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Abstract 

 

The objective of this paper is to provide a comprehensive description and definition of Fused Filament Fabrication (FFF) 

3D printed polymer materials, based on an extensive review of the relevant literature and previous research. The review 

covers the fundamental materials used in FFF technology, known as filaments, and provides a detailed analysis of the 

physical aspects involved in the formation of FFF printed polymer materials. Furthermore, the paper presents the key 

factors that influence the mechanical properties of FFF printed polymer materials and describes the testing methods used 

to evaluate these properties, including the relevant testing standards. The research findings aim to contribute to the 

development of a deeper understanding of FFF printed polymer materials and their properties, as well as to provide 

guidance for future research in this field.  
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1. Introduction 

 

The advancement of modern industry hinges on the continual pursuit of innovative and cutting-edge research 

activities, particularly as they relate to production processes, materials, and product design. In today's manufacturing 

landscape, market competition demands not only low cost and high quality but also complex products with shorter life 

cycles, shorter delivery times, and greater customization, all while requiring less skilled labor. As a result, the demand 

for sophisticated and intricate products has never been higher, posing significant challenges to both design and 

manufacturing. To address these challenges, there is a strong imperative to invest in the design, development, and 

implementation of new technologies that can meet these ever-evolving demands [1]. 

 

 One technology that is particularly well-suited to meet these requirements is additive manufacturing (AM). AM, 

also known as 3D printing, is a disruptive technology that is currently driving innovation across a range of areas, from 

design and engineering to materials and manufacturing. By reducing costs and waste and increasing efficiency, AM is 

poised to reshape the manufacturing industry and has the potential to generate significant industrial, economic, and social 

W
or

kin
g P

ap
er

 of
 35

th 
DAA

AM
 S

ym
po

siu
m



35TH DAAAM INTERNATIONAL SYMPOSIUM ON INTELLIGENT MANUFACTURING AND AUTOMATION 

 

 
 

impact. Its versatility and flexibility make it an ideal solution for producing complex, customized products with short lead 

times, which are becoming increasingly important in today's fast-paced business environment [2]. 

 

 AM technologies are typically based on the layer-by-layer addition of materials to create finished products. There 

are now several different AM technologies available, each with its own unique features and advantages. One of the most 

popular AM technologies today is Fused Deposition Modeling (FDM), also known as Fused Filament Fabrication (FFF) 

or material extrusion technology. This method involves the extrusion of thermoplastic materials through a heated nozzle 

to create each material layer of the product (Figure 1). FDM technology is valued for its versatility, accuracy, and ability 

to produce functional prototypes and end-use parts quickly and cost-effectively. Other popular AM technologies include 

Selective Laser Sintering (SLS), Stereolithography (SLA), and Digital Light Processing (DLP), each of which has its own 

strengths and applications [3], [4], [5]..  

 

 
 

Fig. 1. Simplified presentation of FDM printing process [6] 

 

 AM is currently the subject of extensive research, with a particular focus on FDM printed polymer materials. 

According to the findings of a study [7], it is not surprising that polymers account for over half (51%) of the parts produced 

using additive manufacturing (AM) technologies (Figure 2). One reason for this is the prevalence of FDM 3D printers, 

which tend to be more affordable than other AM technologies [19]. As a result, FDM technology has become increasingly 

popular for producing prototypes, tooling, and end-use parts in a range of applications, from aerospace to medical devices. 

Ongoing research is focused on further improving the accuracy, speed, and reliability of FDM printing, as well as 

exploring new materials and applications for this versatile technology. 

 

 
 

Fig. 2. Materials used for products currently manufactured in the AM industry [7] 

 

Additive Manufacturing (AM) heavily relies on the choice of materials. The way materials are used in AM differs 

significantly from conventional manufacturing methods, making material selection and preparation a critical aspect of the 

AM process. Specific AM machines and technologies are optimized for particular materials, shapes, and conditions. A 
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wide variety of materials suitable for Fused Deposition Modeling (FDM) are currently available on the market, with the 

selection continually expanding [8], [9]. 

 

 In general, FDM materials can be categorized into three groups: thermoplastic polymers, composite materials with a 

polymer base, and metal materials. Thermoplastic polymers such as PLA (Polylactic Acid), ABS (Acrylonitrile Butadiene 

Styrene), PC (Polycarbonate), PETG (Polyethylene terephthalate glycol), Nylon (PA6, Polyamide), Tough PLA, and 

PEEK (Poly-Ether-Ether-Ketone) are among the most widely researched and tested FDM printed materials [2], [7], [10], 

[11], [12]. 

  

Obtaining the "best" mechanical properties of FDM printed polymer materials is a significant research challenge. The 

goal is to identify and adjust the manufacturing parameters to achieve the desired mechanical properties, high production 

speed, high quality, required surface roughness, and low cost. 

 

 The mechanical properties of FDM printed polymer materials are significantly affected by the type of material and 

manufacturing parameters, making their prediction a complex task that is mainly based on experimental research. A 

thorough review of the literature and prior studies indicates that these factors have a notable impact on the mechanical 

properties. Therefore, a comprehensive understanding of the interplay between these factors is necessary for achieving 

the desired mechanical properties of FDM printed polymer materials [13]. 

 

 Fused Deposition Modeling (FDM) is one of the most promising additive manufacturing (AM) technologies for 3D 

printing. However, FDM is a complex process that depends on many parameters, leading to variations in the properties 

of FDM printed materials [14], [15], [16]. 

 

 A critical literature review suggests that product quality is a function of various parameters that affect product quality 

and material properties. Each of these parameters is interrelated, making it challenging to understand the impact of the 

combination of parameters [17]. Therefore, to achieve the desired material properties of the printed part, it is crucial to 

investigate the influence of various parameters in the FDM process on the mechanical properties of the printed material. 

By choosing optimal parameters, the desired quality of the part can be achieved [12], [18]. 

 

 When analyzing the parameters influencing the mechanical properties of FDM printed materials, the focus is on factors 

such as the orientation of the piece during production, layer thickness, shape and density of the infill, angle and width of 

the raster, distance between the rasters (air gap), temperature, and printing speed [11, 15, 16, 19–21]. In addition, 

Ultimaker, in partnership with TU Delft University, conducted a study called "Tensile strength of 3D printed PLA: a 

systematic investigation", which identified four parameters that significantly affect the strength of FDM printed materials, 

namely, layer height, 3D printing speed, temperature, and infill density [22]. 

 

 Therefore, understanding the impact of these parameters on the mechanical properties of FDM printed materials is 

essential for optimizing the process and achieving high-quality printed parts. Ongoing research efforts aim to develop 

more sophisticated modeling techniques that can predict material properties accurately, enabling faster and more cost-

effective optimization of the FDM process. 

 

2. FDM Polymer Materials – Filaments 

 

Currently, the market offers a diverse range of FDM filaments, including pure polymers, polymer blends, and 

composites. Moreover, new types of filaments are continuously being developed. Typically, FDM filaments consist of 

thermoplastic polymers with an amorphous structure, such as ABS and PC. However, semi-crystalline polymers, such as 

PET, PLA, and PEEK, are also utilized. Figure 3 provides a comprehensive overview of commercially available FDM 

polymer filaments, as well as those still under research and development [23], [24], [25]. 

 

 ABS is a highly regarded FDM material due to its toughness, impact resistance, and widespread availability. It is an 

amorphous thermoplastic composed of polybutadiene and styrene-acrylonitrile copolymer phases, which contribute to its 

toughness and dimensional accuracy, respectively. However, when working with larger or complex geometries, ABS 

material tends to shrink, making it necessary to use a 3D printer with a heated working surface and closed chamber to 

control the temperature during printing [24], [26], [27]. ASA (Acrylonitrile Styrene Acrylate) is a viable alternative to 

ABS, utilizing acrylate rubber instead of polybutadiene. ASA material is highly resistant to weather conditions, making 

it a suitable choice for outdoor products [28], [29]. 

 

 PLA material is among the most popular, widely used, and extensively researched FDM materials, along with ABS. 

It is a semi-crystalline, biodegradable thermoplastic derived from renewable sources. PLA is better suited for FDM 

technology than ABS due to its lower coefficient of thermal expansion and lower required printing temperature. FDM 

printed PLA samples exhibit higher tensile strength and a better finish than ABS samples. Moreover, PLA can be printed 

using inexpensive desktop FDM printers without the need for substrate heating or a closed printing chamber with 
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controlled temperature. It is a reliable and environmentally friendly material that does not release harmful particles during 

printing, making it ideal for use in homes [24], [30], [31]. 

 

 
 

Fig. 3. Overview of FDM polymer materials – filaments [24] 

 

 Despite the many advantages of PLA, one of its biggest limitations is low heat resistance and susceptibility to 

deformation at relatively low temperatures (around 50°C), that can limit its applicability. Additionally, PLA is relatively 

brittle compared to other FDM materials. To address these limitations, improved PLA materials, such as HTPA (high 

temperature PLA) from Proto-paste and Tough PLA from Ultimaker, have been developed. HTPA offers properties 

similar to PLA but can withstand higher temperatures, while Tough PLA is a technical PLA material with improved 

toughness and plasticity similar to ABS. These materials provide a means of overcoming the limitations of traditional 

PLA and expanding its potential applications [12], [24], [32]. 

 

 The materials used for support structures play a critical role in determining the visual quality of the final FDM product. 

In single-head FDM printers, the basic material of the product and the support structure must be the same, and the support 

structures are removed mechanically after production, which can create defects such as increased roughness where 

supports were attached. In contrast, dual-head FDM printers allow for the use of a different material for support structures, 

which can be dissolved in water or another medium to reduce the likelihood of defects (Figure 4). The most common 

soluble FDM materials for support structures are PVA (Polyvinyl Alcohol) and HIPS (High Impact Polystyrene), the 

latter of which is often used as a support material for ABS and dissolves in d-limonene. Choosing the right support 

material is therefore important for producing high-quality FDM products [24], [33]. 

 

Amorphous polymers with low coefficients of thermal expansion and minimal shrinkage during fabrication have already 

been widely adopted in FDM technology. In contrast, semi-crystalline polymers such as PA12 (Polyamide 12), PET, and 

PP (polypropylene), which offer better mechanical properties and higher temperature resistance, remain less explored and 

commercialized due to their challenging deformation and shrinkage during 3D printing. However, the integration of semi-

crystalline polymers into FDM technology is crucial for its evolution from prototyping to direct production of functional 

components under varying loads. Thus, further research and development efforts are needed to overcome the obstacles 

and unleash the full potential of semi-crystalline polymers in FDM technology [24], [35]. 

 

High-performance polymers such as PEI (polyetherimide) and PEEK (polyether ether ketone) are widely recognized for 

their exceptional strength, making them excellent choices for FDM printing. In fact, FDM printed PEI and PEEK materials 

can achieve impressive tensile strengths of 90 – 110 MPa, respectively [11], [36]. By comparison, the tensile strength of 

ABS, PLA and PC FDM printed materials ranges from 30 to 70 MPa [24], [37], [38]. 
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Fig. 4. An example of an FDM printed product with a support structure made of PVA material after manufacturing (left) 

and after dissolving the PVA material in water (right) [34] 

 

 PEI and PEEK materials have high melting temperatures, requiring nozzle temperatures exceeding 360°C. As nozzle 

temperature increases, the porosity of printed parts decreases (360-420°C) and crystallinity increases (380-480°C), 

leading to significant improvements in mechanical properties [24], [36], [39]. However, it is crucial to avoid excessive 

nozzle temperature and overheating, as this can cause polymer degradation, thereby worsening the mechanical properties 

of FDM printed materials [40]. 

 

 The high-temperature requirements of extruding high-performance polymers make these materials more demanding 

to fabricate with FDM technologies due to the large temperature differences between the newly deposited and pre-

deposited material. To minimize these temperature differences, FDM printing of these materials often requires a heated 

work surface and a closed FDM device, where the working temperature can be controlled in the working space. A study 

[39] demonstrated that an increase in the working space temperature of the FDM printer from 25°C to 200°C improved 

the crystallinity and mechanical properties of the FDM printed PEEK material. 

 

 Moreover, the mechanical properties of high-performance FDM printed polymer materials can be significantly 

enhanced by subsequent thermal treatments [24], [39]. Therefore, high-performance polymers such as PEI and PEEK 

offer promising potential for the future of FDM printing technology, particularly to produce components that require 

exceptional strength and durability. 

 

 FDM elastomers, or rubber-like elastic materials suitable for FDM technology, are available on the market in the form 

of TPE (thermoplastic elastomer) and TPU (thermoplastic polyurethane) materials. TPU is known for its high strength, 

high elasticity, and high elongation at break, with a Shore A hardness of 95 [41], [42]. On the other hand, TPE is a hybrid 

polymer FDM material consisting of hard and soft phases, exhibiting rubber-like elasticity. The hard phase is a semi-

crystalline thermoplastic segment that makes it easier to process with FDM technology. Meanwhile, the soft phase is an 

amorphous elastomeric segment that provides the elastic properties. TPE has a lower Shore A hardness of around 70 

compared to TPU [43]. 

 

 However, using TPE or TPU filaments for FDM poses challenges due to their high elasticity and deformability, 

making them susceptible to deformation when caught by pressure rollers during the filament's transfer to the printer head. 

Axial stress can also cause bending when it arrives at the printer head for melting and further extrusion under axial force 

[24]. 

In order to improve the properties of pure FDM polymer materials, various blends with amorphous and semi-crystalline 

polymers are being developed to achieve improved strength, hardness, toughness, plasticity, printability, and higher 

temperature resistance, as well as functional properties such as electrical conductivity, antibacterial properties, and shape 

memory [44], [45], [46], [47]. The most popular blends for FDM are PC/ABS and PC/PEI (Ultem 9085), which were 

originally developed for injection molding applications. The PC/ABS blend is a widely used thermoplastic in the 

traditional polymer industry, and its FDM printed parts exhibit high strength, toughness, and heat resistance [24], [45], 

[46], [47], [48]. On the other hand, PC/PEI is a high-performance and fire-resistant polymer certified for use in the 

automotive, aerospace, and medical industries. PC/PEI is currently the standard PEI material used in FDM technology 

due to its better viscosity than pure PEI (Ultem 1010) [24], [49], [50]. 

 

 The development of polymer mixtures in the form of FDM filaments is constrained by the composition of the polymers 

involved and the need to maintain appropriate thermal and rheological properties. Achieving a high-quality 3D print 

requires careful adjustment of the mixture composition and FDM processing parameters. Furthermore, the blends must 
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be processed into filament, wound on a roll, before they can be used for FDM 3D printing. However, FDM systems based 

on screw extrusion are being developed that allow for the use of a wider spectrum of polymer mixtures, facilitating the 

production of products for various applications [24]. 

 

 Table 1. presents a summary of the mechanical properties of selected FDM pure polymer materials, as well as blends 

that have been developed to enhance the performance of FDM printed parts. The table provides data on key mechanical 

properties such as tensile strength, elastic modulus and strain at break. 

 

Material Tensile strength [MPa] Elastic modulus [GPa] Strain at brake [%] Manufacturer 

PLA 48 3,04 2,5 Stratasys 

ABS 28 2,4 8 Stratasys 

PC 57 1,94 4,8 Stratasys 

PETG 50 1,87 6,4 Ultimaker 

Nylon 27,8 0,57 210 Ultimaker 

ASA 33 2,14 5,9 Stratasys 

CPE 41.1 1,5 5.1 Ultimaker 

PVA - - - Ultimaker 

PP 8,7 0,22 >300 Ultimaker 

TPU 16,8 0,015 552 Stratasys 

TPE - - 600 MatterHackers 

PEEK 98 4 45 Victrex 

ULTEM 80 2,86 3,8 Sabic 

PEKK 61 3,8 20 Arkema 

PA12 50 1,51 30 Stratasys 

PA6 67,6 2,32 38 Stratasys 

HTPLA 67,4 5,6 2 Proto-Pasta 

ABS-X 23,8 0,45 13,3 3D Republika 

ABS/PC 41 1,9 6 Stratasys 

PC/PEI 

(Ultem 9085) 

69 2,51 5,4 Stratasys 

PLA-X 53,2 0,43 15 3D Republika 

PEI (Ultem 

1010) 

80 3 4 Stratasys 

 

Table 1. Overview of FDM printed polymer materials and their mechanical properties 

 

3. Physical aspects in the formation of FDM printed polymer materials 

 

During the FDM printing process, the filament is first heated to a semi-molten state and then extruded through a nozzle 

that follows a predefined path based on G-code instructions. After extrusion, thermal energy is transferred through 

conduction (within and between the printed material), convection, and radiation (between the printed material and the 

external environment). The heating and subsequent cooling processes involved in semi-molten filament resolidification 

are characterized by high thermal gradients that induce residual stresses in the printed material. These stresses can lead 

to distortions and deformations of printed products, both during and after the printing process. Physical phenomena of 

FDM printed material that occur during the FDM process are presented on Figure 5. 

 

 
 

Fig. 5. Physical phenomena of FDM printed material that occur during the FDM process (blue color represents primary 

and black color secondary physical effects) [3] 
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 The quality of FDM printed products is influenced by a variety of factors, including thermal gradients. Experimental 

evidence has demonstrated that these gradients can have significant impacts on both the shape and dimensions of the final 

product, as well as its material mechanical properties such as yield strength, tensile strength, strain, and others [3, 24]. 

The FDM printing process involves extruding polymer material onto a work surface, which may be heated depending on 

the type of material being used. As the extruded material cools, it transitions from a liquid to a solid state. During this 

phase, heat transfer occurs through three main mechanisms, as described in [3]: 

 

• Conduction, resulting from the temperature gradient that develops within the FDM material; 

• Convection, which occurs between the FDM material and its surroundings; 

• Radiation, involving the emission of heat energy from the FDM material. 

 

 The process of phase change in polymeric materials is highly dependent on their molecular structure. As previously 

discussed, polymers can be either crystalline (semi-crystalline) or amorphous, each with its own unique characteristics. 

Two types of phase changes can occur in polymers, depending on their molecular structure: 

 

• Melting is a typical process of crystalline polymers, where ordered molecular chains transition from a solid to a liquid 

state at the melting temperature (Tm). To achieve this, a certain amount of energy is required to overcome the 

intermolecular forces, typically supplied through thermal energy. 

• Glass transition is a typical process of amorphous polymers, which includes most FDM thermoplastic materials. With 

increasing temperature, molecular disorder increases in amorphous polymers. The glass transition temperature (Tg) 

is the point at which amorphous polymers exhibit a "rubbery" behavior and become viscous enough to be extruded 

through nozzle in FDM technology. 

 

 Figure 6 illustrates the different phase change processes for crystalline and amorphous polymers. Notably, the glass 

transition process does not require latent heat to change phases, in contrast to the melting process [51].  

 

 
 

Fig. 6. Phase changes in crystalline and amorphous polymers 

 

 After the extrusion process, the FDM filament material is deposited onto the work surface in the form of rasters 

(threads). To solidify the material, it is cooled to a temperature below its glass transition temperature (Tg) or melting 

temperature (Tm). When depositing the next filament raster in the same plane or a new layer, the boundary between the 

previously deposited raster and the new raster heats up to Tg due to the heat transfer from the new raster. This causes the 

previously deposited raster to soften, allowing the newly deposited raster to bond with it. This process creates a cohesive 

force between the connected rasters (Figure 7). 

 

 
 

Fig. 7. Extrusion and deposition of FDM printed filament rasters 

 

W
or

kin
g P

ap
er

 of
 35

th 
DAA

AM
 S

ym
po

siu
m



35TH DAAAM INTERNATIONAL SYMPOSIUM ON INTELLIGENT MANUFACTURING AND AUTOMATION 

 

 
 

 In the process of creating FDM printed polymer material, raster bonding plays a crucial role in determining the final 

mechanical properties of the FDM printed material. Specifically, the mutual bonding of printed rasters is essential for 

creating a strong and durable printed material. During the FDM printing process, the temperature of the deposited material 

must be precisely controlled to ensure proper solidification and bonding between adjacent rasters. If the bonding between 

raster is weak or inconsistent, the printed material may exhibit inferior mechanical properties such as reduced strength or 

durability. Therefore, it is essential to understand and optimize the bonding behavior of the FDM printing process to 

produce high-quality printed materials of products with desired mechanical properties [25], [52], [53]. 

 

 Figure 8 depicts a schematic representation of the bonding process between adjacent extruded polymer rasters during 

the FDM process. Initially, when the rasters come into contact, they undergo a process called "necking," during which 

polymer chains diffuse between the rasters. The success of this bonding process depends on several factors, including the 

rheological properties of the polymer, viscosity, thermal conductivity, and cooling rate. In particular, the temperature at 

which the FDM process is conducted plays a critical role in the interlayer bonding process. Higher temperatures can help 

facilitate the diffusion of polymer chains between the rasters, leading to a stronger bond between adjacent rasters [24], 

[25], [54]. 

 

   
 

Fig. 8. Schematic representation of bonding of FDM printed filaments: (a) surface contact, (b) neck formation and 

growth, (c) diffusion and randomization of molecular chains [52] 

  

FDM technology involves two types of bonding for printed rasters, as illustrated in Figure 9 [3]: 

 

• Intra-layer bonding occurs between adjacent FDM printed rasters within the same layer. This type of bonding creates 

a typical neck between two adjacent printed rasters, which results in the final dimensions (L2) being smaller than the 

nominal ones (L1). 

• Inter-layer bonding occurs between layers that are connected to each other along the z-axis. This type of bonding also 

forms a neck between adjacent printed rasters, causing the final height (h2) to be slightly less than the nominal height 

(h1). 

 

 
 

Fig. 9. Bonding of FDM printed rasters within a layer and between layers during the material formation process [3] 

 

 The time interval between the deposition of two printed rasters is a critical factor affecting bonding strength. Longer 

time intervals lead to weaker diffusion of the polymer chain, resulting in weaker bonding between mutually touching 

rasters. This time-dependent behavior is evident from the anisotropic properties of most FDM printed materials, where 

interlayer bonding is weaker than intralayer bonding. Bonding strength is crucial for the thermal and electrical properties 

of FDM printed materials, as air gaps between printed filaments can significantly affect these properties. During the FDM 

process, the printed rasters undergo cooling shrinkage, which is influenced by the thermal properties of the base material, 

including its thermal conductivity, heat capacity, coefficient of thermal expansion, and crystallinity (for semi-crystalline 

materials). Uneven shrinkage can cause warping or warpage of the first layers of the printed product in contact with the 

working surface. This can lead to delamination or even breakage of the printed material, as shown in Figure 10. To prevent 

these problems, the working surface on which printing is done is heated, and the workspace of the 3D printer is enclosed 

in a chamber with a controlled working temperature. Other methods may also be used [24]. 
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Fig. 10. Defects in FDM printed polymer materials due to uneven shrinkage [55] 

 

 During the FDM process, the base material, which is the FDM polymer filament, undergoes various thermal cycles 

and phase changes. The filament is then applied in layers composed of printed rasters, where their mutual bonding plays 

a crucial role in the formation of the final FDM printed material. Along with many other factors, this bonding determines 

the properties of the printed material. Figure 11 highlights the key properties that an FDM polymer material should possess 

to meet the requirements of the FDM printing process and the final product. These properties include filament diameter, 

roundness, and tolerance, as well as mechanical, thermal, and electrical properties. Ensuring that the base material satisfies 

these properties can result in a printed product that meets the desired specifications. 

 

 
 

Fig. 11. Key properties of FDM filament and their influence on the properties of FDM printed material as well as the 

final product [24] 

 

4. Mechanical properties of FDM printed polymer materials 

 

To establish the minimum dimensions of a product made from specific materials, while simultaneously ensuring its 

mechanical durability under load, a comprehensive understanding of product material mechanical properties is crucial. 

This knowledge allows for the prevention of undesired deformations and potential fractures when exposed to external 

loads. The mechanical properties of a material reveal the correlation between applied external loads and resultant 

deformations. Essential mechanical properties to consider include strength (such as tensile, compressive, and flexural 

strength), hardness, toughness, fatigue, and creep. Accurate determination of a material's mechanical properties requires 

laboratory testing under actual operating conditions, as closely as possible, to ensure the validity of the results [56]. 

 

When discussing FDM printed polymer materials, it is essential to emphasize the fundamental principle of this 

technology: the product is fabricated directly by adding materials, layer by layer, based on a digital CAD model of the 

product. This stands in stark contrast to traditional manufacturing methods such as turning, milling, and cutting, where 

material is removed from a pre-existing piece with known mechanical properties, which is then shaped into the final 

product [57], [58]. This fundamental difference underscores the importance of understanding the unique printed material 

properties and limitations of FDM printing when designing and manufacturing products. 
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Fig. 12. Structure of FDM printed material [59] 

 

When analyzing the mechanical properties of FDM printed polymer materials, it is important to differentiate between 

the filament (base material) and the FDM printed polymer material that makes up the final product. The filament, which 

is wound on rolls, serves as the fundamental building block of the FDM process. In contrast, the FDM printed polymer 

material is created by heating and extruding the filament and applying it layer by layer, with each layer composed of 

extruded rasters of the base material. The filament undergoes the entire FDM process, including being heated to a viscous 

state and extruded onto the working surface during the initial layer formation, and then further extruded onto the already 

printed material (as depicted in Figure 12). Various factors, such as the properties of the thermoplastic filament, extrusion 

parameters, process parameters, structural parameters, and external conditions (humidity, ambient temperature, etc.), can 

directly or indirectly affect the mechanical properties of the FDM printed polymer material. As a result, there is a 

considerable focus on researching the influence of these parameters on the mechanical properties of FDM printed 

materials, as well as their underlying mechanisms [57], [58], [60], [61], [62]. Understanding these factors is crucial to 

optimize the mechanical properties of FDM printed polymer materials and to ensure their suitability for specific 

applications. 

  

In their papers, Dawoud et al. [63], Popescu et al. [30], Kristiawan et al. [17], Sheoran et al. [64], Rahmatabadi et al. [13], 

Shanmugam et al. [65], Waseem et al. [66], Zisopol et al. [67], and Mohamed et al. [68] have conducted a comprehensive 

literature review to identify factors that influence the mechanical properties of FDM printed polymer materials. Based on 

their studies, it can be concluded that infill design impact the mechanical properties of FDM printed polymer materials, 

including tensile, flexural, and compressive strength, hardness, toughness, fatigue, and creep (Figure 13). 

  

It is important to note that while the figure below illustrates the influence of infill design on different mechanical 

properties, also, there are numerous other factors (layer height, printing speed, raster orientation, etc.) that can also directly 

or indirectly affect the mechanical properties of FDM printed polymer materials. Therefore, researchers and engineers 

should consider a wide range of factors when designing and optimizing FDM printed polymer materials for specific 

applications. 

 

 
 

Fig. 13. Influence of infill design on the mechanical properties of FDM printed polymer materials 

 

It is evident that understanding the factors that influence the mechanical properties of FDM printed polymer materials 

and promoting standardization are critical. Currently, manufacturers include mechanical properties of the material in their 

material declarations, but few disclose details about the FDM printing and testing process. As a result, the impact of 

various factors on mechanical and other properties of FDM printed materials is not always apparent. It is crucial to conduct 

W
or

kin
g P

ap
er

 of
 35

th 
DAA

AM
 S

ym
po

siu
m



35TH DAAAM INTERNATIONAL SYMPOSIUM ON INTELLIGENT MANUFACTURING AND AUTOMATION 

 

 
 

research in this area to better comprehend and analyze the mechanical properties of FDM printed materials. Such research 

will significantly contribute to standardization and the overall advancement of this technology. 

 

5. Mechanical testing of FDM printed polymer materials 

 

The increased prevalence and application of additive manufacturing (AM) technologies in various industries and 

everyday life have led to the development of AM materials. As a result, there is a growing need for standardization in this 

field. Many manufacturers of AM materials are available in the market, each seeking to distinguish their products by 

quality, strength, and other properties. However, to ensure product quality and distinguish materials and their properties 

authoritatively, there must be universal definitions of high quality, strength, and other properties, which can only be 

achieved through standardization.  

 

 In their research titled " Analysis of General and Specific Standardization Developments in Additive Manufacturing 

from a Materials and Technological Approach " [69], Dominguez A.G. et al. provided an overview of the current standards 

in the field of AM, including ISO 17296-3:2014 and ISO/ASTM 52921:2013. ISO 17296-3, " Additive manufacturing — 

General principles — Part 3: Main characteristics and corresponding test methods", outlines the main characteristics of 

AM and the corresponding test methods. On the other hand, ISO/ASTM 52921:2013, " Standard terminology for additive 

manufacturing — Coordinate systems and test methodologies", focuses on the standardization of terminology for test 

results reports. While these standards do not specifically address the mechanical testing of FDM printed polymer 

materials, they are still important for establishing common terminology and test methods in the AM field. 

  

Research and testing of mechanical and other properties of AM materials are conducted intensively, with a focus on 

FDM printed polymer materials. However, despite the research efforts, specific standards for characterizing and testing 

the mechanical properties of FDM printed polymer materials have not yet been developed. Generally, research is based 

on existing ISO and ASTM standards for polymer materials [7], [69], [70]. Therefore, there is a pressing need for the 

development of specific standards for FDM printed polymer materials to ensure the quality and reliability of products 

made using this technology. 

 

 Through a detailed review of previous research, Dizon J.R.C. et al. [7], Popescu D. et al. [30], and Forster A.M. [71] 

studied the topic of standards used for mechanical testing of FDM printed polymer materials. Based on their findings and 

the literature review in this paper, the figure below (Fig 14) presents the most commonly used ISO and ASTM standards 

for testing the characteristic mechanical properties of FDM printed polymer materials. 

 

 
 

Fig. 14. An overview of the most commonly used standards for testing the mechanical properties of FDM printed 

polymer materials through previous research 

 

It is important to note that the current standards for testing the mechanical properties of polymer materials are primarily 

intended for those created through traditional methods such as injection molding. However, with a lack of standards 

available for testing the properties of FDM printed polymer materials, these existing standards are often used to evaluate 

printed materials with a 100% infill density or materials with a infill structure. 

 

 In a paper by Juan Claver A.G.D. and others [72], the applicability of these standards for characterizing the mechanical 

properties of FDM printed materials was analyzed. The authors cautioned that when evaluating the mechanical properties 

of FDM printed polymer materials according to existing standards, one should consider their limitations due to the unique W
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characteristics of these materials. FDM printed materials can be produced as solid materials with cavities, materials with 

a infill structure, or lattice and cellular structures, which require specific testing methods. 

 

 Despite these limitations, in most studies, these existing standards are still utilized to evaluate the properties of FDM 

printed materials. Additionally, Forster A.M. and the NIST Institute conducted a comprehensive study [71] entitled 

"Materials testing standards for additive manufacturing of polymer materials: State of the art and standards applicability 

". The study concluded that while most existing standards for polymeric materials can be applied to test AM materials, 

specific guidelines are needed for measuring properties in engineering cases enabled by AM technologies.  

 

 It is crucial to note, and it has already been mentioned before, that the mechanical properties of FDM printed polymer 

materials are highly dependent on various factors, such as the characteristics of the base material (filament), 3D printing 

parameters, and external conditions. The research results [73] showed that the color of the material can affect its tensile 

mechanical properties, even if the material is from the same manufacturer. In research [74], significant differences were 

observed in the tensile mechanical properties of PLA materials from different manufacturers, even though it was the same 

material. Moreover, the research [75] demonstrated that FDM printed polymer PLA materials made on different models 

of 3D printers exhibit different tensile properties. The paper [8] analyzed the influence of different deformation rates 

during testing on tension and showed that tensile properties are dependent on the rate of deformation during testing. Thus, 

when specifying the mechanical properties of FDM printed polymer materials, it is essential to specify several factors, 

including the type, manufacturer, and color of the material, 3D printing parameters and 3D printer model, the standard by 

which the test was performed, the geometry of the sample, and the rate of deformation during the test, as well as external 

factors during which the examination was carried out. Simply providing numerical values of mechanical properties for 

FDM printed polymer materials is insufficient. Today, more and more material manufacturers (such as Ultimaker, 

Stratasys, 3D Republika, etc.) provide information about the filament's characteristics, in addition to the mechanical 

properties, 3D printing parameters, external factors, and the standard according to which the properties were tested. 

 

6. Conclusion 

 

When considering the materials used in products created by FDM technology, it is important to understand that the 

properties of the filament (input material) and the resulting FDM printed polymer material can differ due to various 

influencing factors. The physical aspects of the formation process are crucial to understanding the final properties of the 

FDM printed materials in finished products. 

 

Regarding the mechanical properties of FDM printed materials, it can be concluded that various factors including the 

thermoplastic filament, extrusion and process parameters, structural parameters, and external factors such as humidity 

and ambient temperature have a direct or indirect influence on these properties. It is noteworthy that current mechanical 

property testing standards for FDM printed materials are primarily intended for polymer materials produced by 

conventional methods such as injection molding. 

 

Considering the unique physical aspects and influencing factors involved in the formation of FDM printed polymer 

materials, it is recommended that additional guidelines are needed for FDM printed materials, especially for cases 

involving materials with a infill structure, as well as lattice and cellular materials which are becoming more common in 

modern manufacturing. Understanding the interplay between these factors is important for achieving consistent and 

predictable material properties in FDM printing technology. 

 

Also, Material manufacturers should provide complete information when defining the mechanical and other properties 

of FDM printed polymer materials on their declaration. The basic influencing factors such as the color of the material, 

the model of the 3D printer used, key printing parameters, and the standard and method for examination of characteristics 

must be listed. Mere numerical values of mechanical and other properties are insufficient to define FDM printed polymer 

materials properly. This information can be easily achieved through standardization of FDM technologies. 

Standardization is necessary to ensure reliable and predictable mechanical and other properties of FDM printed polymer 

materials. Therefore, material manufacturers should prioritize providing complete information when defining the 

mechanical and other properties of FDM printed polymer materials on their declaration, to aid in the creation of quality 

products. 

 

Recommendation for future research entails extending the detailed analysis beyond polymers to encompass a broader 

range of materials, including composites, metals, and others. Furthermore, exploring alternative additive manufacturing 

(AM) technologies in conjunction with different materials is advised. 
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