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Abstract 

Santos, Natália Victoria; Cardoso, Daniel Carlos Taissum (Advisor); Banea, 

Doina Mariana (Co-advisor). Minetola, Paolo (Co-advisor). Development of 

Additively Manufactured bio-based components with the use of continuous 

natural fibers as reinforcement in Fused Filament Fabrication (FFF). Rio 

de Janeiro, 2023. 269 p. Tese de Doutorado – Departamento de Engenharia 

Civil e Ambiental. Pontifícia Universidade Católica do Rio de Janeiro. 

Additive manufacturing (3D printing) has evolved from prototyping to 

producing complex structures with advanced materials, enabling creative designs and 

reducing resource waste. However, the use of polymers in structural components is 

limited by their mechanical properties and long printing times. In response to the 

construction industry’s growing demand for sustainable materials, this thesis focuses 

on developing biocomposites reinforced with continuous natural yarns (jute, ramie, 

sisal, and flax) and polylactic acid (PLA) polymer. The research covers the 

development of printing techniques for continuous natural yarns, thermomechanical 

analysis of these printed biocomposites, printed bonded joints, and large-scale 

production of biocomposite components. This study demonstrated the feasibility of 

using a large-diameter nozzle for printing biocomposites reinforced with vegetable 

yarns, leading to energy savings and replacing up to 48.2% of polymer content, thereby 

reducing the composite’s carbon footprint. Thermal analysis confirmed that natural 

fibers remain intact at PLA's processing temperature, while the addition of fibers 

increased the composite’s glass transition temperature. The primary challenge in 

printing continuous natural fibers was fiber impregnation, which directly impacted 

fiber-matrix adhesion and mechanical performance. The semi-finished filament (SF) 

method improved fiber bonding, resulting in superior tensile strength and elastic 

modulus (up to 18.4% higher than in-nozzle impregnation) and allowing faster printing 

speeds. Additionally, natural fiber reinforcement enhanced the mechanical behavior of 

single-lap bonded joints, particularly in bi-material applications. JFRP-wood joints 

exhibited the highest failure loads, demonstrating their potential for mixed sustainable 

structures. Furthermore, optimizing layer orientation significantly improved 



 

 

mechanical performance, with stiffness and strength gains of up to 35.2% and 80.0%, 

respectively. The findings highlight the viability of continuous natural fiber 

reinforcement in AM, paving the way for scalable and sustainable structural 

applications. Future work should focus on improving fiber-matrix interaction through 

pre-treatments and optimizing printing parameters to enhance composite performance. 
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Resumo 

Santos, Natália Victoria; Cardoso, Daniel Carlos Taissum (Orientador); Banea, 

Doina Mariana (Coorientadora). Minetola, Paolo (Coorientador). 

Desenvolvimento de biocompósitos fabricados por manufatura aditiva com 

o uso de fibras naturais contínuas como reforço por Fabricação De 

Filamentos Fundidos (FFF). Rio de Janeiro, 2023. 269 p. Tese de Doutorado 

– Departamento de Engenharia Civil e Ambiental. Pontifícia Universidade 

Católica do Rio de Janeiro. 

Manufatura aditiva (impressão 3D) evoluiu da prototipagem para a produção 

de estruturas complexas com materiais avançados, possibilitando designs inovadores e 

reduzindo o desperdício de recursos. No entanto, o uso de polímeros em componentes 

estruturais é limitado por suas propriedades mecânicas e longos tempos de impressão. 

Em resposta à crescente demanda da indústria da construção por materiais sustentáveis, 

esta tese se concentra no desenvolvimento de biocompósitos reforçados com fios 

contínuos de fibras naturais (juta, rami, sisal e linho) e um polímero de ácido polilático 

(PLA). A pesquisa abrange o desenvolvimento de técnicas de impressão para fios 

naturais contínuos, análise termomecânica desses biocompósitos impressos, juntas 

adesivas impressas e a produção em larga escala de componentes de biocompósitos. 

Este estudo demonstrou a viabilidade do uso de um bico de grande diâmetro para a 

impressão de biocompósitos reforçados com fios vegetais, resultando em economia de 

energia e substituição de até 48,2% do conteúdo polimérico, reduzindo assim a pegada 

de carbono do compósito. A análise térmica confirmou que as fibras naturais 

permanecem intactas na temperatura de processamento do PLA, enquanto a adição de 

fibras aumentou a temperatura de transição vítrea do compósito. O principal desafio na 

impressão de fibras naturais contínuas foi a impregnação da fibra, que impactou 

diretamente a adesão fibra-matriz e o desempenho mecânico. O método de filamento 

semiacabado (SF) melhorou a ligação da fibra, resultando em maior resistência à tração 

e módulo de elasticidade (até 18,4% superior à impregnação no bico) e permitindo 

velocidades de impressão mais altas. Além disso, o reforço com fibras naturais 

aprimorou o comportamento mecânico de juntas adesivas sobrepostas simples, 



 

 

especialmente em aplicações bi-materiais. As juntas JFRP-madeira apresentaram as 

maiores cargas de falha, demonstrando seu potencial para estruturas mistas 

sustentáveis. Além disso, a otimização da orientação das camadas melhorou 

significativamente o desempenho mecânico, com ganhos de rigidez e resistência de até 

35,2% e 80,0%, respectivamente. Os resultados destacam a viabilidade do reforço com 

fibras naturais contínuas na manufatura aditiva, abrindo caminho para aplicações 

estruturais escaláveis e sustentáveis. Trabalhos futuros devem se concentrar na 

melhoria da interação fibra-matriz por meio de pré-tratamentos e na otimização dos 

parâmetros de impressão para aprimorar o desempenho dos compósitos. 
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Impressão 3D; Fabricação por Filamento Fundido; Biocompósitos; Fibras Naturais; 

Impressão em Larga Escala. 
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Chapter 1 - INTRODUCTION 

1.1 Motivation 

Additive manufacturing (AM) has advanced significantly, transitioning from 

basic prototyping to the fabrication of intricate objects and structures using innovative 

materials. Commonly referred to as 3D printing, this process offers substantial design 

flexibility while minimizing material waste. It is widely applied across various 

industries, including aerospace, mechanical engineering, medical, and construction. In 

construction, 3D printing is used to create architectural elements and even entire 

buildings. However, while polymers are frequently used for small-scale applications, 

their limited mechanical strength and the slow printing process restrict their use for 

large structural components. To address these challenges, fiber reinforcements—both 

continuous and discontinuous—are being incorporated to enhance the mechanical 

properties of printed materials, expanding their potential for more demanding 

engineering applications. As the technology continues to evolve, AM is pushing the 

boundaries of what is possible in the production of advanced structural components for 

large-scale production. 

Aligned with the pursuit of sustainability, incorporating natural fibers as filler 

and reinforcement agents in the 3D printing process has been gaining attention. Due to 

their lightweight nature, biodegradability, and mechanical resistance , these fibers have 

become increasingly popular in many sectors. Utilizing natural fibers not only aligns 

with eco-conscious practices but also enhances the overall performance and 

environmental footprint of the 3D-printed objects. As a result, this approach holds 

promise for fostering a more sustainable trajectory in AM processes. Natural fiber 

reinforcement can be incorporated in either discontinuous or continuous forms. 

Discontinuous fibers are generally used for manufacturing composite filaments, 

wherein a weight percentage of fibers is blended with the pellet matrix and extruded 

into filaments with dimensions compatible with market-available 3D printers [20]. The 

potential applications of Discontinuous Fiber-Reinforced Thermoplastic Composites 

(DFRTPCs) include various sectors [21], including biomedical [22–24], design [25–
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28], and non-structural construction [29], due to their capacity for material recycling 

and ability to reuse waste materials [30]. Nevertheless, from a mechanical behavior 

perspective, the inclusion of discontinuous natural fibers often reduces the composite's 

mechanical characteristics. However, using 3D printing methods with Continuous 

Fiber Reinforced Thermoplastic Composites (CFRTPCs) presents a highly effective 

approach to enhancing the mechanical properties of components produced through 

Fused Filament Fabrication (FFF). Unlike DFRTPCs, CFRTPCs offer superior load 

transfer along the entire length of the material, resulting in significantly higher strength 

and stiffness [31–33]. This continuous reinforcement minimizes weak points, reduces 

void formation, and ensures uniform mechanical performance across the printed 

structure. As a result, CFRTPCs are particularly advantageous for structural 

applications, where high mechanical reliability and consistency are essential, making 

them a more efficient solution than DFRTPCs. 

Therefore, it is essential to investigate the effects of larger-diameter natural fiber yarns 

(i.e. jute, ramie, sisal and flax) on the production of 3D-printed biocomposites for 

structural applications. This research aims to develop and optimize bio-based 

components reinforced with continuous  natural fibers through Fused Filament 

Fabrication (FFF), focusing on effective fiber integration, mechanical performance, 

sustainability, and printability. 1.2 Objectives 

This research aims to develop and optimize bio-based components reinforced with 

continuous natural fibers of jute, ramie, sisal, and flax through Fused Filament 

Fabrication (FFF). . These general objectives will be met by following the steps: 

- To develop bio-based composite materials using continuous vegetable fibers as 

reinforcement in PLA matrix by Fused Filament Fabrication (FFF). 

- To investigate the 3D printing process of polymer components reinforced with 

vegetable yarns, focusing on the effective integration of natural fibers into the 

FFF process and evaluating the mechanical performance in terms of strength 

and stiffness of the resulting composites. 

- To analyse the interfacial, thermal, and void formation properties of additively 

manufactured biocomposites reinforced with continuous natural fibers, 
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determining the factors that influence the quality and structural performance of 

these materials. 

- To compare different 3D printing methods for the fabrication of thermoplastic 

biocomposites reinforced with continuous natural fibers, assessing the 

advantages, limitations, and impact of each method on the mechanical and 

structural properties of the components. 

- To study the performance of mono and bi-material adhesive joints using 

additively manufactured biocomposite adherends reinforced with continuous 

natural fibers, focusing on bonding strength, durability, and structural 

applicability. 

- To explore and validate the application component joints additively 

manufactured and reinforced with natural fibers, investigating their load-

bearing capacity and structural integrity in various application scenarios. 

1.3 Thesis Organization 

This thesis is composed of an introduction, and a literature review, followed by five 

chapters structured as individual full papers, and concludes with general conclusions 

organized as follows (Figure 1.1): 

Chapter 1: Introduction 

This chapter provides an overview of the research context, motivation, objectives, and 

structure of the study. It introduces the development of 3D-printed bio-based 

components using continuous vegetable fibers as reinforcement in Fused Filament 

Fabrication (FFF) for structural applications. 

Chapter 2: Literature Review 

The literature review presents a comprehensive examination of existing research on 3D 

printing technologies, particularly FFF, and their application in creating bio-based 

composites. It explores the properties and applications of natural fibers in polymer 

matrices and reviews current advancements in the use of continuous vegetable fibers 

for reinforcing thermoplastic materials.  

Chapter 3: 3D Printing of Vegetable Yarn-Reinforced Polymer Components 
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This chapter investigates the fabrication process of 3D-printed components reinforced 

with continuous vegetable yarns. It discusses the challenges and methodologies 

associated with integrating natural fibers into the FFF process and evaluates the 

mechanical performance of the resulting composites. 

Chapter 4: Analysis of Voids, Interfacial, and Thermal Properties of Additively 

Manufactured Continuous Natural Fiber-Reinforced Biocomposites 

In this chapter, the void content, interfacial adhesion, and thermal properties of 3D-

printed biocomposites reinforced with continuous natural fibers are analyzed. The 

study provides insights into the factors affecting the quality and performance of these 

materials in structural applications. 

Chapter 5: Exploring Printing Methods for Continuous Natural Fiber-Reinforced 

Thermoplastic Biocomposites: A Comparative Study 

This chapter presents a comparative analysis of different 3D printing methods used for 

fabricating continuous natural fiber-reinforced thermoplastic biocomposites. It 

assesses the advantages and limitations of each method, focusing on their impact on 

the mechanical and structural properties of the final components and the effects in the 

fiber-matrix interface. 

Chapter 6: Mono and Bi-Material Adhesive Joints with Additively Manufactured 

Continuous Natural Fiber-Reinforced Biocomposite Adherends 

This chapter examines the performance of mono and bi-material adhesive joints using 

additively manufactured biocomposite adherends reinforced with continuous natural 

fibers. The study evaluates the bonding strength, durability, and potential applications 

of these joints in structural contexts. 

Chapter 7: Enhancing Structural Printed Component Joint Performance with 

Optimization Paths and Continuous Natural Yarn Reinforcement in Additive 

Manufacturing 
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In this chapter, the design and fabrication of printed joints reinforced with natural fibers 

are explored for their potential in structural applications. The study assesses these 

joints' load-bearing capacity and structural integrity when subjected to various stresses. 

Chapter 8: General Conclusions 

The final chapter summarizes the key findings from the previous chapters, highlighting 

the contributions of this research to the field of 3D-printed bio-based composites. It 

also provides recommendations for future research and potential advancements in the 

use of natural fibers in additive manufacturing. 

 

Figure 1.1 - Organization of the experimental program. 
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Chapter 2 - TOWARDS SUSTAINABLE ADDITIVE 

MANUFACTURING OF CONTINUOUS NATURAL YARN-

REINFORCED THERMOPLASTIC BIOCOMPOSITES: A 

REVIEW 

Natália V. Santos, Alberto Giubilini, Paolo Minetola, Mariana D. Banea, Daniel C.T 

Cardoso. Accepted for publication in the journal Cellulose. 

This chapter presents a comprehensive literature review on the 3D printing of 

continuous natural fiber-reinforced thermoplastic biocomposites, structured in the 

format of a scientific article. The review encompasses all relevant studies published up 

to the date of the thesis defense, providing an in-depth analysis of advancements in this 

emerging field. As part of this review, some of the articles developed during this 

doctoral research are also included, highlighting their contribution to the broader 

scientific discussion.  

The application of 3D printing with natural materials emerges as a promising strategy 

for achieving more sustainable production practices. Natural fibers offer an eco-

friendly alternative for reinforcing composite materials due to their biodegradability, 

reusability, and low environmental impact. This review provided an in-depth analysis 

of Continuous Natural Fiber Reinforced Thermoplastic Composites (CNFRTCs) 

produced through Fused Filament Fabrication (FFF), focusing on incorporating 

Continuous Natural Yarn Reinforcement (CNYR) in a polymer matrix. The study 

examined the effects of continuous natural yarn insertion in FFF printing, specifically 

analyzing parameters such as insertion method, nozzle characteristics, printing speed, 

and curvature. These factors significantly impacted key printing properties, including 

fiber-matrix adhesion and porosity, which were also examined. The review further 

explored how the insertion of natural yarns impacts the material's overall performance, 

particularly in terms of mechanical strength and printability, emphasizing their 

potential in large-scale applications, and reducing reliance on synthetic fibers while 

enhancing the eco-friendliness of 3D-printed composites. 
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2.1 Introduction 

CFRTPCs are advanced materials with continuous fibers embedded in a 

thermoplastic matrix. The continuous fibers provide high strength and stiffness, while 

the thermoplastic matrix offers toughness, processability, and improved resistance to 

environmental factors. This synergy between reinforcement and matrix enhances 

mechanical properties, making CFRTPCs ideal for lightweight applications. 

Additionally, their thermoplastic nature allows for recycling and reshaping, 

contributing to sustainable production cycles. 

The application of Additive Manufacturing (AM) with natural materials opens 

a promising pathway toward more sustainable production practices [1]. Traditional 

manufacturing processes can generate significant waste and require high energy inputs. 

However, AM offers advantages such as material efficiency, customization, and on-

demand production [2], promoting advances in the automotive [3], construction [4], 

aerospace [5], and medicine industries [6]. When reinforced with natural materials, AM 

can further reduce environmental impact using bio-based and/or biodegradable 

feedstock [1,7].  

Recent studies have highlighted the progress in using natural materials 

specifically tailored for AM, along with efforts to optimize geometries and refine 

printing techniques to create products that maximize material efficiency and minimize 

ecological footprint. In this context, biocomposites with plant-based matrices and 

reinforcements represent a sustainable and high-performance option for 3D printing 

[8]. Due to their low density, renewability, and biodegradability, these composites can 

substantially lower carbon dioxide emissions [9,10]. Moreover, their ability to 

decompose at the end of their service life contributes to waste reduction, fostering a 

more sustainable and eco-friendly production cycle [11].  

This review provides an analysis of the use of natural fibers in yarn format for 

CNFRTPCs produced by FFF. It examines the influence of critical factors such as fiber 

insertion methods, nozzle design, printing parameters (e.g., speed and temperature), 

and part geometry on key properties, including fiber-matrix adhesion, porosity, and 

print quality. Additionally, it explores the complex interactions between natural fibers 
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and the thermoplastic matrix during the printing process, which are essential for 

enhancing mechanical strength, stiffness, and dimensional stability.  

The structural benefits of CNFRTPCs include their ability to improve 

printability and produce components with consistent and reliable mechanical 

properties. Beyond performance advantages, the use of natural fibers highlights their 

sustainability as renewable, biodegradable, and low-density materials, offering an eco-

friendly alternative to synthetic reinforcements. Their use aligns with the shift toward 

greener manufacturing practices, reducing the ecological footprint of composite 

production and supporting the development of high-performance materials for various 

applications. Although numerous review articles have been published on the additive 

manufacturing of biocomposites, a comprehensive evaluation of this field remains 

essential. The authors believe that a review article focusing on the use of continuous 

natural fibers in filament-based 3D printing holds significant value for the composite 

community, benefiting both academic researchers and industry engineers by 

identifying knowledge gaps and outlining potential research directions. 

2.2 Process and Materials for FFF Printing with CNYR 

2.2.1 FFF Process 

Additive Manufacturing (AM), commonly known as 3D printing, refers to a 

process where objects are created layer by layer from a digital model [12]. AM 

processes can be categorized according to ISO/ASTM 52900 standard [13] into seven 

classifications: binder jetting, directed energy deposition, material extrusion, material 

jetting, powder bed fusion, sheet lamination, and vat photopolymerization.  

Considering polymer 3D printing, material extrusion is the most common 

method, which consists of heating up the material and then extruding it through a 

nozzle to form consecutive layers [14]. This process can be divided into three main 

steps: modeling, slicing, and printing. Modeling involves creating a 3D digital model 

using CAD software. This model is normally saved in STL (Standard Triangle 

Language) format, which, as the name says, converts the outer shell of the object into 

a triangular mesh. Slicing is a crucial part of the AM process, since here all main 
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parameters are defined, including nozzle and platform temperatures, printing speeds, 

and layer thickness, along with printer specifications, nozzle size, and printing area 

limits. Once the printing parameters are defined, the slicing software divides the STL 

file into thin layers, each containing vector data in G-code format. During the printing 

process, the 3D printer follows the instructions from the sliced file, fabricating the 

object layer by layer through coordinated movements along the XY axes, continuing 

until the entire structure is completed [15].  

AM provides numerous advantages over traditional methods, including 

increased automation, enhanced productivity, and minimized material waste, and 

greater design flexibility [12]. The process allows the production of complex 

geometries that would be difficult or impossible to achieve with conventional methods 

[16]. Furthermore, since the material is deposited exclusively where required, waste 

generation is minimized, enhancing the sustainability of the process. Despite these 

advantages, 3D printing also has inherent limitations, such as the limited dimensions 

of objects that can be produced in a single job, constraining their application to 

fabricate large-scale components. Additionally, due to production rates, AM is 

generally reserved for middle to low volumes productions, and, in any case, far from a 

mass-production method.  

AM was initially used only for Rapid Prototyping (RP), where the final 

component was not meant to be an end-usable part and did not require high mechanical 

properties [12]. However, advancements in materials development and processing 

technologies have extended their application to functional and complex components. 

The range of materials used in AM has significantly increased and diversified. Initially, 

confined to polymers, currently, AM includes ceramics, concrete, metals, glass, and 

biomaterials.  

Among all cited classes of materials, polymers encountered a wide range of 

application fields, such as biomedical, electronics, construction, and aerospace, mostly 

due to their low weight, minimal wear, recyclability, and reusability [17]. Compared to 

thermoset polymers, thermoplastic ones are even more widespread in 3D printing 

because of their capacity to be remelted and reshaped into specified geometries [18]. 
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However, their application in structural components requiring high mechanical 

performance necessitates the incorporation of reinforcements to enhance their 

properties. These reinforcements can take various forms, such as discontinuous or 

continuous fibers, which may be configured as strands, ropes, mats, or fabrics [19]. 

2.3 Materials for FFF Printing with CNYR 

2.3.1 Thermoplastic matrix 

The most common materials used in extrusion-based 3D printing are 

thermoplastic polymers [20], among which acrylonitrile butadiene styrene (ABS), 

polylactic acid (PLA), and nylon are the most used (Table 2.1). These polymers are 

favored due to their advantageous processing characteristics and mechanical 

properties. In AM, a variety of polymer matrices are employed, each exhibiting distinct 

physical properties that attend to specific applications across diverse industrial sectors. 

The selection of these matrices is crucial, as it directly influences the performance, 

durability, and suitability of the printed components for their intended use. Pervaiz et 

al. [21] highlight several materials used as matrices, such as polyester sulfone for flame 

resistance in the automotive sector, polyphenylene sulfide for chemical and high-

temperature resistance in the electric industry, and polysulfone for low moisture 

absorption in Navy applications. Polyethylene (PE) is known for its corrosion 

resistance in pipe construction, while polypropylene (PP) is favored for packaging due 

to its chemical resistance, and PLA's biodegradable nature suits biomedical 

applications. 

Table 2.1 - Properties of FFF printed most common thermoplastics [22–24]. 

Properties PLA ABS Nylon 

Density (g/cm³) 1.3 1.1 1.1 

Melting temperature (°C) 160-235 210-250 235-280 

Decomposition temperature (°C) 300-400 380-430 390-450 

Tensile strength (MPa) 24.4-44.8 43.3-43.4 49.6-75 

Strain at break (%) 4.0-23.1 6.5-24.8 14.3-50 

Young modulus (GPa) 0.8-3.8 1.3-2.3 1.4-2.8 
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Biodegradable polymers are materials that undergo photodegradation, 

oxidation, and hydrolysis due to microbial action, leading to chain scission and the 

breakdown of the material. The significance of biodegradability lies in its potential to 

substantially reduce environmental waste, as these polymers can decompose naturally 

at the end of their useful life [11]. This intrinsic property minimizes landfill 

accumulation and mitigates the long-term ecological impact associated with traditional, 

non-biodegradable plastics, which can persist in the environment for centuries. By 

replacing conventional plastics with biodegradable alternatives, industries can 

contribute to a circular economy, where materials are continuously reused and 

reintroduced into the environment without contributing to pollution. Furthermore, the 

development and implementation of biodegradable polymers represent a vital step 

toward a more sustainable future, addressing the pressing challenges of plastic waste 

and promoting ecological balance.  

2.3.2 Natural fibers 

2.3.2.1 Natural Fibers Characteristics 

Natural fibers represent a valuable and greener alternative to synthetic 

reinforcing fibers, due to their biodegradability, low abrasion, excellent stiffness to 

weight ratio, reusability, and low environmental impact [25]. The addition of fibers in 

polymeric materials allows the improvement of the mechanical properties of the set 

since the matrices alone present brittle behavior and low mechanical properties. 

Moreover, these fibers may be derived from plant, animal, or mineral sources, and they 

generally require minimal processing after extraction [26]. Historically, these fibers 

have been used in non-structural applications like carpets, ropes, and paper production 

[27]. More recently, they have been widely adopted for reinforcing polymers in the 

production of biocomposites, enabling the development of structural elements across 

various industries (Figure 2.1). This progression demonstrates their versatility and 

ability to withstand diverse types of loading conditions, supporting applications in both 

non-structural and structural contexts. 
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(a) (b) 

  
(c) (d) 

Figure 2.1 - Biocomposite structural application: (a) Mercedes-AMG GT4 race car 

[28], (b) YCOM S1-X eSkootr [29], (c) livMatS Pavilion [30], (d) Greenbolts Flax 27 

[31]. 

The extraction of lignocellulosic fibers entails separating them from various 

plant parts, including the bast, fruit, grass, leaf, seed, stalk, and wood (Figure 2.2)  [27]. 

These fibers are commercially available in several forms, such as tow, chopped, yarn, 

nonwoven, woven, and prepregs [27]. Structurally, lignocellulosic fibers are composed 

of a cellular structure made of different proportions of cellulose, hemicellulose, and 

lignin; each constituent contributes to the overall properties of the fiber [32]. While 
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lignin demonstrates thermal stability and is susceptible to degradation from UV 

radiation, hemicellulose is primarily responsible for the biodegradation, moisture 

absorption, and thermal degradation of the fiber, owing to its comparatively lower 

resistance [16,33]. The incorporation of these vegetable fibers with a biodegradable 

polymer matrix in biocomposites can significantly reduce the carbon dioxide footprint, 

thanks to their low density, biodegradability, and renewability [9,10]. 

 
Figure 2.2 - Natural fiber’s classification with examples based on their source of 

extraction.  

In terms of mechanical properties, vegetable fibers typically have lower tensile 

strength and Young’s modulus values than synthetic fibers. However, it is noteworthy 

that their lower density results in specific strength and modulus values comparable to 

those of glass fibers [8]. 

Since the length of vegetable fibers is finite and species-dependent, a 

continuous bundle can be created by twisting multiple long fibers together. 

Consequently, the choice of vegetable fiber for continuous 3D printing also depends 

on the feasibility of manufacturing them into yarn. Consequently, the selection of 
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vegetable fibers for such purposes is significantly influenced by the feasibility of 

manufacturing high-quality yarns.  Table 2.2 presents a summary of the mechanical 

and physical properties of several vegetable fibers commonly available in yarn format. 

These properties are crucial as they determine the fibers' performance as continuous 

reinforcement in 3D printing applications. 

Table 2.2 - Properties of vegetable fibers [34–40]. 

Properties Flax  Hemp  Jute  Ramie  Sisal  

Density (g/cm³) 1.5 1.5 1.3-1.5 1.5 1.3-1.4 

Tensile strength (MPa) 500-1500 900 400-800 400-968 500-1150 

Young modulus (GPa) 27.6 34 10-30 44-128 11-15 

Cellulose content (%) 65-80 57-77 58-63 76 58.8 

Hemicellulose content (%) 12-16 14-22 12 17 23.8 

Lignin content (%) 2-5 4-13 12-14 1 14.7 

Onset degradation 

temperature (°C) 
274 260 242 247 222 

 

2.3.2.2 Natural yarn production 

According to the American Society for Testing and Materials [41], textile fibers 

or textile filaments are characterized by their unique physical properties that make them 

suitable for fabric production. According to widely accepted standards, textile fibers 

are defined by a high aspect ratio, with a length typically at least 100 times greater than 

their width, allowing them to be spun into yarn or woven into fabric. These fibers are 

filamentous structures in the form of a bundle, which have a much higher strength than 

the same material in its bulk form since the fiber has fewer defects [42]. These fibers 

can be sourced from various natural origins, including plant-based materials like cotton 

or flax, animal-derived fibers like wool or silk, and mineral fibers like asbestos. 

Additionally, they may be produced through artificial processes, including synthetic 

polymers like polyester and nylon, designed to meet specific performance requirements 

for diverse textile applications. Due to its length, this material is classified into two 

groups: discontinuous fibers and continuous yarns. Discontinuous fibers represent the 

raw form of the material and are categorized based on length as short or long fibers, 

which is determined by the plant's growth characteristics. In contrast, continuous yarns 

have an indefinite length and are typically measured in kilometers. The fiber length and 
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arrangement are directly linked to the final mechanical behavior of the composite. It 

may be arranged and oriented in one or more directions or dispersed [43]. 

 The production of natural yarns involves multiple stages, beginning with 

agricultural processes such as planting, maintenance, and harvesting. Fibers are then 

extracted through methods specific to their type—retting for phloem fibers, 

decortication for leaf fibers, and ginning for cotton—followed by defibration using 

mechanical, chemical, or enzymatic techniques to separate them from pulp or 

mucilage. After cleaning and drying, the fibers are carded to align them before being 

spun into yarn through drawing, roving, and twisting. Depending on the desired 

properties, the yarn may undergo plying for added strength, as well as dyeing and 

chemical treatments to enhance durability, before being wound onto spools or cones 

for packaging (Santos et al. 2013). Each stage plays a crucial role in determining the 

quality, strength, and application of the final yarn product and Figure 2.3 illustrates all 

stages of this process. 
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Figure 2.3 - Stages of natural yarn production.  

The textile yarn is the final product of an extensive spinning process, where its 

identifying parameter is the yarn count, which represents its diameter or thickness. 

Textile yarn production involves several stages, beginning with opening and fiber 

separation, where bales are divided into smaller portions using a bale opener. Next is 

cleaning, where a beater removes impurities, followed by parallelization using a carder 

and combing machine. The carder produces fiber slivers, known as carding ribbons, 

and performs mechanical cleaning. The combing machine eliminates short fibers 

remaining in the material, ensuring uniform fiber length. Regularization with a roving 

machine standardizes the weight per unit length, homogenizing the material, while 
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thinning using a roving frame stretches, parallelizes, and applies an initial twist to 

improve yarn strength. Finally, twisting and further stretching are carried out in a ring-

spinning machine, and winding machines coil the finished yarn onto spools, ready for 

packaging [45].  

One of the main challenges in using natural yarns is that their finite length, 

combined with the manufacturing processes, which typically involve cutting and 

twisting the fibers, often significantly reduces tensile strength compared to individual 

fibers. Unlike continuous synthetic fibers, yarns become discontinuous during 

processing, which impacts their load-bearing capacity. 

2.4 Natural-Yarn Reinforced Thermoplastic Composites  

2.4.1 Polymer extrusion printing   

In FFF, the filament feedstock is driven into the printer by a stepper motor 

through the cold end, which controls heat dissipation from the hot end [16]. This 

separation enables the thermoplastic material to reach and maintain its melting 

temperature only at the desired location, preventing premature softening or melting 

along the filament path. By contrast, Fused Granulate Fabrication (FGF) shares a 

similar operational principle but relies on thermoplastic polymers in pellet form rather 

than filament. In FGF, pellets are fed into a heating chamber where they are heated and 

compressed by a rotating vertical extrusion screw. This action transforms the pellets 

into a molten, homogeneous thermoplastic mass, ensuring consistent flow and fusion 

during deposition [46].  Figure 2.4 provides a comparison of these two processes, 

highlighting their key operational differences. 
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(a) (b) 

Figure 2.4 - Types of polymer extrusion: (a) FFF process, and (b) FGF process. 

2.4.2 Discontinuous Natural Yarn-Reinforcement  

Biocomposite filaments reinforced with natural fibers are commonly produced 

using discontinuous fibers, where fibers are mixed in specific weight ratios with a 

pellet-based matrix, and then extruded into filaments suited for standard 3D printers 

[47]. Discontinuous Fiber-Reinforced Thermoplastic Composites (DFRTPCs) hold 

promise for diverse fields [1], such as biomedicine [48–50], and design [51–53], owing 

to their recyclability and capacity to incorporate waste materials [54,55].  

The fabrication process of filaments for FFF reinforced with biofillers and 

natural discontinuous fibers involves a series of critical steps. Initially, the 

thermoplastic material is processed in granule form to be extruded into a wire filament 

compatible with FFF [56]. This preparation requires several key stages, including 

screening to remove impurities, crushing to achieve a uniform particle size, and 

thorough mixing to ensure homogeneity of the fiber distribution. Compounding then 

blends the biofillers and thermoplastic matrix, followed by grinding to refine the 

granules further before extrusion, where the material is shaped into the final FFF 

filament wire form [47].  

However, regarding mechanical performance, the addition of discontinuous 

natural fibers often reduces the composite's mechanical properties, as reported in the 
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literature [48,57–60]. This decrease is mainly due to challenges in fiber impregnation, 

void formation, and non-uniform fiber distribution within the matrix. Table 2.3  

summarizes the effects of discontinuous fiber addition on tensile strength, 

demonstrating that, unlike traditional processing methods, 3D printing with 

discontinuous fibers presents significant challenges in fiber impregnation and void 

formation. These factors negatively impact mechanical performance, often resulting in 

lower tensile strength than neat PLA composites. Without proper fiber surface 

treatment or optimization of printing parameters, the mechanical benefits of 

discontinuous fibers in reinforcing biocomposites may be limited. 

Table 2.3 - Mechanical properties of DFRTPCs using natural fibers. 

Material Fiber content  

(wt%) 

Tensile strength (MPa) Reference 

PLA-Agave  0-10 51.0 (0 wt%) to 28.0 (10 wt%)  [57] 

PLA-Kenaf 0-7 56.3 (0 wt%) to 11.8 (7 wt%)  [48] 

PLA-Kenaf 0-2.5 49.9 (0 wt%) to 39.8 (2.5wt%)  [58] 

PLA-Sugarcane 0-15 64.2 (0 wt%) to 45.3 (15wt%) [61] 

PLA-Rubber 0-20 56.4 (0 wt%) to 34.3 (20 wt%) [59] 

PLA-Soybean 0-10 36.4 (0 wt%) to 21.5 (10 wt%) [60] 

 

2.4.3 Continuous Natural Yarn-Reinforcement 

CNFRTPCs are advanced materials in which continuous natural fibers in yarn 

format are embedded within a thermoplastic matrix to create composite structures via 

FFF. These materials utilize the mechanical properties of natural fibers, providing 

effective strength, stiffness, and enhanced load transfer due to the alignment of the yarn 

along the composite's length, allowing fiber distribution in optimal load-bearing 

directions.  

The primary CNFRTPCs incorporate continuous natural yarns from fibers such 

as flax, ramie, sisal, jute, pineapple, and hemp. These fibers provide a strong, 

sustainable reinforcement, with each type offering distinct mechanical advantages 
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suited to specific performance requirements. For example, Flax/PLA has demonstrated 

notable effects, achieving an Elastic Modulus of 23.3 GPa and tensile strengths 

reaching 253.7 MPa, as documented by Le Duigou et al. [62]. These value 

improvements provide CNFRTPCs as competitive alternatives to traditional synthetic 

composites in fields requiring lightweight, durable, and sustainable materials. From a 

production perspective, CNFRTPCs, with fiber volume fractions approaching 50% and 

yarn diameters up to 3 mm, show considerable potential for large-scale manufacturing. 

The use of continuous natural fibers enables high throughput and substantial 

mechanical performance, making these composites viable for industrial applications 

with high flow rates. Table 2.4 summarizes the main properties of biocomposites with 

continuous natural yarns found in the literature.
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Table 2.4 - Mechanical properties of 3D printed biocomposites. 

Composite 

(type of 

yarn and 

matrix) 

CNFRTPCs 

Method 
Yarn 

Fiber 

Volumetric 

Fraction, 

Vf (%) 

Mechanical properties 

(longitudinal of unidirectional printing) 
References 

Young’s 

modulus (GPa) 

Ultimate tensile 

strength (MPa) 

Strain at break 

(%) 

Flax/PLA 

 
SF 68 tex 30.4 23.3 253.7 1.67 [62] 

Ramie/PLA IN 
Φ = 0.35 

mm 
N.D. N.D. 86.4 N.D. [63,64] 

Pineapple 

leaf/PLA 
IN 

Φ = 0.1 

mm 
N.D. N.D. 96.8 0.21 [65] 

Jute/PLA IN 250 tex 6.1 N.D. 57.1 0.25 [66] 

Sisal/PLA 

IN 

Φ = 1.4-

2.0mm 

1800 tex 

34.8-48.2 4.0 71.6 N.D. 

[16] Ramie/PLA 

Φ = 0.7-

1.3mm 

330 tex 

10.8-18.3 3.8 57.2 N.D. 

Jute/PLA 

Φ = 0.5-

1.2mm 

310 tex 

12.5-21.8 4.3 62.8 N.D. 

Flax/PA 6 IN 

Φ = 1.4-

1.8mm 

26 tex 

15.0-22.0 5.7 82 N.D. [67] 

Flax/PLA ON 

Φ = 

0.50mm 

68 tex 

10.6-36.7 2.9 89 N.D. [68,69] 

Hemp/PLA ON 557 tex 33.3 15.2 137.2 1.4 [70] 
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Flax/PLA ON 

Φ = 

0.35mm 

105 tex 

22.0 9.2 123 
1.7 

 
[71] 

SF - Semi-finished filament; IN - In-situ impregnation; ON - Out-of-nozzle printing; Φ – Diameter; N.D - Not declared 
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According to Pervaiz et al. [72], there are three main types of fiber 

incorporation techniques: Semi-finished filament (SF), In-situ impregnation (IN), and 

out-of-nozzle printing (ON) (Figure 2.5). Each method offers distinct advantages in 

terms of adhesion, distribution, and production within the printed structure, which 

ultimately affects the overall performance characteristics of the final composite.  
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Figure 2.5 - CNFRTPCs process: (a) SF Filament fabrication’s schematic process, (b) 

SF printing’s schematic process, (c) In-situ impregnation process, (d) Out-of-nozzle 

schematic drawing possibilities. 

2.4.3.1 Semi-finished filament (SF) 

A SF is a composite filament made by combining fibers and a matrix, where the 

fiber is pre-embedded in the matrix, resulting in a ready-to-use composite filament 

compatible with conventional printers, as it requires no modifications [72]. However, 

this method is limited in terms of material variety and fiber volume content. Moreover, 

adding fiber to the filament increases its stiffness, making storage challenging, 

especially when stiff fibers are used [73].  

The production of the SF filaments starts with a screw extruder, which heats 

polymer pellets until they melt. The extruder consists of a single or twin rotating screw 

within a stationary barrel, divided into three distinct zones: feed, compression, and 

metering [47]. As the polymer transitions through these zones, it melts and is 

subsequently pushed through a specially designed nozzle that incorporates a 

continuous yarn feed, resulting in a composite filament [68]. Table 2.5a and 2.5b 

schematize the SF filament fabrication process. 

Le Duigou et al. [62] and Fruleux et al. [74,75] reported on SF filaments using 

68 tex flax yarn and PLA matrix to fabricate composite filaments, later 3D printed with 

a 0.6 mm nozzle. Le Duigou et al. [62] investigated this innovative method to enhance 
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the mechanical properties of biocomposites in 3D printing. With a fiber mass fraction 

of 34.5%, the authors achieved a modulus of elasticity of 23.3 GPa along the main fiber 

axis and a maximum tensile strength of 253.7 MPa.  

On the other hand, Fruleux et al. [74] explored the effect of matrix stiffness on 

the swelling of 3D-printed continuous flax fiber-reinforced biocomposites, a factor 

often considered a drawback for structural applications. However, the study revealed 

that this hydroexpansion mechanism could be leveraged for the development of 

Hygromorph BioComposites (HBC), which respond to water absorption by changing 

shape. The findings showed that increased matrix stiffness reduces water absorption, 

hydroexpansion, and the evolution of elastic properties due to the constraining effect it 

has on the fibers. Conversely, lower matrix stiffness leads to greater hydroexpansion. 

2.4.3.2 In-situ impregnation (IN) 

In the IN method, fiber is directly compounded into the polymer matrix during 

3D printing (Table 2.5c). This integration occurs within the printhead, where the fiber 

is drawn by friction through an inlet hole or an auxiliary entrance in the coldend, 

leading into the deposition nozzle [72,73]. This approach allows for adjusting the fiber 

volume ratio and enables 3D printing of both pure polymer and fiber-reinforced parts. 

However, IN requires special print head modifications and is more likely to clogging  

[16,72]. This method is the most documented in the literature, and has been adapted for 

various natural fibers, including flax [67,76], pineapple [65], sisal [16,32], ramie 

[16,32,63], and jute [16,32,66].  

To the best of the authors’ knowledge, the first reported study using CNFRTPCs 

was conducted by Matsuzaki et al. [66]. They adapted a 3D printing nozzle to allow 

direct fiber insertion into the internal nozzle, where the thermoplastic matrix 

impregnated the fiber. Synthetic carbon fiber, consisting of 24,000 filaments, and 250 

Tex jute fiber were used, with a 1.4 mm diameter nozzle enabling thicker carbon fiber 

integration. While the carbon fiber significantly increased tensile strength to 185.2 

MPa, the jute fiber showed no notable strength improvement (σmax = 57.1 MPa), likely 

due to its low fiber volume fraction (Vf = 6.1%) and relatively low stiffness. 
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Focusing on further improving the mechanical properties of 3D-printed 

polymers with natural CNFRTPCs, Cheng et al. [63,64,77] conducted a series of studies 

investigating the behavior of 3D-printed biocomposites reinforced with continuous 

ramie yarns with a diameter of 0.35 mm, using an IN method. In their initial work, dry 

twisted ramie fibers served as reinforcement for a PLA matrix, revealing that the 

interfacial properties between deposited layers and between ramie yarn and PLA 

significantly influenced the mechanical performance. The biocomposites achieved an 

optimal tensile strength of 86.4 MPa with low porosity and strong interlayer bonding 

[63]. In a subsequent study, they examined the penetration behaviour of biocomposites 

with woven-like and non-woven-like architectures, showing that woven-like structures 

increased energy absorption by 31.2% and maximum penetration force by 18% 

compared to non-woven configurations [64]. Finally, Cheng et al. [77] explored the 

quasi-static compression behaviour and shape memory effect of continuous ramie 

fiber-reinforced biocomposite corrugated structures (CFCSs). They found 

improvements in compressive strength and energy absorption with decreased fiber 

volume fraction and continuous ramie yarn. Additionally, they introduced shape 

memory capabilities for these structures, highlighting their potential in lightweight, 

programmable smart systems.  

Moreover, Terekhina et al. [67] combined 3D printing continuous bleached 

textile flax yarn/polyamide 6 (PA6) composites using FFF with IN method. The study 

evaluated the effect on Young's modulus and tensile strength of three fiber orientation 

strategies (0°, 90°, and ±45°). The results demonstrated significant mechanical 

improvements, with tensile modulus and strength (σmax=82 MPa) increasing by 9 

times and 2.4 times, respectively, compared to neat PA6.  

Santos et al. [16] focused on enhancing additive manufacturing by developing 

a larger-diameter nozzle head and modifying the FFF hotend to enable IN of various 

natural fibers, including jute, ramie, and sisal, into a PLA matrix. This modification 

facilitated the production of bio-based filaments with diameters up to 3 mm. The 

incorporation of continuous yarn reinforcements led to significant improvements in 

both the strength and stiffness of the 3D-printed composites, with increases up to 28.6% 
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and 28.9%, respectively compared to the neat PLA matrix. The fiber content reached 

up to 48.2%, contributing to a substantial reduction in polymer consumption. 

Additionally, Suteja et al. [65] investigated the mechanical properties of 3D-printed 

composites reinforced with continuous pineapple leaf fiber (0.1 mm yarn diameter) in 

a PLA matrix. The study demonstrated that including continuous pineapple leaf fiber 

significantly enhanced the tensile strength of the composite, without increasing the 

printing time compared to pure PLA. However, the authors noted that the composite 

exhibited lower elongation than the pure PLA. 

2.4.3.3 Out-of-nozzle printing  

The ON method (Table 2.5d) uses two nozzles: one to extrude the main polymer 

and the other to deposit the reinforcement material, which can be introduced through 

either the SF method [68,69] or the IN method [70]. This approach is highly versatile, 

allowing various fiber types and matrix materials to be used [72], thus enabling 

enhanced customization and performance in FFF-manufactured composites. 

Zhang et al. [68,69] proposed a hybrid 3D printing method combining pure 

polymer (PLA) with CNFRTPCs using flax fiber pre-impregnated filaments (i.e. SF 

method). To overcome FFF limitations, such as poor interlayer adhesion and limited 

mechanical properties, Zhang et al. [68] developed a path-planning algorithm to 

position CNFRTPC filaments along both axial and radial directions in polymer-based 

parts. Applied to pipe components, this method significantly improved mechanical 

performance, with improvements of 250 N in compression, 500 N in tensile strength, 

and 190 N in bending for a 0.5 mm yarn diameter. The feasibility of this approach was 

demonstrated using a five-axis, dual-nozzle 3D printer. In a related study, Zhang et al. 

[69] addressed additional challenges of FFF, such as the need for support structures and 

unfavorable surface quality. By manufacturing continuous natural fiber prepreg 

filaments and employing curved path planning, the five-axis printing process improved 

surface quality and mechanical properties. Compared to PLA, the tensile strength and 

modulus of CFFRP parts increased by 89% and 73%, while flexural strength and 

modulus rose by 211% and 224%. Additionally, the curved slicing method enhanced 
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the maximum bending force and stiffness by 39% and 115%, respectively, 

demonstrating the potential of these methods for high-performance applications. 

Ginoux et al. [70] investigated the ON method, combining a PLA matrix with 

CNFRTPCs using hemp yarn as the reinforcement material, introduced through one of 

the nozzles via the IN method. They compared hemp yarn-reinforced biocomposites 

with a hemp/PLA hybrid yarn prepared through commingling, which demonstrated a 

higher impregnation rate, reduced void content, better fiber alignment, and a more 

homogeneous constituent distribution, resulting in significantly improved mechanical 

properties and a more brittle behavior compared to the pure hemp yarn biocomposite. 

The hybrid yarn also showed superior performance with a lower fiber fraction, 

highlighting the importance of fiber impregnation and volume fraction. Similarly, Wu 

et al. [71] explored damage and fracture mechanisms in biobased composites 

reinforced with continuous flax fibers, also manufactured via the ON method. This 

study focused on the impact of different fiber orientations on mechanical behavior, 

revealing that the primary damage mechanism was fiber rupture, accompanied by 

transverse cracks in the polymer. In contrast, composites with fibers oriented at 45° and 

90° exhibited premature fiber/matrix interface debonding. These findings emphasize 

the relationship between damage mechanisms, deposition strategies, and defects in 

printed composites, contributing to a deeper understanding of their mechanical 

properties and supporting optimization for high-performance applications. 

2.5 Effects of printing parameters on the properties of CNFRTPCs 

2.5.1 Printing parameters  

The printing parameters of CNFRTPCs in the FFF process are crucial in 

determining the quality and structural integrity of the final 3D-printed components. 

Structural integrity is verified through the assessment of void size, surface roughness 

(Ra), dimensional accuracy, and the precise deposition of the fiber within the matrix 

without or with minimal delamination. The FFF process is primarily governed by three 

key printer parameters: nozzle temperature, flow rate, and printing speed. The nozzle 

temperature directly affects the processability of the thermoplastic matrix, ensuring that 

it reaches an optimal viscosity for proper extrusion without degrading the material [16]. 
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Bed temperature, on the other hand, plays a critical role in enhancing the adhesion of 

the composite to the printing surface and reducing shrinkage caused by uneven cooling. 

Printing speed affects the total print time and final material quality, as faster speeds 

may hinder fiber impregnation and compromise the composite's structural performance 

[78]. 

Recent studies, such as that conducted by Cheng et al. [63], have shown that 

variations in printing parameters - such as increased matrix flowability, higher forming 

pressure, and longer impregnation times for fibers like ramie - can significantly alter 

the microstructure of biocomposites. These findings underscore the need for further 

investigation into the printing properties of CNFRTPCs, particularly to optimize fiber 

impregnation and reduce issues such as porosity and fiber misalignment.  

Additionally, the properties of the 3D printed composite are influenced by 

various factors, including the type of thermoplastic filament, the natural fiber 

reinforcement, yarn diameter, fiber length, and fiber content. Factors inherent to the 

printing process, such as material adhesion, layer geometry, printing speed, and layer 

geometry, are also critical in determining the mechanical performance and reliability 

of the 3D-printed part [79]. These complexities highlight the necessity for a more 

comprehensive understanding of how the interactions between natural fibers and 

thermoplastic matrices affect the structural performance and scalability of CNFRTPCs 

for applications in industries like construction, automotive, and aerospace.  Table 2.5 

shows the main printing properties of CNFRTPC studies.  
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Table 2.5 - Printing properties of CNFRTPCs. 

Biocomposite Yarn  

Volumetric 

fraction,  

Vf  (%) 

Nozzle 

diameter 

(mm) 

Nozzle 

temperature 

(°C) 

Porosity 

(%) 

Layer 

width 

(mm) 

Layer 

height 

(mm) 

Speed 

(mm/min) 
References 

Flax/PLA 68 tex 30.4 0.60 195 3.2 0.25 - 360 [62] 

Flax/PLA 

68 tex 

32.6 

0.60 

190 2.1 

- 

0.2 

420 [74] 

Flax/PBS 29.1 135 4.1 0.15 

Flax/PBSA 29.2 145 3.7 0.15 

Flax/PBAT 33.0 145 3.7 0.15 

Ramie/PLA 
0.35 mm 

36 Nm/2R 
- 1.30 190-220 1.8-7.1 

0.30-

0.60 
- 100-500 [63,64] 

Pineapple 

leaf/PLA 

Φ = 0.1 

mm 
- 0.40 200-210 - 0.40 0.50 900-1500 [65] 

Jute/PLA 250 tex 6.1 1.40 210 - - - 60 [66] 
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Flax/PLA 67 tex 25 0.80 200 1.1 0.80 0.25 240 [76] 

Sisal/PLA 

Φ = 1.4-

2.0mm 

1800 tex 

34.8-48.2 

2.1 200 11.7 3.0 1.5 600 [16] Ramie/PLA 

Φ = 0.7-

1.3mm 

330 tex 

10.8-18.3 

Jute/PLA 

Φ = 0.5-

1.2mm 

310 tex 

12.5-21.8 

Ramie/PLA 24Nm/2R - 1.3 205 - 0.3-0.5 0.3-1.2 300 [80] 

Flax/PA 6 

Φ = 1.4-

1.8mm 

26 tex 

15.0-22.0 0.6 225 8-14 0.55 0.3 600 [67] 

Banana/PLA 
Φ = 

0.19mm 
- 1.0 193-205 0.6-9.5 2.4 1.0 180-321 [81] 

Flax/PLA 

Φ = 

0.50mm 

68 tex 

10.6-36.7 0.8-1.2 200 - 0.5 0.35 100 [68,69] 

Hemp/PLA 557 tex 33.3 0.8 230 14.1-25.7 0.8 0.4 900 [70] 
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Flax/PLA 

Φ = 

0.35mm 

105 tex 

21 0.8 205 8 - 0.35  [71] 
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2.5.1.1 Nozzle characteristics 

The nozzle plays a crucial role in AM, as it directly influences the final 

properties of the 3D printed material. In FFF, the nozzle is heated to the melting 

temperature of the thermoplastic matrix, which is extruded and deposited onto the print 

bed. For CNFRTPCs and large-scale applications, factors such as printing temperature, 

nozzle size, and geometry are especially influential.  

The nozzle geometry defines the capabilities and limitations of the 3D printing 

process. Narrow nozzles (below 0.6 mm) offer better resolution but are prone to sieving 

and clogging, as the restricted size can lead to uneven material flow and defects in the 

printed sample. Moreover, narrow nozzles may struggle or fail to accommodate fiber-

reinforced filaments, particularly those in rope or thread form, increasing the likelihood 

of clogging during extrusion [82]. In contrast, wider nozzles tend to deposit excessive 

molten material, making precise detail challenging and often resulting in deformed and 

irregular final shapes. These nozzles also increase the risk of void formation and bubble 

generation, which can compromise the mechanical integrity of the 3D printed parts. 

Chen et al. [83] further demonstrated that increasing nozzle width reduces surface 

flatness, negatively affecting the printed material's overall quality. Additionally, 

Balderrama-Armendariz et al. [84] observed that nozzles with square extrusion 

geometry can enhance the bonding between 3D printed rasters by generating larger 

contact areas, reducing air gaps, and minimizing corner shrinkage at the layer level, 

ultimately improving surface quality. 

Regarding temperature, the nozzle plays a critical role in directing the heated 

material from the hotend to the deposition bed, affecting the printing quality. The 

filament should be free of voids and defects, and its composition must be thoroughly 

examined for AM, focusing on its quantity, morphology, and distribution. Effective 

methods for this assessment include scanning electron microscopy imaging and 

dissolving the biocomposite in a solvent to isolate the natural fillers through filtration 

[85]. Additionally, selecting the appropriate filament is critical, as its characteristics 

directly impact reinforcement capabilities. Whether the filament is pre-embedded as a 

composite or introduced into the print head, the continuous fiber is exposed to the 



63 

 

melting temperature of the thermoplastic polymer (Table 2.1). This exposure is 

particularly significant for vegetable fibers, which typically have lower degradation 

temperatures (Table 2.2). Therefore, it is essential to assess whether the polymer's 

melting temperature will compromise the integrity of the natural materials involved. 

The working temperature of PLA influences fiber performance, as vegetable 

fibers degrade at high temperatures [33], while low temperatures reduce the mechanical 

properties of PLA [86]. Santos et al. [16] noted that, at lower temperatures, fiber 

impregnation by the matrix is limited due to the higher viscosity of PLA, which restricts 

its penetration into natural yarns. Conversely, elevated printing temperatures enhanced 

the fluidity of the thermoplastic matrix, promoting greater matrix penetration into the 

interlayer regions. This increased interfacial interaction, thereby reducing porosity 

[63]. However, if the temperature exceeds a certain threshold, the fiber may degrade, 

potentially leading to the formation of bubbles expelled from within larger yarns [16]. 

Figure 2.6 summarizes the main findings about the effects of the nozzle in the 

CNFRTPCs printing. 
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Figure 2.6 - Nozzle effects in the printing. 

2.5.1.2 Printing speed, flow, and curvature 

The printing speed is essential when dealing with CNFRTPCs, as it influences 

the adhesion of the deposited filament to the platform or structure. This speed is 

constrained by the maximum velocity required for the deposited filament to adhere 

effectively to the build plataform or structure. Proper adhesion is essential to ensure 

that each layer maintains its intended position during the printing process. If the speed 

exceeds this limit, the filament may not have sufficient time to bond with the surface, 

potentially leading to misalignment or detachment.  
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In the case of vegetable fibers, Cheng et al. [87] observed that an increase in 

printing speed resulted in a significant reduction in the tensile strength of ramie-

reinforced composites. Similarly, Long et al. [88] optimized the printing conditions for 

flax-reinforced PLA composites and found that a print speed of 540 mm/min, with a 

volumetric fraction of 38% ± 7%, provided the best results. However, as demonstrated 

by Suteja et al. [65], exceeding a feed rate of 25 mm/s for pineapple leaf fibers led to 

fiber breakage due to excessive tension caused by nozzle movement. These findings 

underscore the importance of adjusting printing speed and feed rate to maintain the 

mechanical integrity and performance of fiber-reinforced composites.  

When analyzing 3D printing path and geometry, Fruleux et al. [75] tried to 

determine the 3D printability and design constraints of various cellular lattice structures 

by analyzing the differences between the programmed and actual printing trajectories 

of pure PLA, short flax fiber biocomposite (FF/PLA), and continuous flax fiber/PLA 

biocomposites (cFF/PLA). Using a specific set of 3D printing and slicing parameters 

within the IN method, the authors found that curvatures below 20 mm exhibited poor 

adhesion, due to insufficient solidification time for the matrix between layers and 

increased tangential stresses relative to the bonded area Similarly, Santos et al. [16] 

identified adhesion issues in curved geometries using the IN method, applied to a truss 

structure reinforced with large-diameter yarns. The yarns tended to deviate from the 

intended path when subjected to multiple consecutive curves, likely due to the stiffness 

of the fibers and the extended cooling time required for the matrix material to solidify 

and gain strength. Consequently, for complex geometries, it is necessary to reduce the 

printing speed in curved sections and reshape curvature diameters to ensure adhesion 

and alignment with the designated path. 

For the case of large-scale printing, speed setting is also an issue. The increase 

in printing speed generated a reduction in the flexural strength of composites reinforced 

by continuous fiber according to a study by Hu et al. [89]. In addition, Tian et al. [90] 

found that, for a speed increase from 100 to 600mm/min, the CNFRTPCs had a slight 

drop in flexural strength. They attributed this reduction to the shorter melting time of 

the polymer at higher speeds, which generates poor impregnation of the resin in the 
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fiber yarns and, thus, causes high levels of voids within the composites. Figure 2.7 

summarizes the main findings about the effects of printing speed, flow and curvature 

in the CNFRTPC printing. 

 
Figure 2.7 - Effects of printing speed, flow, and curvature in the CNFRTPCs printing. 

25.2 Key challenges in the CNFRTPCs 

2.5.2.1 Porosity 

In AM, porosity is a critical issue, particularly with composite materials. Voids 

in these materials can be classified into three main categories: inter-filament voids, 

pores/bubbles, and fiber-matrix interfacial voids (Figure 2.8) [32].  
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Figure 2.8 - Types of voids and effects of eccentricity in CNFRTPCs. 

Bubbles arise primarily due to fluctuations in deposition speed and printing 

temperature. As noted by Santos and Cardoso [15], inconsistencies in these parameters 

can lead to uneven flow and cooling of the material, causing air entrapment within 

layers. Additionally, high polymer melting temperatures and larger yarn diameters 

contribute to increased bubble formation. In the case of thicker yarns, part of the air 

trapped inside the yarn is forced outward during 3D printing, leading to trapped surface 

bubbles as the material cools down, contributing to the overall void content. Managing 

the deposition parameters, including temperature control and yarn selection, is crucial 

to reduce the presence of bubbles, which otherwise weakens layer bonding and reduces 

the overall strength of the 3D printed structure.  

Flow inconsistencies during the IN process also create fiber misalignment, as 

observed by Rivero-Romero et al. [81] and Cheng et al. [63]. The flow of the molten 

composite material exerts a drag force on the fibers, partially displacing them from the 

deposited line, leading to misalignment. This can cause adhesion issues between the 

yarn and the thermoplastic matrix, resulting in small interfacial gaps, often manifesting 

as bubbles. Furthermore, when the composite material is deposited, the wettability of 

the yarn is influenced by the slip velocity between the moving yarn and the molten 

material flow.  
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Inter-filament voids are primarily associated with the geometric characteristics 

of the printed layers, often exhibiting an ellipsoidal morphology. This shape is 

influenced by various factors, including the geometry of the nozzle, as previously 

discussed. These voids arise from incomplete interlayer adhesion during the deposition 

process, leading to the formation of air pockets or gaps between adjacent filaments 

[91]. Terekhina et al. [67]  and Badouard et al. [10] highlighted that these voids 

typically form in triangular shapes between filaments due to the nature of the layer-by-

layer deposition. Such voids are considered the primary site for porosity, negatively 

impacting the mechanical properties of the final printed part.  

Additionally, Cai et al. [80] found that void size increases with the layer 

thickness and hatch spacing, with larger voids forming when thicker layers are 3D 

printed or with more spacing between paths, reducing overall density and mechanical 

performance. Therefore, controlling layer thickness and hatch spacing is another 

important factor in reducing the formation of voids in 3D-printed composites. 

Moreover, Cheng et al. [63] demonstrated that increasing the printing thickness from 

0.3 mm to 0.6 mm led to a rise in porosity from 2.2% to 7.1%, while raising the printing 

speed from 100 mm/min to 500 mm/min raised porosity from 1.8% to 3.4%. This 

suggests that optimizing printing parameters is essential for minimizing void formation 

and ensuring high-quality 3D printing. 

Fiber-matrix interfacial voids arise due to inefficient impregnation of the matrix 

into the fiber yarn. This phenomenon is closely linked to the geometry of the layers and 

the ability of the matrix material to fully penetrate the fibers during 3D printing. Le 

Duigou et al. [62,92] observed that porosities tend to form within the flax fiber yarn 

itself, rather than between the printed layers, primarily due to the inadequate 

compression during the printing process. Proper compression and material flow are 

essential for achieving good fiber-matrix adhesion, which in turn reduces the formation 

of voids at the interface and enhances the mechanical performance of the composite. 

Additionally, Cheng et al. [63] demonstrated that increasing the printing temperature 

from 190 °C to 220 °C reduced the average porosity from 5.6% to 1.8% due to 

enhanced matrix fluidity, which allowed better impregnation of the yarn. Furthermore, 
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Matsuzaki et al. [66] reported that using a polymer filament with a diameter larger than 

the nozzle facilitates material flow, as the melted resin inside the nozzle generates 

pressure that aids in impregnating the fiber bundles. However, it is important to 

remember that increasing nozzle size is inversely proportional to printing resolution.  

Fiber pre-treatments can also help address high void content in 3D-printed 

continuous fiber-reinforced composites. Long et al. [76] demonstrated that a pre-

treatment for Continuous Flax Fiber Reinforced Composites (CFFRCs) significantly 

improved compatibility between flax fibers and thermoplastic matrix, reducing void 

content to below 1.1% and improving mechanical performance. This improvement was 

attributed to enhanced interfacial bonding between the flax yarns and the resin matrix. 

The mechanical properties of the 3D-printed CFFRCs were comparable to those of 

composites produced by traditional compression molding methods. 

2.5.2.2 Fiber-matrix interface 

In composites, the interface is defined as a reaction or diffusion zone where the 

two elements are chemically, physically, and/or mechanically integrated [93]. This 

interface plays a crucial role in determining the overall properties and performance of 

the composite material, as it influences factors such as adhesion, load transfer, and 

stress between materials and significantly impacts composite properties.  

Continuous plant fiber reinforcements in AM often face challenges related to 

poor impregnation quality, primarily due to the chemical composition, surface 

morphology, and internal structure of natural fibers and their associated yarns 

[66,70,94]. Natural fibers contain hydrophilic components such as cellulose, 

hemicellulose, and lignin, which are incompatible with most hydrophobic polymer 

matrices, leading to weak interfacial bonding [95–97].  

Additionally, the structural complexity within yarns, such as fiber twisting and 

voids, further complicates polymer matrix infiltration, reducing interface quality. 

According to Le Duigou et al. [62], the twisted structure of the yarns impedes complete 

matrix impregnation, resulting in reduced transverse cohesion within the yarn. This 

lack of cohesion diminishes the fiber-fiber interface area, weakening the internal 
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bonding and ultimately compromising the mechanical performance of the composite. 

Therefore, treatments that reduce fiber sensitivity to moisture help limit fiber swelling, 

which can otherwise compromise interface integrity and lead to delamination [98].  

The mechanical performance of these fiber-reinforced composites heavily 

depends on effective interfacial adhesion between the fibers and polymer matrix [99]. 

Weak bonding at the interface may cause stress concentrations, fiber pull-out, and 

delamination under mechanical loads, reducing the overall strength and durability of 

the bio-composite. Consequently, achieving optimal matrix impregnation and 

enhancing fiber-matrix adhesion through chemical treatments like silanization and 

alkalinization [100,101] or process optimization is essential to improve the structural 

integrity of AM-produced plant fiber composites. 

2.6 Research Needs and Perspectives for the Development of CNFRTPCs 

Although significant advances have been made in CNFRTPCs, key challenges 

remain to be addressed to enhance the practicality and efficiency of this technology, 

enabling its adoption in large-scale structural applications. Large-Scale Additive 

Manufacturing (LSAM) printing has allowed the production of more complex 

structures with less labor force [102]. This process made it possible to significantly 

reduce production time, material consumption, and labor and machinery costs. 

Furthermore, there is virtually no waste, as only the necessary material is used, leading 

to more economical, optimized, and more sustainable models [103,104]. These 

challenges can be outlined as follows: 

2.6.1 Adhesion 

The primary challenge in CNFRTPCs lies in the impregnation of natural fiber 

yarns and the adhesion interlayers, particularly due to the high viscosity of 

thermoplastics and the low chemical compatibility between natural fibers and matrices 

[105,106]. Consequently, potential areas of study include: 

• Development of strategies for impregnating large-diameter yarns to achieve 

uniform fiber infiltration within the matrix material, thereby maximizing mechanical 

performance and structural cohesion. 
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• Chemical or physical treatments can enhance interfacial adhesion and improve 

compatibility between continuous natural yarns and the thermoplastic matrix. 

• Developing techniques to improve interlayer interfaces, as fibers primarily 

reinforce within individual layers, necessitating strategies to enhance the bonding and 

mechanical integrity between adjacent layers. 

2.6.2 Optimization and Production 

The optimization of AM processes for CNFRTPCs involves addressing critical 

challenges related to production efficiency and structural performance. Achieving high 

printing speeds without sacrificing precision and adhesion, minimizing material waste, 

and enabling the fabrication of complex geometries are key areas requiring further 

research and development. Consequently, potential areas of focus include: 

• Develop technological solutions to enhance printing speed without 

compromising precision and resolution in the printed components. 

• Formulate strategies to optimize structural performance while minimizing 

material waste. 

• Facilitate the production of intricate geometries by enabling complex path 

printing, ensuring fiber continuity and structural integrity. 

2.6.3 Sustainability and end-of-life considerations  

Ensuring the sustainability of CNFRTPCs involves addressing challenges 

related to material recycling, environmental resistance, and disposal strategies. 

Evaluating the long-term performance and environmental impact of these materials is 

critical for their adoption in sustainable applications. Consequently, potential areas of 

focus include: 

• Analysis of the recyclability of continuous natural fibers for reuse, including 

the effects of multiple thermal cycles on the material's mechanical properties. 

• Long-term performance evaluation of printed biocomposites under conditions 

such as moisture, temperature variations, and cyclic loading. 
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• Investigation of environmental effects on materials exposed to UV radiation, 

alkaline environments, and organic degradation. 

• Life cycle analysis and end-of-life strategies for sustainable disposal and 

material recovery. 

2.6.4 Large-scale production 

Large-scale additive manufacturing of structural elements is an emerging 

research trend with the potential to revolutionize sustainable construction and industrial 

practices. While large-scale 3D printing with thermoplastic composites is already being 

implemented, it predominantly relies on systems reinforced with synthetic [107,108] 

or discontinuous natural fibers [109,110]. Scaling up AM processes for CNFRTPCs 

requires addressing challenges related to material throughput, equipment design, and 

fiber integration. Enhancing production capabilities while maintaining material quality 

and mechanical performance is critical for enabling the widespread application of this 

technology. Consequently, potential areas of focus include: 

• Develop advancements in printing processes to enable higher fiber content 

while maintaining processability and mechanical performance. 

• Implement high-throughput extruders capable of achieving increased material 

deposition rates with uniform thermoplastic heating throughout the volume. 

• Design nozzles to accommodate larger diameters and multiple yarns 

simultaneously. 

This approach aims to guide the development of research and technologies, 

positioning CNFRTPCs as a viable alternative for industrial-scale and high-

performance applications. By combining advanced mechanical properties with a low 

environmental impact, these materials present a promising solution for both structural 

and functional applications, aligning innovation with sustainability. 
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2.7 Conclusions  

Despite promising advancements in the quality and strength of CNFRTPCs, 

driven by extensive research efforts from the scientific community exploring a wide 

range of natural continuous fibers, such as jute, ramie, flax, sisal, hemp, and pineapple 

leaf, to produce environmentally friendly bio-composites, several challenges remain. 

The primary obstacles to improving the structural performance of CNFRTPCs are 

related to low adhesion between natural yarns and the matrix and issues such as high 

porosity, curvature defects during 3D printing, and yarn misalignment. Key factors 

influencing the 3D print quality of continuous natural fiber-reinforced biocomposites 

include matrix melting time, yarn diameter, printing speed, and nozzle temperature. 

At the large-scale production level, achieving higher flow rates with larger yarn 

diameters remains in its early stages, as these larger flows and diameters tend to 

exacerbate fiber-matrix interface issues, ultimately affecting the mechanical properties 

and reliability of the 3D printed structures. Nevertheless, with appropriate surface 

treatments to enhance impregnation, the application of CNFRTPCs for large-scale 

use—particularly in the construction, automotive, and aerospace industries—is highly 

promising. The adoption of these materials is expected to significantly increase due to 

their potential for optimized, more sustainable structures with low ecological footprint, 

recyclability, and cost efficiency. 
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Chapter 3 - 3D PRINTING OF VEGETABLE YARN-REINFORCED 

POLYMER COMPONENTS 

This chapter was published under the reference: 

Natália V. Santos, Daniel C.T Cardoso, 3d printing of vegetable yarn-reinforced 

polymer components, Journal of Cleaner Production 415 (2023). 

https://doi.org/10.1016/j.jclepro.2023.137870 

Additive manufacturing has rapidly transformed over the years, moving from simply 

prototyping to producing objects and structures with advanced materials. The process, 

also known as 3D printing, enables complex shapes to be generated with great freedom 

of creation and low waste of resources. Although polymers have been widely used for 

the manufacture of small objects, the poorer mechanical properties and time required 

for 3D printing make the technique impractical for the production of real size structural 

components. This chapter presents the development of a larger-diameter head nozzle 

for the manufacturing of a polymer-based material reinforced with continuous yarns. 

To address this issue, a continuous yarn reinforcing method was developed, utilizing a 

modified Fused Filament Fabrication (FFF) hotend adapted to the in-nozzle 

impregnation of vegetable fibers (i.e., a process by which the yarn and matrix are joined 

in a single nozzle), such as jute, ramie, and sisal, combined with polylactic acid (PLA) 

to produce bio-based printed filaments with diameters up to 3mm. The combination of 

these materials aims to create printed composites with better mechanical properties 

and, above all, to meet the environmental need for low-energy biodegradable materials 

from natural sources that ultimately contribute to reduce the sector’s ecological 

footprint. It was observed that the reinforced samples achieved gains of 28.6% in 

strength and 28.9% in stiffness in comparison to the unreinforced matrix, using fiber 

contents up to 48.2% that reduce the polymer utilization per printed volume. The 

feasibility of the production of multilayer components using the developed method was 

also confirmed for different types of reinforcement and printing paths. 
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3.1 Introduction 

Human development is directly related to the evolution of engineering materials 

and manufacturing processes to meet mechanical, environmental and design 

performance criteria. Indeed, technological development has been directly linked to 

environment and, in the last few decades, the concerns have arisen worldwide have 

about impact of production and consumption on future generations’ access to resources 

[1]. 

Additive manufacturing (AM), popularly called 3D printing, is a rapid 

prototyping process for the production of three-dimensional objects [2]. It enables the 

fabrication of complex designs, thus meeting users’ geometry needs and significantly 

reducing the amount of raw material towards an efficient production [3]. From an 

environmental perspective, recent investigations in the field have focused on topics 

such as the use of natural materials, geometry optimization and printing process 

improvement that may lead to sustainable products with material savings and reduced 

energy consumption. In this context, biocomposites with plant-origin matrix and 

reinforcement consist in an mechanical-efficient and sustainable solution for 3D 

printing [4]. These composites can significantly contribute to reduce the carbon dioxide 

footprint due to their low density, renewability and biodegradability [5,6]. The latter 

may ultimately lead to a reduction of waste on the planet, as material decomposes at 

the end of its design life [7].  

Kechagias and Chaidas [8] analyzed the effect of printing parameters to create 

good practices that enable the production of low-cost sustainable printed components. 

The authors concluded that the primary parameters governing the energy expenditure 

during printing are the volumetric dimensions of the component, the thickness of 

individual layers, the material composition and the printing speed. Fountas et al. [9] 

evaluated PLA/Wood composites using the Taguchi methods to search for optimal 

solutions for the layer thickness, nozzle temperature, raster deposition angle and 

printing speed. They observed that discrete regions can be found where parameter 

settings are advantageous for maximizing ultimate tensile strength. Bianchi et al. [10] 

analyzed the influence of printing parameters to minimize energy consumption and 

CO2 emissions. For a given printing velocity, the authors observed that the energy 
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consumption decreases when the thickness of individual layers increases. This 

phenomenon is particularly pronounced when operating at lower printing speeds. Also, 

Long et al. [11] proposed an optimization method to determine the optimal 3D printing 

parameters for continuous vegetable fiber composites. The authors verified that the 

parameters could be optimized without compromising the mechanical strength, 

achieving an efficiency increase of up to 40%, i.e. produced in less time and with less 

energy expenditure. 

Recently, several studies using fibers as reinforcement on 3D printing have been 

conducted. The use of fibers can be done in three different ways: as fillers, 

discontinuous or continuous fibers. The use as fillers does not improve substantially 

the mechanical properties and can eventually reduce them when higher volume 

fractions are used [12,13]. Interlayer cohesion issues have also been reported in 

literature [14]. Furthermore, if viscosity increases with the addition of reinforcement, 

an increase in temperature will be necessary [15], which may lead to fiber degradation 

and higher energy consumption. In most cases, authors have adopted vegetable fibers 

in the discontinuous form in extrusion-based filaments for 3D printing [16]. This 

technique allows the production of composites with improved strength-to-weight ratio, 

as well as with renewable and biodegradable characteristics [17], although an increased 

porosity has been also reported due to their dispersive characteristics [15]. Moreover, 

its implementation concurrently reduces the ecological impact of composites that 

would conventionally be fabricated utilizing synthetic fibers. Jauhari et al. [18] stated 

that synthetic carbon fibers need 355,000 MJ/t of manufacturing energy, whereas 

vegetable fibers entail a considerably lower consumption, as an example of sisal with 

2488 MJ/t. Table 3.1 shows the mechanical and physical properties of the vegetable 

fibers used in the present study. 

Table 3.1 - Mechanical and physical properties of vegetable fibers. 

Properties Jute  Ramie  Sisal  Reference 

Diameter (μm) 25-200 20-35 50-300 [7,19–21] 

Density (g/cm³) 1.3-1.5 1.5-1.6 1.3-1.5 [7,22,23] 

Tensile strength (MPa) 400-800 400-968  500-1150 [7,19,22,23] 

Young modulus (GPa) 10-30 44-128 11-15 [7,19,22,23] 
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Cellulose (%) 58-63 76 59 [19,20] 

Hemicellulose (%) 12 17 24 [19] 

Lignin content (%)  12-14 1 15 [19,20] 

 

The literature on continuous fibers is scarce and applications with vegetable 

fiber are even more limited, especially in the yarn form [15]. Most of the works have 

focused on the use of commercial printers already set up for that condition [24–27]. 

Since such printers are usually applicable for small-diameter synthetic fibers such as 

carbon and glass, vegetable fiber yarns, which have larger dimensions due to their 

manufacturing process, cannot be used in a standard way. Fused filament fabrication 

(FFF) has been mainly adopted for the production of printed components with 

continuous fibers [28]. Pervaiz et al. [29] pointed out the three main types of printing 

with continuous fibers, namely pre-embedment of the fiber as a composite filament 

(semi-finished filament printing), embedment in the printhead (in-nozzle 

impregnation) and embedment in the component (out-of-nozzle impregnation). 

Regarding continuous synthetic fibers, Mohammadizadeh et al. [24] used 

carbon, glass, and aramid fibers. Among the failure mechanisms observed by the 

authors one may cite fiber pull-out, fiber breakage and delamination. 

Mohammadizadeh et al. [25] studied the behavior of nylon composites reinforced with 

carbon fiber, glass and aramid at different temperatures for creep and fatigue analyses. 

Melenka et al. [26] evaluated the tensile properties of nylon composites reinforced with 

aramid continuous fibers obtaining an elastic modulus of up to 9.0 GPa for the largest 

volume fraction. Furthermore, Khosravani et al. [30] evaluated the fracture process in 

composites reinforced with continuous glass fiber. By incorporating a volumetric 

fraction of up to 75% of glass fiber, the authors observed that the fracture strength 

increased up to approximately 193%, indicating that the specimens with the highest 

volumetric fraction exhibited superior mechanical properties. Despite the utilization of 

fibers inhibiting crack propagation in 3D-printed components, Khosravani et al. [31] 

indicated that an elevation in fiber content can lead to increase porosity and reduce 

strength and stiffness in the reinforced structures. 
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With respect to the use of natural fibers, Le Duigou et al. [27]  used flax as PLA 

(polylactic acid) reinforcement and obtained a modulus of elasticity of 23.3 GPa and a 

maximum tensile strength of 253.7 MPa in the direction parallel to fibers for a 34.5% 

fiber mass fraction. Cheng et al. [32–34] printed PLA reinforced with ramie yarn and 

evaluated the influence of temperature on the printed material strength and 

characteristics, as well as the effects of the yarn reinforcement on compression 

property, energy absorption capacity, penetration, and memory effects for different cell 

shapes.  

On the other hand, research on the adaptation of traditional printers for a 

continuous fiber insertion have been studied by Yang et al. [35]. The authors used an 

adapted printer of 0.8mm nozzle diameter for incorporation into the printhead of carbon 

fiber as an ABS reinforcement in the fiber weight fraction of 10%, reaching tensile and 

flexural strength values of 147 MPa and 127 MPa, respectively. Moreover, 

Krajangsawasdi et al. [36,37] modified the extrusion nozzle to 1.4mm diameter with a 

1.25mm fillet in their study on discontinuous fiber to allow for material deposition with 

no fiber breakage during the print flow increase.  

The examination of nozzle type is a crucial factor in the printing process as seen 

by Ahmed et al. [15]; the authors show that the nozzle size and shape have a direct 

impact on the final result of printing quality (i.e., cloggings, voids, bubbles and 

dimension accuracy). Li et al. [38] modified the printhead so that fibers were 

incorporated near the nozzle entrance reducing clogging inside the extruder. Matsuzaki 

et al. [39] also adopted a printing nozzle for fiber insertion into the internal nozzle, but 

a nozzle with 1.4mm of diameter was used, allowing the incorporation of a larger 

diameter carbon fiber.  

The mechanical properties of composites reinforced with continuous fibers, as 

reported in the literature, are summarized in Table 3.2, where constituents and 

reinforcement fractions used are also reported obtained. It is worth highlighting that 

Mohammadizadeh et al. [24] and Le Duigou et al. [27] used printers designed for fiber 

insertion and obtained higher fractions, hence, higher mechanical strength. 
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Table 3.2 - Tensile strength of printed composites with continuous fiber of collected 

studies. 

Fiber Matrix Fiber mass 

fraction (%) 

Fiber 

volume 

fraction 

(%) 

Tensile strength 

(MPa) 

Reference 

Carbon ABS 10.0 - 147.0 [35] 

Carbon Nylon 58.0 - 404.3 

[24] Glass Nylon 28.0 - 372.1 

Aramid Nylon 43.0 - 309.1 

Flax PLA 34.5 - 253.7 [27] 

Carbon PLA - 34.0 91.0 [38] 

Carbon PLA - 6.6 185.2 
[39] 

Jute PLA - 6.1 57.1 

Ramie PLA - - 86.4 [32] 

This work presents the development of a novel methodology for reinforcing a 

polylactic acid (PLA) matrix with vegetable yarns. The study differentiates itself from 

prior literature in two main ways: firstly, instead of the out-of-nozzle impregnation 

technique mainly used in traditional continuous fiber reinforcement printers, an in-

nozzle impregnation through a modified extruder is adopted. This technique allows for 

fiber impregnation in the matrix prior to deposition, which is not possible with the out-

of-nozzle impregnation method, where fibers are deposited onto already cooled 

polymer layers. Secondly, the study makes the use of vegetable fibers, which offer an 

interesting alternative to commonly used synthetic counterparts such as carbon and 

glass. Additionally, the study demonstrates the potential for manufacturing larger 

structural parts by using high flow nozzles and larger diameter vegetable fiber yarns 

such as sisal. The use of both modifications should provide increased mechanical 

strength while maintaining desirable characteristics such as sustainability and 

biodegradability and thus, expanding the potential applications for 3D printed 

continuous yarns reinforced biocomposites. 
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3.2 Experimental program 

3.2.1 Materials and printing parameters 

A 1.75mm diameter polylactic acid filament (PLA) supplied by 3DLAB Corp. 

(Brazil) was used as a matrix for the printed samples. The material works with nozzle 

temperatures ranging between 190°C and 220°C; ideally at 200°C, for which the best 

viscosity with lowest porosity can be anticipated. 

Ramie, jute, and sisal fiber yarns provided by SISAL SUL Corp. (Brazil) were 

used as reinforcement with diameters ranging from 0.5 to 2.0mm (Figure 3.1). Ramie 

yarns were supplied only as three-ply twisted ropes and were untwisted to achieve a 

smaller diameter suitable for printing.. No surface treatment was adopted. 

 

Figure 3.1 - Vegetable fibers used as reinforcement in 3D printing (Nikon SMZ800N 

optical microscope). 

Print settings were established for suitable fiber insertion. The layer height was 

set as 1.5 mm, with a 2.0 mm width and 10 mm/s filament deposition speed. The nozzle 

temperature was set as 200°C, while the table temperature was set as 60°C. Despite the 

good properties achieved for printing speeds up to 22mm/s, a lower speed was chosen 

to ensure a lower void fraction and a better print quality. 
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3.2.2 Printing head development and biocomposite printing 

A new print head adapted for the insertion of continuous fibers was developed 

by modifying a standard Zmorph VX brand press. The system was designed so that 

yarns with diameters up to 2.0 mm could be joined with the PLA filament. According 

to the in-nozzle impregnation method, both reinforcement and matrix are jointly 

printed – the matrix enters as a filament in the upper entrance of the coldend made of 

polyether ether ketone (PEEK), whereas the yarn is inserted through a 

polytetrafluoroethylene (PTFE) tube on the side opening of the coldend. This 

methodology allows the use of low-cost printers with simple modifications and the use 

of a wide range of fibers with different diameters. Figure 3.2 shows the printhead 

developed. 

  

Figure 3.2 - Printhead adapted for the 3D printing of biocomposites with continuous 

fiber. 

Regarding the printing of the composite reinforced with continuous fiber, the 

fiber is inserted into the extruder – while it is still off – by a flexible guide and passes 

the PTFE tube and through the coldend to reach the hotend nozzle. Once turned on, the 

printer starts depositing the biocomposite filament onto the heated table, to which it 
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adheres. As the extruder moves along the Cartesian axes, the reinforcing fibers are 

pulled through the printing nozzle along with the polymeric matrix. The high 

temperature and confinement at the hotend nozzle are expected to promote an 

appropriate fiber impregnation. 

Printed samples made of PLA reinforced with vegetable fiber in yarn format 

were fabricated throughout printhead development to assess the material properties. 

Printing characteristics of the biocomposite were analyzed regarding the effect of yarn 

on geometry and printing quality, from a micro scale (e.g., evaluation of the appearance 

of bubbles) to the study of the effects in multilayer components. Optical microscopy 

technique using a Nikon SMZ800N equipment and scanning electron microscopy 

(detail in Section 2.3.3) were used for this purpose. The quality of the printed samples 

was assessed through SEM by evaluating the fiber-matrix interface, and the presence 

of voids. 

3.3. Testing and characterization 

3.3.1 Raw material characterization 

Fiber yarn tensile tests were conducted in a model 23-30, EMiC Series 23 

universal testing machine with a 5kN load cell (Figure 3.3). A digital camera with a 

resolution of 624 pixels and taking 15 frames per second was used for measuring the 

elongation. The tests were performed at room temperature 23°C, and 50% relative 

humidity, at a displacement control of 5mm/min rate up to failure. The test setup, 

developed by Castoldi [40], consists of two 17.1 cm pulleys to which the fiber is 

attached (two turns).  
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(a) (b) 

Figure 3.3 - Layout of vegetable fibers tensile test. 

Reference marks 100 mm from each other were introduced for strain 

measurement and Fiji software [41] measured the relative distances at desired times. 

The strains were determined as the ratio between relative displacement and gage length 

(initial distance between reference marks) and Catman® software synchronized the 

recorded force and time with video. The modulus of elasticity was obtained as the slope 

of a secant line corresponding to a force equivalent to 30% of the breaking load. 

The test was performed on 5 samples for each type of vegetable fiber (sisal, 

ramie, and jute). The cross-sectional area of each yarn was measured by Fiji’s plugin 

Trainable Weka Segmentation [41] with images acquired through optical microscope 

technique (Nikon SMZ800N). 
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3.3.2 Biocomposite tensile test 

Biocomposite tensile tests were used to determine the properties of fiber 

reinforced PLA. Five specimens for each type and five additional specimens for the 

unreinforced condition were tested at room temperature (23°C) and 50% relative 

humidity. The testing protocol followed the recommendations of ASTM D3039 [42]. 

Figure 3.4 displays the 200x10x1.5 mm printed specimens, which were prepared with 

a single layer containing four continuous filaments with fibers oriented in the loading 

direction. The prismatic shape was chosen due to the facilitated printing path and 

following the methodology used in previous works with vegetable fiber reinforcement 

[27,32]. Parameters were chosen in an attempt to achieve the highest volume fraction 

for the biocomposites, thus generating a 2.0x1.5mm layer.  

 

Figure 3.4 - Printed specimens for tensile tests. 

The tests were conducted under displacement control at 1.00 mm/min loading 

rate until failure (i.e. loss of structural integrity due to damage such as cracking, 

delamination, or fiber breakage.) in a model 23-30 EMiC Series 23 universal testing 

machine equipped with a 5 kN external load cell. A clip-gage extensometer was 

attached to the specimen at the central portion for strain measurement with loading.  

3.3.3 Scanning Electron Microscopy (SEM) Analysis 

The cross-sections of the specimens were analyzed using a TESCAN CLARA 

Scanning Electron Microscope equipment operating at 2 keV. The samples were dried 
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in an oven at 60 °C for 24 hours and kept in a desiccator for the removal of as much 

moisture as possible. The metallization process was conducted by covering the samples 

with a layer of gold towards improving their conductivity. 

3.4 Results and discussion 

3.4.1 Printhead development 

Initial attempts to manufacture a fiber-reinforced printhead were made with the 

aid of a PTFE tube that enabled the fiber to pass to the filament feed tube where it 

adhered to the heated PLA filament and was pulled to the hotend of a 2.1 mm nozzle. 

Like any developing technology, the procedure showed several problems at the 

beginning (e.g., tube clogging due to fiber winding, difficulty in the matrix’s passing 

as a consequence of fiber diameter, and fiber breakage because of friction between fiber 

and nozzle during material deposition).  

Another consequence of material extrusion printing with fibers is their 

stretching during deposition. Therefore, during the printing of the composite at the 

table, the yarns ended up on the top of the layer, i.e. not centered in the deposited 

filament, causing the yarn not to be completely impregnated by the polymeric matrix. 

Therefore, during a layer-on-layer deposition, part of the fiber-matrix interface 

occurred in the so-called cold joints, thus apparently generating less interfacial bonding 

in the area [35]. Figure 3.5 shows images of a printed layer.  
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Figure 3.5 - Printing process showing yarn decentralization in layers. 

The larger the yarn diameter, presumably the more difficult the impregnation 

of the inner filament will be, further compromising the final mechanical performance 

[38]. Figure 3.6, produced by Scanning Electron Microscope (SEM), shows the fiber 

detachment after a tensile test, with a fragile fiber-matrix interaction probably due to 

the low penetration of the matrix in the fiber yarn. In this case, modifying the polymer 

with additives and fiber pre-treatments could be an alternative for an improved fiber 

impregnation. 

 

(a) (b) (c) 

Figure 3.6 - Layers interface showing fiber detachment from matrix by SEM: (a) Jute, 

(b) Ramie, and (c) Sisal. 

Different from a single layer component, the yarn becomes fully surrounded by 

the matrix when many stacked layers are adopted, thus partially mitigating the 

aforementioned problem. As shown in Figure 3.7, the fibers are aligned in a multilayer 

model, whereas the matrix creates a shield around them, showing compaction, since 

the top layer improves the material interface, generating a smaller fiber-matrix 

detachment. However, the impregnation is not complete, occurring mainly at the yarn 

perimeter, while the inner regions remain less permeated by the matrix. 
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(a) (b) (c) 

Figure 3.7 - SEM images from multiplayer biocomposite reinforced with jute fiber. 

In addition, analyses using optical microscopy were conducted to assess the 

effect of different temperatures on the impregnation and quality of the layer, starting 

with temperatures near in the melting temperature of PLA, which is between 170-

180°C [43]. Kandemir et al. [44] highlighted that a greater homogenization occurs and 

an improved adhesion between layers can be obtained for working temperatures higher 

than the melting point. The temperature upper limit is characterized by the formation 

of bubbles that might compromise the mechanical properties of the matrix, harming the 

composite. Figure 3.8 shows the variation in layer production quality according to the 

temperature. 

 

Figure 3.8 - Variation in layer production quality according to the temperature. 

Since vegetable fibers are natural and made mostly of cellulose, problems such 

as strand breakage (Figure 3.9a), carbonized parts of fibers during printing (Figure 

3.9b) and formation of matrix bubbles (Figure 3.9c) can be faced during printing due 
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to either the characteristics of the fiber nature, the vegetable fiber-matrix interaction, 

or the 3D printed process.  

   

(a) (b) (c) 

Figure 3.9 - Problems during reinforced continuous vegetable fiber during 3d printing 

a) Fiber breakage, b) Carbonized fibers, and c) Matrix bubbles generation. 

An important effect observed was the increase in porosity with the yarn 

diameter, as depicted in Figure 3.10. This is apparently due to the formation of air 

bubbles between the fibers of the yarn – when passing the printing nozzle, it undergoes 

diametral compression, thus releasing the air trapped between the fiber and the matrix. 

  

(a) (b) 

Figure 3.10 - Variation in bubble formation according to yarn diameter: (a) 0.79mm 

(b) 1.35mm. 

The working temperature of PLA can affect the performance of the fibers since 

vegetable fibers are degraded at high temperatures [19] and low temperature reduces 

PLA mechanical properties [45]. To avoid the degradation of the fiber during printing 

due to exposure to higher temperatures at the hotend, a higher speed can be adopted. 

However, the increase in speed hampers composite adhesion to the printable table and 

printing in curves, causing fiber breakage from friction on the nozzle printer during 

printing [15]. 
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Such problems observed during printhead development were corrected or 

minimized over time. Clogging was minimized by positioning the fiber inlet tube near 

the nozzle printer, thus reducing the length of fiber passage in the extruder. The die 

passage was facilitated by either decreasing the fiber diameter, or increasing nozzle 

size, which also reduced air bubbles. The probability of fiber carbonization was 

reduced by increasing the printing speed, while the fiber breakage due to friction was 

resolved by sanding the edges of the nozzle for a smoother surface.  

Table 3.3 summarizes the printing characteristics of materials reported in 

literature. It can be seen that, in most cases, the fiber diameter was restricted to 0.20 to 

0.60 mm, with extrusion temperatures ranging between 190 and 270°C, depending on 

the matrix. The developed printhead allows fibers with diameters significantly greater 

(0.50 to 2.00mm), evidencing a real change of scale. The 2.1mm fiber-entry nozzle 

extruder was developed as a basis for a scale-up in polymer printing, enabling the 

production of up to 3mm wide fiber-reinforced layers, which is a large increase 

compared to previous studies. Consequently, a significant increase in productivity is 

expected. Since a standard printer with a 0.4mm nozzle and 40-60mm/s average print 

speed (limited by polymer’s characteristics) [46] generates an up to 7.5mm³/s print 

flow, the adaptation of the 2.1mm nozzle to 22mm/s print speed generates a 76.2mm³/s 

flow rate, (i.e. ten times the usual production). Indeed, from an environmental 

perspective, an increase in productivity is favorable, as highlighted by Kechagias and 

Chaidas [8], since the energy cost for 3D printing manufacturing is affected by the total 

printing time. Therefore, higher throughput results in faster production and, 

consequently, in more energy-efficient processes. 

Table 3.3 - Printing properties for composites with continuous fibers reported by 

previous studies. 

Reference Fiber Matrix 

Yarn 

diameter 

(mm) 

Nozzle 

diameter 

(mm) 

Extrusion 

temperature 

(°C) 

Yang et al. [35] Carbon ABS 0.60 0.80 230 

Carbon Nylon 0.35 0.12 265-270 
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Mohammadizadeh et 

al. [24] 

Glass Nylon 0.30 0.10 265-270 

Aramid Nylon 0.30 0.10 265-270 

Matsuzaki et al. [39] 
Carbon PLA 0.20 1.40 210 

Jute PLA 0.20 1.40 210 

Le Duigou et al. [27] Flax PLA 0.40 0.60 190 

Li et al. [38] Carbon PLA 0.60 - 180 

Cheng et al. [32] Ramie PLA 0.35 1.30 220 

Present research 

Jute PLA 0.50-1.20 2.10 200 

Ramie PLA 0.70-1.30 2.10 200 

Sisal PLA 1.40-2.00 2.10 200 

3.4.2 Assessment of printed multilayer components 

Analyses of geometry of printed multilayer composites reinforced with 

vegetable fibers require the definition of the printing path and the evaluation of its 

influence on the result. Print path, infill type and other factors can be defined through 

slicing software such as Cura, Slic3r, Simplify3D and others [8]. Different from a 

traditional printing process, the fabrication of structural components reinforced with 

continuous yarns requires the development of a printing path code to make the extruder 

to follow a single path from the beginning to the end of the component.  

The definition of printing paths considers the geometry of the component, the 

required fiber alignment, and the need to maintain continuous deposition without 

interruptions. The paths are programmed to minimize sharp turns, ensuring smooth 

transitions that prevent excessive fiber bending or detachment from the substrate. 

Additionally, the deposition sequence is optimized to maximize fiber-matrix contact 

and avoid overlapping inconsistencies that could compromise the mechanical 

performance of the final part. 

The first analysis performed was focused on the effects of different fibers such 

as yarns on the printing of a multilayer component (Figure 3.11), revealing that the 

maintenance of the same flow, temperature and printing speed led the smallest fiber 

diameters to generate components with higher precision and little resistance to change 
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in direction. This characteristic is of great importance to avoid loss of contact with 

adjacent and top layers; in the latter case, the base becomes irregular and propagates 

errors to subsequent top layers. 

 

Figure 3.11 - Printing of multilayer composites reinforced with yarn from different 

vegetable fibers. 

Models with different printing paths were then tested towards forming a 

laminate with continuous fibers in different directions (Figure 3.12). When the printing 

process involves layers with different paths, the end of the bottom layer must coincide 

with the beginning of the top layer and the upper layers must always have a support so 

that they can be printed -– unlike traditional printing, printing is not performed on a 

removable support. 
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Figure 3.12 - Printing paths of multilayer composites. 

To assess the code efficiency and printing results for the production of 

multilayer components with curved parts, a fifteen-layer structural truss element was 

produced (Figure 3.13). The printing settings were the same as those used in the 

biocomposite tensile test, resulting in a fifteen-layer truss of 307x72x15mm overall 

dimensions. Figure 3.14 displays the truss during and after printing. 

 

Figure 3.13 - G-Code printing path for truss. 
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(a) (b) 

Figure 3.14 - 3D printing of the truss: (a) printing process (b) printed truss. 

Figure 3.15 shows the final configuration of the truss. Despite the excellent 

result, the yarns tended to move from the path defined in the model when it is exposed 

to several curves in a row seemingly due to fiber stiffness and because the matrix 

material takes longer to cool and to acquire strength. Therefore, in complex elements, 

the curves must be printed at a lower speed to prevent the fiber from being drawn out 

of position. Although the printing process may eventually result in yarn breakage, it 

seems not to compromise the process, since the friction between the matrix and yarn 

inside the nozzle is strong enough to pull the cut fiber and continue the process without 

interruption. On the other hand, this may lead to loss of mechanical properties in the 

broken region. 

 

Figure 3.15 - Defects present in the current methodology.  



107 

 

3.4.3 Vegetable fiber yarn mechanical properties 

Results for strength and elastic modulus of fiber yarns are summarized in Table 

3.4 and reveal that the lowest strength was achieved for ramie, despite its higher 

Young’s modulus. On the other hand, sisal yarns showed the highest tensile strength 

and the lowest modulus of elasticity. A comparison of such results with those expected 

for isolated fibers (Table 3.1) shows a significant variation. 

Table 3.4 - Tensile properties of vegetal fiber yarns. 

Type of vegetable fiber 

yarns 

Tensile strength 

[MPa] 

Young’s Modulus 

[GPa] 

Ramie 57.2±12.9 8.4±1.3 

Jute 71.0±8.9 5.7±1.2 

Sisal 112.8±9.2 5.4±0.3 

Since vegetable fibers have a finite length that depends on the species [47], they 

form a continuous yarn by twisting several long fibers into a single one. Moreover, 

these yarns are normally intended for handicrafts and ropes and, therefore, are not 

subject to a high-quality control. A significant variability in the number of fibers that 

compromise its diameter also directly influences the results of mechanical properties, 

as shown in Table 3.3. For jute yarns, for instance, diameters ranging from 0.5 to 1.2 

mm can be seen. The yarns tend to exhibit lower tensile strength and Young’s modulus 

in comparison to a single isolated fiber, due to the presence of defects such as 

discontinuity and waviness of fibers. 

3.4.4 Biocomposite mechanical properties 

Regarding the effect of the vegetable fibers as 3D printing reinforcement, Table 

3.5 shows the results of tensile strength and modulus of elasticity for each type of 3D 

printed biocomposite studied. It should be noted that, differently from synthetic fibers, 

vegetable fibers undergo changes in mechanical and physical properties due to climatic 

conditions, soil, and age [48]. Furthermore, these fibers are provided by a low-

developed industry worldwide and variations in diameter, for example, are expected. 

On the other hand, the effective diameter of the deposited composite filament is similar 



108 

 

in all cases and each sample was constituted by four parallel filaments, which 

contribute to minimizing variability issues. However, another crucial factor influencing 

the results is the non-perfect alignment of the fibers in the in situ impregnated samples. 

In inherently brittle matrices such as PLA, this misalignment can prevent efficient load 

transfer, as the matrix may fail prematurely before transferring stress to the fibers. This 

phenomenon likely contributes to the discrepancies observed in Table 3.5, where the 

tensile properties of the fibers and their volume fractions do not always correlate with 

the composite performance as expected. Nonetheless, some reasonable trends emerge, 

particularly in tensile strength, which is generally less sensitive to fiber misalignment 

than Young’s modulus. 

Although no one-to-one comparison in volume fraction was performed, other 

parameters were set and controlled. PLA flow is controlled according to the number of 

revolutions of the stepper motor during the deposition of the material in the hotend at 

constant speed. Therefore, the fixed parameters in all composites are: flow, 

displacement speed on Cartesian axes, table and extruder temperature, and printing 

path. 

Table 3.5 - Tensile test result for 3D printed biocomposites. 

Type of 

reinforcement 

Linear 

density 

[g/m] 

Fiber volume 

fraction [%] 

Tensile 

strength 

[MPa] 

Young’s 

Modulus 

[GPa] 

Unreinforced 

matrix 
- - 55.7±4.6 3.4±0.2 

Ramie 
0.31±0.05 

(310 tex) 
10.8 -18.3 57.2±2.5 3.8±0.1 

Jute 
0.33±0.03 

(330 tex) 
12.5 - 21.8 62.8±3.6 4.3±0.3 

Sisal 
1.80±0.05 

(1800 tex) 
34.3 - 48.2 71.6±2.6 4.0±0.5 

The specimens reinforced with sisal fibers showed the highest strength, 

reaching an 28.6% improvement compared to an unreinforced specimen. The low 

resistance gains can be explained by the low volume fraction used and the low adhesion 

– the former was limited by the conditions of the printing process addressed in the 
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printhead development section. The best results were obtained by sisal, used with the 

highest volume fraction (34.3 - 48.2%) among the three types of fiber. 

Despite the aforementioned comparison, the objective of this study is not to 

compare the behavior of the different composites, but to show the feasibility of 

applying vegetable yarns of different types supplied by local companies to larger 

diameter nozzles for the production of printed multilayer components, emphasizing the 

positive and negative aspects of the process. Although composites of sisal showed the 

best mechanical responses, largely due to its higher volume fraction and large diameter, 

it faces obstacles, since its larger diameter hampers printing on complex paths, as 

mentioned in Section 3.2. 

The economic benefit of replacing PLA with natural fibers in 3D-printed 

biocomposites is an important consideration. Natural fibers are generally lower in cost 

compared to PLA, as they are derived from renewable resources and often sourced as 

agricultural byproducts. This cost reduction can be significant, especially when fibers 

partially replace PLA in the composite formulation. Additionally, even if the increase 

in mechanical properties is marginal, it may still lead to material savings, as a lower 

amount of composite could achieve the same performance as a pure PLA structure. 

This potential for material reduction, combined with the lower cost of fibers, enhances 

the overall economic viability of fiber-reinforced PLA biocomposites, making them a 

more sustainable and cost-effective alternative in specific applications. 

However, an increase only in the reinforcement yarn diameter is not a good 

solution for printing on larger scales, since the internal fibers of the yarn are not 

impregnated by the matrix. Consequently, an insufficient wetting is obtained, resulting 

in a reduced load transfer capacity and affecting the composite performance [49]. An 

option would be the use of more than one yarn per print, as done by Caron et al. [50], 

who used in flow-based pultrusion process. 

Another important result was the higher Young’s modulus in jute fiber 

composites. Despite the smaller diameter and consequent smaller fiber volume 

fraction, the yarns presented a higher percentage of fibers at their interface compared 
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to ramie and sisal, whose fibers of the yarns were unbonded and presumably did not 

contribute effectively. 

Sisal modulus was the lowest among the yarns tested despite its highest volume 

fraction for sisal specimens; other characteristics such as waviness may also affect the 

composite behavior during the elastic range. Moreover, the composite strength is 

mostly governed by the matrix and the presence of defects in it and along the interface 

between jute/PLA and ramie/PLA may lead to a premature failure. 

The use of continuous vegetable fibers in 3D printing, even in low volumes, 

has shown potential for reinforcement. Figure 3.16 compares the results from this study 

with those reported in literature. As mentioned previously, the highest tensile results 

were obtained with the use of synthetic fibers such as carbon, glass, and aramid. 

Moreover, several authors used 3D printers already prepared for fiber insertion with 

nozzles and pre-defined parameters that enabled the use of a high-volume fraction of 

fiber. On the other hand, the increase in fiber diameter is inversely proportional to the 

tensile strength of the composite. 
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Figure 3.16 - Comparison of tensile strength for different continuous yarn printed 

composites [24,27,32,35,38,39]. 

Regarding vegetable reinforced specimens, Le Duigou et al. [27] and Cheng et 

al. [32] used low diameters of 0.40 and 0.35mm for a better fiber-matrix interaction; 

however, the large-scale printing production was compromised. Cheng et al. [32] 

performed a pre-treatment of the fiber decreasing porosity, thus resulting in a better 

interfacial behavior. The ramie used in the present study was obtained by untwisting a 

commercial string, thus this may result in weaker yarns. 

Figure 3.17 shows a mean yarn stress-strain curve; the grey band corresponds 

to the envelope (i.e. scatter dispersion). Brittle failure with fiber slippage was observed 

as the typical failure mode, evidencing the low interfacial adhesion between the fiber 

and the matrix. Such a low adhesion combined with a low volume fraction, especially 

in cases of reinforcement with jute and ramie, shows the small difference between the 

mechanical properties of the composite and the matrix. Moreover, all samples failed at 

the free length, showing that the adoption for prismatic-sampled specimen did not 

influence the results. Although incipient, such an improvement demonstrated adequate 

treatments to the process for increasing the fiber fraction can generate a composite of 

even better properties.  

 
Figure 3.17 - Stress- Strain behavior  for each composite. 
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Regarding composites reinforced with sisal fiber, which showed the highest 

volume fraction tested, some of the specimens exhibited a pseudo-ductile behavior. In 

fact, after the matrix failure, fibers were able to bridge the crack and sustain a certain 

load, showing an increase in toughness. Figure 3.18 displays a comparative force x 

displacement test of each vegetable fiber printed specimen and the sisal’s ability to 

sustain a certain load after matrix rupture. 

 

Figure 3.18 - Stress x Strain curves for specimens produced with sisal yarns. 

3.5 Conclusions 

This study assessed the possibilities of using vegetable fibers in the form of 

yarns as reinforcement for 3D printing complex biocomposite-based components. 

Analysis of the method was conducted through by using printed composites reinforced 

with yarns of jute, ramie and sisal fibers subjected to fiber mechanical tests. The 

following conclusions have been drawn: 

- The study demonstrated the feasibility of using a large diameter printing nozzle 

for printing biocomposites reinforced with larger vegetable yarns. Furthermore, 

it was found that a larger diameter is correlated with a reduction in energy 

consumption per unit volume. In addition, the use of vegetable fiber yarns also 

contributes to the reduction of the total volume of polymer to be heated (up to 

48.2% of polymer replaced by fiber in printing), reducing the overall carbon 

footprint of the composite. 
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- The printing parameters such as speed, temperature and flow were kept constant 

for a better qualitative analysis of the prints with the different fibers tested. It 

was observed that the load transfer capacity, fiber-matrix adhesion, and the 

composite performance are strongly dependent on the impregnation of the fiber 

by the matrix, which are related to the aforementioned parameters, as well as 

on the yarn diameter and characteristics. 

- Despite their lower strength in comparison to the single fiber, vegetable yarns 

reinforcement potential for 3D printing was confirmed. Increases of 12.76% 

and 28.61% were observed for composites reinforced with jute and sisal, 

respectively. The highest modulus was reported for jute-reinforced PLA, with 

4.32±0.34 GPa.  

- Lastly, the investigation highlighted the feasibility of incorporating plant-based 

continuous fibers as reinforcement in the 3D printing of multilayer components. 

The occurrence of fiber slippage during the deposition of angled layers 

emphasized the necessity of setting the printing parameters (such as speed, 

temperature, and flow) specifically for these regions to prevent this 

phenomenon and enable the utilization of such fibers in the fabrication of 

structural elements. Substituting the prevalent synthetic fibers employed in the 

large-scale printing industry will result in a noteworthy reduction in emissions 

within the sector. 
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Chapter 4  - ANALYSIS OF VOIDS, INTERFACIAL, AND 

THERMAL PROPERTIES OF ADDITIVELY MANUFACTURED 

CONTINUOUS NATURAL FIBER-REINFORCED 

BIOCOMPOSITES 

This chapter was published under the reference: 

Natália V. Santos, Daniel K. K. Cavalcanti, Jorge S. S. Neto, Henrique F. M. de 

Queiroz, Mariana D. Banea, Daniel C.T Cardoso, Analysis of voids, interfacial and 

thermal properties of additively manufactured continuous natural fiber-reinforced 

biocomposites. Progress in Additive Manufacturing (2024). 

https://doi.org/10.1007/s40964-024-00913-5 

The incorporation of continuous natural fibers as reinforcement in Fused Filament 

Fabrication (FFF) is influenced by the intrinsic characteristics of the printing process. 

Analyzing the effects of this type of reinforcement is essential for achieving high-

performance biocomposites. This study evaluates the impact of heating temperature on 

fiber and biocomposite properties, the types of voids generated during printing, and the 

quality of the fiber-matrix interface. Thermal and image analyses were conducted to 

investigate the fibers' thermal behavior and the presence of voids. Additionally, a novel 

methodology was developed to fabricate thermoplastic printed samples reinforced with 

natural large-diameter yarns for pull-out tests. The results indicate that the natural fibers 

exhibit suitable thermal stability for FFF applications, with the lignin degradation peak 

occurring between 294.6°C and 366.1°C, which is above the FFF printing temperature 

range for PLA (160°C to 220°C). However, image analysis revealed that larger yarn 

diameters compromise the interfacial bonding with the matrix material, despite partial 

impregnation along the perimeter of the yarn. Void content was observed to reach up 

to 57.0% of the total volume, emphasizing the inadequate material impregnation within 

the yarn structure. Overall, the findings confirm the potential of utilizing continuous 

natural fibers as reinforcements in FFF-based composites. 
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4.1. Introduction 

Additive manufacturing (AM), also known as 3D printing, has become a go-to 

technology across various industry sectors, thanks to its numerous advantages over 

traditional manufacturing techniques. Traditionally, the complexity and the overall 

efficiency of a part to be manufactured are dependent on the specific printing 

parameters [1] and materials used. With the assistance of AM, these two factors are 

functionally decoupled, allowing highly complex parts to be fabricated at essentially 

the same cost as much simpler ones. However, despite the ease of fabrication, the 

polymer properties are usually insufficient to meet structural application requirements 

and modifications to the traditional polymer-printing approach may be necessary. 

The 3D printing extrusion process called FFF stands out as one of the most 

attractive options in AM in terms of simplicity, making it the most widespread 

technique. This method is characterized by the deposition of material layer by layer in 

a computer-aided design fashion. Among the possible techniques for enhancing the 

mechanical properties of the most used polymers in FFF, the fiber reinforcement of the 

filament itself has proven to be one of the most promising [2]. The reinforcements can 

be of three main categories: fillers, discontinuous and continuous fibers. 3D printing of 

continuous natural fiber-polymer printing has become a suitable alternative to produce 

a material with good mechanical properties while accounting for the use of renewable 

resources [3].  

The choice of which filament to use is very important because its characteristics 

directly influence the possibilities of reinforcement once the continuous fiber is 

subjected to the melting temperature of the thermoplastic polymer material [4]. 

Therefore, particularly in the scenario of natural fibers exhibiting diminished thermal 

stability, the investigation of the potential correlation between the polymer's melting 

temperature, where the main printing polymers have their melting point ranging from 

160 to 240°C [5,6], and the degradation of the natural material becomes imperative. 

Some recent works reported a concern with the integrity of the fibers used as 

reinforcement in the printing process. Thermal studies to verify the integrity of the 

reinforcement of synthetic fibers in printing by FFF were carried out by analyzing the 
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peak crystallization of the copolymer Nylon/micro carbon fibers (Onyx) and the 

degradation temperature of the carbon fiber, verifying that the working temperature of 

the printer did not lead to degradation or weight loss, i.e., not compromising the 

material properties [7]. Additionally, the thermal analysis of filaments reinforced with 

short glass fibers showed that there was an increase in the glass transition temperature 

(Tg) with the addition of the reinforcement, suggesting that this composition restricted 

the mobility of the polymeric chains of the composite [8]. Conversely, the thermal 

integrity analysis of short curauá fibers used as polylactic acid (PLA) reinforcement 

showed that the increase in fiber concentration reduced the thermal stability of the 

composites [9]. 

Another factor of great influence on the composite materials is the adhesion 

between fiber and matrix at the interface [10]. The influence of the fiber length and the 

efficiency of the adhesion between the fiber and the matrix are of prime importance to 

guarantee the highest strength and stiffness values for the composite [11]. In 

composites, the interface is defined as a reaction or diffusion zone in which these two 

elements are chemically, physically, and/or mechanically combined [12]. Composites 

made by a combination of fibers and polymers have their mechanical properties 

controlled largely by the efficiency of bonding at the interfacial boundary [13]. Poor 

adhesion is reflected in the inefficient use of the potential of the composite, which can 

also increase the porosity of the material, making it vulnerable to environmental attacks 

that can reduce its service life [14]. From a chemical point of view, this poor interfacial 

adhesion between the fiber and the matrix is due to natural fibers having a hydrophilic 

nature while most polymeric matrices are hydrophobic [15,16]. This is due to the 

presence of polar elements in natural fibers, i.e., water-soluble, leading to high moisture 

absorption [17]. The high moisture absorption of natural fibers, their poor wettability, 

and the insufficient adhesion between untreated fibers and the polymer matrix lead to 

sagging with age [18]. The presence of water also leads to the occurrence of swelling, 

hydrolysis, and matrix plasticization [17], which have deleterious effects on the 

mechanical properties. 
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Santos et al. [19] developed a continuous yarn reinforcing method employing a 

modified FFF hotend adapted for the in-situ impregnation of natural fibers with a 

biopolymer matrix. In this work, jute, ramie, and sisal fibers were combined with PLA 

to produce bio-based printed filaments with diameters up to 3 mm for large-scale 

printing. The results demonstrated that this technique is a viable alternative, 

significantly enhancing the material properties compared to the neat polymer. 

However, the study revealed issues related to the fiber-matrix interface and the thermal 

stability of the biocomposites. Current literature predominantly utilizes smaller-

diameter yarns [20–22], which present challenges in producing larger-scale structural 

elements, and primarily focuses on flax fibers as the main natural reinforcement. This 

research advances the field by evaluating alternative natural fibers as potential 

reinforcements and assessing the feasibility of using larger-diameter natural fiber yarns 

in FFF-printed composites. This approach explores their potential for reinforcing eco-

efficient biocomposite structures, particularly for structural applications. The study 

aims to investigate thermal and adhesion properties, which are crucial for achieving 

higher performance and broadening the scope of these materials' applications.  

4.2. Materials and Methods 

4.2.1 Materials 

The reinforcing materials used in this work consisted of jute, ramie, and sisal 

yarns provided by SISALSUL (São Paulo, Brazil). A polylactic acid filament (PLA) 

with a diameter of 1.75 mm provided by 3DLAB (Minas Gerais, Brazil) was used for 

the matrix. Table 4.1 and Table 4.2  presents the main properties of the materials used. 

The cross-sectional area of each yarn was measured by Fiji’s plugin Trainable Weka 

Segmentation [23], with images acquired through the optical microscope technique 

(Nikon SMZ800N). 

Table 4.1 - Properties of the natural yarns used 

Properties Jute Ramie Sisal 

Yarn diameter (mm) 0.86±0.22 0.96±0.16 1.72±0.17 

Fiber length (mm) 13.19±1.30 14.99±3.19 83.24±9.34 

Linear density (TEX) 310±50 330±30 1800±50 
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Table 4.2 - Properties of the natural materials according to the literature [24,25] 

Properties Jute Ramie Sisal PLA 

Fiber diameter (μm) 25-200 20-35 50-300 - 

Density (g/cm3) 1.3-1.5 1.5-1.6 1.3-1.5 1.21-1.25 

Tensile strength (MPa) 393-800 400-968 468-1150 21-60 

Young modulus (GPa) 10-30 44-128 9-22 0.35-3.5 

Cellulose (%) 58-71 76 59-73 - 

Hemicellulose (%) 12 17 13-24 - 

Lignin content (%) 12-14 1 11-15 - 

Moisture absorption (%) 12 12-17 11 - 

Melting temperature (°C) - - - 160-220°C 

 

4.2.2 Composite manufacture 

4.2.2.1 Thermal tests and Image analysis samples 

For the thermal tests (i.e. TGA, DSC, and FTIR) and image analysis, (i.e. SEM and 

μCT) PLA-jute, PLA-ramie, and PLA-sisal composites were manufactured by FFF 

using a Zmorph VX printer adapted for the simultaneous printing of polymer and 

continuous natural fiber yarns through In-situ impregnation method [4,19]. The choice 

for larger-diameter yarns is due to the need to manufacture larger-scale structural 

elements that require a greater flow for their production to be viable. Figure 4.1a 

presents a schematic drawing of the extruder configuration whereas the entry of the 

larger-diameter yarn into the extruder can be observed in Figure 4.1a, which presents a 

schematic drawing of the extruder configuration, while Figure 4.1b shows the printer’s 

extruder. Table 4.3 summarizes the main printing parameters used for the biocomposite 

fabrication, based on Santos et al. [19]. The mechanical properties of printed 

biocomposites were obtained in previous works and are summarized in Table 4.4. 
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(a) (b) 

Figure 4.1 - Extruder printer of the composite (a) schematic drawing and (b) printing 

extruder. 

Table 4.3 - Printing parameters. 

Parameter Value 

Nozzle diameter 2.1 mm 

Printing speed 10 mm/s 

Extruder temperature 200 °C 

Bed temperature 60 °C 

Layer height 1.5 mm 

Layer width 3.0 mm 

 

Table 4.4 - Mechanical properties for 3D printed biocomposites [19]. 

Properties Neat PLA PLA-Ramie PLA-Jute PLA-Sisal 

Fiber volume fraction - 10.8-18.3 12.5-21.8 34.3-48.2 

Tensile strength (MPa) 55.7±4.6 57.2±2.5 62.8±3.6 71.6±2.6 

Young’s Modulus 

(GPa) 

3.4±0.2 
3.8±0.1 4.3±0.3 4.0±0.5 
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4.2.2.2 Pull-out test  

The printed specimens for the pull-out tests were prepared with four polylactic 

acid (PLA) layers using an Ender V3 machine available at the Laboratory of Structures 

and Materials (LEM-DEC) (PUC-Rio, Rio de Janeiro, Brazil). The test methodology 

developed in this study is novel and was designed to replicate, with fidelity, the 

phenomena intrinsic to the printing process through in-situ impregnation. During this 

procedure, the matrix layers undergo fusion, ensuring complete encapsulation of the 

yarn within the interlayer joint. The layer dimensions must possess sufficient width to 

obviate the formation of inter-filament voids. This methodology is innovative because 

it simulates the pull-out behavior of natural yarns in thermoplastic composites 

produced via FFF, a technique that has not been previously applied in literature. The 

approach replicates the effect of PLA impregnation observed during printing, where 

the deposition of molten material over the fiber promotes its partial infiltration into the 

yarn structure.  It is important to note that this methodology was specifically developed 

to simulate the impregnation behavior caused by the layer-by-layer deposition of PLA 

over the fiber, rather than the pressure effects occurring inside the nozzle during in-situ 

impregnation. Unlike the modified printer-head, where the fiber experiences pressure 

within the nozzle, the pull-out test specimens were designed to replicate the interaction 

between molten PLA and the fiber as it is deposited. The process involves producing 

half of the layers (Figure 4.2a), pausing the process to position the fibers (Figure 4.2b), 

and printing the final layers (Figure 4.2c). Table 4.5 summarizes the main printing 

parameters.  
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(h) (g) 

Figure 4.2 - Pull-out test process: (a) printing of half of the layers, (b) positioning the 

yarns, (c) printing the final layers, (d) pull-out sample, (e) pull-out test setup, (f) 

printing process, and (g) deposition detail. 

Table 4.5 - Pull-out test printing parameters. 

Parameter Value 

Nozzle diameter 1.0 mm 

Printing speed 2.5 mm/s 

Extruder temperature 200 °C 

Bed temperature 60 °C 

Layer height 1.0 mm 

Layer width 1.0 mm 
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4.2.3 Testing Methods 

4.2.3.1 Microstructural analyses 

4.2.3.1.1 Scanning Electron Microscopy (SEM) 

The cross-sections of the specimens were analyzed using a Tescan Clara 

Scanning Electron Microscope equipment operating at 2 keV. The samples were dried 

in an oven at 60°C for 24 hours and kept in a desiccator to remove moisture. The 

metallization process was conducted by covering the samples with a layer of gold to 

improve their conductivity. The SEM provides insights into fiber-matrix interactions, 

as well as the structure, yarn impregnation, and fiber positioning within the PLA matrix, 

offering a detailed understanding of the composite's internal configuration.  

4.2.3.1.2 X-ray microtomography (μCT)  

A XRANDIA 510 Versa microtomography microscope equipment available in 

Image Analysis and Digital Microscopy Group (MicDigi) in the Chemical and 

Materials Engineering Department (PUC-Rio, Rio de Janeiro, Brazil) was used. The 

fiber distribution in the matrix and the presence of defects in the sample such as 

porosity were evaluated. It is a non-destructive qualitative technique based on the 

principle of radiography that allows for obtaining 2D and 3D images of bulk material. 

The images were processed using the Dragonfly© software [26]. Reduced 

computational demands were achieved by delineating smaller regions of interest 

around the sample’s image to eliminate the background. The tomography scan consists 

of the sample (multilayer jute-reinforced polymer) and an empty background. The 

segmentation sample image used was a prism with dimensions of 5.48×6.80×8.09mm. 

The technique allowed analyzing void sizes and types that cannot be assessed with 

other techniques.  

4.2.3.2 Thermogravimetric Analysis (TGA) 

The TGA analysis was carried out via NETZSCH TG 209F3 Tarsus equipment 

available in the LADES (CEFET/RJ, Rio de Janeiro, Brazil). Each sample was tested 

in the temperature range of 20-550°C at a constant rate of 10 °C min-1 under nitrogen 

(N2) atmosphere, with the temperature range selected based on studies from the 
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literature on natural fiber-reinforced biocomposites [27] and AM [9]. Approximately 

20 mg of each composite sample was used for each measurement and the testing 

procedure followed the recommendations of the ASTM E1131 [28]. The objective of 

this test was to assess the degradation characteristics of the material by analyzing 

moisture content, degradation temperature, the presence of volatile components, and 

ash content. In the context of this research, it was used to analyze the degradation 

behavior of natural fibers and biocomposites, evaluating the effects of heating the fibers 

during 3D printing and verifying their possible effects. 

4.2.3.3 Differential Scanning Calorimetry (DSC) 

The temperature-dependent transformations of the composite samples were 

carried out in a NETZSCH DSC 200F3 Maia equipment, available in the LADES 

(CEFET/RJ, Rio de Janeiro, Brazil). The experiment was conducted with a heating rate 

of 20 C° min-1, in the temperature range of 20-550°C with a nitrogen (N2 flux of 50 

mL min-1). About 20 mg of each sample were used and the procedures of the ASTM 

D3418 [29] were followed. The test aims to identify the glass transition temperature 

(Tg) and crystalline melting temperature (Tm) as well as factors such as degree of 

crystallinity, crosslinking, and thermal, and oxidative stability. In the context of this 

research, it was used to analyze the matrix, natural fibers, and the biocomposite. The 

addition of fibers within the thermoplastic matrix can affect the thermal properties of 

the composites [24].  

Although the polymer matrix used in this study has a printing temperature of 

200 °C, testing up to 500 °C was necessary to capture the complete degradation profile 

of the natural fibers. A broader temperature range ensures the identification of all 

critical decomposition points. Moreover, it provides relevant data for future studies 

exploring high-performance polymers that operate at higher extrusion temperatures 

beyond 300 °C. 

4.2.3.4 Fourier-transform infrared spectrometry (FTIR) 

FTIR of fiber samples was carried out in FTIR-ART Spectra-Two equipment 

from Perkin-Elmer available in the Synthesis and Characterization Laboratory 
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(NanoLaserLab) (PUC-Rio, Rio de Janeiro, Brazil). The resolution for all the spectra 

was 4 cm-1, and the average number of co-added scans was 32. The ASTM E1252 

international standard was used [30]. The chemical interactions between the 

reinforcement and matrix are an integral part of the makeup of the composite and its 

overall properties, therefore, their study is necessary. FTIR tests permit the 

identification of the chemical groups of the samples and the evaluation of the main 

differences between the chemical composition of each fiber studied. 

4.2.3.5 Pull-out  

The pull-out tests were performed using an Instron® 5966 universal testing 

machine equipped with a 1kN load cell (Norwood, MA, USA) available in the 

Laboratory of Adhesives and Composites Materials (LADES) (CEFET/RJ, Rio de 

Janeiro, Brazil). The tests were carried out at room temperature (23°C) and 50% 

relative humidity, at a displacement rate of 0.2 mm/min up to failure. The final 

specimen had a free length of 125 mm and an embedded length of 11±1 mm. Five 

samples of each yarn were tested. A jig was used to ensure that no other forces (clamp 

pressure) interfered with the pull-out test. Figure 4.3 shows the pullout test sample and 

setup. The execution of this test was based on the work of Lima et al. [31].  
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(a)  (b) 

Figure 4.3 - Pull-out test specimen production: (a) printed sample (b) pull-out test 

setup. 

4.2.3.5.1 Pull-out data analysis 

The Interfacial Shear Stress (IFSS) was calculated using equation (1) by Kelly 

et al. [32], where P is the applied load (N), r is the equivalent radius, and l corresponds 

to the embedded length of the yarn. The diameters of the yarns were obtained through 

a Nikon SMZ800N optical microscope and measured using FIJI [23] Software. 

𝜏𝐼𝑆𝑆 =  
𝑃

2𝜋𝑟𝑙𝑒
                                                               ( 1 ) 

4.3. Results and Discussion  

4.3.1 Types and effects of voids on printing quality 

The generation of voids during the extrusion of the fiber and matrix from the 

nozzle may affect the overall mechanical performance of the biocomposites. Santos et 

al. [19] highlight that the formation of voids results from a combination of factors 

including printing speed, filament diameter, and printing temperature. Figure 4.4a and 

4.4b show representative SEM images of a single layer of the reinforced printed 

material. The 3D printing process using the in-situ impregnation of continuous fibers 



132 

 

results in the eccentricity of the yarn in the layer, as shown in Figure 4.4c [4]. 

Furthermore, due to the misalignment of the natural yarn, its upper part remains 

exposed and is only covered by PLA when a new printed layer is deposited on top of 

the previous one (Figure 4.4d). Upon deposition, the upper layer experiences a 

temperature disparity compared to the lower layer, resulting in what is commonly 

called a cold joint (i.e. imperfect fusion between the upper and lower layer) [33]. 

Moreover, this type of interaction can result in lower interlaminar shear strength 

between deposited layers. The images show an apparent good yarn-matrix interaction, 

evidenced by the absence of voids throughout the interface. However, it appears that 

polymer permeation into the yarn core is minimal. As a result, the adhesion 

predominantly occurs at the surface of the yarn, leaving the inner fibers largely 

unaffected. This superficial bonding limits the ability of the polymer to effectively 

engage the inner fibers, reducing their contribution to the overall mechanical 

performance of the composite material. 

  

(a) (b) 
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(c) (d) 

Figure 4.4 - SEM of a printed layer reinforced: (a) closeup of a jute yarn within the 

PLA matrix, (b) single layer sisal reinforced specimen, (c) Eccentricity of single layer 

ramie fiber, and (d) multilayered jute reinforced specimen. 

Through the examination of a tomographic specimen of the printed composite 

material reinforced with continuous jute fibers, it is possible to highlight the presence 

of three distinct categories of voids that contribute to the porosity of the biocomposite 

specimen, as illustrated in Figure 4.5. These voids can be categorized as inter-filament 

voids, bubbles, and fiber-matrix interfacial voids. Inter-filament voids are attributed to 

the geometric characteristics of the printed layers, exhibiting an ellipsoidal morphology 

resulting from imperfect interlayer adhesion during deposition [34]. On the other hand, 

bubbles, as explained by Santos and Cardoso [19], originate from variations in the 

deposition speed and printing temperature. Finally, fiber-matrix interfacial voids are 

related to the large-yarn diameter and the insufficient impregnation time during the 

printing process, which limits the complete penetration of the thermoplastic into the 

yarn, leading to voids. 
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(a) (b) 

  

(c) (d) 

Figure 4.5 - MicroCT analyses of printed layers reinforced with jute: (a) XY Plane, (b) 

YZ Plane, (c) XZ Plane, and (d) 3D Model. 

By employing image analysis, the volumetric content of voids within the 

bioprinted material can be quantified. The total porosity of the sample, accounting for 

all types of voids, was measured at 11.7% (as depicted in Figure 4.6a and 4.7b). In 

comparison to Saidane et al. [35], who explored the utilization of continuous glass fiber 

reinforcement in FFF with extrusion-based impregnation methods, an upper limit of 

8.0% porosity was reported. Furthermore, Chabaud et al. [36], in their investigation of 

the hygromechanical properties of 3D printed composites comprising continuous 

carbon and glass fiber reinforcement within a polyamide matrix, identified porosities 

reaching as high as 15.1%. Hence, it can be deduced that, despite the inherent organic 

nature of the fiber yarn, it exhibits porosity levels comparable to those achieved when 

employing synthetic fibers in the context of 3D printing. 
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(a) (b) 

  
(c) (d) 

Figure 4.6 - Image processing of printed voids (in red) within the polymer matrix (in 

gray): (a) Cross section segmentation, (b) 3D model of all voids, (c) 3D model of inter-

filament voids (in red), and (d) 3D model of fiber-matrix and bubbles voids (in yellow). 

Of the total 11.7% porosity observed in the sample, 7.1% can be attributed to 

voids between the fiber-matrix interface and entrapped air bubbles, while the remaining 

4.6% is associated with voids located between the filaments, i.e inter-filament voids. 

Figure 4.6c shows a 3D model highlighting the inter-filament voids and Figure 4.6d 

shows the fiber-matrix and bubbles voids, these cannot be analyzed separately since 

some of their element’s overlap.  

Figure 4.7 presents the volume and aspect ratio distribution of the segmented 

voids. The volume (Figure 4.7a and 4.8c) and aspect ratio (Figure 4.7b and 4.8d) are 

visually represented using a 32-color lookup table. Analyzing inter-filament voids in a 
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segmented image reveals critical insights into potential rupture failure, which could 

compromise material integrity. The continuous nature of the inter-filament voids along 

the deposition layer can lead to delamination, resulting in a brittle failure in this region. 

Fiber-matrix and bubble voids are analyzed together, as they are mostly connected. The 

highest volumes (Figure 4.7c) are observed in fiber-matrix voids due to their 

interconnection within the yarn, highlighting impregnation challenges by the 

thermoplastic's limited time in the print nozzle to impregnate larger-diameter yarns. 

The aspect ratio (Figure 4.7d) is greater in bubbles due to their geometry. The aspect 

ratio plays a key role because various types of voids—such as inter-filament voids, 

fiber-matrix voids, and bubbles—originate from different mechanisms, which result in 

distinct shapes. Examining the aspect ratio allows for a more precise identification of 

these void types based on their geometric features. This distinction is critical for 

comprehending how each void type affects the overall behavior and performance of the 

material.  

  

(a) (b) 
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(c) (d) 

Figure 4.7 - Segmentation: (a) 3D model of the volume of Inter-filament voids (b) 3D 

model of the aspect ratio of Inter-filament voids, (c) 3D model of the volume of fiber-

matrix voids, and (d) 3D model of the aspect ratio of fiber-matrix voids. 

Moreover, the cross-section of the jute yarn was subjected to a quantitative 

study, determining the volume of voids per yarn length (Figure 4.8). Consequently, by 

delineating the ratio between the void volume and the cross-sectional area of the yarn, 

it was possible to ascertain values reaching up to 57.0% of the total volume, thereby 

accentuating the insufficiency of material impregnation within the yarn structure. It is 

important to highlight that this percentage specifically corresponds to the region 

containing the yarn, where a detailed analysis was conducted by supposing the yarn as 

a perfect cylinder.  To address this issue, a viable remedy involves the implementation 

of a pre-treatment method, exemplified by the flax fiber yarn optimization process as 

employed by Yang et al. [37], aimed at enhancing the impregnation level of prepreg 

filaments. 
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(a) (b) 

Figure 4.8 - MicroCT image analysis of voids using DragonflyTM. 

4.3.2 Thermal properties 

The mechanical properties of biocomposites produced by FFF with continuous 

natural fiber reinforcement are significantly influenced by inherent process factors. 

These factors include the potential degradation of fibers as they pass through the 

hotend, which reaches temperatures up to 220°C [38], potentially compromising the 

structural integrity of the fibers. 

4.3.2.1 Thermogravimetric analysis (TGA) 

Figure 4.9 shows the mass variation (TGA) and the derivative of the mass 

variation (DTG) of the natural fibers used in the study. The process of pyrolysis 

involving the decomposition of the hemicelluloses, cellulose, and lignin occurred 

between 150 to 450 °C. The first stage is related to water loss and the decomposition 

of a small amount of hemicellulose and lignin in the natural fibers (temperatures up to 

150 °C) [39]. The initial temperature of degradation was 305.9-329.2°C and the peak 

temperature was 339.7-361.0°C (onset and peak are shown in Table 4.6). The presence 

of water in the fiber is noticed in the first 100°C of the test (Figure 4.9a), where the 

mass variation indicates its evaporation.  
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(a) (b) 

Figure 4.9 - Thermogravimetric analysis of typical curves for the fibers: (a) TG and (b) 

DTG. 

Table 4.6 - Properties of natural fibers degradation on thermogravimetric analysis. 

Properties Sisal fiber Ramie fiber Jute fiber 

Sample mass 10.54 mg 12.78 mg 11.31 mg 

TOnset 305.9 °C 329.2 °C 326.4 °C 

TInflection 343.4 °C 361.4 °C 356.1 °C 

TEnd 354.8 °C 375.0 °C 369.2 °C 

Mass Change -53.65 % -68.29 % -66.06 % 

Residual Mass (%) 
21.83 % 16.01 % 17.02 % 

546.9 °C 547.0 °C 546.9 °C 

Peak 339.7 °C 361.0 °C 355.7 °C 

At 100°C, the sisal fiber showed a loss of 8% wt, while the jute and ramie fiber 

demonstrated lower mass loss, with values of 4.2% wt and 5.3% wt, respectively. 

Comparing to Benítez-Guerrero et al. [40] which reported that the sisal fiber presented 

a mass loss of 9.6% wt. In another study, Samouh et al. [41] found values of 9.6% wt 

in the first stage of thermal degradation, which is linked to the evaporation of the 

moisture within the fiber. In this way, a natural fiber yarn that has not gone through a 

pre-printing drying process can release water during printing, generating voids that can 

interfere with the quality of the interface and the mechanical properties of the printed 

layers [42]. 
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Furthermore, it is noted that, while sharing a similar natural origin, the chemical 

differences of each natural fiber are expressed in their thermal stability. After the loss 

of water, jute and ramie presented similar thermal behavior, remaining stable until their 

degradation onset, and resulting in similar percentages of residual mass. The sisal fiber 

showed the lowest onset of degradation temperature (305.9°C) among all natural fibers. 

Moreover, an important factor is that fibers that do not undergo treatment (chemical or 

physical) and pre-drying may have high levels of hydroxyl groups that affect the fiber-

matrix interaction and have constituents with low thermal values, such as 

hemicellulose. Finally, the ramie fiber presented a higher onset of degradation 

temperature value (329.2°C) compared to the sisal fiber (305.9°C) and the jute fiber 

(326.4°C). Moriana et al. [43] reported that a high cellulose content improves thermal 

stability. However, this improvement is also dependent on other fiber constituents 

[43,44]. 

Finally, it is worth noticing that the fiber degradation temperature is higher than 

the PLA working temperature of 160 to 220°C (this is also true for other types of 

commercial printing filaments) [38]. 

Through the DTG (Figure 4.9b), it is noted that natural fibers present two 

reactions: an initial mild curve and a second, more pronounced, which is the main cause 

of the material’s degradation. Asim et al. [44] stated that natural fibers presented three 

distinct stages of degradation, namely: evaporation of moisture content at lower 

temperatures, decomposition of hemicellulose at medium temperatures, and the 

decomposition of lignin and cellulose at higher temperatures. The literature indicates 

that several factors affect the DTG curve, such as activation energy, chemical 

constituents of the fiber, pyrolysis kinetics, and atmosphere changing the 

characteristics for each type of natural fiber [43]. As shown in Table 4.6, the peak 

temperature found for jute showed similar patterns of 355.9°C. However, the peak 

temperature for sisal fiber was lower (339.7°C) when compared to the other studied 

cases. The data indicate that, despite being composed of the same chemical 

components—namely cellulose, lignin, hemicellulose, pectin, ash, and wax—the 
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observed differences in TGA and DTG results suggest that the proportions of these 

components vary [43,45]. 

Figure 4.10 presents the TGA test results of the printed biocomposites of PLA 

reinforced with natural fibers. Once the composite is fabricated, water present in the 

fiber evaporates during the printing process of the specimens, not generating 

accumulated water as in the case of the TGA yarns. Therefore, at the melting 

temperature of PLA, all degradation occurs at once (Figure 4.10a).  The literature 

shows that PLA has a temperature of degradation ranging approx. from 320 to 345°C. 

Furthermore, neat-PLA presents higher degradation temperature values when 

compared to composite materials reinforced by natural fibers found in similar studies 

[46,47]. This observation can be explained by Cavalcanti et al. [9], who found that the 

addition of fibers affects the material's thermal properties by reducing its crystallinity.  

  

(a) (b) 

Figure 4.10 - Thermogravimetric analysis of typical curves for the biocomposites: (a) 

TG and (b) DTG. 

Table 4.7 indicates that the PLA-sisal composite has a slightly lower thermal 

stability (peak temperature) when compared to the other cases (PLA-sisal: 341.2 °C, 

PLA-ramie: 351.8 °C and PLA-jute: 355.2 °C). In biocomposite, the degradation 

phases were reduced to a single reaction step in a narrow temperature range, 

demonstrating behavior as a single homogeneous material (Figure 4.10b). Also, the 
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peak of the biocomposite is between 341-355°C, with a residual mass of less than 3% 

in all cases (Table 4.7). 

Table 4.7 - Properties of biocomposite degradation on thermogravimetric analysis. 

Properties PLA Sisal-PLA Ramie-PLA Jute-PLA 

Sample mass 10.06 mg 12.69 mg 11.20 mg 11.55 mg 

TOnset 345.5 °C 318.4 °C 330.6 °C 340.2 °C 

TInflection 356.2 °C 335.3 °C 351.6 °C 354.7 °C 

TEnd 363.8 °C 353.5 °C 365.6 °C 363.8 °C 

Mass Change -97.17 % -90.22 % -85.68 % -90.54 % 

Residual Mass (%) 
1.11 % 2.88 % 1.20 % 1.48 % 

546.8°C 596.9 °C 596.9 °C 597.0 °C 

Peak 357.5 °C 341.2 °C 351.8 °C 355.2 °C 

4.3.2.2 Differential Scanning Calorimetry (DSC) 

DSC and the main results investigated the thermal properties of the fibers and 

composites are shown in Table 4.8 and Table 4.9, respectively. Figure 4.11 shows the 

DSC curves of each fiber. Jute and ramie fibers have two endothermic peaks, where 

the first, in the range of 87-104°C, corresponds to the vaporization heat of the water 

absorbed by the fibers. Sinha et al. [48] suggest that this heat may be associated with 

the loss of water molecules on the surface of the fiber or liquid retained in the interstitial 

spaces of the fiber. The second endothermic peak occurs between 360-366°C due to 

fiber degradation, i.e. burning of cellulose forming active carbon. However, the sisal 

fiber presented two endothermic peaks (87.5 °C and 315 °C) and two exothermic peaks 

(294.6 °C and 353.1 °C). The first exothermic peak (294.6°C) is associated with the 

decomposition of polysaccharides and lignin [49] while the second endothermic peak 

(315°C) is associated with the degradation of α-cellulose. Finally, the second 

exothermic peak (353.1°C) is associated with cellulose degradation, as reported by 

Martin et al. [50] who found a peak value of 358°C. In another study, Belaadi et al. 

[49] observed analogous exothermic peak behavior for sisal fiber. Based on studies by 

Martin et al. [50], this result for sisal is due to the presence of hemicellulose, which 

also has exothermic peaks that dictate the behavior since sisal has the highest 

percentage of this component among the fibers studied. The other fibers presented 

behaviors governed by cellulose, which has an accentuated endothermic peak.  
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Table 4.8 - Properties of natural fibers degradation on differential scanning calorimetry. 

Properties Sisal fiber Ramie fiber Jute fiber 

Weigh 6.87g 7.58g 7.98g 

First peak 87.5 °C 88.8 °C 103.9 °C 

Second peak 294.6 °C 366.1 °C 360.5 °C 

Third peak 353.1 °C - - 

Table 4.9 - Properties of biocomposite degradation on differential scanning 

calorimetry. 

Properties PLA PLA-sisal  PLA-ramie PLA-jute 

First peak 65.2 °C 69.4 °C 66.8 °C 70.5 °C 

Second peak 104.5 °C 105.4 °C 106.3 °C 102.6 °C 

Third peak 179.5 °C 180.7 °C 179.7 °C 108.4 °C 

 

  

(a) (b) 
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(c) (d) 

Figure 4.11 - DSC of the fibers: (a) sisal, (b) ramie, (c) jute, and (d) Comparative. 

Figure 4.12 shows the DSC tests of composites reinforced with natural fibers. 

The glass transition (Tg) occurs in samples at a temperature of 66.8-70.5°C. When 

compared with the glass transition of pure PLA at 65.2°C (Figure 4.12d), it can be seen 

that the presence of fibers generated changes in thermal properties, slightly raising the 

Tg. Mofokeng et al. [51] and Cavalcanti et al. [9] reported that natural fibers used as 

reinforcement can restrict the formation of polymeric chains, limiting the 

crystallization of the material and consequently altering its glass transition point. 

However, this variation should be interpreted with caution. The volumetric fraction of 

PLA interacting with the fibers is negligible, making it unlikely that fiber-induced 

restrictions on chain mobility would significantly affect the Tg at the molecular scale. 

Instead, this small increase can be attributed to experimental uncertainty and the 

inherent inaccuracy of identifying Tg at the peak of the inflection point in the 

thermogram. 
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Figure 4.12 - DSC of the biocomposites: (a) PLA-sisal, (b) PLA-ramie, (c) PLA-jute 

(d) neat PLA, and (e) Comparative. 

Regarding the crystalline temperature (Tc), the composites showed values 

ranging from 102.6 °C to106.3 °C. Compared to the Tc of neat-PLA, all biocomposites, 

except for PLA-ramie, showed a slight reduction in Tc.  

The melting temperature of composites reinforced with natural fibers ranged 

from 179.7-180.7°C. The incorporation of fibers resulted in a modest increase in 

temperature when compared to the neat PLA. Figure 4.12e compares DSC test results 

between all the studied composites. 

The enthalpy can be evaluated to verify the fiber's influence on the composite's 

crystallinity. The enthalpy value is determined by calculating the area under the 

endothermic peak in the DSC curve, which corresponds to the heat absorbed during the 

melting process (∆Hfusion) of each sample. This involves measuring the energy 

required to change the material from a solid to a liquid state. While neat-PLA, a semi-

crystalline and isotactic polymer, had a value of 140 μVs/mg, fiber-reinforced 

composites had values of 119.5-151.8 μVs/mg. Given this, it appears that sisal and 

ramie presented lower enthalpies (119.5 μVs/mg and 134.7 μVs/mg) generating 

reductions in the crystallinity of the material.  

4.3.3 Effects of the fiber-matrix interface in the mechanical properties of printed 

composite 

Figure 4.13a, 4.13b and 4.13c presents load-displacement representative curves 

during a yarn pull-out process of each fiber. Initially, the load-displacement curve 

exhibits a non-linear region, which may represent fiber realignment, pre-tensioning, 

gap closure, and load redistribution within the system. The yarn is loaded up to its 

maximum load, at which point complete debonding occurs. Subsequently, the load 

drops and the fiber yarn undergoes pull-out. This pull-out phenomenon, as also reported 

by Bheemreddy et al. [52] and Le Duigou et al.[53], is crucial in understanding the 

interfacial adhesion between the natural yarn and the matrix. The load-displacement 
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curve provides insights into the forces required for debonding and subsequent pull-out, 

offering valuable data for evaluating the overall mechanical performance and 

reinforcing efficiency of the composite material. It is important to note that when using 

large yarns, the post-peak behavior due to dynamic friction is less significant compared 

to that observed in single-fiber pull-out tests. As shown in Figure 4.13d and observed 

by Bheemreddy et al. [52], in the case of isolated fiber pull-out, the fiber-yarn pull-out 

endures part of the load due to this dynamic friction, resulting in a progressive pull-out 

with displacement. 

  
(a) (b) 

 
 

(c) (d) 
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Figure 4.13 - Representative load-displacement curves: (a) jute, (b) ramie, (c) sisal 

yarn, and (d) typical load-displacement behavior of the fiber pull-out process (Adapted 

from [52]). 

Table 4.10  presents the pull-out results for each yarn and their corresponding 

comparison with the apparent rigidity, respectively. Using the Anderson-Darling test 

hypothesis on the distribution of yarn diameters (Figure 4.14a, 4.14b, and 4.14c) and 

the interfacial strength results of each composite, the data from each group were 

analyzed to determine conformity to a normal distribution. Assessing whether the yarn 

diameters follow a normal distribution is a crucial preliminary step to ensure that 

mechanical tests involving these yarns capture the full range of their variability and 

reflect the natural inconsistencies in fiber properties. This ensures that the mechanical 

behavior observed in the tests represents the true diversity of the material, enhancing 

the reliability of the results. The dataset exhibits normal behavior, as evidenced by the 

p-values of each group. The sisal yarn samples exhibited a maximum interfacial tension 

of 0.44 MPa, 9.1% greater than the ramie samples, the second-best performing fiber. 

The increased viscosity of the polymer and the restricted impregnation time exacerbate 

these issues [54], leading to the formation of fiber-matrix voids due to insufficient yarn 

impregnation as discussed previously, which compromises the final strength of the 

composite. This behavior underscores the importance of studying both yarn diameter 

and matrix viscosity when optimizing the printing process to achieve optimal adhesion 

and mechanical performance in the resulting composites. An apparent rigidity analysis 

from the linear region of the load-displacement curves confirms the superior 

performance of sisal fibers. This can be attributed to the natural characteristics of sisal 

fibers within the yarn, as their longer length compared to other fibers allows for more 

effective load transmission. The commercial yarns used in this study have different 

fiber lengths. The sisal fibers had an average length of 83.2±9.3mm, while the ramie 

and jute fibers had an average length of 13.2±1.3mm and 15.0±3.2mm, respectively. 

This variation is directly related to their respective manufacturing processes, where 

ramie and jute fibers are cut into shorter lengths to facilitate yarn production. However, 

sisal is primarily used in coarser applications where fiber strength is the priority, and 

thus its length is typically preserved. 
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Table 4.10 - Pull-out results of average interfacial strength for each fiber. 

Composite Yarn diameter (mm) Yarn’s p-value τISS (MPa) 
τISS’s 

p-value 

Jute-PLA 0.86±0.22 0.750 0.38±0.05 0.274 

Ramie-PLA 0.96±0.16 0.495 0.40±0.05 0.452 

Sisal-PLA 1.72±0.17 0.886 0.44±0.10 0.444 

 

  

(a) (b) 

 
 

(c) (d) 

Figure 4.14 - Statistical distribution of diameter of (a) jute fibers, (b) ramie fibers, (c) 

sisal fibers. 

Figure 4.15a illustrates the pull-out specimen both before and after the testing, 

showing that a portion of the fibers remains embedded in the matrix after the yarn 

pullout. For larger diameter yarns, the loss of adhesion is not unique, with detachment 

and/or breakage of the fibers occurring separately before total sliding.  Figure 4.15b to 

Figure 4.15d illustrates the representative failure modes, where the schematic drawings 

indicate the cross-section of the composite, and the hexagons represent the set of fibers. 
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These failures can be identified by evaluating the mode in which the peripheral fibers 

remained attached to the PLA matrix. Figure 4.15b represents the PLA-ramie specimen 

after the pullout test demonstrating a side view of the tested specimen, where remaining 

fibers were still attached to the PLA matrix, with signs of fibrillation and fiber 

breakage. The whole peripheral section of the fiber was still attached to the PLA matrix. 

From Figure 4.15c, it can be observed that a portion of the peripheral jute fiber layers 

remained adhered to the polymeric matrix. For both cases (Figure 4.15c and 4.15d), the 

peripheral layers had undergone impregnation within the matrix, while the inner fibers 

were detached and pulled out separately. This indicates that the PLA-fiber interface is 

more resistant than the cohesive forces within the yarn.  

 
(a) 

 
(b) 

 
(c) 
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(d) 

Figure 4.15 - Representative images of (a) Pull-out specimen before and after testing, 

(b) PLA matrix with complete peripheral layers still bonded, (c) PLA matrix with half 

peripheral layers still bonded, and (d) PLA matrix with few fibers’ layers attached.   

The fiber failure process in the polymer during the pull-out test allows for an 

analysis of the yarn failure behavior in 3D-printed composites reinforced with natural 

fiber yarns. Santos et al. [19] demonstrated the presence of yarn bridges formed after 

brittle matrix failure, indicating that the yarns bear part of the load applied to the 

composite. By analyzing the failure process, it is possible to enumerate the stages of its 

progression under composite loading. Initially, the brittle matrix undergoes an abrupt 

rupture (Figure 4.16a), where the composite does not fail due to the fibers acting as 

bridges between the two parts, preventing total separation. The individual fibers then 

begin to either break or undergo pull-out due to debonding at the fiber-matrix interface 

(Figure 4.16b). The remaining fibers experience increased tensile stress as they bear 

part of the remaining load (Figure 4.16c), leading to further breakages and pull-outs 

until complete composite failure occurs (Figure 4.16d). The failure mode described 

was observed in all tested samples. 
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Figure 4.16 - Failure progression during the tensile test of printed biocomposite: (a) 

matrix failure and bridge fibers formation, (b) isolate fibers rupture and pull-out, (c) 

increase of tension at remaining fibers (d) Composite failure. Adapted from [19]. 

4.3.4 Effects of natural fiber composition on fiber-matrix interaction 

 The chemical characterization of jute, sisal, and ramie fiber reinforcements, 

as well as the PLA matrix, was performed using Fourier-transform infrared 

spectroscopy (FTIR) to analyze the fiber-matrix interactions in printing. The spectra 

are shown in Figure 4.17, while Table 4.11 shows the functional groups observed in 

each fiber’s spectrum. These types of lignocellulosic fibers are natural composites of 

cellular structure, composed of different proportions of cellulose, hemicellulose, and 

lignin as shown in Table 4.2.  

  

(a) (b) 
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(c) (d) 

Figure 4.17 - Results of FTIR tests: (a) sisal, (b) ramie, (c) jute, (d) neat PLA. 

The FTIR presents an absorption bands spectrum for each component of these 

lignocellulosic fibers, the highest intensity peak occurs between 1024-1035 cm-1 

indicating the asymmetric stretching of arabinose chains present in residual 

hemicellulose [55] caused by pyranose ring stretching (C-O-C) [56,57]. The peaks 

observed between 3283-3340 cm-1 refer to the hydroxyl groups (OH) (methanol acid) 

of intermolecular and intramolecular bonds of cellulose chains [58–60]. Additionally, 

the peaks between 2902-2922 cm-1 indicate the stretching of the bonds (CH) in the 

cellulose [56,57,59]. Finally, peaks between 1239-1247 cm-1 were observed, which are 

associated with the vibrations of the aromatic rings of lignin (CH) [55,58]. The OH 

bending of the adsorbed water can be seen between 1603-1647 cm-1 [59]. 

Table 4.11 - Functional groups and compounds identification. 

Functional 

Group 
Compounds 

Wavenumbers (cm-1) 
Reference 

PLA Sisal Ramie Jute 

O-H Acid, methanol 3340 3283 3338 3338 [54–56] 

C-H Stretching 2902 2922 2919 2918 [52,53,55] 

O-H Adsorbed water 1628 1603 1645 1647 [55] 

C-H Aromatic rings 1247 1242 1241 1239 [51,54] 
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C-O-C 
Pyranose ring 

stretching 
1035 1028 1024 1030 [52,53] 

In other words, the results corroborate the argument that the accentuated band 

in jute fiber (Figure 4.17d) exhibits a purer constitution [59], as indicated by the 

intensity level and the unique peak in the DTG curve (Figure 4.17b). This is manifested 

through a singular decomposition and a low residual mass level (Figure 4.17a).  

4.4 Conclusions 

The primary objective of the present investigation was to analyze the thermal 

properties, and fiber-to-matrix adhesion within biocomposites fabricated using the FFF 

technique. Continuous natural fibers such as jute, ramie, and sisal, along with a PLA 

matrix, were employed to fabricate the specimens. The In-situ impregnation method 

during the 3D printing process was utilized. This experimental approach allowed for 

the evaluation of the impact of thermal characteristics and interfacial adhesion on the 

overall reinforcing efficiency of the natural fibers within the 3D printing paradigm. The 

following conclusions can be drawn: 

- The use of the thermoplastic PLA matrix resulted in superficial impregnation 

of the outermost fibers of the yarn, compromising the mechanical properties of 

the composite, as evidenced by the pull-out of the external fibers of the 

reinforcement. 

- The natural fibers remain intact when the matrix polymer reaches its melting 

point used in FFF as shown in the TGA analysis. DSC test results indicate that 

the addition of natural fibers increases the glass transition of the fiber-

reinforced PLA composites. 

- The primary challenge associated with the 3D printing of continuous natural 

fibers is attributed to the effective infiltrating of the thermoplastic matrix within 

the yarn. Nevertheless, the porosity level remains comparable to that observed 

in printed composites reinforced with synthetic fibers, thereby demonstrating 

its practical feasibility. 

For future work, the authors recommend investigating potential pre-treatments of both 

the fiber and matrix to enhance yarn impregnation. 
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Chapter 5  - EXPLORING PRINTING METHODS FOR 

CONTINUOUS NATURAL FIBER-REINFORCED 

THERMOPLASTIC BIOCOMPOSITES: A COMPARATIVE 

STUDY 

This chapter was published under the reference: 

Natália V. Santos, Alberto Giubilini, Daniel C.T Cardoso, Paolo Minetola, Exploring 

Printing Methods for Continuous Natural Fiber-Reinforced Thermoplastic 

Biocomposites: A Comparative Study, Sustainable Materials and Technologies 43 

(2025). https://doi.org/10.1016/j.susmat.2025.e01253 

Abstract 

Continuous Fiber-Reinforced Thermoplastic Composites (CFRTPCs) are 

revolutionizing various industry sectors by enabling a combination of design, 

optimization, and high performance. The use of continuous natural fiber reinforcement 

integrates these factors with the potential for developing a sustainable product with a 

lower ecological footprint compared to traditional composites. However, challenges 

such as optimizing fiber-matrix impregnation and the identification of the most suitable 

manufacturing process for structural components remain significant. The objective of 

this study is to address these challenges by comparing the two main continuous printing 

methodologies - in-situ impregnation and semi-finished filament fabrication -in their 

application to natural fiber-reinforced composites. To achieve this, a method for 

manufacturing semi-finished filaments was developed and compared with the in-nozzle 

impregnation process by modifying a commercially available 3D printer. Image 

analysis, surface roughness measurements, deposition rates, and mechanical tests 

revealed that the semi-finished filament method resulted in better fiber-matrix 

impregnation, significantly improving tensile strength and elastic modulus by up to 

18.4% compared to the in-nozzle method. Additionally, the semi-finished filament 

process demonstrated a higher deposition rate, reaching 400 mm/s, compared to 300 

mm/s for the in-nozzle process. 
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5.1 Introduction 

Fused Filament Fabrication (FFF) stands as a cornerstone in additive 

manufacturing (AM), revolutionizing the production landscape with its capacity to 

construct intricately detailed and optimized components. By extruding thermoplastic 

filaments layer by layer, FFF enables the creation of complex geometries with precision 

and efficiency. However, FFF components face challenges with porosity and surface 

roughness. Porosity can arise from incomplete layer fusion, voids formed during 

extrusion, or the use of improperly dried filaments, all of which may compromise 

mechanical properties such as strength and durability [1,2] . Similarly, surface 

roughness, inherent to the layer-by layer process, can influence both the aesthetic 

quality and functional performance of FFF parts [3,4]. Despite these limitations, one 

interesting aspect of this technique is its versatility, allowing the incorporation of 

multiple materials within a single print. This capability not only broadens design 

possibilities but also enhances the structural performance and functionality of the final 

components. Furthermore,  FFF promotes sustainability by significantly reducing 

waste generation compared to traditional fabrication methods [5].  

Aligned with the pursuit of sustainability, incorporating natural fibers as filler 

and reinforcement agents in the 3D printing process has been gaining attention. Due to 

their lightweight nature, biodegradability, and mechanical resilience, these fibers have 

become increasingly popular in many sectors. Utilizing natural fibers not only aligns 

with eco-conscious practices, but also enhances the overall performance and 

environmental footprint of the 3D-printed objects. As a result, this approach holds 

promise for fostering a more sustainable trajectory in AM processes. Table 5.1 shows 

the mechanical properties of the natural fibers most investigated in previous literature. 

Table 5.1 - Mechanical properties of natural fibers. 

Type of fiber Density 

(g/cm³) 

Tensile 

strength  

(MPa) 

Elastic 

Modulus 

(GPa) 

Reference 

Bamboo 1.2 73-505 10-40 [6] 

Coir 1.2-1.3 95-220 3-6 [6,7] 

Curauá 1.4 500-1150 11.8 [8] 

Flax 1.4-1.5 345-1500 28-80 [7,9,10] 

Hemp 1.4-1.5 550-900 34-70 [6,7] 
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Jute 1.3-1.5 400-800 10-30 [7,8,11] 

Kenaf 1.4 930 53 [9] 

Ramie 1.5-1.6 400-968 44-128 [7,8,11,12] 

Sisal 1.3-1.5 347-1150 9-38 [6-8,11] 

 Natural fiber reinforcement can be incorporated in either discontinuous or 

continuous forms. Discontinuous fibers are generally used for manufacturing 

composite filaments, wherein a weight percentage of fibers is blended with the pellet 

matrix and extruded into filaments with dimensions compatible with market-available 

3D printers [13]. The potential applications of Discontinuous Fiber-Reinforced 

Thermoplastic Composites (DFRTPCs) include various sectors [14], including 

biomedical [15–17], design [18–21], and non-structural construction [22], due to their 

capacity for material recycling and ability to reuse waste materials [23]. Nevertheless, 

from a mechanical behavior perspective, the inclusion of discontinuous natural fibers 

often results in a reduction in the mechanical characteristics of the composite (Table 

5.2). 

Table 5.2 - Mechanical properties of DFRTPCs using natural fibers. Adapted from 

[13]. 

Material Fiber 

percentage 

(wt%) 

Tensile strength (MPa) Reference 

PLA-Agave  0-10 51.0 (0 wt%) to 28.0 

(10 wt%)  

Figueroa-Velarde et 

al. [24] 

PLA-Kenaf 0-7 56.3 (0 wt%) to 11.8 

(7 wt%)  

Shahar et al. [15] 

PLA-Kenaf 0-2.5 49.9 (0 wt%) to 39.8 

(2.5wt%)  

Haryati et al. [25] 

PLA-Sugarcane 0-15 64.2 (0 wt%) to 45.3 

(15wt%) 

Liu et al. [26] 

PLA-Rubber 0-20 56.4 (0 wt%) to 34.3 

(20 wt%) 

Fekete et al. [27] 

PLA-Soybean 0-10 36.4 (0 wt%) to 21.5 

(10 wt%) 

Dey et al. [28] 

The 3D printing methods using Continuous Fiber Reinforced Thermoplastic 

Composites (CFRTPCs) offer an effective option to improve the mechanical properties 

of components produced by FFF. Pervaiz et al. [29] pointed out three main types: semi-

finished filament (SF), in-situ impregnation (IN), and out-of-nozzle printing (ON). In 
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the SF approach, a composite filament is pre-manufactured by embedding the fiber in 

the matrix, to be used with conventional 3D printers [29]. However, this method limits 

flexibility in terms of material composition, as it imposes a fixed fiber volumetric 

fraction that cannot be modified during the printing process. The fiber content is 

entirely determined by the specifications of the pre-manufactured composite filament, 

making real-time adjustments impossible. Moreover, continuous fiber addition 

increases filament stiffness, leading to storage issues, especially in the case of stiffer 

fibers [30]. The IN method integrates the fiber into the polymer matrix during the 3D 

printing process. This integration within the printhead mechanism is achieved by 

feeding the fiber through an inlet or an auxiliary entrance in the coldend of the 

printhead, allowing to merge with the matrix before reaching the nozzle [29,30]. This 

method facilitates the variation of fiber volume ratio and allows the printing of pure 

filament and mixed fiber plastic and fiber parts. However, it requires special printhead 

modifications and is more likely to clog [11,29]. Lastly, the ON method uses two 

nozzles, one for the main polymer and another for the fiber reinforcement, which can 

be incorporated using either the SF [31,32] or IN [33] method. It is a versatile method 

that uses different fibers and matrices [29].  Table 5.3 summarizes the main studies of 

CFRTCs, divided by insertion method. 

Table 5.3 - CFRTCs insertion methods using natural fibers. Adapted from [16]. 

Method Reference Matrix Fiber 

S
em

i-
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ed
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il
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m

en
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(S
F

) 

 

Le Duigou et al. 

[34,35] 

PLA Flax 

Fruleux et al. 

[36,37] 

PLA Flax 
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IN

) 

 

Cheng et al. [38-

40] 

PLA Ramie 

Suteja et al. [41] PLA Pineapple 

leaf 

Matsuzaki et al. 

[42] 

PLA Jute 

Long et al. [43] PLA Flax 

Santos et al. [11] PLA Sisal, 

ramie and 

jute 

Cai et al. [44] PLA Ramie 

Terekhina et al. 

[45] 

PA 6 Flax 

Rivero-Romero et 

al. [46] 

PLA Banana 
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Zhang et al. 

[31,32] 

PLA Flax 

 

Ginoux et al. [33] PLA Hemp 

Wu et al. [47] PLA Hemp 

Applying CFRTPCs with natural fibers poses a primary challenge concerning 

the utilization of yarn-form fibers, given that their natural length is discontinuous and 

inherently restricted by the size of the originating plant. The textile yarn is the final 

product of a long spinning process, where the final identification parameter is the yarn’s 

title, which represents its diameter or thickness. In a simplified manner, fibers undergo 

cleaning following harvesting, alignment by carding and combing machines, regulated 

by draw frames, refinement through roving frames, twisting into yarns at the ring 

spinning mill, and packaging onto bobbins [44,45]. A major limitation in CFRTPC 

processing is the difficulty in impregnating the fiber yarns effectively [7]. This 

phenomenon challenges the efficiency of the process, requiring innovative approaches 

to ensure the complete penetration of the thermoplastic polymer within the yarn. 

Although the in-nozzle method can be used with raw natural fibers [7,38], the 

fiber-matrix contact in the printing nozzle for a few seconds does not allow complete 

penetration [12], especially in the case of larger-diameter yarns for large-scale printing 

[7]. This uncompleted impregnation increases voids [7,38] and reduces mechanical 

properties [46]. To address this issue, various solutions have been reported, such as 
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preheating the yarn before insertion in the printing nozzle [38] and the fiber’s surface 

and sizing treatment [39,47]. Moreover, in semi-finished filaments, the composite is 

subjected to two heating processes: one during filament manufacturing and the second 

during deposition through the printing nozzle. However, this method also allows the 

presence of voids and irregularities in the composite [48], especially in larger yarns 

[49]. Treatments like coextrusion [28] and resin impregnation [49] are used to mitigate 

these issues. Coextrusion prepreg involves drawing continuous fibers into a single-

screw pellet-extruder, while resin impregnation immerses continuous fibers in a resin 

impregnation tank. 

A previous investigation developed a technique for continuous reinforcement 

using large-diameter yarns with a modified FFF hotend, customized for in-situ 

impregnation of natural fibers within a biopolymer matrix for large-scale layers. This 

study assessed tensile properties and the applicability of the method to various natural 

fibers, emphasizing the importance of understanding fiber-matrix interfacial 

mechanical properties in CFRTPCs [7]. Nevertheless, a knowledge gap exists 

regarding the most effective continuous fiber printing method for continuous natural 

fibers in larger-scale diameters, both in mechanical terms and interface properties, to 

achieve enhanced characteristics of the novel biocomposite. 

This study compares the main printing methodologies, namely in-nozzle and 

semi-finished filament, for producing composites reinforced with continuous natural 

fibers. Mechanical tests were conducted using flax yarns within a PLA matrix, 

accompanied by image analyses to understand deeper the effects of the 3D printing 

processes on the final biocomposite. 

5.2 Materials and Methods 

5.2.1 Materials 

The reinforcing materials used in this work consisted of flax yarn supplied by 

Bricolino (Vicenza, Italy) (Figure 5.1). A polylactic acid filament (PLA 3D850) with a 

diameter of 1.75 mm and PLA pellets (SMARTFIL PLA) provided by Smar Materials 
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3D (Jaén, Spain) were used for the matrix. Table 5.4 presents the main properties of the 

natural yarn from literature and PLA from producer data sheet, respectively.  

  

(a) (b) 

Figure 5.1 - Matrix and reinforcement materials: (a) Natural fibers and (b) PLA 

matrix (Leica MSV266 optical microscope). 

Table 5.4 - Properties of the natural yarns and polymer matrix [7,8,10,11,54].  

Property Flax yarn PLA 3D850 Smartfil PLA 

Type yarn filament pellet 

Diameter (mm) 0.77±0.03  1.75 - 

Density (g/cm3)  1.4-1.5  1.24  1.24 

Linear density (g/m)  0.50±0.01  - - 

Tensile strength (MPa)  345-1500  57.7 110 

Young modulus (GPa)  28-80  2.64 3.31 

Ultimate strain (%)  - 3.10 - 

Cellulose (%)  65-80  - - 

Hemicellulose (%)  12-16  - - 

Lignin content (%)  2-5  - - 

Moisture absorption (%)  7  - - 

Melting temperature (°C) - 205-220 200-240 
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5.2.2 Printing Fabrication 

5.2.2.1 Semi-finished filament (SF) 

To produce the semi-finished filaments reinforced with continuous natural 

fibers, modifications were made to the nozzle of the single-screw extruder, model 

NEXT 1.0 from 3Devo (Utrecht, Netherlands), to enable simultaneous extrusion of 

both the matrix and the reinforcement. This process involved extending the nozzle and 

integrating a specialized fiber inlet. An external heating system was employed to 

sustain the nozzle at the optimal manufacturing temperature. The outcome of these 

modifications, along with the key components of the single-screw extruder, is depicted 

in Figure 5.2a and Figure 5.2b. 

  
(a) (b) 

Figure 5.2 - Single-screw extruder modification: (a) Single-screw extruder 

components and (b) final single-screw extruder setup. 

The fabrication of filaments depends on key parameters such as temperature, 

extruder speed, and puller speed. Figure 5.3 illustrates a schematic representation of 

the single-screw extrusion process. Temperature control within the single-screw 

extruder is divided into three distinct zones: feeding, transitioning, and metering. Each 

of these zones plays a pivotal role in ensuring consistent filament circularity and 

diameter during production [56]. 
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Figure 5.3 - Schematic diagram of the single-screw extruder, adapted from the 

manufacturer’s design [55]. 

In the feeding zone, the extruder speed determines the flow of material 

produced, and the temperature (T4) is linked to the viscosity of the material, requiring 

a minimum viscosity to avoid clogging the equipment. Along the transitioning zone, 

the temperatures T3 to T1 and flow pressure create a homogeneous material, avoiding 

bubbles and voids. Low temperatures within the nozzle can result in bubble formation 

and blockages, whereas excessively high temperatures may compromise the 

workability of the filament. Finally, the metering zone regulates the puller speed by the 

filament diameter, measured by the optical sensor. The main modification occurred in 

the nozzle, where it was replaced with a longer one with a specific hole to allow the 

entrance of the natural yarn, as shown in Figure 5.4a. Figure 5.4b, on the other hand, 

depicts a moment during the extrusion of the biocomposite filament. The extrusion 

parameters of the semi-finished filament are presented in Table 5.5. 
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(a) (b) 

Figure 5.4 - Fabrication of Semi-finished Filament: (a) Fiber insertion into the 

modified nozzle, (b) semi-finished filament extrusion process. 

Table 5.5 - Single-screw extruder settings. 

Property Value 

T1 (°C) 210 

T2 (°C) 190 

T3 (°C) 185 

T4 (°C) 170 

Extruder speed (rpm) 2.0 

Filament fan (%) 25 

Filament diameter (mm) 2.85±0.15 

Spooling speed automatic 
 

5.2.2.2 In-situ impregnation (IN) 

Modifications for in-situ impregnation were implemented in the Ender 3 V2 

printer (Figure 5.5), drawing inspiration from the work of Santos and Cardoso [11]. A 

2 mm diameter hole was drilled into the coldend section of the extruder to facilitate 

impregnation. Additionally, alterations were made to the fan-fixing case to enable the 

insertion of yarn without requiring the removal of the extruder.  
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Figure 5.5 - Printer modification to in-situ printing: (a) Extruder, (b) fiber-entrance 

detail, and (c) schematic drawing. 

5.2.2.3 Printing nomenclature 

The test nomenclature was defined to capture the effects of fiber addition, 

printing method, and matrix format utilized. The two printing methods were in-situ and 

semi-finishing, while the matrix formats used were filament and pellet. Table 5.6 

presents the terminology used for each combination, clarifying the specific conditions 

studied. 

Table 5.6 - CFRTPCs’ terminology. 

Nomenclature Presence of flax yarn Type of PLA Method 

PLA-F No Filament In-situ 

IN-F Yes Filament In-situ 

PLA-P No Pellet In-situ 

IN-P Yes Pellet In-situ 

SF Yes Pellet Semi-finished 
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5.3 Samples Characterization 

5.3.1 Roughness test 

The roughness tests were performed using an ATOS Compact Scan (Zeiss, 

Oberkochen, Germany) in the Reverse Laboratory (Polito, Piemonte, Italy). The testing 

protocol followed the recommendations of ISO 4288 [57]. The specimens display 20 

mm×15 mm×3.0 mm of geometry, prepared with a double layer containing continuous 

filaments with fibers oriented in the loading direction, with the same printed geometry 

characteristics of the tensile test samples. For each of the five conditions studied, 

measurements were taken at three distinct sections on each sample, and the average 

roughness was calculated. The roughness values were obtained from the upper profiles 

of the cross-sections of the samples. Figure 5.6 illustrates the method used to acquire 

these measurements. This testing was conducted to analyze the surface of the printed 

material, highlighting the effects on layer interconnection and understanding the 

implications for interface bonding. 

 

Figure 5.6 - Schematic representation of the surface roughness characterization 

method: (a) Scanning, (b) cross-section extraction, and (c) roughness calculation. 
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5.3.2 Deposition rate test 

The deposition rate tests were analyzed using an Ender 3V2 printer available in 

the Rapid Manufacturing Laboratory (RMLab) in the Integrated Additive 

Manufacturing Center (IAM@PoliTO, Turin, Italy). The printed samples were 

produced at varying speeds, ranging from 100 mm/min (S100) to 500 mm/min (S500), 

or until detachment of the composite from the print bed occurred. A constant 

temperature was maintained in all cases to ensure consistent yarn impregnation by the 

matrix. Figure 5.7 provides a detailed illustration of the schematic path and schematic 

configuration for evaluating deposition rate and speed. Figure 5.7a depicts the printing 

path on the print bed (x and y axes with dimensions of 230 mm), where successive 

serpentine lines are deposited at incrementally increasing speeds. The process begins 

at 100 mm/min (denoted as S100) and increases by 100 mm/min with each subsequent 

line, culminating at 500 mm/min. Figure 5.7b complements this by showing an image 

of the actual 3D printing process, offering a visual representation of the test setup. Four 

tests were conducted for each practical condition (i.e., IN-F and SF), and the printing 

properties are summarized in Table 5.7. 

  
(a) (b) 

Figure 5.7 - Deposition rate test: (a) Schematic of path and speed configuration and 

(b) printing process. 
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Table 5.7 - Deposition rate test’s printing parameters.  

Property Value 

Nozzle diameter (mm) 2.0 

Speed range (mm/min) 100 - 500 

Extruder temperature (°C)  200 

Bed temperature (°C) 60 

Layer height (mm) 1.5  

Layer width (mm) 3.0  

5.3.3 Tensile test 

The tensile tests were conducted using an Aura 10T universal testing machine 

from Easydur (Arcisate, Italy). An independent strain measurement was conducted 

with an external X-Sight 2000 series optical extensometer (X-Sight s.r.o, Brno, Czech 

Republic), available in the Department of Management and Production Engineering 

(Polito, Turin, Italy). Figure 5.8 illustrates the experimental setup for tensile 

characterization, including a specific representation of the tensile-tested samples. The 

testing protocol followed the recommendations of ASTM D3039 [58]. The tests were 

performed under displacement control at a rate of 5 mm/min until failure. The 

specimens, with dimensions of 220 mm×28 mm×3.0 mm, were prepared with a double 

layer of continuous filaments containing flax yarns aligned in the loading direction. 

Five samples were tested for each condition, with the printing parameters kept the same 

for both examined approaches and consistent with those used in the detachment test, 

detailed in Table 5.7. Based on the results of the deposition test, a printing speed of 200 

mm/min was selected. To ensure a fair comparison between the 3D printing methods, 

the same printing parameters were applied to both approaches. While the optimal 

parameters for each method may differ, the chosen parameters were standardized across 

both methods to provide a comparison of approaches, with consistent 3D printing 

parameters. 
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(a) (b) 

Figure 5.8 - Tensile specimen test: (a) Setup and (b) printed samples. 

5.3.4 Differential Scanning Calorimetry (DSC) 

The DSC test was carried out using a NETZSCH DSC 200F3 Maia equipment, 

available in the LADES (CEFET/RJ, Rio de Janeiro, Brazil). The experiment was 

conducted with a heating rate of 20 K/min over a temperature range of 40-220 °C, 

under a nitrogen (N2) flow of 50 mL/min. Approximately 20 mg of each sample were 

analyzed, following ASTM D3418 procedures [59]. The test aimed to determine the 

glass transition temperature (Tg), crystalline melting temperature (Tm), and factors 

such as the degree of crystallinity. In the context of this research, DSC was employed 

to evaluate the thermal effects of each printing method on the final crystallinity and 

enthalpy of the material. The enthalpy, which indicates the process's influence on the 

composite's crystallinity, is determined by the area under the exothermic peak in the 

DSC curve. Additionally, the degree of crystallization can be calculated using Equation 

(1) as reported by Kong et al. [60].  

𝑋𝑐 =  
∆𝐻𝑚− ∆𝐻𝑐𝑐  

∆𝐻𝑚
𝑜  × 100      (1) 

where, 
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𝑋𝑐- The weight fraction extent of crystallinity. 

∆𝐻𝑚 - The enthalpy of melting. 

∆𝐻𝑐𝑐 - The enthalpy of cold crystallization. 

∆𝐻𝑚
𝑜  - The enthalpy is the theoretical melting enthalpy of a purely crystalline PLA 

which was assumed to be equal to 93 J/g [61]. 

5.3.5 Scanning Electron Microscopy (SEM) Analysis 

The cross-sections of the specimens were analyzed using a TESCAN CLARA 

Scanning Electron Microscope (SEM), available at the Rheology Group (Greo) (PUC-

Rio, Rio de Janeiro, Brazil). The equipment operated at 2 keV. Prior to analysis, the 

samples were dried in an oven at 60 °C for 24 hours and stored in a desiccator to 

minimize moisture content. To enhance conductivity, the samples underwent a 

metallization process, in which they were coated with a thin layer of gold. 

5.4 Results and Discussion  

5.4.1 Effects of temperature and speed parameters on filament and printing quality 

and efficiency 

The cross-sections of the specimens were analyzed using a TESCAN CLARA 

Scanning Electron Microscope (SEM), available at the Rheology Group (Greo) (PUC-

Rio, Rio de Janeiro, Brazil). The equipment operated at 2 keV. Prior to analysis, the 

samples were dried in an oven at 60 °C for 24 hours and stored in a desiccator to 

minimize moisture content. To enhance conductivity, the samples underwent a 

metallization process, in which they were coated with a thin layer of gold (Figure 5.9a). 

Conversely, higher temperatures can excessively reduce viscosity, preventing the 

polymer from achieving the necessary consistency to form a filament with the required 

diameter (Figure 5.9b). For PLA, the optimal working temperature range is between 

180 °C and 220 °C. When incorporating thicker yarns, a higher temperature, within the 

material's workable limits, is selected to achieve superior impregnation. In this study, 

a temperature of 210 °C was employed to ensure optimal yarn impregnation within the 

filament matrix. 
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Figure 5.9 - Filament fabrication temperature with two distinct issues: (a) low 

viscosity and (b) high viscosity. 

Figure 5.10a shows a representation of the obtained semi-finished filament 

produced with a diameter of 2.85±0.15 mm and a fiber volumetric fraction of 13.5%. 

The variation in filament diameter, approximately 0.15 mm or around 5%, observed in 

the extrusion of pellets reinforced by natural fibers, is attributed to internal flow 

variations within the filament extruder, as reported in other works in the literature [13]. 

Figure 5.10b presents an optical micrograph of a cross-section of the obtained 

biocomposite filament, where it is possible to note the non-uniform distribution of 

fibers, as an inherent consequence of the CFRTPCs process. As a matter of fact, during 

extrusion, the flow of the molten composite material exerts a drag force on the fibers, 

which partially displaces them from the deposited line, leading to misalignment. This 

behavior, which results in fiber distribution irregularities, has been previously observed 

by Rivero-Romero et al. [46] and Cheng et al. [38]. Further process optimization may 

help mitigate this issue, but it remains a challenge associated with the current filament 

fabrication technique. 
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(a) (b) 
Figure 5.10 - Semi-finished filaments: (a) Photograph of a semi-finished flax 

filament, (b) Micrograph of biocomposite filament cross-section. 

In the filament manufacturing process, the addition of continuous yarn 

introduces several effects. These include yarn eccentricity within the filament (Figure 

5.11a), the presence of inherent material impurities and bubbles (Figure 5.11b), 

variations in the cross-section dimensions, and regions lacking sufficient impregnation 

(Figure 5.11c). Yarn eccentricity (Figure 5.11d) is also observed in SF printing, as it 

occurs in the IN-F process. In these cases, it is due to the stresses generated during 3D 

printing, where the yarn is tensioned between the fixed part on the print bed and the 

impregnated part inside the extruder. 

  

(a) (b) 
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(c) (d) 

Figure 5.11 - Composite filament manufacturing problems: (a) Eccentricity of the 

fiber, (b) impurities and bubbles, (c) section variation, and (d) not complete 

impregnation. 

Similarly, high extruder speeds result in inconsistent flow and increased bubble 

formation, which consequently reduces the quality of the printing filament. This 

necessitates balancing the optimal polymer extrusion speed with the energy 

consumption required for its production. In this research, a speed of 2.0 rpm was 

selected for composite fabrication, as the introduction of fibers increases the bubble 

formation rate, requiring more precise control of the flow. 

The printing speeds of the two methods (SF and IN) may be constrained by the 

specific process employed. In the IN method, the yarn is pulled through friction 

between the matrix and the reinforcement, allowing for some variation in matrix flow 

during printing, as the fiber moves more freely. In contrast, in the SF method, both the 

matrix and reinforcement are uniformly pushed by a stepper motor, limiting flow 

variation due to the fixed filament volume. Consequently, the SF method requires 

specific flow conditions (Figure 5.12). Reduced flow rates can lead to persistent fiber 

fractures, negatively impacting overall continuity, while excessive flow rates may 

result in material curling due to over-extrusion. The optimal flow condition involves 

depositing the yarn in a single, consistent, and linear manner.  
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Figure 5.12 - Flow variation in the deposition rate test of flax composite filaments. 

Finally, in the deposition rate test, where printing speeds ranging from 100 to 

500 mm/min were tested under consistent bed and nozzle temperatures, the outcome 

of continuous yarn printing using SF impregnation revealed a clear dependence on 

optimal flow. The maximum speeds of SF (Figure 5.13) and IN-F (Figure 5.14) were 

400 mm/min and 300 mm/min, respectively, showing a 33.3% increase in maximum 

printing speed when the yarn was pre-impregnated into a single composite filament. 

This improvement can be attributed to the SF method, which may reduce pre-tension 

in the yarn during deposition, as the stepper motor extrudes both the matrix and fiber 

reinforcement uniformly. 

  

(a) (b) 
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(c) (d) 

Figure 5.13 - Assessment of flax filament impregnation as a function of printing 

speed, based on four independent tests, demonstrating the reproducibility of the 

results using semi-finished filament process. 

  
(a) (b) 

  

(c) (d) 

Figure 5.14 - Assessment of flax filament impregnation as a function of printing 

speed, based on four independent tests, demonstrating the reproducibility of the 

results using in-situ impregnation process. 
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5.4.2 Evaluation of fiber impregnation and composite roughness 

The roughness of fiber insertion was analyzed using different methods to 

determine the main effects of each process. Figure 5.15 and Table 5.8 show the 

roughness curves and measured parameters for each process. Comparing PLA-F and 

PLA-P, the matrix produced from pellets (PLA-P) exhibited greater uniformity 

between layers (Figure 5.13b). However, this uniformity resulted in lower inter-layer 

adhesion, as evidenced by a higher surface roughness for PLA-P 

(RaPLA−P=0.170±0.008 mm) compared to PLA-F (RaPLA−F=0.071±0.000 mm). This 

trend is further supported by the amplitude parameters: Rq (RqPLA−F=0.085±0.000 mm 

and RqPLA−P=0.217±0.005 mm) and Rz (RzPLA−F=0.336±0.026 mm and 

RzPLA−P=0.960±0.120 mm). 

 
(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

Figure 5.15 - Surface roughness of printed materials: (a) PLA-F, (b) PLA-P, (c) IN-F, 

(d) IN-P, and (e) SF. 

Table 5.8 - Surface roughness parameters. 

Roughness Property PLA-F PLA-P IN-F IN-P SF 

Ra (mm) 0.071 

±0.000 

0.170 

±0.008 

0.142 

±0.019 

0.159 

±0.013 

0.223 

±0.011 

Rq (mm) 0.085 

±0.000 

0.217 

±0.005 

0.177 

±0.019 

0.199 

±0.017 

0.289 

±0.017 

Rz (mm) 0.336 

±0.026 

0.960 

±0.120 

0.725 

±0.026 

0.827 

±0.061 

1.251 

±0.125 

Some phenomena were observed when inserting the fiber reinforcement. Using 

commercial filament and the in-nozzle method (IN-F), there was a 100% increase in 

roughness (RaPLA−F=0.071±0.000 mm and RaIN−F=0.142±0.019 mm), approximately 

a 116% increase in amplitude (RzPLA−F=0.336±0.026 mm and 

RzIN−F=0.725±0.026 mm), and an increase in Root Mean Square (RMS) roughness 

inherent in the combination of these materials.  

In the case of pellet-based matrix, the reinforcement reduced roughness by 5.8% 

for the in-nozzle method (RaPLA−P=0.170±0.008 mm and RaIN−P=0.159±0.013 mm) 

but increased by 31.2% for the semi-finished method (RaSF=0.223±0.011 mm). 

Despite this difference, both methods led to a loss of layer uniformity (Figure 5.13b, 

5.13d, and 5.13e). Comparing the two printing methods, although the SF shows higher 
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roughness (RaSF=0.223±0.011 mm) compared to IN (RaIN−F=0.142±0.019 mm and  

RaIN−P=0.159±0.013 mm), optical microscope analysis revealed noticeable 

differences in fiber insertion. 

To support these results, Figure 5.16 presents the SEM images of the fibers and 

the fiber-matrix interface for each method, offering insight into their respective 

efficiency. In the SF method, PLA impregnation into the fiber is clearly observable 

(Figure 5.16b), whereas, in the IN-F method, such impregnation is lacking (Figure 

5.16a). This difference significantly affects the fiber-matrix interface: the IN-F method 

resulted in a poor interface characterized by a clear and detrimental separation between 

the fiber and matrix, potentially compromising the composite's mechanical 

performance (Figure 5.16c). Conversely, the SF method yields a more integrated 

interface, with partial fiber impregnation enhancing the bond between the fiber and 

matrix (Figure 5.16d). However, the presence of unimpregnated fibers in the SF method 

indicates an incomplete process, particularly for larger diameter yarns, underscoring 

the necessity for pre-treatment strategies to optimize fiber impregnation and, 

consequently, the overall composite integrity. 

  
(a) (b) 
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(c) (d) 

Figure 5.16 - SEM images of (a) IN-F fiber, (b) SF fiber), (c) IN-F interface, and (d) 

SF interface. Note: Images have been artificially colored for better visualization. 

5.4.3 Analysis of thermal and mechanical performance for in-nozzle and semi-

finished approaches 

To compare the two investigated approaches in terms of their key mechanical 

performance, tensile tests were conducted, with the main results summarized in Table 

5.9 and Figure 5.17. Both the in-nozzle and semi-finished methods demonstrated 

improvements in mechanical properties when flax fiber was added, compared to neat 

PLA. In the case of in-situ impregnation using the industrial PLA filament as matrix 

(IN-F), tensile strength and elastic modulus increased by 34.8% and 14.1%, 

respectively, compared to the neat matrix (PLA-F). For the in-nozzle method using a 

matrix manufactured from PLA pellets (IN-P), tensile strength and Young’s modulus 

increased by 12.7% and 2.4%, respectively, relative to neat PLA (PLA-P). The semi-

finished method showed improvements of 29% in tensile strength and 21.3% in elastic 

modulus compared to PLA-P. It is noteworthy the comparison between the two fiber-

reinforced methods using the same matrix (PLA-P), the SF method outperformed the 

IN-P method, with tensile strength and elastic modulus gains of 14.5% and 18.4%, 

respectively.  

Table 5.9 - Tensile test results. 

Sample Tensile strength (MPa) Elastic modulus (GPa) Tensile strain (%) 

PLA-F 35.01±2.39 2.43±0.12 1.64±0.20 

PLA-P 40.96±1.70 2.49±0.18 1.87±0.21 

IN-F 57.96±5.12 2.68±0.13 2.43±0.29 
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IN-P 46.15±4.54 2.55±0.16 2.30±0.14 

SF 52.84±5.89 3.02±0.28 1.85±0.12 

 

 

(a) 

 

(b) 

Figure 5.17 - Overview of the tensile test results: (a) Comparison of tensile strength 

and elastic modulus (b) stress-strain curves. 

The tensile strength data for each sample were analyzed using the Anderson-

Darling test hypothesis to assess normality (Table 5.10). The data exhibited a normal 

distribution, as confirmed by p-values higher than the 5% significance level. A 

comparison of the normal distribution curves, with a 95% confidence interval, revealed 

that none of the results completely overlapped (Figure 5.18a, 16b, and 16c). 

Table 5.10 - Anderson-Darling test for tensile strength. 

Sample Mean 

(MPa) 

Standard Deviation 

(MPa) 

Number 

of 

samples 

Anderson 

Darling 

parameter 

p-

value 

PLA – F 35.01 2.39 5 0.178 0.834 

PLA – P 40.96 1.70 5 0.154 0.899 
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IN – F 57.96 5.12 5 0.248 0.563 

IN – P 46.15 4.54 5 0.473 0.126 

SF 52.84 5.89 5 0.303 0.414 

 

  

(a) (b) 

 

(c) 

Figure 5.18 - Normal probability graphic analysis: (a) neat PLA-F and PLA-P, (b) the 

in-nozzle method IN-F and IN-P, and (c) different methods with the same matrix (IN-

P and SF). 

Figure 5.19 illustrates the failure modes observed in the tensile samples tested. 

All samples exhibited brittle rupture in the matrix, initiating with crack propagation 

across the transverse section. Similar behavior was reported by Santos et al. [11] and 

Le Duigou [34], who attributed it to imperfect impregnation caused by the twisted yarn 

structure. The matrix’s brittleness, which dominates the composite’s overall behavior, 

leads to reduced reinforcement efficiency in the post-cracking regime of the composite. 

Additionally, in the post-cracking regime, the flax fiber yarns experienced pullout from 

the matrix, which further demonstrates the fragility of the fiber-matrix interface.  
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Figure 5.19 - Example of failure modes of the tensile samples. 

The effects on the thermal properties of the 3D printed composites were 

evaluated through DSC testing, with the main results summarized in Table 4.9 and the 

corresponding DSC curves illustrated in Figure 5.20. The first thermal event observed 

was the glass transition temperature (Tg), followed by the cold crystallization 

temperature (Tcc), and finally the melting temperature (Tm). The Tg values were 

recorded between 66.9 °C and 67.5 °C, while the Tcc values ranged from 100.1 °C to 

101.5 °C, characterized by an exothermic peak. This is likely due to the polymer’s 

limited time to properly crystallize during the rapid cooling rates of FFF, which can 

reach several tens of degrees per minute [62,63]. The Tm values were observed within 

the range of 179.2 °C and 181.9 °C. 
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(a) (b) 

 

(c) 

Figure 5.20 - Comparative DSC scans of the 3D printing methods: (a) IN-F and PLA-

F, (b) IN-P and PLA-P, (c) IN-F and SF. 

Table 5.11 - Thermal properties of different composites evaluated with DSC. 

Properties PLA-F IN-F PLA-P IN-P SF 

Tg - Glass transition temperature 

(°C) 
67.1 66.0 66.9 67.5 65.9 

Tcc - Cold crystallization temperature 

(°C) 
101.5 100.1 100.9 102.6 100.4 

∆Hcc - Cold crystallization enthalpy 

(J/g) 
86.3 66.7 94.3 56.6 102.8 

Tm - Melting temperature (°C) 181.9 181.2 179.2 180.6 181.6 

∆Hm – Melting enthalpy (J/g) 130.0 121.8 134.3 100.4 137.2 

Xc – Degree of crystallinity (%) 47.0 59.2 43.0 47.1 37.0 

The degree of crystallinity (Xc) of the samples was calculated by determining 

the experimental enthalpies of fusion (ΔHm) and cold crystallization (ΔHcc), as outlined 

in Eq. 1. This evaluation was particularly important to assess the actual influence of 
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processing methodologies on the crystallinity of the 3D printed specimens. A 

comparison of the Xc values revealed an increase in crystallinity when fibers were 

added: PLA without yarn (PLA-F) had a degree of crystallinity of 47.0%, while PLA 

with yarn (IN-F) showed a value of 59.2%. Similarly, for samples produced through 

the pellet fusion process, the degree of crystallinity increased from 43% (PLA-P) to 

47.1% (IN-P) when fibers were incorporated. In both cases, the addition of fibers led 

to an increase in crystallinity, indicating that higher crystallinity is achieved through 

natural yarn-reinforcement FFF fiber. Andrzejewski and Nowakowski noted that 

sufficient fiber reinforcement content fosters crystalline growth on fiber surfaces, 

promoting a more favorable spherulite structure, which enhances the material's 

reinforcing properties [64].  

However, the SF process exhibited lower crystallinity (37.0%) compared to the 

IN-F process (59.2%), suggesting that lower crystallinity is associated with 3D printing 

with the SF method. These differences highlight the distinct heating cycles involved in 

each method. For the in-situ process, the heating processing of the composite is limited 

to the 3D printing stage, whereas an additional thermal cycle is involved for the semi-

finished filament fabrication. This extra thermal cycle can reduce crystallinity, as 

repeated heating and cooling may disturb the ordered molecular regions, preventing 

polymer chains from realigning into a crystalline structure during cooling. Supporting 

this observation, Yi et al. demonstrated that biocomposites reinforced with cellulose-

based fibers exhibited a progressive reduction in the degree of crystallinity with each 

thermal cycle [65].  

It is important to note that Eq. 1 does not initially account for the presence of 

fibers in the sample composition, which means that a fraction of the material does not 

contribute to the melting enthalpy of the PLA matrix. Therefore, the calculation of 

melting enthalpy has been corrected to consider the fiber fraction, ensuring a more 

accurate assessment of crystallinity. Although fibers can act as nucleating agents by 

promoting the formation of crystalline nuclei, the macroscopic size of the fibers and 

their limited degree of impregnation suggest that their nucleating effect may be 



194 

 

negligible in this study. Additionally, the presence of non-impregnated fibers can 

introduce defects that interfere with crystallization, rather than enhancing it. 

5.5 Conclusions 

The research aimed to investigate the differences in physical and mechanical 

properties resulting from the use of large-diameter natural fiber yarns in FFF 3D-

printed PLA, comparing two insertion methods: in-nozzle impregnation during 3D 

printing (IN) and semi-finished filament (SF). The study found that the SF method 

resulted in better fiber-matrix bonding, as evidenced by image analysis, and 

demonstrated superior tensile strength and elastic modulus, with improvements of up 

to 18.4% over the IN method. Additionally, the SF method allowed for faster printing 

speeds of up to 400 mm/min, compared to the 300 mm/min limit of the IN method. The 

presence of fibers also increased the degree of crystallinity, though this was reduced 

after repeated thermal cycles, which disrupted the crystalline regions.  

 The study’s limitations include the lack of exploration of yarn pre-treatments 

and multi-filament strategies for large-scale applications. Future developments should 

address these gaps by improving impregnation quality, investigating the effect of 

exposure time to the heated nozzle on impregnation, and optimizing inter-ply strength 

through detailed mechanical analyses. These efforts will be crucial for enhancing 

composite performance and fully understanding the impact of processing parameters. 

Despite these limitations, the results highlight the potential of the SF method for 

advancing natural fiber-reinforced composites in FFF 3D printing. The demonstrated 

improvements in mechanical properties and process efficiency pave the way for 

innovative and sustainable application scenarios. 
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Chapter 6  - MONO AND BI-MATERIAL ADHESIVE JOINTS 

WITH ADDITIVELY MANUFACTURED CONTINUOUS 

NATURAL FIBER REINFORCED BIOCOMPOSITE ADHERENDS 

This chapter was published under the reference: 

Natália V. Santos, Daniel K. K. Cavalcanti, Henrique F. M. de Queiroz, Jorge S. S. 

Neto, Mariana D. Banea, Daniel C.T Cardoso, Mono and bi-material adhesive joints 

with additively manufactured continuous natural fiber reinforced biocomposite 

adherends, Polymer Composites (2025). http://doi.org/10.1002/pc.29674  

The scope of 3D printing is limited by its maximum printing area, necessitating joints 

for assembling larger structural elements. Natural fibers have been employed to 

reinforce printed materials, enhance their mechanical properties, and reduce polymer 

usage. However, the effects of these fibers on bonded joints, particularly in the context 

of continuous natural yarns, remain underexplored in the literature. This study 

examines 3D-printed single-lap joints (SLJ) with biocomposite adherends made via 

Fused Filament Fabrication (FFF), using continuous jute fiber-yarn reinforced polymer 

(JFRP) and Polylactic Acid (PLA). Mechanical characterization, surface roughness 

analysis, and single-lap shear tests were conducted for combinations of PLA-PLA, 

JFRP-JFRP, JFRP-steel, and JFRP-wood joints. JFRP joints showed higher failure 

loads than neat PLA joints due to increased roughness and strength from the jute yarn. 

JFRP-wood joints demonstrated the best performance, exceeding neat PLA SLJ 

strength by approximately 57%. Analytical models were used to understand better the 

effects of materials and reinforcement on load distribution along the adhesive. 
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6.1. Introduction 

The advent of Additive Manufacturing (AM), also known as 3D printing, has 

been instrumental in transforming various sectors of the industry [1], especially civil 

construction, primarily attributable to its capacity for fabricating complex components 

and minimizing waste generation and labor requirements [2,3]. However, the extent of 

AM printing is constrained by the equipment's printing area, necessitating the 

establishment of efficient connections between the fabricated components. In this 

context, bonded joints emerge as an excellent option to ensure load-transfer ability and 

structural integrity, efficiently connect distinct printed parts and overcome the 

limitations imposed by the printing area size.  

Among the possibilities of connections, bonded joints are a crucial component 

in materials engineering and structural mechanics, representing a sophisticated 

integration of materials through adhesive interactions. These joints involve the strategic 

connection of different materials, such as polymers or composites, and offer enhanced 

design flexibility for structural projects, enabling more innovative and efficient designs 

[4]. This approach leverages the synergistic properties of adhesives to distribute loads, 

enhance durability, and mitigate stress concentrations introduced by mechanical 

fasteners, thereby optimizing the overall performance of joined components [4,5].  

The behavior of adhesively bonded joints with 3D-printed adherends was 

investigated by several researchers [1,3,4,6,7]. One of the aspects investigated was the 

effect of adhesive type on the joint’s performance. For example, Bürenhaus et al. [8] 

studied the influence of adhesive type (acrylate resin, polyurethane adhesive, and 

epoxy resins), surface treatment (mechanical roughening and plasma activation), 

surface structure, and joint design on the bond strength of Fused Filament Fabrication 

(FFF) manufactured parts made of ULTEM 9085 resin. Yap et al. [9] compared epoxy 

and cyanoacrylate adhesives on 3D-printed Acrylonitrile Styrene Acrylate (ASA) and 

Nylon 12 Carbon Fiber (NCF) materials. The authors showed that the choice of 

adhesive-adherend combination is essential in printed adherends and directly affects 

the failure mode of the bonded joint. The best combination was observed with ASA 
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and cyanoacrylate, yielding higher adhesive strength and resulting in cohesive failure 

of the joint. This differs from all other cases where the failures were adhesive. Even 

with heat and surface treatments, the epoxy adhesive strength remained notably weaker 

than that of cyanoacrylate. 

An additional critical factor in 3D printing and composite materials is the 

geometric tailoring of the adherends. Among the studies conducted on this topic, 

Cavalcanti et al. [10], investigated the effect of 3D-printed PLA (polylactic acid) 

bonded joints in two types of orientation (flatwise and edgewise direction) with flat 

and wave geometry joints. They state that modifying the adherend geometry to enlarge 

the contact surface proportionally can enhance the ultimate strength of the bonded joint.  

Kovan et al. [11] investigated the impact of layer thickness and print orientation 

on the bond strength between 3D-printed materials through single-lap shear joints. The 

results indicate that the edgewise orientation exhibits superior bonding strength for 

thinner layers, whereas the flatwise orientation demonstrates the highest bonding 

strength for thicker layers. According to the authors, the variation in adhesive bonding 

strength across different print orientations can be attributed to a combination of the 

notch effect, area effect, and surface roughness. 

Regarding mechanical properties, Garcia et al. [12] used 3D printing to modify 

the surface of laminated composites. By applying printed layers superimposed on the 

bonded joint to impart texture to bond regions, the authors observed that these joints 

manifested higher average peak loads, showing a maximum increase of up to 832% 

concerning pure adhesive joints. 

Khosravani et al. [13] studied the influence of 3D printing parameters and 

adhesive thickness on the performance of 3D-printed PLA adhesively bonded joints. 

They determined an optimal adhesive thickness of 0.2 mm for printed joints, resulting 

in higher mechanical properties than those for other thicknesses studied. Atahan et al. 

[14] investigated the effect of loading rate on the tensile and bending strength of 3D-

printed PLA adhesively bonded joints, showing the dependence of the mechanical 

behavior of the printed joint on the path in which it was printed. 
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The applications of bi-material joints partially composed of printed materials 

have been increasing, as the combination of materials allows the integration of 3D 

printing with various materials, facilitating the creation of intelligent and optimized 

structures. Golewski et al. [7] analyzed the response mechanisms of hybrid joints 

composed of ABS and 6061-grade aluminum in various geometries, as the polymer-

aluminum combination has significant applications in the aerospace sector. This new 

joining technique increased the maximum force from an initial value of 400.4 N to 

832.5 N due to the increased stiffness generated by adding a more rigid material. 

Dugbenoo et al. [15] discussed using additive manufacturing to enhance 

bonding in 3D-printed continuous-fiber composites by creating a porous bonding 

surface, significantly improving strength and toughness. Similarly, Pizzorni et al. [3] 

analyzed the effect of joint-design factors (overlap length, adhesive type, and substrate 

geometry) on the adhesively bonded joints with adherends consisting of 3D-printed 

short and continuous carbon-fiber composites. They suggest that the limitations of the 

printed composite joint are mainly attributable to the substrate's low transverse 

strength, which is compromised by the substantial peel stresses at the overlap 

terminations. 

Concerning the use of natural fibers, Cavalcanti et al. [16] explored the 

integration of natural fibers (jute and curauá) and synthetic fibers (glass) in the 

additively manufactured PLA and ABS adherends. The authors demonstrate that the 

mechanical properties of adhesively single-lap joints (SLJs) were enhanced by 

incorporating natural fiber fabric laminate over the 3D-printed adherends. The most 

significant improvement in joint failure load, approximately 150%, was observed when 

employing curauá fabric compared to neat PLA. However, this incorporation only 

occurred after the printing process, through the lamination of the fabric onto the joint. 

The behavior of bonded joints produced with 3D-printed biocomposites remains 

unexplored. 

The focus on the utilization of AM parts has been concentrated in the aerospace 

and transport industries. However, AM has gained attention due to its unique 

advantages for the Architecture, Engineering, and Construction (AEC) sectors [17–21]. 



207 

 

Therefore, owing to the likely reduction in structural weight, cost, and waste, this 

application may prove valuable to enhancing projects in the construction sector. 

Specifically for the civil engineering sector, any technique that will aid in reducing 

structural total carbon footprint is invaluable given the current unsustainable emission 

levels, especially replacing of traditional materials with low energy consumption 

natural fiber composites [22]. 

In a previous study [23], a method to produce 3D-printed components using 

continuous yarn reinforcement was developed, utilizing a modified FFF’s hotend 

adapted for in-nozzle impregnation of natural fibers within a biopolymer matrix. The 

process combines natural yarns with polylactic acid (PLA) to produce bio-based 

printed filaments with diameters up to 3 mm. It enhances material properties compared 

to plain biopolymer, increasing productivity and enabling its use in large-scale 

elements. However, print size limitations generated the need to analyze the possible 

connections of printed biocomposites to enable their large-scale use. Furthermore, 

combining 3D printing with primary construction materials has led to innovative 

applications that excel in creating robust and functional mixed architectural elements. 

This represents a significant advancement in the field of civil construction. 

The main objective of this study is to investigate the mechanical performance 

of SLJs made of AM adherends made of jute fiber-reinforced polymer biocomposites, 

analyzing the effects of fiber incorporation on roughness and its impact on adhesion. 

Additionally, an analysis of mixed joints of this printed biocomposite with traditional 

construction materials (wood and steel) was carried out to verify the applicability of 

this technique to the civil construction sector. The innovation of this research lies in the 

novel application of natural yarn-reinforced composites in similar and dissimilar joints 

for the construction sectors. The utilization of biodegradable 3D-printed composites 

presents an intriguing alternative to conventional joints. This approach enhances the 

environmental sustainability of both industries and reduces waste. Consequently, the 

present study is a crucial foundation for further research on these types of joints. 
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6.2. Materials and Methods 

6.2.1 Materials and Material Characterization 

The first phase of this work was a comprehensive material characterization to 

understand the properties and behavior of additively manufactured biocomposites. The 

material was produced with continuous jute fiber reinforcement embedded in a PLA 

matrix. The choice of PLA was made due to its biodegradable nature and natural origin. 

As a reinforcement material, jute was selected for its abundance, natural properties, 

and cost-effectiveness. Additionally, continuous printing with jute yarn allows for 

greater control over the fiber percentage throughout the printing process. The jute yarn 

was provided by Sisal Sul (São Paulo, Brazil), while the 1.75mm diameter polylactic 

acid filament (PLA) was supplied by 3DLAB (Minas Gerais, Brazil). This work 

adopted two additional adherend materials (wood and steel) chosen for their 

widespread use in civil construction, thereby allowing the evaluation of the potential 

application of the printed biomaterial in mixed structures within the sector. The wood 

samples were made of Erisma uncinatum provided by Madeira Batista (Orleans, 

Brazil). The steel samples were made using high-strength steel (DIN C65 heat treated). 

Table 6.1 shows the main properties of the substrate materials. 

Table 6.1 - Properties of the substrate materials [23–31]. 

Property Jute yarn PLA Wood Steel 

Classification Corchorus Polylactic 

Acid 

Erisma 

uncinatum 

DIN C65 heat-

treated 

Diameter 0.52-1.17 - - - 

Density (g/cm3) 1.3-1.5 1.21-1.25 0.625 - 

Linear density (g/m) 0.31±0.05 - - - 

Tensile strength 

(MPa) 

393-800 21-60 31-67 861-930 

Young modulus 

(GPa) 

10-30 0.35-3.5 9.7-17.0 210 

Melting temperature 

(°C) 

- 160-220 - - 

Cellulose (%) 58-71 - - - 

Hemicellulose (%) 12 - - - 

Lignin content (%) 12-14 - - - 

Moisture absorption 

(%) 

12 - - - 
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A structural epoxy-based adhesive, AR345, provided by E-composite (Rio de 

Janeiro, Brazil), was selected as the adhesive material. The manufacturer specified the 

adhesive’s mechanical properties [32]: Young's modulus of 3.1 GPa, the tensile strength 

of 53.1 MPa, and the ultimate tensile strain of 4.3%. 

To produce the printed adherends, the jute-PLA composite, and the neat PLA, 

an Ender 3 V2 printer was adapted for printing polymer and continuous natural fiber 

yarns simultaneously through the in-nozzle impregnation method [11,27]. Figure 6.1a 

shows a schematic drawing of the extruder configuration, while Figure 6.1b shows the 

in-nozzle printing process using the extruder. Based on previous studies [23], Table 6.2 

shows the main printing parameters used for biocomposite fabrication. The selection 

of a 1.5 mm nozzle was made to increase the printing flow and make the application of 

this method feasible for large-scale construction elements.  

 

Figure 6.1 - Extruder printer of the composite (a) schematic drawing and (b) photo of 

the extruder while printing.  

Table 6.2 - Printing parameters. 

Property Value 

Nozzle  1.5mm  

Speed  130mm/min  
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Extruder temperature  200°C  

Bed temperature  60°C  

Layer height  1.5mm  

Layer width  1.5mm  

Number of layers 2 

Fiber volume fraction (%) 12.5-21.8 

Roughness and tensile tests were carried out to characterize the adherends. The 

roughness tests were performed using an ATOS Compact Scan (Zeiss, Oberkochen, 

Germany) available at the Reverse Laboratory (Polito, Piemonte, Italy). The testing 

protocol followed the recommendations of ISO 4288 [33]. The specimens had 

dimensions of 20×10×3.0 mm. Figure 6.2 shows the test setup and the samples. 

 

Figure 6.2 - Roughness test: (a) setup and (b) samples. 

The tensile tests were performed using an Instron®5966 universal testing 

machine equipped with a 10kN external load cell available at the Laboratory of 

Adhesives and Composites Materials (LADES) (CEFET/RJ, Rio de Janeiro, Brazil). 

The testing protocol followed the recommendations of ASTM D3039 [34]. The tests 

were conducted at room temperature of 23°C and 50% relative humidity at a 

displacement control rate of 1mm/min up to failure. The specimens had a prismatic 

geometry of 200×25×3.0 mm (length x width x thickness).  
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6.2.2 Single-Lap Shear Tests 

The manufacturing process of bonded joints involves several sequential steps. 

First, the surfaces of the wood and steel substrates were sanded to remove impurities 

and achieve a flat surface with a uniform finish. All the substrates used to fabricate the 

joints were cleaned with acetone before applying the adhesive. A metallic mold with a 

bonded joint holder was prepared. Subsequently, the bottom substrate was placed, and 

the alignment tab and bottom metallic spacer were positioned. Following this, the top 

metallic spacer was carefully positioned. The next step involved applying adhesive to 

both substrates, ensuring thorough and uniform coverage with 0.2mm of thickness 

ensured by the presence of alignment tabs. Finally, the top printed substrate was placed, 

completing the assembly of the bonded joint. The metallic mold was then placed in the 

hot press at 60°C for the curing process for 24 hours. Figure 6.3 shows the 

manufacturing process of the bonded joints. 

 

Figure 6.3 - Bonded joints manufacture process: (a) Metallic mold with bonded joint 

holder, (b) placing bottom substrate, (c) fitting of alignment tab and bottom metallic 

spacer, (d) positioning of the top metallic spacer, (e) application of the adhesive in both 

substrates and (f) placing of the top printed substrate. 
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The dimensions and the types of the SLJ can be observed in Figure 6.4. Mono-

material SLJs were fabricated using printed adherends and the following combinations 

of materials: neat PLA-PLA (Polylactic Acid adherends without fiber) and JFRP-JFRP 

(Jute Fiber-Reinforced Polymer adherends). The bi-material bonded joints considered 

in this work were JFRP-wood and JFRP-steel. Four samples of each combination were 

fabricated. 

 

Figure 6.4 - SLJ specimen geometry: (a) Mono-materials, (b) JFRP-steel, and (c) JFRP-

wood. 
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SLJ tests were performed using an Instron® 5966 universal testing machine 

(Norwood, MA, USA) equipped with a 10 kN external load cell available at the 

Laboratory of Adhesives and Composites Materials (LADES) (CEFET/RJ, Rio de 

Janeiro, Brazil). The testing protocol followed the recommendations of ASTM D1002 

[35]. The tests were conducted at room temperature of 23°C and 50% relative humidity 

at a displacement control of 1mm/min rate up to failure.  

6.2.3 Analytical Models 

For the mono-material joints, the analytical model of Goland-Reissner's peel 

stress and shear stress distribution [36] were obtained according to Equations (1) and 

(8), respectively. This load distribution allows a better understanding of the joint’s 

failure behavior. 
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𝑃′𝑡

𝑐2∆
[
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Where, 
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For the bi-material joints, the analytical model of Volkersen's shear stress 

distribution [37] for bi-material joints with different thicknesses was obtained 

according to Equation (13). The necessity to use the Volkersen model [37] for bi-

materials instead of the Goland-Reissner model [36] arises because, although it is 

simpler and does not allow for the identification of peel stress, the Volkersen model 

[37] enables the analysis of adherents with different thicknesses and mechanical 

properties. 

𝜏 =  𝜏̅
𝜆𝑙

𝜙sin (𝜆𝑙)
[(𝜙 − 1)cos (𝜆(𝑙 − 𝑥)) + cosh(𝜆𝑥)]  ( 13 ) 
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6.3. Results and Discussion  

6.3.1 Material Characterization 

Regarding the mechanical characterization of the printed materials, Table 6.3 

presents the results for tensile strength, Elastic modulus, and ultimate tensile strain for 

neat PLA and JFRP. At the same time, Figure 6.5a illustrates the representative stress-

strain curves of the materials. Incorporating of continuous jute yarn reinforcement led 

to a 0.42% increase in tensile strength compared to neat PLA. However, using the two-

sample t-test, it was found that with a confidence level corresponding to a p-value of 
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0.767, there is no statistically significant difference in the tensile strength between the 

tested samples. Despite the non-effective change in tensile strength, jute yarns imparted 

the composites with superior final rupture characteristics, which is crucial in 

developing structural elements. The low volumetric fraction of the jute reinforcements 

within the composite (12.5-21.8%) in conjunction with the fiber's large diameter, 

resulting in a limited matrix penetration within the fiber structure, can be considered 

the primary responsibility of the JFRP composite lower mechanical properties. The 

fiber's hydrophilic characteristics also hamper proper matrix/fiber interfaces, reducing 

overall load transfer.  

 

Figure 6.5 - Representative tensile test results: (a) stress x strain curve and (b) failure 

mode. 

Table 6.3 - Mechanical properties of the printed material. 

Type 
Tensile strength 

(MPa) 

p-value Elastic modulus 

(GPa) 

p-value Tensile 

strain (%) 

p-

value 

Neat 

PLA 
52.97±4.20 

0.076 
3.40±0.10 

0.078 
1.56±0.11 

0.487 

JFRP 53.91±2.85 0.118 3.27±0.39 0.497 1.66±0.12 0.601 

The JFRP exhibited a brittle failure, similar to the PLA’s pre-peak behavior 

[23]. However, the JFRP differs in its post-peak behavior, with the fibers mitigating 

catastrophic failure in the form of fiber bridges (Figure 6.5a) throughout the sample. A 
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mix of fiber pull-out and fiber breakage prevents an abrupt loss of the composite’s 

structural integrity. The detail of the failure surface presented in Figure 6.5b shows the 

fiber’s bridges after cracking. 

In terms of roughness of the cross-section, the presence of jute fibers on the 

surface results in an increase in contact area and notch effect, ultimately leading to a 

higher load-carrying capacity of the joint [11], mainly generated by the eccentricity of 

the natural fiber from the in-nozzle printing process [23]. Figure 6.6 shows the 

roughness curve of PLA and JFRP samples, respectively, demonstrating the difference 

in the roughness of each sample by the measured parameters of Ra (Arithmetic Mean 

Roughness), Rq (Root Mean Square Roughness), and Rz (Maximum Height of the 

Profile) (Table 6.4).  

 

Figure 6.6 - Surface roughness of printed materials: (a) Neat PLA and (b) JFRP. 

Table 6.4 - Surface roughness properties of neat PLA and JFRP. 

Roughness Property Neat PLA JFRP 

Ra (mm) 0.125±0.011 0.184±0.008 

Rq (mm) 0.163±0.019 0.222±0.011 

Rz (mm) 0.820±0.137 0.926±0.011 

The JFRP exhibited significantly elevated surface roughness 

(RaJFRP = 0.125±0.011mm) compared to the neat PLA counterpart 

(RaPLA = 0.184±0.008mm), i.e. an increase of 47.20%. The greater roughness in the 
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JFRP specimens indicates a more intricate surface morphology, likely attributable to 

the incorporation of jute fibers. Conversely, the surface of neat PLA specimens 

showcased a relatively smoother texture characterized by a regular and periodic striped 

pattern. The amplitude parameters Rq (RqPLA = 0.163±0.019mm and 

RqJFRP = 0.222±0.011mm) and Rz (RzPLA = 0.820±0.137mm and 

RzPLA = 0.926±0.011mm) also indicate the tendency to change the surface texture of 

the sample with the addition of natural fiber, revealing increases of 36.20% and 

12.93%, respectively. 

Additionally, a Scanning Electron Microscopy (SEM) analysis was conducted 

on the surfaces of the samples (Figure 6.7). This analysis revealed a distinct difference 

in surface texture between the neat PLA and the JFRP. The surface of the neat PLA was 

smooth, with its roughness attributed to the formation of surface crystals. However, the 

addition of non-centralized jute yarn in the layers, resulting from the in-nozzle printing 

process [23], became exposed on the material's surface, producing a significant 

increase in roughness. This increased roughness was less detectable in the scanner than 

the resolution due to the resolution limits of the equipment. 

 

Figure 6.7 - SEM image of the surface of printed materials. 
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6.3.2 Single-Lap Shear Results for Mono-Material Joints 

Table 6.5 summarizes the average failure loads, displacements, and lap shear 

strength of neat PLA-PLA and JFRP-JFRP. Initially, it is possible to identify an increase 

of 66.53% in the lap shear strength of JFRP when compared to neat PLA. Employing 

the Anderson-Darling test hypothesis, the failure load data from each group underwent 

analysis to ascertain conformity to a normal distribution (Figure 6.8a). The dataset 

demonstrates normal behavior, corroborated by p-values of 0.178 for neat PLA-PLA 

and 0.362 for JFRP-JFRP. A comparison of the normal distribution curves within a 95% 

confidence interval indicates a complete non-overlap of the results. The difference in 

the bonding strength between FFF samples with and without fiber can be explained 

through the roughness of the adherends [38], as shown in the roughness test. 

Representative load-displacement curves for neat PLA-PLA and JFRP-JFRP SLJs can 

be seen in Figure 6.8b. 

 

Figure 6.8 - Results from mono-material joints: (a) statistical analysis of the fiber’s 

influence in the printed bonded joint; (b) representative load-displacement curves of 

neat PLA-PLA and JFRP-JFRP’s SLJ. 

Table 6.5 - Summary of results for mono-material joints. 

Joint Type Peak Load (N) Displacement at the 

peak (mm) 

Lap Shear 

Strength (MPa) 

Neat PLA-PLA 973.85±72.06 0.90±0.08 3.12±0.23 

JFRP-JFRP 1621.79±37.71 1.58±0.11  5.19±0.12 
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The SLJ’s failure surfaces were visually analyzed following ASTM D5573 

[40]. Failures can be divided into: adhesive failure (ADH) (i.e., a rupture in the 

adherend-adhesive interface), cohesive failure (CF) (i.e., failure inside the adhesive 

layer), fiber-tear failure (FTF) (i.e., failure inside the composite adherend) and stock 

break (SB) (i.e., failure caused by adherend fracture).  

Figure 6.9 shows representative failure modes of neat PLA-PLA and JFRP-

JFRP specimens, respectively. In Figure 6.9a, it is possible to verify that the rupture of 

the bonded joint was characterized as ADH for neat PLA-PLA. In some situations, the 

substrate exhibited partial failure (Figure 6.9b), but the adhesive interfacial strength 

still governed the final failure. The failure of the JFRP-JFRP differed from that found 

for the neat PLA-PLA specimens. In the case of JFRP-JFRP, the failure mode occurred 

through interlayer shear rupture, with SB of the composite (Figure 6.9c and 9d), with 

part of the natural fibers being pulled out of the matrix. According to Mattey et al. [41], 

these interfaces result from differential cooling during the deposition process and are 

expected to have lower strength than the bulk-printed composite.  

Consequently, propagation is expected on these surfaces when the adhesive 

interface exhibits greater resistance than the printed layer-to-layer interface. From a 

structural perspective, it is important to highlight the differences in ductility upon 

material failure. The adhesive failure of the PLA-PLA joint was significantly more 

brittle than to the JFRP-JFRP biocomposite, which exhibited interlaminar crack 

formation, promoting gradual energy dissipation. 
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Figure 6.9 - Mono-material representative failure modes: (a,b) Neat PLA-PLA and 

(c,d) JFRP-JFRP. 

Analyzing the JFRP-JFRP joint failure, the interlaminar cracks form due to the 

through-thickness stresses introduced resulting from the peel stresses developed at the 

joint (Figure 6.10a and 10b). The SLJ has its load transmission supported only by the 

remaining adhered layer, thus suffering a brittle rupture in this layer (Figure 6.10c). 

These results are consistent with those reported by Khosravani et al. [13], who verified 

the failure modes of bonded PLA joints and reported that the greatest loads were 

observed when the rupture of the adjacent printed structure governed failure. 

 

Figure 6.10 - Examples of failure progression during loading of JFRP: (a) yielding of 

adherends, (b) interlayer shear failure, and (c) layer failure. 

Given the existence of two non-collinear forces generating the rotation of the 

joints that causes the interlayer shear failure observed in Figure 6.10b, the Goland-
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Reissner's model [36] for stress analysis along the adhesive was used to understand this 

behavior. This model considers the existence of a moment resulting from the lack of 

geometric linearity caused by this rotation of the joints (Figure 6.10a), causing the 

displacements to lose proportionality to the applied force [42]. Figure 6.11b, 11c, and 

11d show that the highest stresses caused by the peak stress are located near the ends 

of the joint, accentuating failure at these points. These points resist the forces until the 

stress limit between printing layers is reached, resulting in interlaminar delamination 

and subsequent material failure. 

 

Figure 6.11 - Behavior and distribution of stresses in the SLJ: (a) Deformation of SLJ 

under tension, (b) shear stress schematic distribution, (c) Neat PLA-PLA, and (d) 

JFRP-JFRP shear and peel stress distribution. 

6.3.3 Single-Lap Shear Results for Bi-Material Joints 

Table 6.6 and Figure 6.12 summarize the data obtained from bi-material joints 

and compare them with mono-material joints. The joints’ performance of the joints 

significantly varied as a function of the adherend material.  
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Figure 6.12 - Results as a function of material: (a) Load-displacement representative 

curves, (b) Lap shear strength [16], (c) Load-displacement representative curve of 

JFRP-wood, (d) Shear stress distribution in the JFRP-wood’s SLJ based on Volkersen’s 

analytical model [37], (e) Load-displacement representative curve of JFRP-steel SLJs, 

(f) Shear stress distribution in the JFRP-wood’s SLJ based on Volkersen’s analytical 

model [37]. 
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Table 6.6 - Comparative of mono-material and bi-materials SLJ average failure loads 

and displacements. 

Joint Type Failure Load (N) Displacement 

(mm) 

Lap shear strength 

(MPa) 

Neat PLA-PLA 973.85 ± 72.06 0.90 ± 0.08 3.12 ± 0.23 

JFRP-JFRP 1621.79 ± 37.71 1.58 ± 0.11  5.19 ± 0.12 

JFRP-wood 2543.76 ± 43.52 2.17 ± 0.36 8.14 ± 0.14 

JFRP-steel 2140.89 ± 119.90 1.14 ± 0.27 6.85 ± 0.38 

An observed trend of joint rigidity increased progressively from the joint with 

the lowest stiffness (mono-materials) to the highest (bi-materials). However, despite 

the highest strength and rigidity of the steel adherends, the highest failure load was 

found for the JFRP-wood’s SLJ specimens. This may be linked to the reduction of joint 

rotation based on wood joint geometry. Reis et al. [43] highlight that using one 

adherend with higher stiffness contributes to reducing joint rotation, promoting a more 

uniform distribution of stresses in the adhesive and a consequent increase in the 

strength of the bonded joint.  Golewski et al. [7] also indicated that bi-material joints 

composed partially of printed material and partially of higher stiffness material enhance 

the overall stiffness of the joint. 

Figure 6.12b compares the data found in the present work with those in the 

relevant literature. The natural jute yarn-reinforced composites used in an SLJ 

configuration presented in Cavalcanti et al. [16] show a reduction in strength of up to 

18.4% compared to direct lamination of one jute fabric (J1). However, when 

considering two layers of overlapping fiber fabric (J2), this value decreases to 12.2%. 

The superior mechanical properties presented by Cavalcanti et al. [16] can likely be 

attributed to the improved fiber-matrix interface quality in the lamination process, 

which involves a thermoset resin that, after compression molding, presented better fiber 

wettability than the in-nozzle process. This process makes the interface between fiber 

layers weaker and prone to breaking under the moment generated by the lower stiffness 

of the in-nozzle samples. However, when considering bi-material joints, the stiffness 

of the assembly and, consequently, a reduced joint rotation, the Lap Shear Strength was 

32.4% higher when comparing the JFRP-wood joint to the J1. 
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Compared to the JFRP-JFRP, the JFRP-wood presented an average increase of 

56.85% in average failure load. As seen in the representative load-displacement curve 

in Figure 6.12c, the load remains constant until isolated ruptures of the wood fibers 

occur. The material redistributes the load to its limit, leading to catastrophic failure of 

the wood material. 

Otherwise, analyzing the shear stress (Figure 6.12d) calculated using 

Volkersen’s model [37], it is possible to note that the difference in stiffness and 

dimensions of the joints which leads to a consequent imbalance due to geometry 

resulted in a difference in shear tension. The stresses will be higher on the less stiff 

adherend [44], leading to joint failure in this region.  

Figure 6.13a and 13b show the failure mode of the JFRP-wood joint. An 

interlaminar rupture in the wood fibers was observed in the region with a higher stress 

peak (Figure 6.13e). The failure of the bonded joint occurs through wood inter-fiber 

fracture due to shear in the longitudinal direction of the fibers, where the tendency to 

separate occurs due to the slippage of the fibers, resulting in wood delamination 

[45,46]. This failure is expected once wood behaves essentially linearly elastic, and 

failure is marked by a brittle fracture with crack formation [47].  

 
Figure 6.13 - Bi-material’s representative failure modes: (a,b) JFRP-wood, (c,d) JFRP-

steel, (d) JFRP-wood interface representation of adhesive impregnation. 
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It has been observed that the shear strength of the wood fibers is comparatively 

lesser than the ultimate strength exhibited by the adhesive and the longitudinal shear 

strength of the composite material, as also noted by Budhe et al. [48]. As Jalali et al. 

[46] mentioned, upon applying of a resin adhesive, a portion of this permeates between 

the wood fibers, ensuring good adhesion between this adherend and the adhesive. 

Consequently, failure mode occurs within this region and the non-impregnated area, 

where the interface between longitudinally arranged wood fibers is weaker.  

In the case of JFRP-steel’s bonded joints, compared to the JFRP-JFRP, the 

JFRP-steel combination shows an average load gain of 32.01%. The increase in failure 

load can explained by the reduction in joint rotation due to the higher resistance of the 

metallic adherend (𝐸𝑠𝑡𝑒𝑒𝑙𝑡𝑠𝑡𝑒𝑒𝑙 ≫ 𝐸𝐽𝐹𝑅𝑃𝑡𝐽𝐹𝑅𝑃). Figure 6.12e and 12f show the 

representative load-displacement curve and shear stress based on Volkersen’s model of 

JFRP-steel joint. Comparing the analytical model with the joint failure modes (Figure 

6.13c), the shear stress reached the joint’s peak stress, leading to the printed 

composite’s interlaminar detachment. Unlike wood, which has lower resistance when 

subjected to tension perpendicular to the fibers, steel, an isotropic material with greater 

resistance, does not suffer damage at this loading level. 

Representative failure modes of the JFRP-steel joint are illustrated in Figure 

6.13c and 13d. In this case, the rupture occurred in the printed adherend. The crack 

initiated near the overlap edge, on the steel side of the printed adherend, due to the peak 

peel stresses observed in the shear stress x overlap graphic (Figure 6.12f). Given the 

brittle nature of the PLA, the crack propagates along the overlap edge, following the 

rotation tendency (Figure 6.13a). The adhesive/PLA interface demonstrated higher 

resistance than the composite interface, resulting in crack nucleation at the overlap edge 

and propagation through the interlaminar space within the composite, leading to a 

generalized delamination failure. Figure 6.13b shows that the PLA failed in a brittle 

manner, and the printed layers delaminated, indicating lower interfacial quality and 

strength. 
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6.4. Conclusions 

This study evaluated the use of natural fibers as reinforcement in printed 

adherends for single-lap adhesively bonded joints and their application in bi-material 

combinations. This experimental approach enabled the assessment of their mechanical 

properties and joint behavior. The relationship between surface roughness and the 

performance of bonded joints with traditional AEC materials, such as wood and steel, 

provided interesting insights. The key findings from this study are: 

• The addition of natural continuous yarn reinforcement affected both the 

composite and the mechanical behavior of the printed bonded joint. Despite this 

effect, no gain in tensile strength of JFRP compared to neat PLA was observed, 

and the brittle failure was mitigated by the presence of jute yarn bridges. 

• In mono-material joints, the addition of continuous natural jute fibers increased 

the SLJ’s failure load by 66.53% compared to the neat PLA-PLA joint due to 

an increase in JFRP’s surface roughness of 47.20% compared to the neat PLA 

material, generating an expansion of contact area and notch effect. 

• Bi-material joints showed greater results due to the presence of one of the 

adherends with a higher rigidity than mono-material joints. The JFRP-wood 

bonded joints present the best results with a failure load up to 2543.76N 

(56.85% higher than JFRP-JFRP), indicating a promising combination for 

mixed, sustainable structures. The JFRP-steel combination shows an average 

load gain of 32.01%, with a failure mode in the printed material. 

Applying natural continuous yarn-reinforced printed joints has proven effective in 

improving the adhesive-adherend interface and its compatibility with other materials, 

particularly JFRP-wood and JFRP-steel. This demonstrates promising results for mixed 

structural applications in the AEC sector, offering a potentially innovative approach to 

enhance mechanical properties with sustainable solutions and lowering carbon 

footprint. For future studies, the authors recommend exploring methods to enhance 

interlayer adhesion quality, optimizing printing parameters for fiber-reinforced bonded 

components, and conducting large-scale testing to advance this technology. 
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Chapter 7 - ENHANCING STRUCTURAL PRINTED 

COMPONENT JOINT PERFORMANCE WITH OPTIMIZATION 

PATHS AND CONTINUOUS NATURAL YARN 

REINFORCEMENT IN ADDITIVE MANUFACTURING 

Natália V. Santos, K. S. de Oliveira, T. Doca, Alberto Giubilini, Paolo Minetola, 

Mariana D. Banea, Daniel C.T Cardoso 

Optimization of printing paths is essential in enhancing the performance of high-

strength structures, but the inherent complexity of such geometry often challenges 

traditional manufacturing methods. Additive manufacturing (AM) addresses these 

limitations by enabling the creation of intricate designs reinforced with continuous 

fibers, and when combined with natural yarns, it also offers a sustainable alternative to 

synthetic materials. This study investigates the impact of different printing paths and 

the integration of Continuous Natural Yarn Reinforcement (CNYR) on the mechanical 

performance of Continuous Fiber-Reinforced Thermoplastic Composites (CFRTPCs) 

for structural applications. Results reveal that optimizing layer orientation and 

introducing strategically placed intermediate layers significantly enhance stiffness and 

strength, with improvements of up to 35.2% and 80.0%, respectively, albeit with 

increased brittleness. Meanwhile, incorporating continuous natural yarns improved 

stiffness and strength by 34.9% and 43.2%, respectively, while reducing the likelihood 

of brittle failure. These findings advance the understanding of how CNYR interacts 

with AM technologies to improve mechanical performance, offering a promising route 

for sustainable reinforcement in complex structural components. This research 

underscores AM's potential for tailoring composite structures capable of withstanding 

complex loading conditions, thereby opening avenues for broader applications of 

natural yarn composites in eco-friendly and high-performance engineering solutions. 

Keywords: CFRTPCs, CNYR, AM, Natural fibers, Optimization path. 
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7.1 Introduction 

Continuous Fiber-Reinforced Thermoplastic Composites (CFRTPCs) represent 

a cutting-edge material category that combines the superior mechanical properties of 

continuous fibers with the versatility and lightweight nature of thermoplastic matrices. 

These composites have gained significant attention for their potential in additive 

manufacturing (AM), offering a unique pathway to produce high-performance, tailored 

components. However, the integration of continuous fibers — typically in yarn form 

— into AM processes poses specific challenges. Uninterrupted fiber deposition is 

critical to maintaining reinforcement continuity, as stress concentrations at starting 

points often lead to structural weaknesses under tensile loads, as noted by Melena et al. 

[1]. Additionally, the complexities of AM, including fiber alignment optimization, 

connectivity issues, support structure requirements, surface roughness, and material 

property variations, as highlighted by Zhu et al. [2], further emphasize the need for 

meticulous process calibration. Despite these challenges, the strategic alignment of 

fibers along the printing path can unlock the full potential of CFRTPCs, enabling their 

application in advanced manufacturing scenarios [3]. 

Various path-planning strategies have been explored to optimize the orientation 

and deposition of continuous fibers in CFRTPCs, aiming to maximize mechanical 

performance and structural efficiency. Bittrich et al. [4] highlight the frequent use of 

the principal stress criterion, as opposed to optimization-based approaches, for 

designing curvilinear fiber paths in CFRTPCs. This method aligns fiber trajectories 

with the principal stress directions to enhance structural load-bearing efficiency [5]. 

Several path-planning methods have been proposed in the literature, including the 

Offset, Equally-Spaced (EQS), and Streamline methods [6]. 

The Offset method generates fiber paths through lines parallel to the boundary 

of the element geometry. These parallel lines are spaced at a fixed distance 

corresponding to the print layer width and terminate when they intersect previously 

created lines. An interpolation process is then applied to align the fiber angles within 

each cell to the orientation vector. The EQS method creates continuous fiber paths 

parallel to the geometric boundary of the optimized structure, distributed along its 
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largest dimension. In this approach, a constant number of points is equally spaced 

across each cross-section of a solid area and connected along the span direction. In 

contrast, the Streamline method generates paths where the lines are tangent to the 

vector field that defines the fiber orientations, resulting in smooth trajectories similar 

to those of the EQS method [6,7]. Additionally, Wang et al. [6] developed a load-

dependent path planning (LPP) method for 3D printing. This method generates a single 

print path that achieves a proportional distribution across the cross-section, providing 

an effective solution for CFRTPCs. However, a limitation of this method is the 

occurrence of fiber crossings within the same layer, which can lead to height variations 

across the printed surface. 

Consequently, the definition of printing paths directly influences the 

mechanical properties of the components. Li et al. [8] integrated continuous carbon 

fibers into a topologically optimized suspension component to reduce strain energy but 

found that non-optimized components with continuous reinforcement were impractical 

to print, complicating fiber inclusion analysis. Chen & Ye [9] demonstrated significant 

improvements by fabricating a topologically optimized carbon fiber-reinforced beam, 

achieving an 1163% increase in load capacity compared to unreinforced components. 

Similarly, Huang et al. [10] showed that aligning Kevlar fibers parallel to the loading 

direction enhanced load capacity by 64.4%, though they stressed the need for further 

comparisons between reinforced and unreinforced components.  

Current research has predominantly focused on the use of uniform printing 

paths across all layers, which limits the potential of structural components that need to 

withstand varying types of loads. This approach overlooks the benefits of optimizing 

fiber orientations layer by layer to address specific mechanical demands. Additionally, 

another significant limitation lies in the scale of production, as the use of continuous 

yarn reinforcements with small diameters becomes impractical for manufacturing 

larger structural elements. Furthermore, nearly all studies in this area concentrate on 

synthetic fibers, neglecting the potential of natural fibers, which offer significant 

sustainability benefits. These constraints highlight the need for further studies to 

explore sustainable, scalable, and more adaptable path-planning strategies. 
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This research investigates how to effectively combine different printing paths 

with the addition of continuous natural yarn reinforcements to create the most efficient 

structural component. The primary research question focuses on identifying the optimal 

combination of printing strategies and reinforcement techniques to enhance the 

mechanical performance of printed components. The study aims to analyze layers with 

varying printing paths, both with and without continuous natural fiber reinforcement. 

By examining the influence of different fiber orientations and reinforcement strategies 

in a Printed Component Joint (CJ), the objective is to improve the overall structural 

performance of 3D-printed elements. This includes enhancing their ability to withstand 

combined loads and addressing the challenges posed by the CFRTPCs process, 

particularly the low interlayer adhesion, which can undermine the mechanical strength 

of the final printed component. The research seeks to provide insights into how these 

factors can be optimized for better performance, while also considering the 

sustainability benefits of incorporating natural fibers in reinforced 3D-printed 

structures. 

7.2 Methodology 

7.2.1 Materials 

The materials utilized in this study comprised flax yarn supplied by Bricolino 

(Vicenza, Italy) as the reinforcing phase and polylactic acid (PLA) filament with a 1.75 

mm diameter provided by 3DLAB (Minas Gerais, Brazil) as the polymer matrix. Table 

5.4 presents the main properties of the natural yarn from the literature and PLA from 

the producer data sheet, respectively. 

Table 7.1 - Properties of the natural yarns and polymer matrix [11-15].  

Property Flax yarn PLA  

Type Yarn Filament 

Diameter (mm) 0.77±0.03 1.75 

Density (g/cm3) 1.4-1.5 1.24 

Linear density (g/m) 0.50±0.01 - 

Tensile strength (MPa) 345-1500 46.0 
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Elastic modulus (GPa) 28-80 1.90 

Ultimate strain (%) - 3.69 

Cellulose (%) 65-80 - 

Hemicellulose (%) 12-16 - 

Lignin content (%) 2-5 - 

Moisture absorption (%) 7 - 

Melting temperature (°C) - 165-180 

7.2.2 Printing process 

Printing composites were manufactured using Fused Filament Fabrication 

(FFF) with an Ender 3 V2 printer that was modified to allow the simultaneous printing 

of polymer and continuous natural fiber yarns through an in-nozzle impregnation 

method [16]. This adaptation allows for the integration of the natural yarns within the 

polymer matrix, thereby enhancing the overall mechanical properties of the 

composites. To allow the printing flow for large-scale production and enable the 

incorporation of larger diameters of natural reinforcement yarns, specific parameters 

were carefully studied until an optimal configuration has been established, this 

configuration is detailed in  Table 7.2. These parameters were rigorously applied to all 

component joints (CJ) and samples produced during this study. This careful calibration 

of printing conditions is essential for achieving desirable outcomes in terms of both 

structural integrity and performance of the final composite. 

Table 7.2 - Printing parameters. 

Parameter Value 

Nozzle diameter 2.1 mm 

Printing speed 3.75 mm/s 

Extruder temperature 200 °C 

Bed temperature 60 °C 

Layer height 1.5 mm 

Layer width 3.0 mm 
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7.2.3 Component joints’ fabrication 

7.2.3.1 Printing path and groups 

To analyze the mechanical behavior of the printed CJs, large-scale printing was 

conducted to achieve optimal results, focusing on the effects of different printing paths 

on the outcome. Table 7.3 presents the printing paths used. CLP refers to the continuous 

longitudinal printing path aligned with the geometry of the CJ, while P45 and P315 

represent paths designed to counteract shear forces within the structure.  

The printing paths are strategically arranged within seven-layer CJs to enhance 

the mechanical performance and structural integrity of the printed components. Each 

layer is deposited following the specific sequence outlined in Table 7.4, ensuring 

optimal alignment and interaction between adjacent layers. This arrangement aims to 

improve load distribution, minimize internal stresses, and enhance resistance to shear 

forces. Proper sequencing of the paths is critical to achieving strong interfacial bonding, 

reducing void formation, and ensuring consistent mechanical behavior throughout the 

structure. 

Table 7.3 - Basic description of the printing paths. 

Type Path nomenclature Description 

 

CLP 

Printing path whose 

geometry corresponds to 

that used as a continuous 

longitudinal path.  
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P45 

Printing path with a 

geometry aligned at a 45-

degree angle to the right of 

the Y-axis. 

 

P315 

Printing path with a 

geometry aligned at a 45-

degree angle to the left of 

the Y-axis. 

Table 7.4 - Printing group types. 

  
Nomenclature Nomenclature 

Type A Type B 

Printing Layers Order Printing Layers Order 

CLP-CLP-CLP-CLP-CLP-CLP-CLP CLP-P45-CLP-P45-CLP-P45-CLP 
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Nomenclature Nomenclature 

Type C Type D 

Printing Layers Order Printing Layers Order 

CLP-P45-CLP-P315-CLP-P45-CLP CLP-P315-CLP-P315-CLP-P315-CLP 
 

7.2.3.2 In-situ impregnation  

To enable In-situ impregnation for CFRTPCs with flax yarns, the Ender 3 V2 

printer was modified according to the methodology outlined by Santos and Cardoso 

[16]. A 2 mm diameter hole was precisely drilled into the cold-end section of the 

extruder, allowing for the controlled insertion of flax yarns during printing and 

ensuring their uniform dispersion within the polymer matrix. The addition of yarns was 

focused on the component joint group, where the path configuration allows the fibers 

to counteract shear forces in the joint by being subjected to tension, i.e. Type D. This 

strategy improved the structural integrity of critical regions by enhancing the 

composite’s tensile strength through the addition of flax yarns while preserving its 

lightweight and sustainable characteristics. The objective was to develop components 

with superior mechanical performance (Table 7.5), suitable for demanding structural 

applications, without compromising environmental sustainability. Figure 7.1 shows the 

printing process reinforced with flax fiber by In-situ impregnation. 
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(a) (b) 

Figure 7.1 - Printing process reinforced with flax fiber by In-situ impregnation. 

Table 7.5 - Mechanical properties of CFF and Neat PLA aligned with the loading 

direction. 

Nomenclature Elastic Modulus [GPa] Tensile strength [MPa] Tensile strain [%] 

Neat PLA 2.43±0.12 35.01±2.39 1.64±0.20 

CFF 2.68±0.13 57.96±5.12 2.43±0.29 

7.2.4 Component joint test 

The CJ tests were performed using an EMiC Series 23 universal testing 

machine with a 5 kN load cell available in the Laboratory of Structures and Materials 

(PUC-Rio, Rio de Janeiro, Brazil). To evaluate the mechanical behavior of the CJ and 

validate the processes involved in its development, a series of Moment x Rotation tests 

were conducted on samples printed with variations in curvature and path. The samples 

were divided into groups with and without fiber insertion during the printing process 

through In-nozzle impregnation. The tests were performed under displacement control 

at a loading rate of 1.00 mm/min until either failure or a 20 mm displacement limit was 

reached, using a model 23–30 EMiC Series 23 universal testing machine equipped with 

a 5 kN external load cell. Digital Image Correlation (DIC) software VIC-3D© from 

Correlated Solutions, paired with two digital cameras, was employed to analyze 

internal stresses and crack propagation. Figure 7.2 shows the CJ test setup. 
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(a) (b) 

 

(c) 

Figure 7.2 - (a) Typical test assembly, (b) Restrained edges setup, and (c) 

Experimental setup used for Moment-Rotation. 
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7.3 Results and Discussion  

7.3.1 Printing path disposition 

7.3.1.1 Moment-rotation test 

Upon completing all tests, the bending moment (M) versus rotation (φ) curves 

for the specimens were plotted, as defined by Eq. (1) and Eq. (2). In these equations, P 

represents the applied force, Ep is the lever arm, and φ denotes the system's rotation. 

Additionally, U corresponds to the energy absorption up to the peak load (Eq. (3)), 

expressed in mJ. Mi represents the bending moment at point “i,” while φi is the 

corresponding rotation of the joint at point “i”. Figure 7.3 shows the Moment-rotation 

behavior for each group. 

𝑀 = 𝑃 ×  𝐸𝑝          (1) 

𝜑 =  𝑡𝑎𝑛−1(𝛿/𝐸𝑝)         (2) 

𝑈 =  ∑ (
𝑀𝑖+𝑀𝑖+1

2
) × (𝜑𝑖+1 − 𝜑𝑖)

𝑛−1
𝑖=1        (3) 

  
(a) (b) 



244 

 

  
(c) (d) 

 
(e) 

Figure 7.3 - Moment-rotation for groups: (a) Type A, (b) Type B, (c) Type C, (d) 

Type D, (e) Type D/CFF. 

7.3.1.2 Type A 

Figure 7.3a illustrates the M × φ behavior for Type A and Figure 7.4 shows the 

main phases of the process. During the elastic phase of Type A loading, stresses 

concentrate at the CJ's center and corners, with tensile stresses developing at the upper 

corner and compressive stresses at the lower one (Figure 7.5a and b). As the loading 

progresses, these stresses increase until layer detachment occurs between the printed 

layers, which is expected due to the lower resistance at the interlayers [17], 

significantly influencing the strength [18], and limiting the potential of the proposed 

CJs. This detachment initiates crack propagation along the interlayer regions, 

increasing the CJ’s rotation and shear stress at the corners - eventually, a 45° shear 
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crack forms at the tensile corner. The propagation of these cracks continues, 

progressively reducing the load-carrying capacity until ultimate failure occurs.  

 

Figure 7.4 - Representative curve of Moment-rotation behavior for Type A. 

Figure 7.5c and d show the failure mode for Type A, while Figure 7.5e 

demonstrates the consistency of this failure mode across all samples. As detailed in 

Table 7.6, which presents the key variables analyzed — Mmax (Moment at peak load), 

Фmax (Rotation at peak load), K (Stiffness), and U (Energy absorption until peak load) 

— the specimens exhibit similar behavior, significantly varying stiffness and strength 

values. These variations in strength and stiffness may be attributed to factors such as 

slight inconsistencies in the material properties, such as layer-layer adhesion [19], or 

small path variations from coding to real printing [20]This highlights the complex 

nature of the material behavior and its sensitivity to minor changes in the printing path. 

It also highlights the need to include intermediate printing paths to mitigate the weak 

resistance between layers. Such adjustments can enhance interlayer bonding, improve 

structural integrity, and reduce the risk of premature failure due to layer detachment or 

crack propagation. 

Table 7.6 - Summary of results for Type A. 

Sample Mmax (Nmm) Фmax (mrad) K (Nmm/mrad) U(mJ) 

TA-1 24452.8 88.2 277.3 1269.9 

TA-2 29473.9 87.1 338.5 1533.0 

TA-3 24392.1 88.3 276.2 1214.3 
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TA-4 25945.2 109.4 237.2 1769.2 

TA-5 31720.1 101.6 312.2 2050.1 

Mean 27196.8 94.9 288.3 1567.3 

S.D 3263.7 10.0 38.6 349.3 

C.O.V 12.0% 10.6% 13.4% 22.3% 

Mmax - Moment at peak load; Фmax - Rotation at peak load; K - stiffness; U - 

Energy absorption until peak load. 
 

  

(a) (b) 

  

(c) (d) 
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(e) 

Figure 7.5 - Failure mode progression observed for Type A: (a) Elastic phase, (b) 

Typical strain distribution for Type A for elastic phase, (c) Representative failure, (d) 

Typical strain distribution for Type A after failure, and (e) Replicability of the failure. 

7.3.1.3 Type B 

The moment-rotation (M × φ) for each Type B sample is shown in Figure 6b. 

In this configuration, as identified in Figure 7.6, the curve has an initial elastic phase 

(Figure 7.7a and b) with stress concentration in the corners, followed by a sudden drop 

(Figure 7.7c), corresponding to the complete failure of the CJ. Figure 7.7d presents the 

replicability of the failure of Type B which can also be demonstrated by Table 7.7 

where stiffness and strength values show minimal variability.  

Despite a significant increase in load capacity attributed to the P45 layer 

arrangement, which effectively mitigates delamination and enhances moment 

resistance, the component ultimately exhibits extremely brittle behavior, failing 

without any warning. This lack of ductility is a critical limitation, as it prevents the 

material from providing visible or measurable signs of impending failure, such as 

gradual deformation or crack propagation. The sudden and catastrophic nature of the 
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failure underscores the need for further optimization of the design and material 

composition to improve energy absorption and post-yield behavior. Addressing this 

limitation is essential for ensuring the reliability and safety of the printed component 

in structural applications. 

 

Figure 7.6 - Effect of increasing stiffness by modifying the arrangement of 

intermediate layers at 45°. 

Table 7.7 - Summary of results for Type B. 

Sample Mmax (Nmm) Фmax (mrad) K (Nmm/mrad) U(mJ) 

TB-1 45604.9 120.9 377.3 2905.8 

TB-2 52196.8 125.9 414.6 3513.0 

TB-3 48716.1 129.7 375.5 3334.3 

TB-4 48091.5 121.8 394.8 3101.6 

TB-5 50183.2 129.7 386.9 3293.5 

Mean 48958.5 125.6 389.8 3229.6 

S.D 2451.7 4.2 15.9 232.7 

C.O.V 5.0% 3.3% 4.1% 7.2% 

Mmax - Moment at peak load; Фmax - Rotation at peak load; K - stiffness; U - 

Energy absorption until peak load. 
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(a) (b) 

  

(c) (d) 

Figure 7.7 - Failure mode progression observed for Type B: (a) Elastic phase, (b) 

Typical strain distribution for Type B pre-failure, (c) Representative failure, and (d) 

Replicability of the failure. 
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7.3.1.4 Type C 

In Figure 7.3c, the M × φ relationship for Type C is shown. In the elastic phase, 

similar to Type B, stress concentrations are located at the corners of the CJ (Figure 7.9a 

and b).  As the load increases during the test, these stresses intensify, initiating the 

formation of a 45° shear crack at the corner under tension (Figure 7.9c and d). The 

propagation of this single shear crack progresses steadily, compromising the structure's 

integrity until complete failure occurs (Figure 7.9e). Figure 7.9f shows the replicability 

of the failure; however, some specimens did not experience complete rupture before 

reaching the displacement limit set by the test. Table 7.8 reveals a noticeable 

consistency in strength values across the tested specimens, indicating uniform load-

carrying capacity.  

 

Figure 7.8 - Effect of increasing stiffness by modifying the arrangement of 

intermediate layers at 45°R and 45°L. 

Table 7.8 - Summary of results for Type C. 

Sample Mmax (Nmm) Фmax (mrad) K (Nmm/mrad) U(mJ) 

TC-1 37699.1 147.4 255.7 2978.1 

TC-2 35364.7 113.0 312.9 2232.6 

TC-3 38062.6 124.4 306.0 2561.8 

TC-4 35178.5 141.5 248.5 2687.7 

TC-5 34793.2 133.5 260.7 2710.1 
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Mean 36219.6 132.0 280.7 2634.1 

S.D 1535.8 13.7 30.3 270.8 

C.O.V 4.2% 10.4% 10.9% 10.3% 

Mmax - Moment at peak load; Фmax - Rotation at peak load; K - stiffness; U - 

Energy absorption until peak load. 
 

  

(a) (b) 

  

(c) (d) 
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(e) (f) 

Figure 7.9 - Failure mode observed for Type C: (a) Elastic phase, (b) Typical strain 

distribution for Type C for elastic phase, (c) Shear crack initiation, (d) Typical strain 

distribution for Type C after shear crack, (e) Failure mode, and (f) Replicability of the 

failure. 

7.3.1.5 Type D 

Figure 7.3d shows the M × φ behavior for each Type D sample, while Table 7.9 

highlights that the specimens behave similarly. The behavior of Type D, as shown in 

Figure 7.10, begins with an elastic phase (Figure 7.11a and b) until the formation of 

the first shear crack. The crack then propagates to the interface between two printed 

layers of the CLP, where it continues to spread along the layer boundaries (Figure 7.11c 

and d). This propagation persists until it transitions to subsequent layers through shear 

cracks, ultimately leading to the complete failure of the structure. This behavior, 

consistently observed as indicated in Table 7.9 and Figure 7.11e, highlights the 

inadequacy of the P315 configuration, as its transverse alignment fails to effectively 

counteract shear cracks and is not favorable for moment resistance due to its 

misalignment with the principal stress directions during bending. Furthermore, the 

results underline the insufficient performance of neat PLA in resisting shear stress. The 

material lacks the necessary mechanical properties to counteract the shear forces, 
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resulting in premature failure in regions of high-stress concentration. To address this 

limitation, the addition of tensile reinforcement is critical. Incorporating fibers or other 

reinforcements capable of efficiently withstanding tensile loads would improve the 

material’s ability to distribute stresses without creating brittle material, mitigate crack 

propagation, and enhance both shear and flexural resistance, paving the way for more 

reliable structural applications. 

 

Figure 7.10 - Effect of increasing stiffness by modifying the arrangement of 

intermediate layers at P315. 

Table 7.9 - Summary of results for Type D. 

Sample Mmax (Nmm) Фmax (mrad) K (Nmm/mrad) U(mJ) 

TD-1 27548.1 147.9 186.2 2382.5 

TD-2 26367.8 144.3 182.7 2294.9 

TD-3 26489.4 162.5 163.0 2638.6 

TD-4 26945.5 148.4 181.6 2314.7 

TD-5 30730.9 149.6 205.5 2732.6 

Mean 27616.3 150.6 183.8 2472.6 

S.D 1801.7 7.0 15.1 199.9 

C.O.V 6.5% 4.6% 8.2% 8.1% 

Mmax - Moment at peak load; Фmax - Rotation at peak load; K - stiffness; U - 

Energy absorption until peak load. 
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(a) (b) 

  

(c) (d) 
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(e) 

Figure 7.11 - Failure mode observed for Type D: (a) Elastic phase, (b) Typical strain 

distribution for Type D for elastic phase, (c) Failure mode, (d) Typical strain 

distribution for Type D after Failure mode, and (e) Replicability of the failure. 

7.3.1.6 Comparison 

Table 7.10 summarizes the results for the groups. Figure 7.12a and Figure 7.12b 

compares the maximum strength-stiffness and moment-rotation curves for all the 

groups studied, highlighting a representative curve for each group. Type B exhibits a 

35.2% increase in stiffness (K) (389.8 ± 15.9 vs. 288.3 ± 38.9) and an 80.0% increase 

in strength (Mmax) (48958.5 ± 2451.7 vs. 27196.8 ± 3263.7) compared to Type A, 

representing a remarkable improvement. These results demonstrate the consistency, 

stiffness, and strength enhancements achieved by Type B. The substitution of 

longitudinal layers with 45° layers (P45) effectively countered the shear forces at the 

tensile corner, preventing layer detachment and enhancing structural performance. The 

moment-rotation behavior further confirms the structural advantages of this design 

modification, with Type B displaying superior mechanical performance across all 

tested parameters. However, despite these advantages, Type B exhibits a fast brittle 

failure mode, limiting its suitability for structural applications. The abrupt nature of its 



256 

 

failure, without warning signs, poses a critical safety concern, emphasizing the need 

for designs that offer greater ductility and energy absorption under load. 

In contrast, Type A, with a stiffness of 288.3 ± 38.9 and a strength of 27196.8 

± 3263.7, is limited by its uniform layer orientation, where failure is dominated by 

weak interlayer adhesion. This weakness, common in additively manufactured 

materials [21], defines its ultimate strength and highlights the need for treatments to 

enhance interlayer bonding. However, even with such improvements, this issue will 

likely remain a fundamental challenge in additive manufacturing, making Type A less 

suitable for applications requiring high strength and reliability. Type C occupies an 

intermediate position between Types B and D, offering a 33.2% increase in strength 

compared to Type A (36219.6 ± 1535.8 vs. 27196.8 ± 3263.7) but showing a slight 

reduction in stiffness by 2.6% (280.7 ± 35.8 vs. 288.3 ± 38.9). Additionally, its layer 

arrangement introduces variability in performance, leading to less consistent 

mechanical responses. This lack of control diminishes its reliability for demanding 

applications. Finally, Type D demonstrates the limitations of altering the printing 

direction without material reinforcement. Despite a strength of 27616.3 ± 1801.7, no 

significant gains in strength were achieved compared to Type A (27196.8 ± 3263.7). 

Additionally, a 32.9% reduction in stiffness was observed (216.9 ± 12.2 vs. 288.3 ± 

38.9), highlighting its structural limitations. As evidenced by the Probability Plot 

(Figure 7.12c)), these results indicate that the neat PLA configuration is ineffective for 

this loading condition, underscoring the necessity of alternative designs or material 

modifications to enhance performance under such stresses. 

Table 7.10 - Comparative of results. 

Sample Mmax (Nmm) Фmax (mrad) K (Nmm/mrad) U(mJ) 

Type A 27196.8±3263.7 94.9±10.1  288.3±38.9 1567.3±349.3 

Type B 48958.5±2451.7 125.6±4.2 389.8±15.9 3229.6±232.7 

Type C 36219.6±1535.8 130.5±15.1 280.7±35.8 2634.1±270.8 

Type D 27616.3±1801.
7 

138.6±6.3  216.9±12.2 2472.6±199.9 

Mmax - Moment at peak load; Фmax - Rotation at peak load; K - stiffness; U - 

Energy absorption until peak load. 
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(a) (b) 

 

(c) 

Figure 7.12 - Comparative behavior for the four groups: (a) Bar charts of Mmax and 

U, (b) Moment x Rotation curves, and (c) Probability Plot of Mmax. 

7.3.2 Incorporation of CNYR 

CNYR was added at the CJ in the Type D configuration because the P315 

orientation allows the yarn to act in tension in the region where the shear crack opening 

occurs. This arrangement was strategically chosen to optimize the mechanical 

performance of the composite by aligning the fibers with the principal stress paths. The 

fiber orientation at P315 enhances the material's capacity to resist shear forces, as it 

effectively engages the tensile strength of the yarn to counteract crack propagation. 
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Although the P45 configuration demonstrated better overall results compared to P315, 

the addition of fibers in the P45 orientation would place them under compression, 

which is not effective for mitigating abrupt failure. This highlights the importance of 

selecting configurations where fibers can work in tension, particularly in complex 

stress-stressed areas, to improve structural integrity and load redistribution. 

The initial analysis of the printing process with CNYR, as shown in Figure 7.13, 

highlights that the use of larger continuous fiber yarns in the printing process exhibits 

a greater tendency for misalignment. This misalignment can occur due to the difficulty 

in maintaining precise control over the placement of yarns during deposition, which 

may lead to deviations from the intended path. This is consistent with the findings of 

Rivero-Romero et al. [22], Fruleux et al. [20], and Cheng et al. [23], who observed that 

the flow of molten composite material exerts a drag force on the fibers, partially 

displacing them from the deposited line and causing misalignment and fiber-matrix’s 

lack of adherence. This issue is further exacerbated by the increased stiffness of larger 

yarns, which reduces their ability to conform to the intended trajectory during 

deposition, reducing the printing quality, diminishing the overall printing quality, and 

consequently compromising the material's full potential. 

  

(a) (b) 
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(c) 

Figure 7.13 - Fiber addition on the CJ print path: (a) Neat PLA (Type B), (b) CFF 

(Type D/CFF), and (c) Lack of adherence in CFRTPCs. 

Figure 7.3d presents the M × φ behavior for Type D/CFF, and Table 7.11 shows 

the main data after the incorporation of CNYR. The behavior, shown in Figure 7.14a, 

begins with an elastic phase (Figure 7.15a and b), followed by the initiation of a shear 

crack that propagates until material failure where the fibers bridges mitigate the abrupt 

failure (Figure 7.15c and d). The results highlight a significant enhancement in 

mechanical performance when compared to the original Type D configuration. The 

strength capacity increased from 27616.3 ± 1801.7 to 42979.6, representing an 

improvement of 43.2%. Compared to the baseline group (Type A: 27196.8 ± 3263.7), 

the strength shows an even more remarkable gain of 58.0%. In terms of stiffness, Type 

A exhibited a value of 288.3 ± 38.9, while Type D showed a reduction to 216.9 ± 12.2. 

With the incorporation of CNYR into Type D/CFF, the stiffness increased significantly 

by 34.9%, underscoring the contribution of the fibers in enhancing structural rigidity. 

These performance gains can be attributed primarily to the effectiveness provided by 

the CNYR. Their incorporation effectively mitigated the influence of shear forces, 

particularly in the tensile corner—a region recognized for its susceptibility to stress 

concentration and potential failure—by controlling the crack opening. The yarns' 

ability to distribute and absorb stress contributed significantly to enhancing the 
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composite's load-bearing capacity and stiffness, as the yarns force failure to occur due 

to the separation between layers. 

In addition to the improvements in strength and stiffness, the energy absorption 

capacity also showed significant gains Figure 7.14b). For Type A, the energy 

absorption was 1567.3 ± 349.3mJ. With the change to the Type D configuration, this 

value increased to 2472.6 ± 199.9mJ, representing an improvement of 57.7%. 

Following the incorporation of CNYR fibers into Type D/CFF, the energy absorption 

reached an impressive 3566.5 ± 798.7mJ, reflecting a further increase of 44.2% 

compared to Type D and an overall enhancement of 127.5% relative to Type A. 

Notably, the larger variation in standard deviation observed for the Type D/CFF 

configuration can be attributed to issues associated with the printing of continuous 

fibers. Variations in fiber alignment, bonding quality between layers, and potential 

imperfections during the extrusion process contribute to this inconsistency. 

Nevertheless, these substantial gains underscore the role of fibers in enhancing energy 

dissipation, effectively improving the composite's resistance to catastrophic failure. 

  

(a) (b) 

Figure 7.14 - Comparative graphics of effects of addition of CNYR: (a) Moment x 

Rotation curves, and (b) Bar charts of Mmax and U. 

Table 7.11 - Summary of results for Type B/CFF. 

Sample Mmax (Nmm) Фmax (mrad) K (Nmm/mrad) U(mJ) 

TD/CFF-1 50080.6 181.2 276.4 4883.9 

TD/CFF-2 38605.5 146.2 264.0 3229.9 
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TD/CFF-3 36996.7 137.6 268.9 2803.9 

TD/CFF-4 43383.4 138.0 314.4 3236.4 

TD/CFF-5 45832.0 135.2 338.9 3678.1 

Mean 42979.6 147.6 292.5 3566.5 

S.D 5330.4 19.2 32.6 798.7 

C.O.V 12.4% 13.0% 11.2% 22.4% 

Figure 7.15 illustrates the failure modes observed in the Type D/CFF 

configuration, emphasizing the transformative effect of fiber addition on the material’s 

mechanical behavior. The incorporation of continuous fibers significantly reduced the 

occurrence of brittle failure, a common limitation in unreinforced printed composites. 

This improvement is attributed to the formation of load bridges at the CJ, where the 

yarn effectively distributes and absorbs stress. Additionally, the fibers notably 

enhanced the material's delamination resistance by controlling crack propagation along 

the interlayer regions. By countering stress concentrations and delaying the onset of 

crack growth, the fibers contribute to a more controlled and predictable failure 

mechanism. This ability to modulate the material’s failure mode underscores its 

suitability for structural applications, where reliability and performance under stress 

conditions are critical. The results demonstrate that the addition of fibers not only 

enhances the load-bearing capacity but also improves overall durability, particularly 

under complex or variable loading scenarios, by mitigating delamination and ensuring 

structural integrity. 

Furthermore, the optimized interaction between the fibers and the matrix plays 

a pivotal role in achieving these enhancements. This synergy ensures effective stress 

transfer and minimizes issues such as delamination or interfacial weakness. The 

combination of improved structural integrity, controlled failure behavior, and increased 

durability positions this approach as a highly promising solution for the development 

of advanced 3D-printed structural elements with superior performance and long-term 

reliability. 
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(a) (b) 

  

(c) (d) 
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(e) 

Figure 7.15 - Failure mode observed for Type D/CFF: (a) Representative failure, (b) 

Typical strain distribution for Type D/CFF after failure, (c) Representative failure, and 

(d) Replicability of the failure. 

7.4 Conclusions 

This study evaluated optimization paths for high-performance biostructures 

using AM, which allows precise control over layer orientation to counteract combined 

stresses, enhancing mechanical performance and enabling tailored design optimization. 

The key findings are: 

• The sensitivity of the material to the printing path was evident, with Type B 

showing improved stiffness (35.2%) and strength (80.0%) compared to Type A, 

demonstrating that layer orientation has a significant impact on the mechanical 

properties. The optimized path for Type B maximized the alignment of the 

fibers, leading to more efficient load transfer and increased structural 

integrity.Replacing longitudinal layers with P45 layers enhanced the 

performance of printed composites by increasing stiffness due to a reduction in 

the lever arm but exacerbated the brittle failure effect indicating that while 

structural optimization can improve one property, it may introduce new 



264 

 

challenges such as fracture propagation, which must be mitigated through 

further material modifications. 

• The addition of CNYR to Type D/CFF increased strength (43.2%) and stiffness 

(34.9%) compared to Neat PLA Type D, while reducing brittle failure through 

stress distribution at CJs. This result highlights the beneficial role of natural 

fiber reinforcement in improving the mechanical performance and toughness of 

the biocomposite. However, the degree of misalignment of the fibers remained 

a limiting factor in optimal stress transfer, and addressing this issue could 

further enhance the material’s properties. 

Future work should explore the scalability of this approach, its applicability to 

various composite configurations, and enhanced impregnation treatments to improve 

fiber-matrix interaction and overall material performance. 
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Chapter 8  - CONCLUSIONS AND FUTURE WORK 

8.1. Conclusions  

This study explored the potential of continuous natural fiber-reinforced 

biocomposites fabricated via 3D printing, offering valuable insights into both material 

performance and technological advancements. It has highlighted both the opportunities 

and challenges associated with using vegetable yarns as reinforcements in 

thermoplastic matrices for structural components. Although mechanical improvements 

were achieved, further optimization is required to fully harness the benefits of 

continuous natural fibers within additive manufacturing processes. 

The research demonstrated that the incorporation of continuous fiber yarns—

such as flax, jute, ramie, and sisal—contributed to improved mechanical properties, 

increased crystallinity, and reduced polymer consumption, which supports sustainable 

manufacturing goals. However, achieving consistent fiber-matrix adhesion remains a 

key challenge. Different insertion methods were evaluated, with the semi-finished 

filament (SF) approach offering better fiber impregnation, superior mechanical 

performance, and faster printing speeds compared to in-nozzle (IN) impregnation. 

Additionally, the mechanical performance of printed components was found to be 

highly dependent on fiber impregnation, fiber diameter, and printing parameters. 

Adhesively bonded joints with continuous natural fiber-reinforced adherends 

also presented promising results for mono- and bi-material combinations. JFRP-wood 

joints exhibited the highest failure load, highlighting the potential of combining natural 

fibers with stiffer materials for sustainable hybrid structures. Despite the brittle nature 

of PLA-based joints, the inclusion of continuous fibers mitigated catastrophic failure, 

enhancing joint performance and structural integrity. 

Furthermore, this investigation demonstrated that natural fibers remain intact at 

the melting temperature of PLA, as confirmed by TGA and DSC analyses, ensuring 

their compatibility with FFF. However, void formation and fiber slippage during 

angled-layer deposition emphasized the need for optimized printing parameters 

specific to multi-layered components. Future research should focus on pre-treatments 
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for both the fiber and matrix to enhance fiber impregnation and interlayer bonding, 

improving the load-bearing capacity of biocomposites. 

Finally, this study also highlights the importance of optimizing printing paths 

in additive manufacturing to enhance the performance of high-strength structures. 

Strategically placed intermediate layers and optimized layer orientations were shown 

to significantly improve stiffness and strength. The integration of continuous natural 

yarn reinforcement (CNYR) demonstrated additional benefits, including increased 

mechanical performance and a reduced likelihood of brittle failure. These 

advancements emphasize the potential of combining innovative reinforcement 

strategies with sustainable materials to address complex structural demands. 

8.2. Suggestions for future works  

While this study has provided valuable insights into the use of natural fiber 

yarns in 3D-printed biocomposites, it also highlights new areas for further 

investigation. Although improvements in mechanical performance were achieved, 

challenges remain regarding interlayer adhesion and the optimization of printing 

parameters for fiber-reinforced components. 

Further testing could be carried out on components such as beams and pipes, as 

well as the influence of environmental effects (temperature and humidity) and loading 

conditions (including torsion and cyclical loading) to better understand and improve 

the performance of these biocomposites. 

Future research should focus on methods to enhance interlayer adhesion quality 

and investigate pre-treatments (like alkali or enzymatic) of both the fiber and matrix to 

improve yarn impregnation, ensuring better fiber-matrix bonding and enhanced 

mechanical performance in load-bearing applications. Additionally, researchers are 

encouraged to conduct large-scale testing to advance the technology’s applicability. 

The potential of combining multiple filaments for large-scale flow applications also 

presents a promising avenue for future exploration. 

 


