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1    Introduction 

In 1980s, new industrial manufacturing was existed, known as Additive 

manufacturing or also known as 3D printing. 3D printing is a manufacturing process 

where objects are created by adding layers of material on top of each other, instead of 

removing material from a block, as it was in the subtractive manufacturing. 

3D printing is the process of creating three-dimensional solid objects in the desired 

shape using 3D modeling software and a printer, which places successive layers of 

materials in different shapes to achieve a final shape that matches the digital model. 

This manufacturing method has succeeded in producing complex and intricate 

engineering parts, and these products made from metal, ceramic, polymer, and 

composite materials. These products have entered many industrial applications such 

as aerospace, automotive, medical, and even food industry. 

3D printers have various manufacturing technologies that differ in the methodology of 

forming the product, the type of materials used, and the medium used in processing. 

One of the most commonly used technologies is Fused Deposition Modeling (FDM), 

which creates objects by depositing layers of molten polymer filament in a precise 

pattern. This process involves a heated extrusion nozzle that melts and extrudes the 

polymer filament layer by layer to create a three-dimensional object. The mechanical 

properties and characteristics of objects from this printer depend on many factors, 

most notably the properties and quality of the polymer filaments used in printing the 

object. Therefore, it was important to conduct many studies and research to determine 

the mechanical and functional properties of these filaments and its printed object. One 

of the most commonly used filaments is polylactic acid (PLA) filament, and PLA is a 

biodegradable and biocompatible thermoplastic polymer that has gained significant 

attention in recent years due to its environmental friendliness and suitability for 

various applications, which made it interesting to study the mechanical properties of 

its filaments, as well as its objects.  

The purpose of this study is to investigate the behavior and properties of PLA 

filaments before printing, as well as printed samples from it, in relation to tensile 

testing. Tensile tests were performed on four different types of commercially 

produced PLA filaments to determine the Ultimate Tensile Strength (UTS) of each 

type and compare them with each other. Additionally, samples were printed from each 

type to study and determine their UTS under the same conditions and printing 

parameters. And also, these types of filaments were re-manufactured in the laboratory 

to determine their mechanical behavior with respect to tensile testing after recycling. 

This was done to determine if the re-manufactured process had any difference or 

improvement in the properties, specifically the Ultimate Tensile Strength. 

Additionally, the filaments were re-manufactured and reinforced with hemp fibers, 

which are natural fibers, to investigate whether any improvement in Ultimate Tensile 

Strength occurred for the different types of filaments after reinforcement. 
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2    Literature reviews 

In this review, we will explore the history of 3D printing, its various technologies, 

materials, and applications. Specifically, we will delve into the Fused Deposition 

Modeling (FDM) technology, which is one of the most widely used 3D printing 

methods. We will discuss the printing process and the necessary parameters to print 

using FDM, as well as some of the polymers used in this method and their properties. 

We will focus on Polylactic Acid (PLA), a biodegradable thermoplastic material, and 

the parameters required to print it using FDM. Additionally, we will cover the tensile 

testing of PLA filaments and printed samples using FDM technology, and the effect 

of extrusion temperature on the printing process. 

Furthermore, we will discuss the use of natural fibers such as hemp fibers to reinforce 

PLA and create composite material filaments with improved mechanical properties 

for tensile testing. We will particularly focus on the process of re-manufacturing the 

filaments and composite filaments containing PLA and hemp fibers, and the impact of 

these filaments on the tensile testing of printed specimens 

2.1   History of  3D Printing   

3D printing, also known as additive manufacturing, is the process of creating three-

dimensional objects from a digital model by adding material layer by layer. The 

concept of 3D printing has been around since the 1980s, but it wasn't until the turn of 

the century that the technology started to evolve.  

The first forms of 3D printing were developed in the mid-1980s by Chuck Hull, who 

invented a process called stereolithography (SLA) while working for a company 

called 3D Systems. Hull's process involved using a laser to harden photopolymer resin 

layer by layer until a 3D object was formed. [1] 

In the years that followed, other forms of 3D printing were developed, including fused 

deposition modeling (FDM), invented by Scott Crump in 1989. FDM involves 

extruding a molten material, such as B. plastic, layer by layer to create a 3D object.[2] 

Despite these early advances, 3D printing remained a niche technology for many 

years, mainly used by industrial designers and engineers. However, in the early 2000s, 

many important 3D printing patents expired, opening the field for new competitors 

and lowering the cost of 3D printers.[3]  

As a result, the popularity of 3D printing exploded in the late 2000s and early 2010s 

with a growing number of hobbyists, makers, and entrepreneurs using the technology 

to create everything from jewelry to toys to prosthetics and medical implants. 

Today, 3D printing is used in many industries, including aerospace, automotive, 

medical, and consumer goods. The technology has also become more accessible to the 

general public, and inexpensive 3D printers can now be purchased online and at many 

electronics stores. [4] 
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2.2    Technologies of 3D Printing 

According to an article, S. S. Alghamdi et al. in 2021, classified the additive 

manufacturing or 3D printing technology based on the methodology of formation of 

the product, the type of base material used, and the medium used for processing. [5]   

Figure 1. below shows that the additive manufacturing process based on the 

methodology of formation of the product is divided into seven categories which are: 

Material jetting, Vat photo polymerization, Material extrusion, Sheet lamination, 

Binder jetting, Powder bed fusion and Energy deposition. And there are three type of 

base material used in additive manufacturing process which are: Solid, Powder and 

Liquid. And each type contains a set of techniques. As for the medium used 

processing there are three kind which are: Laser beam, Ultraviolet rays or Thermal 

means. 

 

 
Fig  1 . Classification of additive manufacturing processes from different context. [5] 

 

Here are the seven main technologies used in 3D printing and the materials commonly 

used in each technology, along with some applications: 

2.2.1    Fused Deposition Modeling (FDM) 

FDM is the most common 3D printing technology, in which a thermoplastic filament 

is melted and extruded layer by layer to build the object. The materials used in FDM 

are mostly thermoplastics, including ABS (acrylonitrile-butadiene-styrene), PLA 

(polylactic acid), PETG (glycol-modified PET), Nylon, and TPU (thermoplastic 

polyurethane). FDM is widely used for prototyping, tooling, and small production 

runs in industries such as automotive, aerospace, and consumer goods. [6] 



01 
 

 

 Fig 2.  Fused Deposition Modeling Technology. [7] 

2.2.2    Stereolithography (SLA) 

SLA is a 3D printing technology that uses a UV laser to cure a liquid resin layer by 

layer, forming the object. The materials used in SLA are mostly photopolymers, 

including Standard Resins, Engineering Resins, and Dental Resins. SLA is widely 

used in the medical, dental, and jewelry industries. [8] 

 

Fig 3. Stereolithography Technology. [8] 
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2.2.3    Digital Light Processing (DLP) 

DLP is similar to SLA, but instead of using a laser, it uses a digital projector to cure 

the resin layer by layer. The materials used in DLP are also photopolymers, including 

Standard Resins, Engineering Resins, and Dental Resins. DLP is widely used in the 

dental and jewelry industries. [9] 

 
Fig  4 . Digital Light Processing Technology. [9] 

2.2.4    Selective Laser Sintering (SLS)  

SLS uses a laser to sinter a powdered material layer by layer, forming the object. The 

materials used in SLS are mostly powders, including Nylon, TPU, and metal powders 

such as aluminum, titanium, and stainless steel. SLS is widely used in the aerospace, 

automotive, and medical industries.[10] 

 

Fig 5. Selective Laser Sintering Technology. [10] 
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2.2.5    Binder Jetting (BJ) 

BJ uses a binder to selectively bind layers of powdered material, forming the object. 

The materials used in BJ are mostly powders, including sand, ceramics, and metals 

such as steel and bronze. BJ is widely used in the automotive, aerospace, and jewelry 

industries. [11] 

 

Fig  6 . Binder Jetting Technology. [12] 

2.2.6    Material Jetting (MJ) 

MJ uses a print head to deposit droplets of material layer by layer, forming the object. 

The materials used in MJ are mostly photopolymers, including Standard Resins, 

Engineering Resins, and Dental Resins. MJ is widely used in the dental and jewelry 

industries.[13] 

 

Fig 7. Material Jetting Technology. [12] 
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2.2.7   Directed Energy Deposition (DED) 

DED uses a laser or electron beam to melt a metal wire or powder, forming the object. 

The process is similar in concept to material extrusion, but the nozzle has more 

freedom of movement and is not fixed to one axis. The materials used in DED are 

mostly metals, including steel, titanium, and aluminum. DED is widely used in the 

aerospace, defense, and automotive industries.[12] 

 

Fig 8. Directed Energy Deposition process. [12] 

2.3  Materials Used for 3D Printing Technology in Manufacturing 

Industry 

3D printing technology, has revolutionized the manufacturing industry. A wide range 

of materials can be used in 3D printing, depending on the requirements of the object 

being printed. Here are some of the commonly used materials in 3D printing 

technology. 

 

2.3.1    Metals 

Metal 3D printing, also known as metal additive manufacturing, involves using metal 

powders that are fused together to create three-dimensional objects. Metal 3D printing 

can be used to create parts with high strength, durability, and heat resistance, making 

it suitable for a wide range of applications in the aerospace, automotive, and medical 

industries. Some common metals used in 3D printing include titanium, stainless steel, 

aluminum, Cobalt-Chrome and their alloys.[14] 
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2.3.2    Ceramics 

Ceramic 3D printing involves using ceramic powders that are fused together to create 

three-dimensional objects. Ceramic 3D printing can be used to create parts with high 

strength, hardness, and chemical resistance, making it suitable for a wide range of 

applications in the medical, aerospace, and defense industries. Some common 

ceramics used in 3D printing include zirconia, alumina, and hydroxyapatite. [15] 

 

 

2.3.3    Polymers 

Polymers are the most commonly used material in 3D printing. There are different 

types of polymer materials that can be used in 3D printing such as ABS (acrylonitrile 

butadiene styrene), PLA (polylactic acid), PET (polyethylene terephthalate), Nylon 

and polycarbonate. Each plastic has its own unique properties, making it suitable for 

different applications. 

 Acrylonitrile Butadiene Styrene (ABS) is a thermoplastic material that is 

used in 3D printing for its toughness, durability, and heat resistance. It is 

commonly used in automotive parts, toys, and consumer electronics. [16] 

 Polylactic Acid (PLA) is a biodegradable thermoplastic material that is 

derived from renewable resources such as corn starch and sugarcane. It is 

commonly used in 3D printing due to its ease of use, low toxicity, and 

biodegradability. PLA is used in a range of applications, including medical 

devices, packaging, and consumer products. [17] 

 Polyethylene Terephthalate (PET) is a strong, lightweight, and transparent 

thermoplastic material that is commonly used in 3D printing for its durability 

and recyclability. It is used in a range of applications, including food and 

beverage packaging, medical devices, and consumer products. [18] 

 Nylon is a strong and flexible thermoplastic material that is commonly used in 

3D printing for its durability and wear resistance. It is used in a range of 

applications, including automotive parts, medical devices, and consumer 

products. [19] 

 Polycarbonate (PC) is a tough, clear thermoplastic that is widely used in 3D 

printing due to its impact strength and high temperature tolerance. It is used in 

many applications including automotive parts, electronics and medical 

devices. 

 

 

 

 

 



06 
 

Table 1. below shows some mechanical and physical properties for the materials 

mentioned earlier.  

Table 1. . Mechanical and Physical properties for polymers materials used in 3D Printing.[21] 

Polyme-

r 

Physical Mechanical 

Density 

(g/cm
3
) 

 

Melting 

point 

(ᵒC) 

Tensile strength at   Elongation at  Young's 

modulus 

(GPa) 

 

yield 

(MPa) 

Break 

(Mpa) 

Yield 

(%) 

Break 

(%) 

ABS 1.02 - 1.21 200 - 220 29.6 – 48 29.8 - 43 1.7 – 6 10 – 50 1.79 – 3.2 

PLA 1.23 – 1.25 170 - 180 59 - 61 52 - 54 1 - 4 5 – 7 3.4 – 3.6 

PET 1.3 – 1.4 225 - 245 50 - 75 45 - 70 3.8 30 – 70 2.8 – 3.5 

Nylon 1.17 - 1.19 220 - 265 65 – 85 65 - 85 4 – 10 160 – 300 1 – 3.3 

PC 1.15 – 1.2 288 - 316 61 – 69 50 – 120 6 - 7 50 - 120 2.2 – 2.5 

It is important to note that the mechanical and physical properties of these polymers 

can vary depending on the specific formulation and printing conditions used. 

Additionally, the mechanical properties of 3D printed parts can be influenced by other 

factors such as layer orientation, infill density, and post-processing techniques. 

Therefore, it is important to carefully consider the specific requirements of each 

application and select the appropriate polymer material accordingly. 

 

2.3.4    Bio-based materials 

Bio-based materials are a relatively new class of materials used in 3D printing, and 

they have gained increasing attention in recent years due to their sustainability and 

biodegradability. These materials are derived from renewable resources, such as 

plants, and they are often used in applications where sustainability is a primary 

concern.[22] 

- One of the most commonly used bio-based materials in 3D printing is 

polylactic acid (PLA).  

- Another bio-based material that is increasingly being used in 3D printing is 

cellulose. Cellulose is a natural polymer that is the main component of plant 

cell walls. It has excellent mechanical properties, including high strength and 

stiffness, making it an ideal material for 3D printing. Cellulose-based 

materials can be used in a variety of applications, including automotive parts, 

medical implants, and even food packaging. [23] 

- Lignin is another bio-based material that is gaining attention in 3D printing. 

Lignin is a complex polymer found in plant cell walls. It is a byproduct of the 

paper and pulp industry, making it an abundant and low-cost material. Lignin-

based materials can be used in a variety of applications, including automotive 

parts and packaging . [24] 
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Overall, bio-based materials have the potential to be a sustainable and 

environmentally friendly alternative to traditional materials used in 3D printing. They 

are derived from renewable resources, they are biodegradable and compostable, and 

they have excellent mechanical properties. As the technology for bio-based materials 

continues to improve, we can expect to see more and more applications of these 

materials in the 3D printing industry. 

 

2.3.5    Composites material  

Composite materials in 3D printing refer to the use of two or more materials, typically 

polymers or metals, that are combined to produce a material with enhanced properties. 

The benefits of using composite materials in 3D printing include increased strength, 

durability, and toughness, as well as the ability to tailor the properties of the material 

to suit a specific application. 

There are several types of composite materials that can be used in 3D printing, 

including [25]: 

 Polymer composites: These are made by combining a polymer with another 

material, such as carbon fiber,  glass fiber or natural cellulose fiber, to produce 

a material with enhanced strength and stiffness. 

 Metal matrix composites: These are made by combining a metal with 

another material, such as ceramic particles or carbon fibers, to produce a 

material with enhanced strength, stiffness, and thermal stability. 

 Ceramic composites: These are made by combining a ceramic with another 

material, such as a metal or a polymer, to produce a material with enhanced 

strength, stiffness, and thermal stability. 
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2.4    The Applications of  3D Printing in Manufacturing Technology: 

3D printing, has transformed the manufacturing industry by enabling the production 

of complex and customized parts at a lower cost and with greater efficiency than 

traditional manufacturing methods. 

2.4.1    Aerospace Industry   

The aerospace industry has been quick to adopt this technology due to its ability to 

produce lightweight parts with intricate geometries, reduced assembly time, and cost-

effective production. 

According to an article published in 2022 by Rouf et al. mentioned that many 

institutions adopted 3D printing technology in their aerospace  industries. For 

example, Harvest Technology used plastic laser sintering from Electro-optical 

systems (EOS) to produce components to be used in Bell helicopters. Airbus has been 

using 3D printing to produce a cabin partition with a lattice structure that reduces 

weight and enhances passenger comfort. Boeing has also been using 3D printing to 

produce more than 20,000 non-structural parts for its 787 Dreamliner aircraft, 

including air conditioning vents, overhead bins, and armrests. NASA has been using 

3D printing to create prototypes of rocket engine parts, which has reduced the 

development time from months to weeks. [26] 

2.4.2    Automotive Industry 

As mentioned by N. Shahrubudin et al. in their article that published in 2019, the use 

of 3D printing technology in automotive industry  has caused phenomena to emerge, 

making it possible to create structures that are lighter and more complex quickly. For 

example, Local Motor in 2014 produced the first 3D-printed electric vehicle. Local 

Motors expanded the variety of uses for 3D printing technology beyond just the 

automotive industry by producing the OLLI, a 3D-printed bus. OLLI is a 3D-printed, 

driverless, electric, recyclable, and incredibly intelligent bus. 

Ford is a pioneer in the application of 3D printing technology, using it to create 

prototypes and engine parts. BMW creates hand tools for testing and assembly of 

automobiles using 3D printing technology. SLM Solution Group AG and AUDI 

worked together to produce prototypes and replacement components in 2017. [27] 

2.4.3    Food Industry 

3D printing technology has the potential to transform the food industry by enabling 

the production of customized food products with high precision and accuracy. 3D-

printed food is created by depositing consecutive layers one at a time that are directly 

derived from computer-aided design data. Certain materials can be combined and 

processed using 3D printing technology to create a variety of intricate structures and 

shapes. [27]  

A. Leotiou et al., mentioned in their article that published in nanomanufacturing 

journal, in 2023, that food components including carbs, lipids, fiber, proteins, sugar, 

and hydrogels like alginate and gelatin can be used properly to create wholesome 
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dishes that also taste good. By enhancing the capabilities of each printing technique 

(extrusion, sintering, melting, etc.), based on the material, reducing restrictions, and 

introducing new capabilities, a range of 3D printers can be used to print food.  [28] 

2.4.4   Healthcare and medical industry  

The field of 3D printing has been revolutionizing the healthcare industry for several 

years. The technology has enabled healthcare professionals to produce customized 

medical devices, implants, and anatomical models that are tailored to the specific 

needs of individual patients. According to a study published in the Rapid Prototyping 

journal, L.Yigong et al., 2016, mentioned that the function of the tissues can also be 

improved, maintained, or replaced using 3D printing technology. The 3D-printed 

replacement tissues have a linked pore network, are biocompatible, have the right 

surface chemistry, and have good mechanical properties. And Similar organ failure 

brought on by serious issues like sickness, accidents, and congenital deformities can 

also be printed out using 3D printing technology. [29]  

 

2.4.5    Electric and Electronic Industry  

The electric and electronic industry has also been utilizing 3D printing in various 

applications, including prototyping, production of parts, and tooling. Here are a few 

examples [30]: 

 Prototyping: 3D printing has enabled electrical and electronic engineers to 

create rapid prototypes of new designs quickly and cost-effectively. For 

example, Siemens has been using 3D printing to produce prototypes of its gas 

turbine components. This has reduced the production time of the components 

from six weeks to just two days, resulting in significant cost savings. 

 Production of parts: 3D printing has also been used to produce complex, 

customized parts for electrical and electronic devices. For example, General 

Electric has used 3D printing to produce a jet engine fuel nozzle that is 25% 

lighter and five times more durable than traditionally manufactured nozzles. 

 Tooling: 3D printing has also been used to produce customized tools and jigs 

for electrical and electronic manufacturing processes. For example, Bosch has 

used 3D printing to produce customized fixtures for the production of its 

sensor chips. This has reduced the production time of the fixtures from two 

weeks to just two days. 
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2.5    Fused Deposition Modeling (FDM) 

At the beginning of the 1990s, Scott Crump of Stratasys INC., USA, introduced the 

FDM technology [31]. Since 2009, the demand for FDM has grown astronomically 

from year to year, and many industry experts think that this technology has the ability 

to completely transform how many industries produce goods [32]. 

Fused Deposition Modeling (FDM) is a 3D printing technology that creates objects by 

depositing layers of molten plastic filament in a precise pattern. This process involves 

a heated extrusion nozzle that melts and extrudes the plastic filament layer by layer to 

create a three-dimensional object. [32]  

 

Fused Deposition Modeling (FDM) has many advantages such as high surface finish, 

less expensive initial investment, It is simple to create complex shape, no creation of 

scrap and High flexibility. But, The quality when comparing this process with another 

types of 3D printing is not as good as like Stereolithography (SLA) and Selective 

Laser Sintering (SLS). The well-chosen process factors are the primary determinant of 

the quality of parts produced by FDM. [33]  

2.5.1    The process of FDM technology 

The process of Fused Deposition Modeling (FDM) involves the following steps 

[31][32][35]: 

 Designing the 3D model: The first step in FDM is to design a 3D model of 

the object using computer-aided design (CAD) software (generally in .stl 

format). 

  Slicing: The 3D model is then layered using slicing software. The software 

splits the model into several horizontal layers of a given thickness and creates 

a set of parameters, and create a G-Code to be readable by the printer.   

 Preparing the FDM printer: The FDM printer is prepared by loading the 

plastic filament into the printer's extruder. The filament is fed into the extruder 

through a heated nozzle. 

 Printing the object: The FDM printer reads the digital file and begins to 

print the object by depositing layers of molten plastic filament onto a printing 

bed. The 3D printers used for FDM contain an arrangement that allows it to 

travel vertically and a support base that is related to some degree of 

flexibility. An associate extruder connected to the bottom plate is responsible 

for heating the filament to its freezing point and then extruding it layer by 

layer via a nozzle to create the desired object. The extruder is equipped with 

the ability to move in all three directions (x, y and z). Figure 9. below shows a 

3D model of the FDM printer and its components is shown, illustrating the 

mentioned directions of movement. 
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Fig  9 . 3D model of the FDM printer. [34] 

 Finishing the object: Once the printing is complete, the object is removed 

from the printer and any excess material is removed. The object may need to 

be sanded or smoothed to achieve the desired finish. 

  

Fig 10. The steps of FDM printing process [35] 

2.5.2 Parameters of FDM technology  

There are several parameters that can be adjusted in FDM technology to control the 

quality, accuracy, and strength of the printed object. These parameters include 

extrusion temperature, nozzle diameter, print speed, layer height, infill density, raster 

angle and filament diameter [36][37]. Table 2. below shows the recommended ranges 

for the additional parameters in FDM technology, noting that these ranges may also 

vary depending on the specific FDM printer and materials being used. 
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Table 2. The recommended ranges for the additional parameters in FDM technology. 

Parameter Range Reference 

Extrusion temperature 160-250°C [36][37] 

Nozzle diameter 0.2-0.8 mm [36][37] 

Print speed 30-60 mm/s [36][37] 

Layer height 0.1-0.3 mm [36][37] 

Infill density 10-50% [36][37] 

Filament diameter 1.75-3.00 mm [36] 

2.5.3   Material that used in FDM technology  

The most commonly used materials in FDM printing are PLA (Polylactic acid), ABS 

(acrylonitrile butadiene styrene), PETG (Polyethylene Terephthalate Glycol), Nylon, 

and TPU (Thermoplastic polyurethane). 

Table 3. below shows the properties and applications for these material in FDM 

technology. 

Table 3. Properties and applications of the materials used FDM technology. 

Material Properties Applications References 

PLA Biodegradable and eco-

friendly, Easy to print, 

Low shrinkage, Low 

warping,  Low strength 

and temperature 

resistance. 

Prototyping, Educational models, 

Decorative objects, Toys, Food 

packaging. 

[38],[39] 

ABS High strength and 

temperature resistance, 

Durable, Difficult to print, 

High shrinkage and 

warping. 

Automotive parts, Electrical 

enclosures, Toys, Prototyping. 

[38],[39] 

PETG  Strong, impact-resistant, 

heat-resistant, flexible, 

clear 

Bottles, Food containers, medical 

equipment, Prototyping. 

[38],[40] 

Nylon High strength and 

flexibility, Good chemical 

resistance, High abrasion 

resistance, Prone to 

warping and shrinkage, 

Difficult to print,  

Mechanical parts, Gears, Bearings, 

Structural parts. 

[38],[40] 

TPU Flexible, rubber-like, high 

elasticity 

Phone cases, shoe soles, seals, 

gaskets 

[38],[40] 
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2.6    Polylactic acid (PLA) 

PLA (polylactic acid) is a biodegradable and biocompatible polymer that has gained 

significant attention in recent years due to its environmental friendliness and 

suitability for various applications, including 3D printing. PLA is derived from 

renewable resources, such as corn starch or sugarcane, which make it an attractive 

alternative to traditional petrochemical-based polymers. [41][42] 

PLA is a thermoplastic polymer that can be processed using various techniques, 

including extrusion and injection molding. It has an almost low melting point and can 

withstand temperatures up to 180°C. The material is known for its stiffness, strength, 

and toughness, making it an ideal candidate for various applications. Moreover, PLA 

is biodegradable and compostable, which makes it an attractive option for 

environmentally conscious consumers. [41] 

PLA is one of the most widely used materials in 3D printing, particularly in FDM 

technology. PLA is an excellent material for FDM due to its low melting point, which 

makes it easy to extrude, and its ability to adhere well to the printing bed. [41] 

Polylactic acid (PLA) has many advantages such as biodegradability and 

compostability,  ease of printing, low warping, availability, and cost-effective. But, 

also has some disadvantages like brittleness, heat sensitivity, moisture sensitivity and 

limited strength. [42] 

 

2.6.1    Parameters that used for printing PLA filaments in FDM 

technology   

The optimal printing parameters for PLA can vary depending on the specific printer 

and filament being used. However, there are some general guidelines and ranges that 

can be used as a starting point.  [43][44]. Table 4. below shows the recommended 

parameters for printing PLA filament. 

Table 4. The recommended parameters for printing PLA filaments. [43][ 44] 
Parameter Recommended Range 

Extrusion Temperature 180°C - 230°C 

Bed temperature 50°C - 70°C 

Print speed 30mm/s - 80mm/s 

Layer height 0.1mm - 0.3mm 

Cooling 0% - 100% (depending on 

the print) 
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2.6.2   PLA filament tensile testing  

Todd Lecher and Megan Waytashek conducted a research study in 2014, in this study 

they tested  generic brand PLA filament (before being printed) in the MTS Insight 

load frame (Tensile testing machine). They clamped the specimen of 200 mm length 

by using the Bollard style grips shown in figure 9. in the MTS insight load frame.  

They relied on studying different specimen at each raster orientations angle ( 0ᵒ, 45ᵒ 

and 90ᵒ). They found that the specimen with a raster orientation angle of 45ᵒ were the 

strongest, with an average ultimate tensile strength of 64.03 MPa and an average 

elongation at break of 2.5%. While,  the specimen with 0ᵒ and 90ᵒ recorded ultimate 

tensile strengths of 58.45 MPa for 0ᵒ and 54.01 MPa for 90ᵒ and an average 

elongation at break were of 2.02% for 0ᵒ and 4.14% for 90ᵒ. Figure 10.  below shown 

the Stress-stain diagram at each raster orientation. [45] 

 

Fig 11. PLA filament testing using Bollard style grips(left), lose up of clamping method 

(right).[45] 

 

Fig 12. Stress-strain diagram at each raster orientation.[45] 
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2.6.3    Tensile test of specimens made of PLA filament manufactured 

with FDM technology: 

In 2017, Cezary et al. conducted a tensile test on PLA samples that were 3D printed 

using FDM method and printed under high quality. They found that all samples broke 

in the working section, and the peak stress value was between 38 and 38.4 MPa, and 

the strain at peak stress was between 5 and 5.3%. [46] 

Figure 13. below shows an image of the samples tested. In addition, stress-strain 

diagram of the samples that achieved the best results in the tensile test. 

 

Fig 13. (a)- PLA_ results of tensile test. (b)- PLA_ Stress-strain diagram.[46] 

2.6.4    Effect of extrusion temperature on tensile test for PLA 

specimens  

In 2022, Vasile et al., studied the effect of printing nozzle temperature on ultimate 

tensile strength of PLA samples printed using the FDM technique, according to the 

ISO-527 standard. The researchers chose printing nozzle temperatures ranging from 

180°C to 230°C,  which are related to the PLA melting point (170 to 180 °C). the 

results mentioned that the higher UTS was between 210 -215 °C.  

The tendency to use lower temperatures for PLA printing is related to its 

susceptibility to thermal degradation at high temperatures, in addition to economic 

issues such as lower energy consumption. At the same time, at low printing 

temperatures (under 180 °C) melting might not be complete and Interlayer diffusion 

might not take place. Low printing temperatures can induce delamination, or the 

peeling away of layers, as well as bigger air gaps between raster lines, which reduce 

tensile strength. [47] 
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2.7    Composite Filaments 

Composite materials, such as composite filaments, are made up of two or more parts 

or phases together to produce special qualities that neither component could produce 

on its own. In the majority of composites, the matrix and reinforcement are the two 

main components. Enhancing the matrix's characteristics is frequently the aim of the 

development of composites. 

According to an article published in Journal of Manufacturing and Materials 

Processing by A. Dey et al., in 2021, mentioned that pure thermoplastic filaments now 

in use have drawbacks such low strength and stiffness when it comes to fulfilling the 

enhanced performance of fused filament fabrication (FFF) construct parts.  

High temperatures cause thermoplastics to soften and lose their ability to take on their 

original shape. In many instances, a product made from thermoplastic filaments is 

unable to satisfy a certain set of functional specifications. When compared to the 

characteristics of injection molded components, the properties of FFF built parts are 

frequently insufficient. So, in order to improve the properties of thermoplastic 

filament, they were reinforced either by particles, fibers, or non-particles to form 

composite filaments where the thermoplastic is the matrix. As shown in Figure 14. 

different  types and forms of reinforcement are used as composites filament materials. 

[48] 

 

Fig 14. Types and forms of reinforcement materials: (a) Particulate reinforcement , (b) Short 

fibers reinforcement , and  (c) Continuous fibers reinforcement. [48] 

2.7.1  Composite Filaments Manufacturing for FDM   

 P.DUDEK, published an article in 2013, Described the mechanism of manufacturing 

composite filaments for FDM  printing, as mentioned, 

the filament used in the FDM procedure must have a particular diameter, strength, and 

other characteristics. A single screw extruder was created for a filament made from a 

composite composition. There is a difference in diameter between the die and the 

generated filament as a result of the die swell phenomena during the extrusion of a 

polymer. The machine features an adjustable screw speed, pressure, and temperature 

to obtain a constant diameter and minimize this deviation. Once the filament's ideal 

diameter is found, all of these variables are looked at and chosen (1.75mm). A 

separate calibrating nozzle was utilized for a smooth filament. The calibrating nozzle 

and heat sealing for low-temperature materials (PLA, PE) are constructed of copper. 
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The calibrating nozzle for high-temperature materials (ABS, PA) is composed of 

aluminum. Figure 15(a) shows the extruder station for manufacture filament, and its 

parts Figure 15(b). [50] 

 
Fig 15. (a)  Extruder station for manufacture filament for FDM printer [49], (b) Extruder parts 

[50] 

2.8   Natural Fiber Reinforced PLA Composites  

Fibre-reinforced polymer (FRP) composites are high-strength fibers that have a 

special interaction when placed in a polymer matrix. Fiber reinforced PLA polymer 

for 3D printing is an emerging trend in the field of additive manufacturing. It has 

gained immense popularity due to its potential to enhance the strength, stiffness, and 

toughness of the printed parts.  

The low mechanical properties of PLA limit its application in high-performance 

engineering parts. So, to overcome this limitation, T. Mukherjee et al., published an 

article in Journal of polymer and environment, in 2011, mentioned that PLA have 

reinforced with natural cellulose fibers because of its properties. such as, low-cost 

alternative to carbon and glass fibers, abundantly available, low density, renewable, 

and biodegradable . and classified this natural fiber as shown in Figure 16. [51]  
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Fig 16. Classification of natural fiber. [51] 

2.8.1   Effect of Hemp fiber reinforced PLA composites  on Tensile 

strength in FDM  

An article published to the journal of composite science  explores hemp and other 

fiber reinforced PLA using FDM. D. Stoof  et al.,  in 2017,  study measured the 

tensile strength of each composite using hemp at weight percentages of 0, 10, 20, and 

30%. Tensile strength was found to be 35 MPa for composite that was 0% hemp, and 

increased to 38 MPa for composite that was 10% hemp. Tensile strength decreased to 

29 MPa and 25 MPa for 20% and 30% hemp, respectively, after 10% hemp. Figure 

17. below shows the result of this experiment. [52] 

 

Fig 17. Tensile strength of PLA/hemp composite printed specimen. [52] 
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3.    Materials and Methods  

Laboratory experiments were conducted on the samples at the Materials Science 

Laboratory at the Hungarian University of Agriculture and Life Sciences in Gödöllő 

(Szent István campus). 

3.1 Introduction  

Over the past four decades, the use of 3D printing for tooling and high-speed 

manufacturing has promised the manufacture of components with complex 

geometries from computer designs. Thermoplastic polymers are one of the common 

and widely used materials in printing processes and their products have been used in 

many applications. Due to the need to obtain better mechanical and functional 

properties from pure polymer molded parts, the possibility of reinforcing these 

polymers with fibers to obtain better properties from was investigated. 

This research involved working with the material polylactic acid (PLA), which is a 

thermoplastic biodegradable polymer commonly used in 3D printing processes. The 

mechanical properties of different types of PLA were studied in relation to tensile 

testing. Tensile strength test was conducted on four types of PLA filaments obtained 

from different companies. 

 This experiments include conducting a tensile strength test on: 

 The filaments (before being printed) using a Bollard-style grips to clamp the 

filaments on the tensile strength test machine.  

 Printed samples of these different types of PLA filaments using an FDM 

printer. 3 tensile samples was printed from each type 

 PLA filaments that were re-manufactured in the laboratory using a single-

screw extruder by re-manufactured the filaments that manufactured in the 

companies. 

 And the re-manufactured PLA filaments reinforced with hemp fibers.  

The 3D design of the samples was created using a Solid Edge software, and ISO 527-

2-5A standard was adopted in design. The design was converted to STL format for 

export to the slicing software. The slicing software used is Ultimaker Cura, which is 

one of the most popular slicer applications in the 3D printing world because of how 

simple it is to use, how powerful it is, and how many different 3D printers it can be 

used with. Through using Cura, we were able to convert the STL format into a  

G-Code, which is a language that can be read by the FDM printer we used, with the 

sliced file containing print parameters that we used.  

The testing on the samples after printing was performed using tensile testing machine 

type Zwick Roell Z100, in accordance with ISO 527-1 standard.  
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3.2 Materials  

3.2.1 PolyLactic acid (PLA) Filaments  

Four different types of PLA filaments were used to perform a tensile strength test on 

them. Each one of them obtained from different manufacturer.   

Table 5 shows the type and the manufacturer of each of the filaments used, as well as 

information on the diameter, the net weight of filaments in the spool, printing 

temperature, and color of these filaments.  

Table 5. Types and information about filaments material used. 
Type Manufacturer Diameter 

(mm) 

Net 

Wight  

(g) 

Print 

Temperature 

(ᵒC) 

Color 

1 PLA CREALITY 1.75 200 195 – 220 White  

2 rPLA 3D JAKE 1.75 1000 200 – 220 Black 

3 HD PLA Fiberlogy 1.75 850 200 – 230 Grey  

4 PLA 

Carbon  

Spectrum 1.75 500 190 – 220 Black  

Here some information about the properties of this filaments from the companies that 

made each of them.  

 PLA (CREALITY) White: 

Table 6. Mechanical and Recommended printing Properties of PLA White (CREALITY). [52] 

Mechanical properties Value  

Tensile Strength 51 MPa 

Bending Strength  86 MPa  

Parameter Recommended value 

Printing Temperature  195-230 ºC 

Bed Temperature  0-60 ºC 

  

 rPLA (3D JAKE) Black : rPLA filaments is a fully recycled filaments made 

from the leftover materials of PLA manufacturing. The materials are 

collected, shredded, and reprocessed directly into production, allowing for 

waste reduction. [53]  
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Table 7. Mechanical and Recommended printing  properties of rPLA 3D JAKE. [53] 

Mechanical 

Properties  

Typical value Test method 

Tensile strength  63 MPa ISO 527 

Elongation  4% ISO 527 

Tensile Modulus 3251 MPa ISO 527 

Parameter  Recommended value  

Printing temperature 200 – 220 ºC - 

Bed Temperature 35 – 60 ºC - 

 HD PLA (Fiberlogy) Grey : HD PLA can be utilized in place of ABS. It can 

be heated up after being printed normally as PLA to give it ABS-like 

characteristics. This enables to forgo printing on this material and prevent any 

problems related to printing, such as shrinkage, unpleasant smell, and 

breathing in potentially harmful fumes. Additionally, the material is more 

heat- and impact-resistant after annealing. [54] 

Table 8. Mechanical and Recommended printing  properties of  HD PLA (Fiberlogy).[54] 

Mechanical 

Properties 

Typical value Test 

method 

Tensile strength 51 MPa ISO 527 

Elongation 3.5 % ISO 527 

Tensile 

Modulus 

2400 MPa ISO 527 

Parameter Recommended value  

Printing 

Temperature 

200 – 230 ºC - 

Bed 

Temperature 

50 – 70 ºC - 

 PLA Carbon (Spectrum) Black : PLA Carbon Spectrum is a filament made 

of 90% PLA and 10% carbon fibers. This blend of PLA and carbon fibers 

contributes to a considerable increase in rigidity, hardness, and tensile 

resistance, while still retaining the same low shrinkage and good adhesion to 

the typical build platform as pure PLA. [55] 
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Table 9. Mechanical and Recommended printing  properties of PLA Carbon (Spectrum) 

Black. [55] 
Mechanical 
Properties 

Typical value Test method 

Tensile strength 65 MPa ISO 527 

Elongation 0.5 % ISO 527 

Tensile Modulus 12500 MPa ISO 527 

Parameter Recommended 
value 

 

Printing 
Temperature 

190 - 220 ºC - 

Bed Temperature 0 - 45 ºC - 

 

 
Fig 18. PLA Filaments : HD PLA Fiberlogy, rPLA 3D JAKE,  PLA White CREALITY, and 

PLA Carbon Spectrum. (bottom to top)  

3.2.2 Hemp Fiber  

Hemp fiber, derived from the cannabis plant, which is related to the cannabis plant, 

is considered to be one of the strongest members of the natural fiber family. 

Because of their biodegradability and lower density than synthetic fibers, these 

fibers are now widely accepted as reinforcements in composite materials. These 

materials also have inherent mechanical, thermal, and acoustic properties. [56] 
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The PLA polymer reinforced with hemp fibers was studied to obtain composite 

filaments with improved mechanical properties, especially in terms of tensile 

strength. This will result in printed products from these composite filaments that 

possess better functional properties. Additionally, the possibility of reinforcing PLA 

with hemp fibers will result in lightweight and environmentally friendly products, as 

they are made of two biodegradable materials. 

Table 10. below shows the physical and mechanical properties of hemp fiber 

according to an article published in journal of fibers by P. Manaia et al., in 2019 . [57] 

Table 10. The physical and mechanical properties of hemp fiber. [57] 
Fiber Length 

 (mm) 
Density 
(g/cm3) 

Tensile 
strength 

(MPa) 

Young's 
Modulus 

(GPa) 

Hemp 5-55 1.4 550-1110 30-70 

In this reaches, a Hemp reel was obtained from MATE University's materials sciences 

laboratory (Figure 19).  Hemp fiber was prepared from this reel.  

 
Fig 19. Hemp reel 

 

A tensile strength test was carried out on a piece of hemp reel with a length of 150 

mm and a diameter of 1.2 mm, and the results showed that the ultimate tensile 

strength value was 180MPa. 

To better understand, the hemp fiber when it distribution within the composite 

filaments, it was necessary to know the size of small piece of hemp reel, a ZEISS 

microscope from MATE University's materials sciences laboratory was used. when 

magnification (10×10) the photo (Figure 20) shows that the length was 35.05µm and 

the width was 23.78 µm.  
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Fig 20. Microstructure of hemp piece with magnification ×100. 

3.3 Sample  Preparation 
One of the task that conducted in this research was printing samples of PLA filaments 

that were obtained from the companies that mentioned before, in order to conduct a 

tensile strength test on them and compare the results with the tensile strength test that 

conducted on the filaments. Samples preparation was carried out in two steps: the first 

step was selecting the 3D model that wanted to print and preparing it for the printing 

program (The Slicer), and the second step was printing the samples using the FDM 

printer for conduct the tensile test on them. 3 samples was printed from each filament. 

3.3.1 The Printing Program (the slicing software)  

The design of the samples was created using Solid Edge software, while adhering to 

the ISO 527-2-5A standard. Once the design was completed, it was then converted 

into STL format, which is a standard file format used in 3D printing. The STL file 

was then imported into the slicing software, where the printing parameters were set 

and a G-Code file was generated for printing on the FDM  printer. 

Ultimaker Cura 5.1.0 was used to convert the ISO 527-1-2A.stl file into a G-Code. 

And set the printing parameters that used to print the samples. Figure 21 below shows 

a screenshot of the main interface of the program, indicating the profile of the sample 

that have been selected to be printed in this orientation, flat orientation was adopt on 

the printer's bed. And the raster orientation angle is ±45º, so if the first layer was +45º 

then, the second layer would be -45º, and so on.  
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Fig 21. The main interface of the Ultimaker Cura 5.1.0 . 

 

To set the printing parameters in Ultimaker Cura software, the height of each layer 

must be selected first. Since PLA filaments with a 1.75mm diameter were used, a 

layer height of 0.2mm, which is the recommended value, was chosen. Moreover, to 

match the 0.4mm nozzle diameter of the printer, the line width was set to 0.4mm. All 

the selected quality parameters are presented in Figure 22 below. 

 

Fig 22. The Quality Setting 
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The samples was printed with 10 layers, without any infill settings selected. 

Consequently, the number of top layers set to 5 and the number of bottom layers to 5 

also, as indicated in Figure 23. 

 
Fig 23. The Top/Bottom Setting. 

Since the melting temperature of PLA is between 170-180 ºC, the printing 

temperature should not be lower than 180 ºC to ensure complete polymer melting and 

layer adhesion. The temperature should also not exceed 230 ºC due to the tendency of 

PLA to degrade at high temperatures. Anyway, for PLA polymer, the recommended 

printing temperature should be higher than 200 ºC. Therefore, the printing 

temperature was set to 205 ºC  for the entire printing process. Figure 24 below shows 

the material settings. For the bed temperature, it was set at 60 ºC.  
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Fig 24. The Material Settings. 

As for printing speed, the movement of the printer head has been set to at  50 mm/s. 

after that Ultimaker Cura had made the calculation of extrusion flow. The infill speed 

was set at the same temperature but since there is no infill setting, It will not affect the 

printing and quality of the samples. The Top/Bottom speed was set at 30 mm/s, lower 

than the printing speed to increase the reliability of closure on the top/bottom layers.       

 

Fig 25. The Speed Setting. 
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Since PLA is the material that used, it is recommended to operate the cooling fans to 

have a good quality products. Therefore, The fan speed was set to the maximum speed 

of 100% during printing as shown in figure 26.  

 

Fig 26. The Cooling Setting. 

One of the problems we encountered while using the Cura software was the starting 

point for each path in a layer. As shown in the figure 27, all of them started from the 

same location on each layer, resulting in a vertical line on the z-axis. This  will be 

noticeable accurately when printing the sample.  

 

Fig 27. The starting point for each path in a layer. 

This situation was avoided by specifying the starting point of the path in each layer 

randomly, so that the starting point will not be distinguished when printing each layer. 

This will improve the appearance and shape of the sample after printing. Figure 28 

below shows the starting point of printing each layer after set it randomly.   
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Fig 28. The starting point for each path in a layer after set it randomly. 

Table 11. below shows the parameter that we selected to print. 

Table 11. The printing  parameters for samples tested. 

Parameter Value 

Layer Height 0.2 mm 

Printing Width 0.4 mm 

Printing Temperature 205 ºC 

Bed Temperature 60 ºC 

Print speed 50 mm/s 

Initial layer speed 30 mm/s 

Figure 29. shows the dimension and characteristic length of the ISO 527 -2-5A 

Specimen. Where   : is the gauge-length (Where the Stress and Strain is measured). 

And    : is the initial distance between the grip-heads.  

 

Fig 29. Dimensions (mm) of the ISO 527 - 2 - 5A Specimen. (58) 
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3.3.2    Fused Deposition Modeling (FDM) used 

Fused Deposition Modeling (FDM) was used to create tensile samples of the four 

types of PLA filaments obtained from the companies mentioned earlier. A 

GEEETECH A20M printer from MATE University's materials sciences laboratory 

was used (Figure 30). For each filament, 3 tensile samples were printed to test 

(Figure31).  

 

Fig 30. GEEETECH A20M printer used to print tensile samples 

 

Fig 31. The Samples after printed : (a) HD PLA – (b) rPLA – (c) PLA White – (d) PLA 

Carbon. 
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3.4   Filament  Preparation  

The task was to make a new filaments by re-manufactured the original filaments from 

the companies, this was done in order to test their ultimate tensile strength and 

compare the results with the ultimate tensile strength test of the original filaments. 

The preparation stage involved cutting the original filament into fine particles using a 

filament cutting machine, and then feeding them into a single screw extruder machine 

to manufacture the new filaments.  

3.4.1 Filament Cutter  

The filaments cutting machine available in the Materials Science laboratory at the 

Hungarian University of Agriculture and Life Sciences was used (Figure 32-b). A 

portion of the commercially manufactured filament was cut into pieces and placed in 

the cutting machine's box (Figure 32-a). The box was then attached to the machine 

and rotated for 7 seconds to obtain fine particles (Figure 32-c). All the four types of 

PLA filament were cut separately and prepared for manufacturing new filaments 

(Figure 33). 

 

Fig 32. Filament cutting process. 

 

Fig 33. PLA filaments particles after cutting: (a)- HD PLA, (b)- rPLA, (c)- PLA White, (d) 

PLA Carbon. 
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3.4.2   Single Screw Extruder (Filaments Maker)  

A single screw extruder machine was used to re-manufactured the original filaments, 

the machine that used was available in the materials sciences laboratory in the 

university (Figure 34).  

To make new PLA filaments using a single screw extruder, the particles PLA are fed 

into the barrel of the machine and heated to a specific temperature, since the PLA 

polymer was used the setting temperature was set at 185 ºC , to ensure the material's 

melting, the speed of extrude was the maximum speed on the machine. The screw 

inside the barrel then rotates and moves the molten PLA material forward, while also 

mixing and homogenizing it to ensure consistent quality. 

Once the PLA material has been melted and homogenized, it is forced through a die 

that shapes the material into the desired size and shape of the filament, in this research 

the diameter of the new filaments ranging between 0.4 to 1.4 mm. The filament is 

cooled by a fan and prepared to use in the test (Figure 35). 

 

Fig 34. A single screw machine to make filaments 

 

Fig 35. The re-manufactured filaments: (a) HD PLA – (b) rPLA – (c) PLA White – (d) PLA Carbon. 
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3.4.3   Composite filament preparation  

New filaments were manufactured in the laboratory to conduct a tensile strenght test 

on them, which are composite filaments composed of the particles PLA made it from 

commercial filaments reinforced with hemp fiber. 

The steps of manufacturing composite filaments are similar to those of manufacturing 

unreinforced filaments in terms of preparing the particles and making the filaments 

using a single-screw extruder. The addition here was to add the hemp fibers to the 

PLA particles (Figure 36), and then put it the barrel of the machine, and the setting 

temperature was also the same 185 ºC. The filament is cooled by a fan and prepared to 

use in the test (Figure 37). The Carbon PLA filaments were very sensitive and had a 

very high density, and they could not be reinforced due to the difficulty of re-

manufactured them in the filament extrusion machine. 

 

Fig 36. PLA filaments particles reinforced with hemp fiber: (a) HD PLA, (b) rPLA, (c) PLA White . 

 

Fig 37. The re-manufactured filaments reinforced with hemp: (a) HD PLA – (b) rPLA – (c) PLA White. 
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3.5 Tensile Strength Test 

The tensile test is widely used to provide basic information for material design 

regarding its strength, and as an acceptance test to verify material compliance with 

standard specifications. In a tensile test, the test sample is subjected to a continuously 

increasing uniaxial tensile force, while the sample elongation is simultaneously 

monitored as a function of the tensile force (load). The stress-strain curve is plotted 

from load and elongation measurements.  

 

Fig 38. The Stress – Strain Curve . [59] 

The stress is measured by dividing the load by the original cross-section area of the 

test specimen:  

                                                                  
 

 
                                          (1) 

Where:  

σ :  The Stress. [
 

   
  

F: The Load. [N] 

A: The Cross-section Area. [mm
2
] 

The strain used in the stress-strain curve is the average linear strain, which is 

measured by the following equation. 

                                  
  

  
       

      

  
                             (2) 

Where:  

 ε: The Strain. [%] 

ΔL: The Change in Gauge Length. [mm] 

  :  The initial Gauge Length. [mm] 
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3.5.1   Tensile Strength Test Machine     

The Zwick Roell Z100 testing machine with ISO 527-1 standard was utilized to 

conduct tensile strength experiments on the PLA filaments and printed samples. This 

machine is available in the material science laboratory at MATE university (Figure 

39).  

The Zwick Roell Z100 is a universal testing machine used for testing the tensile 

strength of various materials. It is an electromechanical testing machine that can 

perform tests such as tensile, compression, bending, and shear testing. 

The Zwick Roell Z100 has a maximum force capacity of 100 KN and a maximum test 

speed of 2000 mm/min. It has a range of fixtures and grips that can accommodate 

various types of specimens, including metals, plastics, composites, and rubber. 

To operate the machine, the specimen set up in the appropriate grips, input the test 

parameter (dimensions of test specimens, temperature, humidity, test speed, pre-

load,etc) into the Zwick Roell software according to the ISO 527 - 1, and then start 

the test.  During the test, the machine applied a load to the specimen and record the 

tensile force and strain, and the data was written to an Excel file to analysis it. From 

analysis the data, various mechanical properties of the material can be calculated, 

including the ultimate tensile strength that we need to determined . These properties 

provide important information on the suitability of the PLA material for different 

applications.    

 

Fig 39. The Zwick Roell Z100 testing machine. 
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3.5.2    Bollard style tensile grips 

Bollard style tensile grips are a type of grip used in materials testing, particularly for 

tensile testing. Bollard style tensile grips are designed to hold the filament, in place 

during a tensile test. They typically feature two cylindrical grips that are mounted on a 

testing machine, with one grip being fixed and the other being movable. The movable 

grip is connected to the testing machine's load cell, which measures the amount of 

force being applied to the specimen. 

Bollard style tensile grips were produced in the workshop of the Hungarian University 

of Agriculture and Life Sciences to be attached to the current tensile testing machine 

for filament testing. Figure 40 demonstrates the method of attaching the grips to the 

tensile testing machine, while Figure 41 shows the preparation of the filament for 

tensile testing using the grips. 

 

Fig 40. The Bollard style tensile grips . 

 

Fig 41. The filament testing using the bollard style tensile grips. 
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3.6  Test Procedure  
Tensile strength experiments were conducted on the commercial original filaments, 

re-manufactured filaments, re-manufactured filaments reinforced with hemp fibers, 

and printed samples, all using the Zwick Roell Z100 machine with ISO 527 - 1 

standard for the test. The tests were conducted at room temperature of 20°C and 70% 

humidity, with a test speed of 5 mm/min and a preload of 10 N. The results were 

recorded until reaching the maximum tensile force for each sample, and the data was 

written in an Excel file for analysis and obtaining Ultimate Tensile Strength (UTS) 

using the stress and strain calculation equations mentioned earlier. 

3.6.1  Test Procedure on The Original Filaments  

The different types of PLA filaments (HD PLA, rPLA, PLA White, PLA Carbon) that 

obtained from the companies (Fiberlogy, 3D JAKE, CREALITY, Spectrum) have 

been conducted tensile strength test on, to determine the Ultimate Tensile Strength 

(UTS) for each of filament (before being printing). A 30 cm long and 1.75 mm 

diameter sample of each type were clamping using bollard-style grips in the Zwick 

Roell Z100 tensile testing machine, under the previously mentioned testing 

conditions. The distance between the grips was set to 120 mm. As shown in Figure 

42.  

 

Fig 42. The original filaments test. 
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Once it was confirmed that the samples were correctly positioned and the parameters were 

accurately entered into the computer, the experiment was started while ensuring that no 

external force was applied. The test was stopped after verifying that the maximum tensile 

force was achieved, and the information for each test was saved in an Excel file for later 

analysis.  

3.6.1.1  Measured results 

After analyzing the results obtained from the Excel file for each filament, we obtained 

the stress-strain curves for each filament, and the curves were as shown in Figure 43. 

The results found in the Excel file showed the relationship between the axial force 

applied on the samples and the resulting elongation. Using these values, we were able 

to calculate the stress and strain, as mentioned in equations (1) and (2) earlier, because 

the stress-strain curve accurately illustrates the sample behavior when exposed to 

force in relation to the change in its original shape. The applied force is divided by the 

cross-section area of the product, and thus the curve effectively describes the results. 

Additionally, the stress-strain curve can be easily used to compare and evaluate 

different samples based on properties such as elongation, elasticity, stretch, and as in 

the case of our search into the ultimate tensile strength. 

 

Fig 43. Stress-Strain curve for Original Filaments. 
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3.6.2  Test Procedure on The Re-manufactured Filament  

After re-manufacturing the commercial filaments using a single-screw extruder, new 

PLA filaments of each type were obtained. These filaments had an inconstant   

diameter and the diameter ranging was from 0.4 mm to 1.4 mm. From each type of 

filament, several samples were cut, each 30 cm long and the diameter was obtained by 

taking several measurements along the sample. Then, the smallest diameter was used 

in the calculations as it is the weakest point of the sample and the one that will be 

affected by the force. It should be noted that the difference in diameter within one 

sample did not exceed 0.1 mm. After that the sample were clamping using bollard-

style grips in the Zwick Roell Z100 tensile testing machine, under the previously 

mentioned testing conditions. The distance between the grips was set to 120 mm.  

Again, Once it was confirmed that the sample was correctly positioned and the 

parameters were accurately entered into the computer, the experiment was started 

while ensuring that no external force was applied. The test was stopped after verifying 

that the maximum tensile force was achieved. Then, these value was recorded to be 

used in calculating the ultimate tensile strength for each sample. Figure 44 below 

shows the sample after the test.   

 

Fig 44. Shows The Re-manufactured filaments after tensile test. 

3.6.2.1  Measured results 

After conducting experiments on samples ranging in number based on the amount of 

usable filaments for each type, which varied from 6 to 10, we obtained the maximum 

tensile force value for each sample. From this, we were able to determine the ultimate 

tensile strength value by dividing the maximum tensile force experienced by each 

sample by its cross-sectional area. The cross-sectional area varied from sample to 

sample according to their diameter. 
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 The results were as indicated in the tables (12-13-14-15). 

Table 12. Results of the tensile test on re-manufactured HD PLA filament. 

 

HD PLA 

Fmax             

[N] 

Diameter 

[mm] 

A               

[mm
2
] 

UTS  

[MPa] 

1 15.8 0.6 0.28 55.9 

2 12 0.5 0.19 61.1 

3 30.6 0.8 0.50 60.9 

4 46.8 1 0.79 59.6 

5 27.9 0.9 0.64 43.9 

 

Table 13. Results of the tensile test on re-manufactured rPLA filament. 

 
rPLA 

 

Fmax             

[N] 

Diameter 

[mm] 

A               

[mm
2
] 

UTS  

[MPa] 

1 68.2 1.2 1.13 60.3 

2 61.2 1.2 1.13 54.1 

3 61.6 1.2 1.13 54.5 

4 59.6 1.1 0.94 62.7 

5 48.2 1 0.79 61.4 

Table 14. Results of the tensile test on re-manufactured PLA White filament. 

 

PLA White 

Fmax             

[N] 

Diameter 

[mm] 

A               

[mm
2
] 

UTS  

[MPa] 

1 12.91 0.6 0.28 45.7 

2 26.02 1.1 0.94 27.4 

3 33.509 1.2 1.13 29.6 

4 26.66 1.2 1.13 23.6 

5 25.36 1.1 0.94 26.7 

 

Table 15. Results of the tensile test on re-manufactured PLA Carbon filament. 

  PLA Carbon 

Fmax             

[N] 

Diameter 

[mm] 

A            

[mm
2
] 

 UTS  

[MPa] 

1 49.8 1.2 1.33 44.0 

2 49.39 1.2 1.13 43.7 

3 42.87 1.1 0.95 45.1 

4 47.24 1.1 0.95 49.7 

5 49.13 1.2 1.13 43.5 
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3.6.3  Test Procedure on The Re-manufactured Filament Reinforced 

with Hemp Fiber  

The experiments were conducted using the same steps and conditions as those used 

for the original filaments and the re-manufactured filaments. The same length of 

samples (30 cm) was tested, and the grips distance was (120 mm), as previously. 

Similarly, in the re-manufactured filament test, we obtained inconstant filaments 

diameters. Therefore, the diameter of each sample was calculated by taking multiple 

measurements for each sample. the aim of the tests was to obtain maximum tensile 

force value for each sample, to determine the effect of adding  of hemp fibers on the 

ultimate tensile strength value that we want to calculate from the data.  

3.6.3.1  Measured results  

After performing calculations based on the results obtained from the experiments, 

the ultimate tensile strength was calculated by dividing the maximum tensile force 

by the cross-sectional area of each sample. The results are as shown in the tables 

(16-17-18). 

Table 16. Results of the tensile test on re-manufactured HD PLA filament + Hemp. 

  HD PLA + HEMP 

Fmax             

[N] 

Diameter 

[mm] 

A               

[mm
2
] 

UTS     

[MPa] 

1 42.8 1.2 1.13 37.9 

2 40.3 1.3 1.33 30.4 

3 51.4 1.3 1.33 38.7 

4 27.8 1 0.79 35.4 

5 17.3 0.7 0.38 45.0 

  

Table 17. Results of the tensile test on re-manufactured rPLA filament + Hemp. 

  rPLA + HEMP 

Fmax             

[N] 

Diameter 

[mm] 

A               

[mm
2
] 

UTS  

 [MPa] 

1 75.5 1.2 1.13 66.8 

2 32.17 0.9 0.64 50.6 

3 56.9 1.3 1.33 42.9 

4 32.87 0.8 0.50 65.4 

5 55.54 1.3 1.33 41.9 
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Table 18. Results of the tensile test on re-manufactured PLA White + Hemp. 

  PLA White + HEMP 

Fmax             

[N] 

Diameter 

[mm] 

A               

[mm
2
] 

UTS  

[MPa] 

1 21.83 1 0.79 27.8 

2 11.09 0.6 0.28 39.2 

3 13.5 0.6 0.28 47.8 

4 16.58 0.7 0.38 43.1 

5 22.07 0.9 0.64 34.7 

 

3.6.4  Test Procedure on The Printed Samples  

After designing the samples with the ISO 527-2 - 5A standard and printing them using 

the FDM printer, where 3 samples of each type were printed.  

The tensile test was performed on the samples using the  Zwick Roell Z100 tensile 

testing machine under the same conditions as the filaments, except for a preload 

which was 20 N and using grips specified for testing samples according to ISO 527-1 

standard. The sample was secured in the upper and lower clamping areas, and an axial 

tensile load was applied to the upper half of the sample while keeping the lower part 

fixed. The method of sample setup is shown in the Figure 45 . 

 
Fig 45. Sample Setup. 
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After ensuring that the sample is properly positioned and secured, and that the 

parameters in the computer have been entered accurately, the test was started while 

ensuring that there were no external forces affecting the results. The test was stopped 

after verifying that the maximum tensile force was achieved, and the information for 

each test was saved in an Excel file for later analysis. Figure 46 below shows the 

samples after the test, where we can see that HD PLA and PLA Carbon have fractured 

in the working area after reaching the maximum force directly. 

 

Fig 46. The Samples After Test. 

 

3.6.4.1  Measured results 

After analyzing the results obtained from the Excel file for each sample, the stress and 

strain values were calculated for each sample to obtain the stress-strain curve for each 

of them. Then, the stress-strain curves for samples of the same type were merged into 

one curve, in order to obtain the average ultimate tensile strength for each type and 

compare it with the ultimate tensile strength of other types. The results are shown in 

the Figures (47-48-49-50). 
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Fig 47. HD PLA samples results. 

 

Fig 48. rPLA samples results. 

 

Fig 49. PLA White samples results. 
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Fig 50. PLA Carbon samples results. 
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4.  Results and Discussion  

4.1 Results and discussion of the original filament test 

After conducting the tensile test on the original filaments from the companies, and 

analyzing the results and obtaining the stress-strain curve for each type, these curves 

were combined as shown in Figure 51 to analyze and discuss the results relation to 

UTS for each type. 

 

Fig 51. Stress-Strain Curves for The Original Filaments. 

The results showed differences in the ultimate tensile strength values for each type 

and from company to company. The HD PLA type manufactured by Fiberlogy 

recorded the best result with an ultimate tensile strength of (52.1 MPa), it should be 

noted that this type of PLA filament is made to be used as a replacement for ABS. 

The second-best results were recorded for the rPLA type, manufactured by 3D JAKE 

company, with an ultimate maximum tensile strength value of (50.3 MPa), rPLA  is 

fully recycled filaments made from the leftover materials of PLA manufacturing. The 

PLA Carbon Filament, manufactured by Spectrum, recorded an ultimate tensile 

strength of (47.1 MPa), PLA Carbon is a PLA polymer reinforced with 10%wt 

Carbon. The lowest value of  ultimate tensile strength recorded was (29.7 MPa) for 

the PLA White type manufactured by CREALITY, the name of PLA White comes 

from the color of PLA filament that used in experiment which is white, and that is just 

for the ease of distinguishing and differentiating it from other types.  

The difference in the Ultimate Tensile Strength values for the different types of PLA 

can be attributed to variations in production methods and chemical composition. Even 

storage conditions can play a significant role, as well as the product's susceptibility to 

environmental factors such as humidity, where PLA is known to be a hygroscopic 

material, which means that it absorbs moisture from the surrounding environment, 

this can have a negative impact on its properties, including its strength and durability. 
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4.2  Results and discussion of the printed sample test  

Three samples of each filament type were printed under uniform printing conditions 

and parameters to determine the Ultimate Tensile Strength (UTS) values for each 

sample after printing within these parameters. The average UTS for the three samples 

of each type was calculated, and the averages of the results were collected for each 

type and plotted on a stress-strain diagram for analysis.  Figure 52 shows these results. 

 

Fig 52. Stress-Strain Curves for The Printed Samples. 

From the stress-strain curves of the averages of ultimate tensile strength for each 

filament type, it was found that the UTS values for (HD PLA, rPLA, PLA White, 

and PLA Carbon) filaments were, respectively, (52.18, 50.41, 36.23, and 

47.02)MPa.   

All types showed nearly the same values as the ones obtained from the filament tests 

for these types, except for PLA White, which improved noticeably to some extent. 

However, in general, when looking at these results, it can be said that the printing 

conditions and parameters were suitable for all samples, or at least their properties did 

not decrease significantly in terms of UTS. It should be mentioned that during the test, 

samples of HD PLA and PLA Carbon were directly broken upon reaching their 

maximum tensile force.  
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4.3 Results and discussion of test Re-manufactured filament  

After conducting experiments on the re-manufactured filaments of each type, the 

average of  Ultimate Tensile Strength (UTS) was calculated for the five samples that 

gave the best results, and compared with the UTS for the original filaments. The 

results were as shown in Figure 53. 

 

Fig 53. Results for The Re-manufactured Filaments. 

The average of UTS for the re-manufactured HD PLA filament was (56.3 MPa), And 

this is a better value than the original, which was (52.1 MPa). The average Ultimate 

Tensile Strength (UTS) of the re-manufactured rPLA filament was also found to have 

achieved a better value than the original filament, with a UTS of  

(58.6 MPa) compared to the original filament's UTS of (50.3 MPa). For the re-

manufactured PLA White filament, the average of the test results also gave a slightly 

better value than the original, with a value of (30.6 MPa) compared to  

(29.7 MPa) for the original filament. Regarding the re-manufactured filament type 

PLA Carbon, the results were negative, as the test results for the average of UTS 

showed a significant decrease compared to the original filament. The average UTS for 

its samples was (43.9 MPa), while the original filament was (47.1 MPa). However, it 

should be noted that one of the samples gave a better UTS value than the original 

filament.  

In discussing what happened in this experiment, it is worth noting that PLA material 

is one of the materials that can be recycled and reused several times. Our test results 

and methods confirmed that recycled products gave good properties and even better 

than the original in most types. As for the PLA carbon, its negative results can be 

attributed to the fact that it requires special attention due to the presence of carbon 

fibers, and the presence of these fibers limits the possibility of re-manufacturing. 

    Fmax    

[N]

Diameter 

[mm]

       A       

[mm2]

      UTS       

[Mpa]

    Fmax   

[N]

Diameter 

[mm]

          A          

[mm2]

    UTS     

[MPa]

Original 125.27 1.75 2.40 52.1 Original 120.93 1.75 2.40 50.3

1 15.8 0.6 0.28 55.9 1 68.2 1.2 1.13 60.3

2 12 0.5 0.20 61.1 2 61.2 1.2 1.13 54.1

3 30.6 0.8 0.50 60.9 3 61.6 1.2 1.13 54.5

4 46.8 1 0.79 59.6 4 59.6 1.1 0.95 62.7

5 27.9 0.9 0.64 43.9 5 48.2 1 0.79 61.4

Average 56.3 Average 58.6

    Fmax    

[N]

Diameter 

[mm]

     A      

[mm2]

       UTS      

[MPa]

    Fmax    

[N]

Diameter 

[mm]

       A        

[mm2]

    UTS     

[Mpa]

Original 71.51 1.75 2.40 29.7 Original 113.13 1.75 2.40 47.1

1 12.91 0.6 0.28 45.7 1 49.8 1.2 1.13 44.0

2 26.02 1.1 0.95 27.4 2 49.39 1.2 1.13 43.7

3 33.509 1.2 1.13 29.6 3 42.87 1.1 0.95 45.1

4 26.66 1.2 1.13 23.6 4 47.24 1.1 0.95 49.7

5 25.36 1.1 0.95 26.7 5 49.13 1.2 1.13 43.5

Average 30.6 Average 45.2

PLA White PLA Carbon

HD PLA rPLA 
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4.4 Results and discussion of test Re-manufactured filament 

reinforced with hemp fiber 

After conducting experiments on the re-manufactured filaments that reinforced with 

hemp fiber of each type, the average of Ultimate Tensile Strength (UTS) was 

calculated for the five samples that gave the best results, and compered with the UTS 

of the original filaments. The results were as shown in Figure 54. It should be noted 

again that no reinforcement tests have been conducted on PLA Carbon filaments due 

to the difficulty of re-manufacturing them with the filament-making machine used. 

 

Fig 54. Results for The Re-manufactured Filaments reinforced with Hemp fiber. 

The tensile test results on hemp-reinforced HD PLA filament showed a lower tensile 

strength than the original, with an average of [37.5 MPa]. In contrast, reinforcing 

rPLA with these fibers had a positive effect, with the average UTS of its samples 

reaching [53.5 MPa], which is better than the original value as shown in the tables. 

The most improved type, which showed positive and very good results with the 

reinforcement of hemp fibers, is PLA White, with an average UTS of [38.5 MPa] for 

its samples, which is also a better value than the original. 

Discussing these results, it can be said that fiber reinforcement in general requires 

precise and different conditions and techniques for each type. The purpose of this 

study was to understand the behavior of each type when adding hemp fibers to them, 

and the positive results confirm that it is possible to improve the tensile strength of 

samples by adding hemp fibers to them. Thus, products made from these composite 

filaments can enter into applications. 
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5   Conclusion  

After conducting tensile tests and obtaining the UTS values of samples from the 

filament types (HD PLA, rPLA, PLA White, PLA Carbon) manufactured by several 

companies, as well as samples printed from these types under the same conditions and 

printing parameters, remanufactured filaments were also tested from these types, as 

well as remanufactured filaments reinforced with hemp fibers. The following 

conclusions were drawn: 

 When determining the UTS value for the different types of original filaments 

(before printing), the HD PLA type recorded the best results with a UTS of 

52.1 MPa, while the other type (rPLA, PLA White, PLA Carbon) recorded 

(50.3, 29.7, 47.1 )MPa,  respectively. 

 The difference in manufacturing conditions, chemical composition, and 

storage conditions of PLA filaments can affect their UTS values. 

 When printing samples from different types of PLA filaments under same 

printing conditions and parameters, the UTS results were (52.8, 50.4, 36.23, 

47.02)MPa, for the types (HD PLA, rPLA, PLA White, PLA Carbon, 

respectively. 

 When comparing the results of the samples before and after printing, we 

notice no difference in the values of the tensile strength of the samples before 

and after printing, except for PLA White, which recorded better values after 

printing.  

 It was observed that the printed samples from HD PLA and PLA Carbon 

types broke immediately after reaching the maximum tensile force during the 

tensile test. 

 When remanufacturing filaments from the original filaments and conducting 

tensile tests on them, the average of  UTS values of the samples from (HD 

PLA, rPLA, PLA White, PLA Carbon) were (56.3, 58.6, 30.6, 45.2)MPa, 

respectively. 

  The average UTS values of the samples from HD PLA, rPLA, and PLA 

White gave better values than the original filament. While the filament 

remanufactured from PLA Carbon had an average UTS value lower than the 

original filaments. However, one of its samples gave a better UTS value than 

the original. 

 When re-manufactured the filaments and reinforcing the types (HD PLA, 

rPLA, and PLA White) with hemp fibers, the average UTS recorded (37.5, 

53.5, 38.5)MPa, respectively.  

 The results of reinforcing with hemp fibers gave positive results for the 

average UTS of samples of both rPLA and PLA White, And this was 

compared to the UTS value of the original filament. While, the HD PLA type 

did not show any positive results at all, as the UTS values for its samples 

decreased compared to the original filament's UTS value.  
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 For HD PLA, When discussing the results of the various experiments that we 

conducted on the samples and filaments, we conclude that the best UTS value 

was achieved when re-manufactured filaments experiments were performed. 

This indicates the recyclability of this type of PLA. This type showed 

negative results when reinforced with hemp fibers, achieving its worst UTS 

value without reinforcement. However, the printed samples and the original 

filament showed values close to those presented by the manufacturer, 

indicating good moisture resistance. 

 

 

Fig 55. The results of the UTS of HD PLA. 

 For rPLA, the best UTS value was achieved when it was re-manufactured, and 

the UTS value when reinforced with hemp fibers was lower than that, but its 

value is better than the original and printed. The values obtained for the 

original and printed samples were close to each other, but did not reach the 

values provided by the manufacturer. 

 

Fig 56. The results of the UTS of rPLA. 
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 For PLA White, the experiments conducted on its filaments, from printing 

with the selected parameters to remanufactured the filament and also 

reinforcing them with hemp fibers, all gave better tensile strength values than 

the original ones. Indeed, the remarkable point here is that reinforcing with 

hemp fibers had a significant impact on increasing the material's tensile 

strength, achieving the best result.  It was found that the UTS values provided 

by the manufacturer were not achieved in all the experiments conducted on the 

filament. 

 

Fig  . 57 The results of the UTS of PLA White. 

 For PLA Carbon, It was not possible to reinforce it using hemp fibers in the 

filaments extrusion machine used due to the weight of its particles and their 

content of carbon, which requires better manufacturing standards. This 

filament showed consistent results in terms of UTS, although the worst results 

were observed when it was remanufactured.  

 

 

Fig 58. The results of the UTS of PLA Carbon. 
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Summary 

In 3D printing, three-dimensional solid objects of the desired shape are created using 

3D modeling software and a printer that lays down successive layers of materials of 

different shapes to obtain the final shape that corresponds to the digital model. This 

manufacturing method has been successful in producing intricate and complex 

engineered parts, and these products are made from metal, ceramic, polymer, and 

composite materials. These products have found their way into many industrial 

applications such as in aerospace, automotive, medical and even in the food industry. 

One of the most commonly 3D printing used technology is Fused Deposition 

Modeling (FDM), The process involves a heated extrusion nozzle that melts and 

extrudes the polymer filament layer by layer into a three-dimensional object. The 

mechanical properties and characteristics of the objects in this printer depend on many 

factors, mainly the properties and quality of the polymer filament used to print the 

object. Polylactic acid (PLA) is a biodegradable thermoplastic polymer, its filaments 

used widely to print in FDM technology due to its ease of printing, and environmental 

friendliness, which made it interesting to study the mechanical properties of its 

filaments, as well as its objects. The aim of this study was to investigate the behavior 

and properties of PLA filaments before printing, as well as printed samples, in 

relation to tensile testing. Tensile tests were performed on four different types of 

commercially produced PLA filaments (HD PLA, rPLA, PLA White, PLA Carbon) to 

determine the Ultimate Tensile Strength (UTS) of each filament (before printing), 

Bollard style tensile grips used in the test to secure the filament on the tensile testing 

machine, ISO 527-1 standard was utilized to conduct tensile strength experiments on 

the PLA filaments, and the results were 52.1 MPa for HD PLA and (50.3, 29.7, 47.1) 

MPa for (rPLA, PLA White, PLA Carbon) respectively. Additionally, samples were 

printed used ISO 527 - 2 -5A from each type to determine their UTS under the same 

conditions and printing parameters, and the average UTS for each sample (HD PLA, 

rPLA, PLA White, PLA Carbon) was (52.8, 50.4, 36.2, 47.0)MPa, respectively. And 

also, these types of filaments were re-manufactured in the laboratory used single 

screw extruder machine to determine their UTS after recycling, and the average UTS 

for each sample (HD PLA, rPLA, PLA White, PLA Carbon) was (56.3, 58.6, 30.6, 

45.2)MPa, respectively. Additionally, the filaments were re-manufactured and 

reinforced with hemp fibers, which are natural fibers, to investigate whether any 

improvement in UTS occurred for the types (HD PLA, rPLA, PLA White) and the 

average UTS for each type was (37.5, 53.5, 38.5)MPa.    
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