined by: 

𝜎𝐵 =
𝑀𝑌

𝐼
 , (A3) 

where Y is the outermost fibre distance measured from the neutral axis to the edge of the 

sample. By substituting Equations A1 and A2 into Equation A3, the maximum flexural 

stress can be rewritten as: 

𝜎𝐵 =
12𝛿𝐸𝑌

𝐿2
 . (A4) 

For a specific material, the maximum flexural stress is proportional to the 

outermost fibre distance. In this study, as the notch length 𝑎 increases from 4 mm to 10 

mm, the value of 𝑌 = (𝐻 − 𝑎) 2⁄  decreases from 8 mm to 5 mm, leading to the 

reduction in the maximum flexural stress at the same deflection. Therefore, the sample 
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with 10 mm notch length exhibited stronger resistance to flexural fracture. 

 

 

Figure A.1. Approximate calculation diagram of flexural stress in SENB samples. 
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