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Abstract
Fused deposition modeling (FDM) also called fused filament fabrication (FFF) is the most used additive manufacturing 
(AM) technology. The growing impact of AM is due to its various advantages and its applicability to many domains. Many 
research works have focused on the improvements of FDM technique and optimization of the mechanical properties in order 
to fabricate parts that can be used in realm industrial applications. In the present work, a review of materials used in the FDM 
process is proposed together with an analysis of the key parameters affecting their mechanical behaviors. In this framework, 
FDM materials have been classified into three groups: standard, composite, and smart materials. Previous works have clearly 
shown that the process parameters have a greater influence on parts made with standard materials than on those made with 
composites. The effect of the process parameters such as air gap, layer thickness, build orientation, raster orientation, and 
contour number is discussed in regard to the mechanical solicitations: tensile and compression, three- or four-point bending 
tests and fatigue. The impact of these process parameters on different material categories is also analyzed. This reveals the 
specificities related to each materials group. This work can be considered like a global insight for the comprehension of the 
process—structure—mechanical property relations of common FDM materials. Synthetic remarks and recommendations 
are proposed for future investigations.

Keywords Fused deposition modeling · Thermoplastics · Composites · Smart materials · Process parameters · Mechanical 
properties

1 Introduction

Additive manufacturing (AM) is known as a technology con-
sisting in producing parts layer by layer. At the beginning, 
AM was mostly limited to rapid prototyping but progres-
sively many functional parts have been manufactured by AM 

in many industrial sectors. AM finds many applications in 
most industrial fields like automotive, aeronautics, energy, 
and medicine [1–4] as well as fashion and food. The growing 
interest for AM and especially for fused deposition modeling 
(FDM) is due to its advantages such as saving time through 
flexibility with possibility of manufacturing complex shapes, 
and weight reduction while maintaining performance and 
avoiding assemblies. In addition, superimposing materials 
of different natures and properties is made easier and more 
precisely thanks to the combination of two or more extruders 
in a given AM machine. It can be done in a specific way such 
that it is possible to add new functionalities to a given com-
ponent. For all these reasons, AM is a technology in line with 
the latest industrial revolution the so-called Industry 4.0 [5].

When it comes to AM, there are various techniques com-
monly employed for part fabrication, including binder jet-
ting, directed energy deposition, material extrusion, material 
jetting, powder bed fusion, sheet lamination, and vat pho-
topolymerization [6]. All of these techniques have a common 
principle: the layer-by-layer deposition of material to create 
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a complete part. Among these methods, FDM also known as 
fused filament fabrication (FFF) or material extrusion (ME) 
stands out as one of the most widely used. This popularity 
is the result of its simplicity and numerous advantages over 
other AM techniques: cost-efficiency making it accessible to 
a wide range of users; material variety offering versatility in 
material selection for specific applications; ease of use mak-
ing them suitable for both beginners and experienced users; 
speed (particularly when compared to some powder-based 
techniques); layer adhesion ensuring the structural integrity 
of printed parts; environmental friendliness (generates less 
waste material compared to other techniques like powder 
bed fusion); education and prototyping: FDM is often the 
preferred choice for educational institutions, rapid prototyp-
ing, and quick design iterations [7]. These advantages collec-
tively contribute to FDM’s prominence in the world of AM.

FDM was created by Scott Crump in 1980 [8] and 
trademarked by Stratasys Inc. [9]. The process is based on 
the extrusion of a filament or pellets. It consists in using 
a computer-aided design (CAD) system, with selection of 
material(s), automation using computer numerical control, 
and extrusion process to manufacture 3D parts (Fig. 1) [10].

The first step of the FDM process is to design the part using 
a CAD software. A solid model is created and converted into 
a stereolithography format by tessellating the model to make 
a faceted approximation of the model. After the CAD mod-
eling step, the pre-processing of the FDM software is used. 
It involves estimation of the part orientation, slicing into the 
thin layers, selecting FDM parameters, and choosing the sup-
ports, which have to be generated. The further pre-processed 
file is then fed into the FDM. As shown in Fig. 2, on the FDM 
machine material, in most cases in the form of coil reel or spool, 
it is heated into the molten state in a liquefier head, and further 
extruded out to deposit a thin layer onto the platform [11]. This 
layer-by-layer process is repeated until the required thickness 
is obtained. Completed parts are removed from FDM machines 
and support structures are directly cut out from the model.

Many parameters have to be chosen during this process 
and the choice of these parameters has a major impact on 
the quality of the obtained parts. The effect of parameters on 
the mechanical properties of the material has been widely 
investigated. For example, Popescu et al. [12] made a lit-
erature review and classified those process parameters in 
three categories: slicing parameters, building orientation, 
and temperature conditions. It emerges from the literature 
that the key parameters influencing mechanical properties 
are as follows: layer thickness, raster orientation, air gap, 
and build orientation [12]. It was shown that the effect of 

each parameter on mechanical properties depends on the 
type of used material.

In the present work, an overview is proposed, on the 
various types of materials used in 3D printing. Then FDM 
process parameters’ effects on mechanical properties are 
investigated by considering the correlation between print-
ing parameters and types of materials. The review focuses 
on thermoplastic polymers, composite materials, and smart 
materials. The case of the metallic alloys fabricated by mate-
rial extrusion is not treated in this work. A survey of the 
main developments made in process–structure–mechanical 
properties relations of common materials used in FDM tech-
nique is detailed.

2  Materials used in fused deposition 
modeling

In the FDM process, a spool of filament is loaded into the 
3D printer and fed through the print head, which is equipped 
with a heated nozzle. Once the nozzle reaches the desired 
temperature, a motor drives the filament through it, caus-
ing it to melt. The printer moves the print head, deposit-
ing the molten material in specific locations where it cools 
and solidifies. When a layer is complete, the build platform 
moves down and the process is repeated, layer by layer.

A wide range of thermoplastics are used as feedstock 
materials in FDM process; among them, the most popu-
lar are as follows: acrylonitrile butadiene styrene (ABS), 

Fig. 1  Different steps of FDM 
process [10]
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so�ware
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Fig. 2  Principle of FDM process [11]
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polylactic acid (PLA), polycarbonate (PC), polyamide (PA), 
polystyrene (PS), polypropylene (PP), polyether ether ketone 
(PEEK), polymethyl methacrylate (PMMA)… In addition 
to these, other materials are of great interest and their list 
may be not exhaustive due to the widespread adoption of 
this manufacturing process across various industrial sectors. 
The material choice in 3D printing depends on the applica-
tion sector, structural requirements, mechanical properties 
[13], and environmental and other limitations or conditions 
[14]. In addition to this large range of materials available 
for part fabrication by FDM, the process parameters can 
be optimized in order to fill the engineering requirements. 
Recent works aim to take advantage of the huge advantages 
of FDM for the fabrication of parts with metal alloys or 
ceramics. This leads to new approaches based on FDM prin-
ciple which are in development [15–18]. These methods are 
beyond the scope of the present article. In the following 
sections, materials used in FDM process are classified into 
three categories: standard, composite, and smart materials.

2.1  Standard materials

Standard materials class includes materials which are wide-
spread and commonly used in FDM; they are mostly consti-
tuted of thermoplastic polymers. In the present section, we 
will focus on each of these materials in terms of mechanical 
properties, advantages, and applications.

2.1.1  Acrylonitrile butadiene styrene

ABS is one of the most used thermoplastic polymers in 
FDM. It results from the polymerization of styrene and 

acrylonitrile in the presence of polybutadiene. This poly-
mer combines many advantages in terms of mechanical and 
chemical properties [19]. Because of its good properties in 
terms of resistance of impact, heat, chemical and abrasion 
resistance, dimensional stability, tensile strength, surface 
hardness, rigidity, and electrical characteristics, ABS is com-
monly encountered in mechanical engineering in addition of 
its function of prototype design [20–22]. Figure 3 highlights 
some of these applications. The rubbery butadiene impacts 
toughness of the material and acrylonitrile adds resistance 
to heat and environmental degradation [23]. This polymer 
is available in different grades. The form of ABS used in 
AM is very similar to that used in injection-molded parts 
such as Lego bricks. The 3D-printed parts of ABS present 
a reasonable smoothness due to its rheological properties. 
The temperature of the print head is around 220 °C during 
the extrusion. The ABS 3D-printed parts are today present in 
different industrial and research contexts and greatly impact 
our day-to-day life. One can mention cryogenic applications 
[22], automotive applications [24, 25], vacuum and pressure 
tight vessels [26], and several home applications [27]. The 
relationship between the color of the ABS filament used 
during 3D printing and the mechanical properties has been 
established [28].

2.1.2  Polylactic acid

Polylactic acid (PLA) is a biopolymer produced from lactic 
acid by direct polymerization [29]. PLA has a distinct place 
among polymers used in FDM because of its various appli-
cations. The biomedical field is one domain where PLA is 
commonly used for implantology, regenerative medicine, 

Fig. 3  Creation a life-size 3D 
model of the manifold using 
3D printing technology [20] 
(a), ABS 3D-printed support in 
ABS fabricated for the experi-
mental realization of a “mag-
netic concentrator,” working at 
77 K [22] and ABS 3D-printed 
lightweight pipes [21] (c)
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tissue engineering, and drug carriers [30–35]. The reason 
of its application to biomedical fields comes from its bio-
degradability, bioresorbality, and biocompatibility [36, 37]. 
Figure 4 illustrates some applications of PLA 3D-printed 
structures in medicine. PLA 3D-printed parts are also used 
in packaging specifically for food [32] and for structural 
applications [38]. The mechanical properties, the low cost, 
and the reusability make also PLA a serious alternative to 
other thermoplastic polymers, mainly ABS [39]. A compara-
tive analysis was performed between ABS and PLA about 
the influence of process parameters on mechanical behavior. 
From that study, it appears that PLA parts are more rigid 
than ABS ones and have greater tensile strength than ABS 
[40]. Then demand on PLA is increasing regarding its vari-
ous applications such as packaging, pharmaceuticals, tex-
tiles, automotive, aerospace, biomedical, and tissue engi-
neering [41].

In addition to its good mechanical properties [42], 
PLA is also appreciated because of properties like print-
ability, hydrophobicity, thermoplasticity, and low cost. 
However, PLA has some disadvantages like brittleness, 
poor thermal resistance, and low glass transition tempera-
ture [43]. PLA has been combined with other materials 
in order to compensate its drawbacks. Many studies show 
that the reinforcement of PLA with another materials 
such as glass fibers or graphene leads to better proper-
ties [36, 39, 44, 45]. For example, the elastic modulus is 

increased when PLA is reinforced with glass [45]. Garcia 
et al. show the influence of build parameters on geometry 
properties of two PLA-based filaments (unreinforced PLA 
and PLA-graphene composite materials). In conclusion, 
PLA-graphene filament feature improved mechanical, 
electrical, and thermal properties and do not affect the 
geometry quality. All this results in the fact that PLA is 
very suitable for AM.

2.1.3  Polyether ether ketone

Polyether ether ketone (PEEK) is a suitable thermoplastic 
polymer which combines good mechanical, chemical, and 
biological properties [46, 47]. It is used for automotive, 
aerospace, biomedical, and electrical applications [48, 49]. 
Because of its mechanical and chemical properties and also 
its biocompatibility, PEEK is today a center of attraction 
in research for bone replacement and implant design [46, 
50]. PEEK has a high melting point [51] of 343°C and 
a high glass and transition temperature of 143°C. Today, 
the use of AM (FDM) in the field of medical manufactur-
ing is growing quickly due to accuracy and flexibility of 
manufacturing processes [46]. Like many thermoplastic 
materials, PEEK properties are sensitive to temperature 
variations in the human body [52]. Recent works focus 
on improving mechanical properties of PEEK and PEEK 
composite materials [50, 52, 53]. The compatibility for 

Fig. 4  3D-printed PLGA implant by FDM for drug release [33] (a), macro image of 3D-printed PLA-Gr-Mg composite scaffold [34] (b) and 3D 
printer performing the fabrication of an object using PLA as the filament for tissue application engineering [35]
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bone implants is necessary in order to ensure the intercon-
nections [54]. Oladapo et al. recently used finite element 
analysis (FEA) for studying and improving the fracture 
toughness of polyether ether ketone and hydroxyapatite 
graphene oxide (PEEK-HAP-GO) obtained by 3D print-
ing. PEEK has a good potential for orthopedic applica-
tions and could replace other metal alloy implants. Figure 5 
shows a typical 3D-printed human bone implant [54]. It 
is well known that the temperature variations during the 
3D printing process can modify greatly the crystallinity of 
thermoplastic materials [55]. This effect has an important 
on PEEK 3D-printed parts.

2.1.4  Polymethyl methacrylate

PMMA is a synthetic acrylic polymer [56, 57] which is 
biocompatible and features suitable mechanical properties 
and good biostability. Because of its transparency and good 
durability in environmental conditions, PMMA is widely 
used in biomedical applications [57]. PMMA is used for 
dental implants, craniofacial maintenance, reconstructive 
structures, remodel lost bones, orthopedic surgery [56, 58, 
59], and antibacterial effect by coating some nitrides at the 
structure surface [60]. Figure 6 presents some of the appli-
cations of PMMA 3D-printed by FDM. Furthermore, it has 
been demonstrated that FDM can directly create biocompat-
ible PMMA structures with different controlled and prede-
fined porosities using specifications from medical imaging 
[58]. Although the materials are available for immediate 
applications, they require preparation and adaptation. FDM 
makes it possible to achieve a very high precision in the 
production of parts [61]. PMMA low cost and transparency 
make it useful for many microfluidic applications [62]. Fur-
thermore, PMMA is the best material for manufacturing 
camshaft trough rapid prototyping [63, 64]. To get expected 
properties, PMMA has been used as polymer matrices with 
calcium for medical applications; the mechanical properties 

obtained by using this composite are comparable to those 
obtained with glass fiber-reinforced [59]. It may be pointed 
out that PMMA sheet was introduced by artists in their crea-
tions [65]. Polzin et al. have made the characterization of 
3D-printed PMMA parts and the results show that the tensile 
strength is of 2.91 MPa and the elasticity modulus of 233 
MPa [66]. The mechanical properties and the surface rough-
ness of the obtained parts can be improved by incorporating 
other materials like epoxy and wax, respectively, in PMMA 
matrix.

2.1.5  Polypropylene

Polypropylene (PP) is a commercial material used for feed 
spacers due to its flexibility and chemical resistance proper-
ties [68]. PP powder can be used in 3D printing trough SLS 
technology [68]. Due to its high impact strength, chemical 
resistance, moisture stability, and low cost, it was present 
as a potential materials for FDM [69–71]. Moreover, PP is 
used in many domains like textile, packaging, household 
furniture, automotive, aeronautics, and biomedical [72]. 
Figure 7 shows the use of PP for manufacturing protective 
face mask and in hospital part fabrication. However, it fea-
tures drawback since PP parts are submitted to dimensional 
accuracy problems and warpage caused by high crystallin-
ity and the orientation during the printing [69, 73, 74]. In 
most 3D printing technologies, polymers are used for their 
excellent mechanical properties [75], but PP parts have a 
high tendency to warp unlike other materials such as ABS 
and PLA [76]. Furthermore, it was shown that PP/PC blends 
and PP/inorganic particles present low shrinkage and little 
warpage [70]. Another disadvantage of PP is that it has low 
surface energy and, for that reason, PP does not adhere to the 
deposition surface [76]. Moreover, PP has the advantage of 
low-temperature printing despite the fact its properties limit 
the applications to specific areas.

Fig. 5  Typical 3D-printed 
human bone implant structure 
produced a knee cup, b finger, c 
femur bone, d tensile test piece 
[54]
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2.1.6  Polycarbonate

PC is a thermoplastic polymer recognized for its good prop-
erties like creep resistance, temperature resistance, high 

impact strength, and good dimensional stability [79–81]. 
Due to its high strength, high Z-layer adhesion, high temper-
ature stability, a smooth printed texture, and optical clarity, 
PC has a huge potential for 3D printing [23]. Another quality 

Fig. 6  a Microfluidic devices 
obtained by printing PMMA on 
PLA top image and the same 
device now with PMMA micro-
channels printed on PMMA 
slide. This last device presents 
good transparency when 
observed in optical microscopy. 
The image c presents the PLA/
PMMA boundary in the first 
microfluidic device [67]. b [58] 
and c [56]

(i)
(ii) (iii)

Fig. 7  Custom-made individualized 3D-printed protective face mask: 
a reusable 3D-printed face mask and b filter membrane support; c 
polypropylene (PP) non-woven melt-blown particle filter and d 3D 
image of the prototype [77] (i). In-hospital, overnight printing using 

an FDM-printer with Polypropylene- (PP-) filament (ii). Fitted cus-
tomized forearm-cast with ventilation openings and Velcro-Fasteners 
(iii) [78]



The International Journal of Advanced Manufacturing Technology 

1 3

of PC is the fact that it is an amorphous polymer, simple 
material with a relatively simple rheology [82], then it does 
not have the complexity of crystallization transition. PC is 
also one of the most used polymers in the field of engineer-
ing in many areas: medical, optical, electronics, aerospace, 
and indoor home part fabrication [83–85]. Figure 8 repre-
sents some of these applications. It was shown that FDM PC 
parts have a good tensile strength that can reach 58.8 MPa 
[86]. PC is regularly chosen [83] as a reinforce because of 
its large range of properties. It has been used like a reinforce 
of ABS; this reinforcement has improved the mechanical 
behavior of ABS particularly flexural modulus and hardness 
[79]. PC has been also used with aluminum to realize built 
plates through FDM that are less expensive and better to use 
than bed glass. It has been proven that PC/PP composite is 
a potential material for FDM part fabrication; the combina-
tion of PC/PP and poly (ethylene-co-glycidyl methacrylate) 
has improved the mechanical properties particularly the 
toughness [87]. Despite the fact that PC parts are good for 
functional testing, it also has disadvantages like low fatigue 
strength, crack easily, and high melt viscosity [87]. PC can 
be recycled. A research has shown that 3D printing manu-
factured by recycled PC can have a high strength and heat 
resistant comparable to commercial PC [88].

2.1.7  Polyamide or nylon

Polyamide, also called Nylon has two variants, nylon 6 
and nylon 12. It is a semi-crystalline polymer that belongs 
good mechanical and electrical properties along with a 
good resistance to heat and chemicals [89]. Nylon has vari-
ous applications in automotive industry; those automotive 

applications include rear mirror housing, door handles, 
windscreen wipers or key lock system, bumpers [90, 91]. 
Furthermore, polyamide is hygroscopic; i.e., it can absorb 
moisture from the air and thus affect its properties and per-
formance [92]. 3D-printed polyamide also presents good 
wear properties and can then be used for gear manufactur-
ing [93] (see Fig. 9a). When mixed with PP, polyamide can 
exhibit shape memory properties that can be used for 4D 
devices [94] (see Fig. 9b). Many works have been done to 
determine the properties of PA, the melting temperature is 
177°C, and the tensile strength is 42.7 MPa [95] (Table 1).

2.2  Composite materials

As previously mentioned, while polymers and metals are 
the major material groups for 3D-printing applications, 
composites have rapidly gained in attention for structural 
applications. AM industry has now many requirements about 
mechanical properties of each functional part considering 
the fact that the mechanical properties of a part essentially 
derive from the properties of the constitutive material. 
Most often, polymers are limited in terms of their mechani-
cal properties like the ultimate tensile strength or the duc-
tile feature. Therefore, part performance requirements are 
not reached by using pure polymer materials for numerous 
domains like aeronautic or energy. Moreover, recent tech-
nologies require materials with unusual combinations of 
properties: multifunctional structures. The realization of 
composites through a combination of two or more mate-
rials appears to be the best way to get high performance 
and high mechanical strength for specific applications [105, 
106]. Figure 10 illustrates graphically a visualization of the 

(i)

(ii)

Fig. 8  Capacitive sensor encapsulate in polycarbonate box fabricated by FDM [84] (i). Indoor home devices manufactured with PC [85] (ii)
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requirements for key components with target outcomes of 
the endeavors around polymer-based composite material 
development for 3D printing applications.

2.2.1  Polymers matrix composites

Polymers are often used as base matrix materials in com-
posites and carbon fibers, glass fibers, ceramics, and met-
als or alloys mostly in powder form or pellets are used as 
reinforcement which results in a material with particular 
properties from both materials [59, 107–109]. Figure 11 
summarizes the different materials which are usually used 
for reinforcement and the possibilities in optimization of 
mechanical properties and functionalization. The polymer 
matrix composites (PMCs) have experienced fast develop-
ment in recent years due to the need for more advanced engi-
neering materials with high strength and low weight [110]. 
Properties such as adhesiveness, flexibility, conductivity, 
process ability, toughness, and strength depend on the com-
position of the matrix and the reinforcement materials [111]. 

Figure 12 shows the fabrication of filament of PEEK and 
PEEK reinforced with carbon and glass fibers and composite 
structure made with continuous fibers. There are limitations 
regarding the composition of metal powder in PMC due to 
its effect on viscosity, but its composition can be improved 
by using additives such as surfactants and plasticizers [112]. 
Most commonly used metal powders for PMC are aluminum 
and iron powders with matrix materials such as ABS, PP, 
and PA. The thermal properties of the PMC increase with 
the increase in the size of the reinforcement/filler particles.

2.2.2  Polymers ceramic composites (bio‑composites)

Ceramics are very useful in biomedical applications which 
require materials that are biocompatible, highly corrosion 
resistant, and flexible [116, 117]. Biocomposite materials 
are highly compatible with simulated body fluid, similar 
to those found in human blood plasma. The most preferred 
materials for bone graft applications are bioceramics, but 
their uses are restricted due to their brittleness and poor 

Fig. 9  Schematic of test rig for polymer gears (a), 3D-printed Nylon gear in simplified 3D [93] (b), photographs showing the SME of the 
3D-printed product based on PP/PA6 alloy with 30 wt% of PA6 [94]

Table 1  Mechanical properties of FDM polymers

Polymers Tensile strength
(MPa)

Tensile modulus
(GPa)

Elongation
%

Density
(kg/m3)

Processing temperature References

ABS 11–65 1–2.65 8 1050 230–260°C [96–98]
PLA 30–65 2.3–3.3 2.5 1240 190–230°C [96, 99–101]
PC 58.6–72 1.79–3.24 4.8 1200 150–140°C [96, 99, 102]
PEEK 32–100 3.56–4.00 30 1300 350°C [96, 103]
PMMA 2.91 0.223 [1, 96, 103]
PP 17–32 1–1.05 900 220–250°C [89, 96, 104]
PA 35–186 0.45–3.50 30 950 225–265°C [92, 103]
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Fig. 10  FDM polymer filaments 
[103]

Fig. 11  The polymer-based 
composite [113]
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mechanical strength. However, by combining these materi-
als with polymers, they can be used as polymer ceramic 
composites which bring solution for intrinsic limitations 
[118]. Figure 13 shows some applications of polymer 
ceramic composites. Ceramics such as  TiO2,  ZrO2, and 
 Al2O3 and calcium ceramics are mostly used as reinforce-
ment materials with polymer matrices such as PA, PP, 
and PLA. Some polymers like polycaprolactone (PCL), 
PEEK, and PMMA which are biocompatible materials 
have a place of choice in fabrication of parts for biomedi-
cal applications by FDM and can be combined with ceram-
ics. Biocomposites have brought significant advancements 
in the field of biomedical and modern healthcare sectors 
and helped in the development of artificial human organs 
and tissue engineering. The challenges remain in the fact 
to design parts with enhanced mechanical properties 
[119]. 3D printing appears to be the ideal manufacturing 
technique thanks to its multiple process parameters that 
make it possible to obtain parts with desired properties. 
Ceramic composites parts obtained by FDM also have 

great potential for applications in sensing and aerospace 
[84] despite existing challenges.

2.2.3  Nanocomposites

Polymer nanocomposites represent a new class of materials 
that offers an alternative to the conventional filled polymers. 
In this new class of materials, nanosized reinforcements are 
dispersed in polymer matrix offering tremendous improve-
ment in performance properties of the polymer [122]. The 
physical properties of FDM parts can be improved using 
conductive raw materials or by adding appropriate nanopar-
ticles that improve both mechanical and thermal properties 
[111] and conductive properties [123]. Addition of nanofill-
ers increases the brittleness of the composite material due 
to the lack of adhesiveness and interaction between nano-
fillers and polymer materials [124]. Adding nanomaterials 
such as carbon nanotubes, nanoceramic particles, and metal 
nanoparticles to matrices such as polymers and metals has 
been used in the previous research and provided remarkable 

Fig. 12  Preparation process of composite filaments (PEEK, CF/PEEK, and GF/PEEK) [114] (a) and an example of small size structure obtained 
by 3D printing continuous fiber composite [115] (b)

Fig. 13  3D-printed hemispheri-
cal dielectric lens using a BST/
ABS composite [120] (a) and 
3D-printed Fresnel zone plate 
lens 

(

ε
r1
> ε

r2
> ε

r3
> ε

r0

)

 with 
polymer-ceramic composite 
[121] (b)
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improvements in the properties of the final parts [124–127] 
(see Fig. 14). The FDM of nanocomposites presents also 
good perspective in fashion industry by the possibility for 
direct 3D printing onto textile fabric with excellent adhe-
sion properties [128]. This is both ecological friendly by 
the reduction of the waste of water and of chemical products 
and also for production time reduction. Because of the wide 
range of applications and the attracting properties, the opti-
mization of the properties of 3D-printed nanocomposites 
is still an exciting topic [129, 130]. Lei et al. have studied 
numerically and experimentally the influence of printing 
parameters on the mechanical properties of FDM 3D-printed 
PLA/GNP nanocomposite [130].

2.2.4  Fiber‑reinforced composites

There are different kinds of fiber-reinforced polymer (FRP) 
composites obtained by the combination of polymers and 
materials like carbon and glass fibers. These last provide to 
the composite structures with high strength and low weigh 
[131–133]. FRPs are widely used in manufacturing indus-
tries particularly in the transportation sector such as aerospace 
and automobile sectors. These materials aim for replacing the 
components that were previously made of metals or alloys in 
order to reduce their weight and then increase their efficiency 
and performance. The fibers used for the reinforcement can 
bring to parts in addition to advanced structural properties 
another functionalities or properties. The possibility of 3D 
printing FRP composites by FDM has given rise to prolific 
research areas and numerous industrial applications [133]. For 
example, carbon fiber–reinforced polymer (CFRP) composites 
present interesting properties such as wear resistance, corro-
sion resistance, lightweight structures, high strength-to-weight 
ratio, and high dimensional stability.

However, the FRPs are non-biodegradable and today their 
environment impact is not well mastered because of recy-
clability concerns [134]. Recently, extensive research has 
been carried out with the purpose of developing another 
generation of fiber-reinforced polymers with limited envi-
ronment impact or reduced carbon emission. Natural fibers 
are potentially the best candidate due to their advantages 
such as low cost, low abrasive wear, low density, ease of 
availability, and environmental-friendly and biodegradable 
nature. There are many natural fibers available such as wood, 
bamboo, flax, coir, jute, sisal, vegetable fibers, and oil palm 
[135, 136]. Natural fibers are abundantly available in the 
subcontinent, China, and southeastern countries which are 
having the fastest growing economies in the world [137]. 
Mostly, these fibers are used for conventional purposes in 
developing countries and hence there is a pressing need to 
find advanced application areas (such as FDM) to further 
strengthen their economies and they can possibly become 
the manufacturing hub for natural fiber products [4, 138] 
(Fig. 15).

As previously mentioned, there are more and more 
requirements about functional parts in the industry. In order 
to improve the mechanical properties of polymers, one of the 
adopted strategies is the introduction of composite materials 
by adding fillers in polymer matrix. The filler used can be 
synthetic or natural and then biodegradable. Table 2 gives 
an overview of different composite materials with their basic 
mechanical properties.

2.3  Smart materials

Smart materials are known as materials which are able to 
respond by changing their shape or another properties due 
to an external stimuli [8, 149, 150] such as temperature, 
electricity, light, solvent, moisture, and magnetic fields for 

Fig. 14  Infrared thermal imaging of ABS-CNT-06 nanocomposite samples under an applied voltage of 24 V [126] (a) and demonstration of 3D 
printing of the fabricated magnetic composite filament [127] (b)
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Fig. 15  CT images of onyx 
material printed on the bed: a 
cross-section vertical to printing 
direction, b 3D view, c cross-
section along printing direction 
near the upper surface, and d 
near the print bed (i). Bending 
deformation of a 3D-printed 
locally bendable CFRP plate 
specimen (in-phase structure, 
girder angle θ = 60

◦ ) [139] (ii). 
Cartesian 3D printer modified to 
print continuous carbon fiber–
reinforced nylon filaments (iii) 
and L-bracket AM part printed 
with continuous fiber-reinforced 
composite [140] (iv)

(i) (iii)

(ii) (iv)

Table 2  Mechanical properties 
of FDM composite materials

Polymers matrix Filler Tensile modulus Modulus References

ABS Glass fiber 58 – [141]
Short carbon fiber 1900 28 [103]
Graphene 1700 31 [1, 142]
MWCNT 2000 35 [103]
TiO2 1708 32.2 [89]
ZrB2 32.56 [103]
Montmorillonite 3600 39.48 [143]
Jute fiber 1543 25.9 [89]

PLA Short carbon fiber 19500 185.2 [144, 145]
Bamboo fibers 21.83 [76, 89]
Graphene 12.35 64 [96]
MWCNT 137.4 64.0 [143]
Jute fiber 57.1 5110 [146]

PP Glass fiber 50 20 [147]
Carbon fiber 1000 28 [72]

PMMA Silica 1160 20 [148]
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example [149]. The smartness of the material makes it able 
to evolve in a predefined manner over time and has given rise 
to a new term: 4D printing [150–153]. 4D printing brings the 
capacity to change the printed configuration with the time, 
while 3D printing makes static parts [8]. The 4D printing is 
developed for structures based on both synthetic [149] and 
natural [153] fillers. Gardan et al. have suggested to clas-
sify smart materials in two major groups: advanced struc-
tured materials and responsive materials [8]. The advanced 
structured materials cover complex 3D geometries with 
predefined or static properties to be attended. The respon-
sive materials can undergo transformations with time and 
external conditions. The smart materials have brought major 
improvements and revolutions in terms of applications of 
FDM. For example, the use of FDM in a (bio) analytical/lab-
on-a-chip research laboratory has changed the day-to-day 
practices [150, 154]. FDM has a key position in comparison 
to other 3D printing technologies because of its flexibility 
since it enables combination of several materials and bio-
compatibility of most of the materials to be used. Salentijn 
et al. realized microfluidic channel devices with PLA glass 
and PLA transparent are suitable for microscopic inspection 
(as shown on Fig. 16).

Another classification of responsive materials consists 
in dividing them into enhanced smart nanocomposites and 
shape memory materials (SMM) [150]. Their smartness 
comes from the fact that they are able to produce electrical 
charge or voltage when experiencing an externally applied 
stress and vice versa. Loud speakers, acoustic, imaging, 
energy harvesting, actuators, transducers, and tissue regen-
eration are domains where one can find applications of pie-
zoelectric materials. There are recommended for systems 
that require mechanical flexibility, small active elements, 
and biocompatibility [150]. There are thermo-responsive 
materials based on shape memory effect (SME) and have 
the capacity to return from a deformed temporary shape to 
an initial shape by the application of external stimulus like 

temperature, magnetic fields, light, and moisture. They can 
be divided into shape memory alloys (SMA), shape mem-
ory polymers (SMP), shape memory hybrids (SMH), shape 
memory ceramic (SMC), and shape memory gels (SMG). 
Due to their easier printability, light weight, and non-expen-
sive costs compared to other smart materials, SMP are the 
most popular [7, 149, 155]. Finally, it is important to point 
out that smart materials start to be deployed in many sectors 
such as biomedical, textile, electronics, and soft robotics as 
well as aerospace.

3  Process parameters effect on mechanical 
properties

FDM is an AM process based on extrusion during which the 
material is heated and selectively dispensed through a noz-
zle. In this process, many parameters evolve and the varia-
tion of each of them can significantly change the mechanical 
properties of the obtained parts. These process parameters 
have been classified in three groups: slicing parameters, 
building orientation, and temperature conditions [11]. The 
main challenge that has been investigated by researchers 
from both academic and industrial areas is to master the tri-
partite relationship: process-structure-(mechanical) proper-
ties. This is necessary for allowing the evaluation of the part 
suitability for a given application. Figure 17 presents some 
process variables that can be studied and optimized during 
part fabrication with FDM process.

Given the significant number of studies dedicated to this 
issue, some authors tried to summarize the most important 
research works in this field in the review article such as 
Mohamed et al. [11], Popescu et al. [12], and Cuan-Urquizo 
et al. [156] and others [38, 157–159]. In the present work, 
we focus on the influence of these process parameters on 
mechanical properties in regard to specific mechanical 
solicitations (tensile and compression, flexural and fatigue) 

Fig. 16  A, B PLA glass device 
with sealed fluidic channels, 
suitable for microscopic inspec-
tion. C Transparent PLA was 
used, which gives semitranspar-
ency through a limited thick-
ness. D The blue solution in the 
same printed channel can be 
clearly imaged under the micro-
scope when viewed through the 
glass bottom
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both in the general considerations and particularly for the 
materials point of view.

3.1  The effect of the process parameters 
on the mechanical properties

3.1.1  Air gap

The air gap is defect inherent to FDM process and can be 
defined as the space between two neighboring filaments in 
a given deposited layer. It results to impossibility to per-
fectly fill the space by the deposited filament during the 3D 
fabrication. In the literature, three types of air gap are com-
monly defined: zero, positive, and negative air gap [160] 
(see Fig. 18). A zero gap implies that the beads are in direct 
contact with each other and this type of printing is highly 
recommended. Positive air gaps allow for spacing between 
two adjacent layers, resulting in a loose interconnection 
structure with weak bonding between adjacent filaments, 
leading to lower strength. A negative air gap refers to the 
overlap position of two beads with strong interfacial bond-
ing, significantly improving the strength. Depending to the 
air gap type, the surface quality of the parts can be affected. 
Negative air gaps lead to very poor surface quality compared 
to their counterparts with positive air gaps that resulted to 
the overlapping of the filaments and excess material buildup 

[161, 162]. The negative air gap also affects the dimensional 
tolerance of the parts [163–165]. In this subsection, the 
effect of the air gap on each mechanical property is detailed 
starting with the tensile and compression properties.

Tensile and compression properties Like other process 
parameters, air gap influences the mechanical proper-
ties of the parts [166–168]. The comparison of the effect 
of different types of air gap on the tensile properties has 
been made [169, 170]. It was found that the negative air 
gap significantly enhanced the mechanical properties of 
3D-printed ABS parts. However, the positive air gap leads 
in the alteration of mechanical properties. In another study, 
the behavior of ABS 3D-printed parts with negative air gap 
of − 0.0762 mm fabricated with different raster orienta-
tions (0°, + 45°, − 45°, and 90°) has been studied in tensile 
strength and compression strength tests. It appears that the 
negative air gap increases the material strength and stiff-
ness [166]. It has been recommended from this study that 
the air gap size have to be less than − 0.0762 mm. Rayegani 
et al. have found that ABS printed specimens − 0.025 mm 
present very low surface quality despite the mechanical 
properties because of overfill [170]. However, the specimens 
with − 0.0025 mm (< − 0.0762 mm) present better surface 
quality and good mechanical properties. Motaparti et al. 
studied ULTEM 9085 3D-printed specimens with air gap 

Fig. 17  Cause and effect 
diagram of FDM process 
parameters [11]

Fig. 18  Air gap: a positive air 
gap, b zero air gap, c negative 
air gap [160]
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values of − 0.00635 mm, − 0.0127 mm, and − 0.01905 mm 
and demonstrate that air gap values have a limited influence 
on mechanical properties [171]. The printing temperature 
has a great influence on the porosity ratio and size of air 
gaps [167]. It has been found that the tensile strength and the 
elongation at break of PLA tensile specimens were function 
of printing temperature. The specimens printed at 180°C 
present the lowest tensile strength while the ones at 260°C 
have the highest one with the lowest elongation at failure. 
The bigger air gaps result on very roughness surface in addi-
tion of the alteration of the tensile properties [170].

The effect of air gap on compressive strength was stud-
ies by Too et al. [172]; it was found that the compression 
strength decreases with the increasing of air gap. The effect 
of negative air gap was determined to have no significant 
effect on the compressive strength [171]. It appears that the 
impact of air gap both on mechanical properties and surface 
quality is influenced by other process parameters such as 
nozzle diameter [173] and layer thickness [164, 174]. The 
raster orientation has a significant effect on dimensional 
accuracy compared to surface finishing [174]. These results 
are also material dependent.

Flexural properties The flexural properties of 3D-printed 
polymer parts are also affected by the presence of air gap. 
However, the effect of air gap is moderated compared to the 
one of other process parameters in the specific case of flex-
ural properties [168, 171]. It has been shown that the nega-
tive air gap leads to the improvement of flexural strength of 
ULTEM 9085 fabricated by FDM [171]. This is justified by 
the fact that with the negative air gap, the obtained structure 
is dense and the adhesion between adjacent filaments is also 
strengthened. It has been also demonstrated that the positive 
air gap leading to voids in the specimen’s volume results 
in alteration of flexural properties [175, 176]. Mishra has 

shown that for the optimum set for the process parameter for 
FDM ABS specimens, the increase of the air gap decreases 
the flexural strength [176]. Kamoona et al. studied the effect 
of three process parameters on flexural strength of FDM 
nylon 12 parts. They conclude that the air gap was one of 
the parameters greatly decreasing the flexural properties as 
its values increase [175].

Fatigue properties The impact of air gaps in the fatigue 
properties of FDM parts has not yet been systematically 
investigated in the up-to-date literature. The air gaps (voids) 
are inherent to FDM 3D-printed parts and their considera-
tion in numerical simulation leads to increase the results’ 
accuracy. The influence on fatigue strength reduction factors 
and fatigue lives has been taken into account in the study 
of Hassanifard et al. in the case of PLA 3D-printed parts 
[177]. Mishra et al. have studied the effect of six process 
parameters on fatigue life of ABS 3D-printed parts under 
low cycle fatigue tests [178]. Among these parameters, three 
air gap values 0.0000, 0.0254, and 0.0508 mm have been 
considered in response surface methodology. Air gap and 
its interactions with the raster width and the raster angle 
appear like significant parameters affecting the fatigue life, 
although they are in the second zone of the overall studied 
parameters. It has been shown that the air gap decreases the 
fatigue life of the parts.

3.1.2  Layer thickness

Layer thickness also called layer height is the deposited bead 
cross-section dimension along the vertical axis of the FDM 
machine (see Fig. 19). The layer thickness is directly related 
to diameter of the nozzle and the width of the raster. A large 
number of studies have been made on the influence of layer 
thickness on the mechanical properties of FDM parts.

Fig. 19  Layer thickness illustra-
tion in FDM [179]
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Tensile and compression properties Numerous works show 
that the tensile strength and the young modulus are signifi-
cantly impacted by layer thickness [4, 79, 180]. Shubham 
et al. have studied the ABS 3D-printed parts. Five specimens 
have been printed by FDM following the ASTM D-1708 
standard with different layer thicknesses (0.075, 0.10, 0.25, 
and 0.50 mm). The results show that when the layer thick-
ness increases, the tensile strength is reduced by 46% and 
impact strength is reduced by 54.5%. However, an exception 
with layer thickness of 0.5 mm has been observed [4]. Sood 
et al. [98] have studied the influence of layer thickness by 
printing ABS specimens following the ASTM: D638 with 
0.127-, 0.178-, and 0.254-mm layer thickness and make ten-
sile test. They concluded that the tensile strength was at first 
lower, but then increased as the layer thickness increased 
for 0.127, 0.178, and 0.254 mm values. Tymrak et al. [181], 
from the study did on ABS and PLA by printing through 
open-source 3D printers and the tensile test perform con-
forming to ASTM: D638, stated that the lowest layer height 
resulted in the highest tensile strength for 0.2 and 0.4 mm 
value of layer thickness for both polymers. Uddin et al. [182] 
worked on layer thickness effect by studying different values 
of deposited layer thickness 0.09, 0.19, and 0.39 mm on 
ABS 100% infilled samples. Thinner layers showed the high-
est values for stiffness and strength. Globally, the layer thick-
ness up to a certain value (lower than 0.3 mm) can be used 
to increase the mechanical properties. However, high value 
of layer thickness (bigger than 0.3 mm) can affect negatively 
the mechanical properties.

The influence of the layer thickness on the mechanical 
properties can work in synergy with other process param-
eters during the part manufacturing. When compared to the 
layer thickness, the infill showed higher influence [183] 
because porous structures have lower mechanical proper-
ties when compared to their quasi-solid (100% infill) coun-
terparts [40]. A study by Chacon et al. [184] found that the 
effects of the layer height vary depending on the build ori-
entation of the sample part. In the case of vertical samples, 
an increase in the layer height resulted in higher strength 
because of a reduction in the number of layers or, in other 
words, a reduction in the stress concentration areas. Mean-
while, for vertical and horizontal orientations, variations in 
the tensile and flexural properties were observed for the layer 
thickness in the range of 0.06, 0.12, 0.18, and 0.24, indicat-
ing that no significant effects were observed. From differ-
ent studies, it can be concluded that layer thickness is one 
of the most significant parameter that influences the tensile 
strength of FDM printed parts [3, 4, 185].

For the compression strength, results show that for com-
pressive behavior, layer thickness is a significant process 
parameter. Parts fabricated with higher layer thickness pre-
sent a low compressive strength than that of smaller layer 
thickness [79].

Flexural properties The flexural strength is greatly influ-
enced by the layer thickness value. Travieso-Rodriguez 
et al. have shown in their work on 3D-printed polylactic 
acid parts that the layer height is the process parameter that 
influence the most the flexural strength [186]. The flexural 
strength decreases with the increase of the layer thickness 
for the values from 0.1 to 0.3 mm. Xu et al. have investigated 
the flexural properties of 3D-printed polyetherketoneketone 
parts obtained by FDM [187]. The layer thickness consid-
ered were from 0.1 to 0.4 mm and both flexural strength and 
modulus decrease with the augmentation of the layer thick-
ness. However, due to the synergism between process param-
eters, for the lower infill ratio (0.1 to 0.3), the increase of the 
layer thickness seems to increase flexural properties [187]. 
The flexural strength seems also to increase with highest val-
ues of layer thickness: 0.5 and 0.6 mm [187]. In their study, 
Nugroho et al. vary the layer thickness of 3D-printed PLA 
specimens from 0.1 to 0.6 mm and they observed fluctuation 
on flexural strength for layer thickness value between 0.1 
and 0.4 mm and an increase for the 0.5- and 0.6-mm layer 
thickness values [188].

Wang et al. delved into the influence of layer thickness, a 
key FDM-3D printing parameter, on the mechanical proper-
ties of fiber-reinforced PEEK composites [189]. To conduct 
their investigation, filaments composed of 5wt% carbon fiber 
(CF)– and glass fiber (GF)–reinforced PEEK composite have 
been prepared. They investigated the tensile strength, flex-
ural strength, and impact strength of PEEK, CF/PEEK, and 
GF/PEEK printed samples, utilizing layer thicknesses rang-
ing from 0.1 to 0.3 mm. Their findings, depicted in Fig. 20, 
revealed a noteworthy trend: increasing layer thickness had 
a pronounced detrimental effect on the mechanical prop-
erties of the printed materials, reaching the lowest values 
for the layer thickness of 0.3 mm. Specifically, the flexural 
strength of both CF/PEEK and GF/PEEK composites exhib-
ited a reduction of up to 14% as the layer thickness increased 
from 0.1 to 0.3 mm. Intriguingly, the research underscored 
that layers thinner than 0.15 mm could significantly enhance 
the flexural strength of fiber-reinforced PEEK composites, 
surpassing 163 MPa, which is equivalent to that achieved 
through injection modeling of PEEK.

Fatigue properties The layer thickness strongly influence 
the fatigue properties of polymeric parts obtained by FDM 
[178, 190, 191]. Alshammari et al. have studied the influ-
ence of four process parameters on the fatigue crack growth 
rate of ABS FDM parts with the dynamic bending vibra-
tion tests [192]. They show that the simultaneous increase 
of the layer thickness and nozzle diameter could attenuate 
the fatigue crack growth rate due to micro air void reduc-
tion. He et al. found similar results by studying the bending 
fatigue performance of ABS FDM samples under thermo-
mechanical loadings with different process parameters [193]. 
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It appears in this study that fatigue life can be increased 
by using a larger nozzle diameter and thicker layer height. 
It has been demonstrated in the study of Mishra et al. that 
the layer thickness has considerable influence after the con-
tour numbers on fatigue properties during the low cycle 
fatigue tests [178]. The interactions of the layer thickness 
with other parameters like the part orientation and raster 
orientation cannot be neglected. However, the fatigue life 
increases with the minimum values of layer thickness and 
part orientation. The influence of four process parameters 
(layer height, nozzle diameter, infill density, and printing 
speed) on lifespan of cylindrical ABS FDM samples dur-
ing rotating bending fatigue tests has been studied [194]. 
Logically, infill density presents the highest influence on 
fatigue lifespan. The interaction of the layer height with the 
nozzle diameter on fatigue properties has been underlined 
like in the study of Alshammari et al. The fatigue life of 
PLA FDM samples with rotating fatigue bending machine 
has been studied [190]. The layer thickness has been shown 
to be second parameter having the most influence on the 
number of cycles to failure after the fill density. It is worth 
noting the strong interaction of layer height and the nozzle 
diameter and their influence on fatigue properties. Among 
the studied infill patterns, the honeycomb infill presents the 
better fatigue lifespans compared to rectilinear infill. A simi-
lar study has been conducted with PLA-wood FDM sam-
ples [195]. However, the layer thickness was found to be the 
parameter with the greatest influence on fatigue life for this 
wood-reinforced PLA composite. The fatigue life increases 
as the layer height increases. The limitation herein was found 
by the population of the defects resulting on the increas-
ing of the layer height and nozzle diameter. The influence 
of process parameters on fatigue properties of PLA FDM 
samples has been studied in four-point bending and rotating 
bending tests [191]. It appears that the higher layer height 
may not consistently improve the fatigue life. According to 
these studies, it can be concluded that the effect of the layer 

thickness on the fatigue properties strongly depends on the 
nature of the material.

3.1.3  Build orientation

The build orientation defines the part position on the plat-
form in respect of the X, Y, and Z axes and can be presented 
as a quantitative parameter (angle of axis) or a categori-
cal parameter (ZX-upright, XZ-edgewise, and XY-flatwise) 
(see Fig. 21). The build orientation leads to anisotropic of 
mechanical properties of parts obtained by FDM. The influ-
ence of the build orientation on mechanical properties of 
parts has been investigated in the literature and the major 
findings are summarized in this subsection.

Tensile and compression properties The tensile strength and 
the strain at failure are greatly dependent on the build orien-
tation [182, 196–198]. According to Zaldivar et al. [197], the 
tensile strength of ULTEM 9085 3D-printed dogbone speci-
mens is greatly dependent on the build orientation. In addi-
tion, specimens with the deposited layers oriented along the 
tensile direction result in optimum tensile strength. Cantrell 
et al. [199] and Abbott et al. [200] reiterated the previously 
mentioned studies and concluded that the impression in the 
P direction (on-edge) gives the highest tensile strength fol-
lowed by PTB direction (flat orientation).

The confirmation of these findings can be observed in 
the research conducted by Gonabadi et al. [201], which 
investigated the influence of build orientation on the ten-
sile properties of PLA produced using a 3D FFF printer. 
They revealed a notable fluctuation in tensile strength, elas-
tic modulus, Poisson’s ratio, and elongation depending on 
the build orientation. In Fig. 22, a concise summary of the 
mechanical test outcomes illustrates the significant variabil-
ity in PLA’s mechanical behavior based on its build orienta-
tion. Notably, the “on-edge” build orientation exhibited the 
highest ultimate tensile strength ( σ

UTS
 = 55 MPa) and elastic 

Fig. 20  Effects of layer thick-
ness on mechanical properties 
[189]
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modulus (Ey = 3.5 GPa) among all orientations tested. Con-
versely, the “upright” orientation yielded the lowest values, 
with tensile strength and elastic modulus measuring approxi-
mately σ

UTS
  = 5 MPa and Ey = 2 GPa, respectively. Addi-

tionally, the “on-edge” orientation demonstrated the highest 
elongation and Poisson’s ratio, averaging about εmax = 5% 
and νm = 0.35, respectively. This surpassed both the “flat” 
(εmax = 2.5% and νm = 0.32) and the “upright” (εmax = 0.45% 
and νm = 0.2) orientations, signifying a significant enhance-
ment in mechanical properties for the “on-edge” orientation 
compared to the others.

Furthermore, as the angle of the “on-edge” orientation 
increased from 15° to 75°, a decrease was observed in ten-
sile strength, elastic modulus, Poisson’s ratio, and elongation 
(see Fig. 22).

Dul et al. [142] have studied the effect of graphene nano-
platelets in ABS matrix in function of the build orienta-
tion. They reported that specimens built in the horizontal 
direction has the highest tensile properties, followed by the 
specimen built in the vertical direction and, lastly, in the 
perpendicular direction. The same finding was reported by 
Smith et al. [202].

For the uniaxial solicitation, the mechanical properties 
observed can be affected by the tensile direction depending 
on the build orientation. Dorigato et al. [126] found that the 
material exhibited a greater strength in the vertical configu-
ration due to the direction of the sample being pulled along 
the cross-section of the deposited roads. In another study, 
Jin et al. [203] claimed that building the samples in the hori-
zontal or vertical directions rarely has an influence on the 

Fig. 21  Build orientation: a arbitrary angle, b certain angle [160]

Fig. 22  Tensile properties of 3D FFF-printed PLA as a function of build orientation [201]
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resultant tensile strength if the perpendicular or z-directions 
are not involved. When the deposited layer is perpendicular 
to the direction of stress, the sample becomes brittle and 
breaks easily, thus reducing the resulting tensile strength 
[204]. Chacon et al. [184] also observed that the highest 
strength and stiffness are obtained in the horizontal and 
vertical directions compared to the perpendicular direction, 
which results in brittle behavior. From all these reports, there 
is, at least, a consensus among researchers that the upright 
built specimen would have a lower mechanical property 
compared to an on-edge built or flat orientations.

Flexural properties Several studies showed that the build 
orientation has an important impact on the flexural proper-
ties of FDM parts; the on-edge and flat build orientations 
present better flexural properties than up-right build orien-
tation [205, 206]. Taylor et al. [206] have studied the effect 
of build orientation on flexural properties of ULTEM 1010 
coupons fabricated by FDM and they evidenced the impor-
tant interaction of the build orientation and the raster angle 
on the flexural properties. In this study, the XZY (on edge 
build orientation) with ± 45° raster orientation gives the 
highest modulus and yield strength. Raut et al. [207] have 
also showed that the maximum flexural strength is achieved 
with specimens placed at the x-axis 0° build orientation with 
ABS 3D-printed samples.

These findings align with research previously conducted 
by Beattie et al. [208]. Figure 23 provides a comprehensive 
overview of the average flexural modulus, average flexural 
strength, and elongation at break for each build orientation, 
accompanied by the standard deviation calculated from five 
specimens per orientation. One standout observation from 
this study pertains to the considerable difference in flex-
ural strength among parts printed in the vertical orientation. 
In comparison to other orientations, the flexural strength 
of vertically printed parts was notably lower, exhibiting a 
reduction of approximately 35%. Xu et al. have studied the 
flexural properties of FDM-printed PEKK specimens. They 

showed that the on-edge orientation samples give higher 
flexural performance than the flat and the upright orienta-
tions. The last one presents the lowest flexural properties. 
The failure modes were also dependent to the build orien-
tation. The influence of build orientation has been studied 
with Nylon 12 FDM-3D-printed samples. The samples with 
0 mm air gap, 30° raster orientation, and 45° Y-orientation 
(flat) present the highest flexural strength [187].

Fatigue properties The impact of the build orientation 
on the fatigue properties of FDM parts [209–212] has 
been found to be considerable. Fischer et al. have stud-
ied the fatigue behavior of FDM samples fabricated with 
Ultem 9085 during tensile fatigue tests [212]. In this 
study, the effect of build orientation on fatigue properties 
have been analyzed. For the higher loads, the lifetime of 
different samples is influenced by the anisotropy result-
ing to the build orientation similarly to the static tensile 
bar response. The samples printed in X-direction (edge) 
presented the longest fatigue lifetime for the maximum 
stresses (> 15 MPa), followed by the one in Y-direction 
and Z-direction respectively. For the lower loads which 
lead to higher fatigue lifetime, the S–N curves of differ-
ent build orientations converge. The chemical treatment 
applied in order to ameliorate the surface roughness of the 
samples improves the tensile strength and has no influ-
ence on fatigue behavior. The effect of build orientation 
on fatigue behavior of PLA 3D-printed samples has been 
studied during tensile cyclic loading conditions [209]. 
The stress–strain behavior obtained under cyclic loading 
is quite different from that under static loading. The sam-
ples with the X-orientation (PLA-X) present the highest 
ultimate tensile strength followed by PLA-45 and PLA-Y. 
However, the parts with 45° build orientation achieved the 
highest fatigue life compared to those with X-orientation 
and Y-orientation. A similar trend was obtained in the 
capacity to store strain energy. Azadi et al. have studied 
the influence of printing direction on the bending fatigue 

Fig. 23  Comparison of flexural modulus, ultimate flexural strength (UFS), and elongation at break with deviation for three printed orientations 
and machined [208]
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properties of ABS and PLA 3D-printed samples [213]. 
Standard dog-bone samples were printed in both horizon-
tal and vertical directions and tested during rotating bend-
ing fatigue tests. It is worth noting that under low stress 
levels, the author shows that the bending fatigue lifetime 
of horizontally 3D-printed ABS samples was higher than 
that of vertical samples, while under high stress levels, the 
flexural fatigue behavior is similar for samples printed in 
both directions for the two materials. For the PLA sam-
ples printed in horizontal direction, the average fatigue 
lifetime is improved at different stress levels 5, 10, and 15 
MPa compared to vertical ones of 813%, 557%, and 1104% 
respectively. The PLA samples present better fatigue life-
time compared to the ABS samples. It appears that the 
significant parameters influencing the fatigue lifetime in 
addition to the printing direction are the material used 
and the stress levels. The influence of build orientation 
on the flexural fatigue behavior of PC FDM samples has 
been investigated experimentally and numerically [210]. It 
appears that the build orientation influences significantly 
the fatigue behavior. This could be explained by the inner 
anisotropy generated by the build orientation. The samples 
printed in the YZ orientation present the highest fatigue 
lifetime. It has been also demonstrated that the variations 
of stress ratio (R-1 or R-0.5) impact the numbers of cycles 
to failure. For the low stress levels, the fatigue lifetime of 
the samples of XY and YZ directions is similar. However, 
the observed failure behaviors were clearly different. Has-
sanifard et al. have studied the influence of build orienta-
tion based on the Ramberg–Osgood model of stress–strain 
curves of type C for FDM parts of different materials 
[214]. The fatigue parameters have been calculated from 
original data of Ultem 9085 [212], PC [210], and PLA 
[209]. The effects of build direction (XY, YZ, and XZ) on 
fatigue parameters have been implemented for Ultem 9085 
and PC. It appears that regardless to the differences of 
experimental conditions and specifications of these two 
materials, the XY and XZ build directions respectively 

present the strongest and weakest fatigue strength in both 
low and high cycle fatigue regimes. However, the vari-
ation of stress ratio (R-1 and R-0.5) do not impact the 
fatigue strength or the ductility exponents of the PC FDM 
samples. Terekhina et al. have investigated the influence 
of build orientation on the flexural quasi-static and fatigue 
behavior of PA6 FDM samples [211]. The anisotropy of 
the fatigue properties follows similar trends to the ones of 
the quasi-static properties. The samples with the XZ build 
orientation present the highest fatigue properties.

3.1.4  Raster angle

Raster angle, also called raster orientation, plays an impor-
tant role in improving the mechanical properties of FDM 
3D-printed parts. The raster angle defines how each layer is 
oriented while printing the desired shape [215]. Figure 24 
shows examples of raster orientation. Commonly, the default 
orientation angles of FDM printed parts are made at 0°, 
90°, − 45°, and 45° alternately, layer by layer. Raster orien-
tation may contribute to the anisotropic behavior of FDM 
parts, where the properties of the parts depend largely on 
the chosen raster orientation [38].

Tensile and compression properties Many studies have been 
done in order to investigate the effect of raster orientations 
on tensile strength. Commonly, 0° raster orientation is con-
sidered aligned to tensile direction. It has been proved that 
0° raster orientation produces the maximum tensile strength 
[216]. Es-Said et al. [217] have analyzed the influence of ras-
ter angles on tensile properties of ABS parts manufactured 
by FDM; it was shown that the raster angle of 0° leads to the 
best tensile strength. The ductility is also closely related to 
the raster orientation, and the ± 45° raster orientation sam-
ples exhibit the highest fracture strain values. The failure 
mechanism of a part under tensile loading depends on the 
raster angle. It was demonstrated that the failure of samples 
made with 0° raster angle occurred from the raster fracture 

Fig. 24  Raster orientations of 
samples a 0°/90°, b 15°/105°, c 
30°/120°, d ± 45°
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while an interlayer failure is observed on samples made with 
90° raster angle. The failure mechanisms of 3D-printed spec-
imens in tensile loading are mainly driven by the raster angle 
and the build orientation [38].

Beyond the failure mode which strongly depends on 
the raster angle, the effect of the latter on the mechanical 
properties may be lower. In fact, many studies claim a 
limited influence of raster angle on the elastic properties 
(elastic modulus) [199, 216, 218]. Cantrell et al. proved 
that the effect of raster orientation on 3D-printed ABS 
specimens is limited compare to similar 3D-printed PC 
samples [199]. It has been also mentioned the limited 
effect of the printing angle on mechanical properties of 
3D-printed PLA [199]. Similar observations can be fol-
lowed on the study of B. Gülçimen Çakan where four dif-
ferent materials are 3D printed [216]. It can be concluded 
that the effect of raster orientation on mechanical proper-
ties depends on the used material.

Flexural properties The flexural properties of FDM parts 
can be modified by the raster orientation. The flexural 
strength of 3D-printed PLA parts shows the best values for 
the raster orientation of 0° [219]. Christiyan et al. [220] have 
studied the flexural properties of PLA 3D-printed samples 
with an infill density of 40%. Similar results were obtained; 
the highest value of the flexural strength was obtained at the 
raster orientation of 0°. This performance was explained by 
the good layer bonding due to the small value of deposited 

layer thickness. The flexural properties of ABS 3D-printed 
samples have been studied and similar trends observed in 
PLA 3D-printed samples have been obtained. The influence 
of the raster angle has been evaluated on the in-plane and 
edgewise flexural properties of ABS samples [221] and the 
best performance have been obtained with the samples with 
0° raster angle. The same trends have been obtained in the 
case of samples fabricated with layers of composite mate-
rials. These materials are obtained from industrial wastes 
and the matrix is constituted of recycled ABS. The flex-
ural properties of composite material constituted with ABS 
matrix reinforced with carbon fiber seems to less depending 
to the raster angle [222]. The impact of the raster angle of 
ULTEM 9085 3D-printed samples on the flexural properties 
has been evaluated [161]. The works of Gebisa et al. [161] 
using the design of experiment method showed that the best 
flexural properties are obtained with a 0° raster and that 
flexural strength, flexural modulus, and flexural strain tend 
to decrease with the raster angle evolution from 0° to 90°.

In a recent study conducted by S. Srinivasan Ganesh Iyer 
and O. Keles, they explored how varying the raster angle 
affects the mechanical properties of short-carbon-fiber rein-
forced (SCFR) thermoplastics [223]. The study included a 
range of raster angles, counting 0°, 15°, 30°, 45°, 60°, 75°, 
and 90°, and involved conducting tests for tensile strength, 
flexural strength, and fracture toughness on the SCFR ABS 
material. The findings, as illustrated in Fig. 25, revealed 
noteworthy trends. When transitioning from a 0° to a 15° 

Fig. 25  Variation of mechanical properties with raster angle: a  tensile strength, b elastic modulus, c flexural strength, and d flexural modulus 
[223]



 The International Journal of Advanced Manufacturing Technology

1 3

raster angle, both tensile strength and elastic modulus expe-
rienced a reduction ranging from 22 to 35%. Conversely, 
flexural strength demonstrated a higher tolerance to changes 
in raster angle, consistently surpassing tensile strength by 
at least 50% across different raster angles. Meanwhile, flex-
ural modulus consistently lagged behind elastic modulus 
by approximately 15%. The relationship between fracture 
toughness and raster angle was non-linear. Maximum frac-
ture toughness was observed at raster angles of 0° and 60°, 
indicating a unique pattern. This increase in toughness was 
attributed to crack deflection mechanisms.

Fatigue properties Among the printing parameters, ras-
ter orientation has a considerable impact on the fatigue 
behavior of FDM samples [177, 224–226]. Ziemian et al. 
have studied the effect of raster orientation on the tensile 
behavior and the fatigue performance of ABS FDM sam-
ples during tension-fatigue tests [224]. Anisotropic behavior 
was found in both tensile strength and fatigue performance. 
Although the highest tensile strength was obtained with 0° 
raster orientation, the ± 45° raster orientation presents the 
largest number of fatigue cycles to failure on average at 
each normalized stress level. This fatigue life performance 
of ± 45° raster orientation was followed by the 0°, 45°, and 
90° raster orientations. It also appears that the direction 
of the layers in regard to the stress axis and the defect ori-
entations (air gaps and porosities) have an influence both 
on tensile properties and fatigue performances. The fatigue 
performance of ABS FDM samples was studied during 
sinusoidal tension-tension fatigue loading with the applied 
stress normalized to the ultimate tensile strength (UTS) 
of each raster orientation [226]. At the same percentage 
of UTS, the studied raster orientations (± 45° and 0°/90°) 
failed approximately at equivalent number of cycles. The 
author concluded that a failure mechanism inherent to FDM 
process may explain these observations. However, at the 
same absolute stress, the ± 45° raster orientation shows a 
higher number of cycles to failure. This result is consistent 
compared to the one obtained in [224]. Hassanifard et al. 
have investigated the influence of fatigue crack growth 
(FCG) rate of ABS 3D-printed parts during dynamic bend-
ing vibration tests [227]. In this study, the effect of environ-
mental temperature on FCG rate has also been investigated. 
It was found that the raster orientation affects both the 
fatigue life and the Paris power law constant C and m. The 
FCG rate is accelerated in samples with 90° raster orienta-
tion and also with the increased of temperature. The fatigue 
performance of ABS 3D-printed samples have also been 
evaluated during bending fatigue tests in different environ-
mental temperatures (between 50 and 70°C) by varying the 
printing parameters [193]. It has been shown that the raster 

orientation influence on fatigue properties was at the sec-
ond level after the thermomechanical loading among the 
considered parameters. The longest fatigue lifetime was 
obtained with the samples fabricated with 0° raster orien-
tation. The printing defects have been found to greatly affect 
the fatigue lifetime. Ezeh et al. have investigated the fatigue 
strength of PLA 3D-printed samples fabricated flat on the 
build-plate by varying the raster orientations and the super-
imposed static stresses [228, 229]. It has been found that 
the raster orientation influence on fatigue strength of PLA 
FDM samples can be neglected in regard to the relative low 
values of scatter ratio of the endurance limit for different 
raster orientations. It also appears that the effect of non-zero 
mean stresses on AM PLA can be access by performing the 
fatigue assessment in terms of maximum stress in the cycle. 
The related failure mechanisms to the fatigue behavior of 
PLA 3D-printed samples are filaments cracking, filament 
debonding, and layer debonding. Then, in regard to fatigue 
design, AM PLA can be considered like a homogeneous 
and isotropic material. In the two previous studies of fatigue 
performance of FDM PLA, the interactions of raster orien-
tation with other printing parameters have not been consid-
ered. The fatigue life of PLA 3D-printed samples has been 
analyzed experimentally and numerically by considering 
the raster orientation and printing defects [177]. For doing 
that, the notched and un-notched samples have been stud-
ied during the cyclic tensile tests. It has been shown that 
the raster orientation had a considerable impact on fatigue 
reduction factors and fatigue lives. The un-notched samples 
printed with 0° raster orientation presented higher fatigue 
lives as compared with the notched ones. However, for the 
samples with 90° raster orientation, there is no significant 
difference in fatigue life between the notched and un-
notched samples. This is because the stress concentration 
resulting from the FDM process reacts as sharp notches. By 
considering the voids between the filaments, the fatigue life 
predictions obtained with the volumetric approach agreed 
with the experimental results.

Another study has demonstrated that, when designing for 
fatigue life, the 45° raster orientation is advisable, especially 
for extended fatigue life in PLA 3D-printed samples [214]. 
Conversely, the 90° raster orientation exhibited the lowest 
fatigue strength in this particular configuration (see Fig. 26).

The fatigue life and the fatigue crack rate have been stud-
ied for PLA samples obtained by FDM during the rotating 
bending fatigue tests combined the variation of environmen-
tal temperature [225]. It has been shown that the raster ori-
entation has a great impact on fatigue properties. In fact, the 
fatigue life depends on infill pattern or the defects related to 
the infill pattern rather than the thickness of the outer wall 
of the printed samples.
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3.1.5  Contours number

The number of contours represents the number of closed 
roads that are deposited along the edge of the part (see 
Fig. 27). The contours can be considered the exterior struc-
ture and the infill like the inner structure of the part [232]. 
Like other process parameters, the number of contours 
affects the mechanical properties of FDM parts.

Tensile and compression properties It appears that there is 
a consensus between most of the studies that the increase 
of the number of contours is beneficial for the tensile prop-
erties of the FDM 3D-printed parts [233–235]. Croccolo 
et al. [236] have studied the effect of the number of con-
tours on static strength and stiffness of ABS parts. They 
showed that, as the number of contours increased, greater 
elastic modulus and higher maximum strength are obtained. 
However, increasing the number of contours decreased the 
percentage of elongation to failure. They have also proposed 
an analytical model considering the number of contours 
in the prediction of strength and stiffness properties. The 

mechanical performance of PLA 3D-printed samples has 
been assessed through experimental and numerical methods, 
considering both the external contours (number of contours) 
and the inner structure. The correlation between experimen-
tal and numerical results has been achieved by considering 
isotropic and anisotropic the behavior of external contour 
and inner structure respectively [232]. In another study on 
PLA 3D-printed samples, Taguchi method has been used to 
investigate the tensile properties [237]. The authors found 
that the number of contours impacts the tensile properties 
at the second level after the build orientation, the nozzle 
diameter, and the infill density. Despite this observation, 
the tensile strength increases with the number of contours 
until a certain value and starts to slightly decreases. Artifi-
cial neural network has been used for predicting the effect 
of process parameters on tensile strength, build time, and 
surface roughness of PLA 3D-printed samples [235]. It has 
been found that the build orientation leads to the highest 
modifications in tensile strength followed by the number of 
contours. As the number of contours increases, the tensile 
strength also increases. The interactions of these process 

Fig. 26  Fatigue test data of 
3D-printed FDM-processed 
parts of PLA. The S–N curves 
have been reproduced by Soran 
Hassani Fard and Seyed M. 
Hashemi [230] based on the 
data available in Todd Letcher 
and Megan Waytashek works 
[231]

Fig. 27  Contour number: two 
contour (a) and five contour (b) 
[231]
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parameters with the layer thickness and the raster angle have 
been evidenced. Similar observations have been obtained by 
Rashed et al. with the PEKK 3D-printed samples [234]. In 
the studied process parameters, the build orientation and the 
number of contours present the most significant impact on 
tensile strength. In the case of soft-elastomers, the number 
of contours seems to influence the tensile properties of the 
FDM 3D-printed parts at the second level [238]. The bar-
rel temperature and the raster orientation have been found 
to have most significant influence on the ultimate tensile 
strength and percentage of elongation of the ethylene vinyl 
acetate (EVA) 3D-printed samples. However, the UTS 
increases with the increase of the number of contours until 
a certain value; a small decrease is observed. The elongation 
is altered with the addition of the number of contours. In 
the case of 3D-printed TPU-based elastomers, the number 
of contours played an important role in the integrity and 
strength of the parts [239]. It is clear that among the large 
number of process parameters, the number of contours is 
one of the most impacting the tensile strength of the FDM 
3D-printed samples.

Flexural properties The study of Wagari et al. [161] shows 
that the contour number has a strong effect on the flexural 
properties, flexural strength, and flexural strain, of the mate-
rial. Their result shows that increasing the number of con-
tours from low (one) to high (five) significantly increases the 
flexural properties of the material. This is due to the fact that 
by increasing the number of contours, the length and number 
of rasters are reduced. Thus, the load applied is mainly sup-
ported by the contours rather than the raster (inner infill), 
which improves the performance of the material. The effect 
of the number of contours is much more visible on parts pro-
duced with a 90° raster angle than on parts in the other direc-
tion [161]. Similar results were obtained by Mohamed et al. 
by varying the number of contours. It was increased from 

one to ten in the PC/ABS blend 3D-printed samples [240]. 
The PLA–alumina composite was used to fabricate samples 
by FDM and the impact of the process parameters both in 
tensile and in flexural properties has been studied [241]. It 
has been observed that the number of contours is the second 
most important parameter which affect the ultimate flexural 
strength (UFS). As the number of contours increases, the 
UFS also increases due to the reduction of defects and the 
improvement of bonding between adjacent contours. How-
ever, in the case of high-performance thermoplastic, PEKK, 
nonlinear variations were observed in flexural properties by 
changing the number of contours [242].

In their study, Mishra et al. emphasized that the num-
ber of contours is the most influential parameter impacting 
the flexural properties of ABS 3D-printed samples [176]. 
To investigate the effect of varying the contour number, all 
other process parameters, including layer thickness, part ori-
entation, raster width, air gap, and raster angle, were held 
constant at 0.254, 0°, 0.4814, 0.000, and 0°, respectively. 
A total of six experimental sets, each comprising three test 
samples, were meticulously executed to analyze the cor-
relation between contour number and flexural strength. As 
illustrated in Fig. 28, the findings reveal that an increase 
in contour number corresponds to a notable enhancement 
in flexural strength. This positive effect can be attributed 
to the addition of an external perimeter, which effectively 
relocates the stress concentration zone from the outer edge 
to the center of the specimen, resulting in increased stiffness 
and consequently improved flexural strength.

Fatigue properties Until now, very little attention has been 
given to studying the influence of the number of contours 
on the fatigue properties of 3D-printed parts. Mishra et al. 
studied the influence of the contour number on fatigue life 
of ABS 3D-printed parts during low cycle fatigue tests 
[178]. The contour number appears like the most significant 

Fig. 28  Effect of the number of 
contours on the flexural strength 
of FDM 3D-printed ABS. This 
curve has been reproduced 
using the data from the studies 
conducted by Mishra et al. [176]
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parameter affecting the fatigue life. The interaction of the 
contour number with raster angle affects also the fatigue 
properties. Similar results in the significance effect on con-
tour number have been obtained by Chowdary et al. with 
PLA [243]. These observations can be explained by the fact 
that the increase of the contour number reduces the inner 
infill length, then the defects and shifts the stress concentra-
tion from the outer boundary of the parts to the center. The 
risk of the earlier failure of the samples is then reduced.

The influences of FDM process parameters depends also 
on type of materials that is used. In the following para-
graphs, we will look at their impact on standard materials 
firstly, secondly on composites materials, and finally on 
smart materials.

3.2  The effect of the process parameters 
on mechanical properties of materials groups

3.2.1  Process parameters effect on mechanical properties 
of standard materials

Thermoplastic materials are used for part fabrication via 
fused deposition modeling (FDM) process. The mechanical 
properties of the obtained parts are greatly influenced by 
the process parameters during the fabrication. To optimize 
the fabrication process and part engineering, it is crucial to 
understand the relationship between part fabrication (process 
parameters), part structure, and mechanical properties. Dur-
ing the last decades, several studies aim to elucidate this sub-
ject [3, 12, 160, 184, 215, 244–249]. Many reviews articles 
also bring some insights in this topic [38, 160]. The primary 
process parameters influencing the mechanical properties 
of the FDM parts have been identified and are now well-
established: air gap, build orientation, extrusion tempera-
ture, infill density, infill pattern, layer thickness, raster width, 
raster angle, and print speed [160]. The classification of 
these parameters in regard to their influence in mechanical 
properties has been proposed in several studies [3, 12, 52, 
160, 248]. For instance, build orientation has a more signifi-
cant influence on mechanical properties compared to other 
parameters like air gap or raster angle [52, 244]. In another 
study, it has been concluded that the layer thickness is the 
parameter having the most important influence on strength 
properties [248]. However, it is worth noting that there is an 
interdependence between process parameters. The influence 
of these parameters is almost analyzed separately; the evolu-
tions of two or more parameters are not often considered.

Some studies have focus on specific thermoplastics, in 
order to synthetize the effect of the process parameters on 
their mechanical properties. The impact of process param-
eters on mechanical properties of ABS has been analyzed 
[245, 250]. Kaur et al. have reviewed the impact of process 

parameters on the tribological properties of ABS parts 
obtained by FDM [251]. Other review articles have been 
conducted in the case of PLA [184, 246].

The most investigated polymers in the studied litera-
ture are in this order: ABS, PLA, PEEK, PC, and PEI [12]. 
ABS and PLA are the most used polymers in FDM. The 
results with ABS exhibit less variability compared to PLA. 
The parts made from PLA behave more rigidly than ABS. 
However, there is no clear trend regarding the influence of 
the parameter’s choice on the strain at failure, unlike ABS, 
which exhibits ductility sensitive to printing parameters. 
Some of experimental results for tensile strength and tensile 
modulus are summarized in Table 3. It shows clearly that 3D 
printing process parameters have a significant effect on the 
tensile properties of the obtained materials.

3.2.2  Process parameters effect on mechanical properties 
of composite materials

Incorporating reinforcements like fibers, pellets, particles, 
or powders into a thermoplastic matrix can enhance the 

Table 3  Influences of FDM process parameters on tensile properties

Material Process parameters Tensile 
strength 
(MPa)

Tensile 
modulus 
(GPa)

Reference

ABS Layer 
thickness

00 36 [4]
0.75 27.5
0.1 24.9
0.25 21.0
0.5 19.2

Raster 
angle

± 45° 38 0.712 [252]
0°/90° 41 0.710

PLA Raster 
angle

0° 68 5.26 [253]
45° 67.12 5.08
± 45 62.11 4.98
0°/90 57.89 4.86
90° 52.85 4.78

PC Raster 
angle

0° 19
90° 59.7

Part orien-
tation

X 45.9 2.1 [204]
Y 54.6 2.41
Z 45.6 2.26
X + 45° 45.5 2.13
Y + 45° 53.3 2.32
Z + 45° 36.0 2.18

PP Raster 
angle

0° 34 [42]
90° 26

PEEK Part orien-
tation

H-0° 82.58 3.80 [104]
H-90° 72.88 3.54
V-90° 9.99 3.03
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tensile properties of printed parts [107, 108, 138]. Fibers 
of different natures such as carbon fibers, glass fibers, natu-
ral fibers or others with different lengths (nano, short, or 
continuous) can be incorporated in the matrix [254]. The 
mechanical properties of the obtained parts are once again 
strongly dependent on the parameters used during the 3D 
printing process [59, 108, 254, 255]. Reports indicate that 
part anisotropy is closely linked to the alignment of fibers 
with the printing direction [256–258]. It was shown that 
improvement can be made by working on the printing ori-
entations [256, 258]. Tekinalp et al. found that the FDM 
process produces parts with high fiber alignment along the 
print direction and with better tensile properties [258]. In 
this case, the high tensile strength of the carbon fiber greatly 
contributes to the increase in the mechanical properties of 
the carbon filer fiber (CFF) polymer test coupons. Jiang et al. 
[256] studied the effect of the addition of carbon fibers on 
the tensile properties of PLA, ABS, and PETG test samples 
as function of print orientation. This shows that when the 
print orientation aligns with the tensile axis, the addition of 
carbon fiber leads to the most significant improvement in 
mechanical properties. Figure 29 is made using the results 
for tensile strength and tensile modulus found by Jiang et al. 
[256]. This figure shows the relative increase in percentage 
of CFF polymer test samples compared to the unfilled poly-
mer test samples. CFFPLA at 0° print orientation have the 
greatest strength and modulus values, and CFF PETG at 0° 
print orientation yields the greatest strength and modulus 
improvement. In general, CFF test samples at the 0° print 
orientation give the greatest strength and modulus improve-
ment relative to their unfilled counterparts, for all the tested 
materials. CFF polymer test samples at 90° print orientation 
gives the least improvement, for all the tested materials. It 
has been found that the tensile strength can be improved by 
using an important number of contours and maximum infill 
percentage in addition with a good combination of other 
parameters such as printing speed, raster distance in order 
to reduce the air gap population, and nozzle and bed tem-
perature [254]. It should be noted that the additional physical 

properties brought by the presence of the reinforcements are 
also impacted by the fabrication parameters. It has been also 
demonstrated that the parts with continuous carbon fibers 
exhibit better mechanical properties than their counterpart 
with short carbon fibers [255]. However, the parts with the 
continuous fibers present more difficulties during the 3D 
printing process.

Glass fibers are also used to reinforce thermoplastic 
polymers in order to improve their mechanical properties 
and lead to lightweight structures [109, 259]. The com-
posites with glass fiber present excellent resistance effect 
[260]. The impact strength of onyx glass fiber–reinforced 
composites manufactured by FDM has been studied [260]. 
The printing pattern and the infill density influence on the 
mechanical properties have been evaluated. The parts with 
hexagonal pattern present the maximum energy absorp-
tion compared to their counterparts with triangular and 
rectangular patterns. By adding glass fibers into the poly-
mer matrix, the tensile properties can be improved. The 
impact of some process parameters on the tensile prop-
erties has been investigated [45, 259]. It has been evi-
denced that the addition of glass fibers in nylon matrix 
improved the strength and stiffness of the obtained com-
posites [259]. These mechanical properties are enhanced 
with the increase of fiber content until a certain limit. 
Moreover, contrary to parts made with pure thermoplas-
tic polymers, the layer thickness influence on mechanical 
properties has been found minor. Another study reported 
remarkable mechanical properties for 50% of glass fiber 
yarn content in PLA matrix [45]. The incorporation of 
glass fiber in ABS polymer has shown an increasing of 
strength and tensile strength [261]. For example, in this 
study, the tensile strength was increased to 57% by add-
ing 30% in weight percentage of short glass fiber in ABS 
compared to pure samples made with pure ABS. A similar 
result was found when adding glass fiber to PP [71, 147]. 
The influence of the recycling in short glass fiber–rein-
forced polypropylene composites has been investigated. 
It has been demonstrated that the mechanical properties 

Fig. 29  Tensile properties 
improvement as function of 
print orientation: a tensile 
strength, b tensile modulus. 
(This figure is made by using 
Jiang et al. [256] experimental 
results)
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of 3D-printed parts obtained from recycled materials are 
lower compared to the counterpart made with virgin mate-
rials [262]. Carbon fiber and glass fiber have been used in 
polyamide matrix. It has been shown that the mechani-
cal properties of printed parts incorporated with CF fiber 
were higher than GF [263]. The flexural properties of 
glass fiber–reinforced polymer composites are strongly 
improved [264, 265]. The tensile and flexural properties 
of continuous glass fiber–reinforced PLA composites have 
been enhanced for more than 200% with a fiber content 
inferior to 7% [265]. The comparisons were made with 
the mechanical properties of PLA samples. The flexural 
properties of carbon fiber– and glass fiber–reinforced 
polymer have been evaluated by I. M. Alarifi [264]. He 
found that glass fiber–reinforced nylon composite exhibits 
highest stiffness at room temperature. Furthermore, the 
effect of the fiber reinforcement on mechanical properties 
of composite materials is highly sensitive to the length of 
the fiber: short, long, or continuous fibers [266, 267]. The 
reinforcement with short fiber is made by adding the fiber 
particule into the molten thermoplastic polymer. The fiber 
orientation has in this case an effect on the mechanical 
properties [267]. The orientation of fiber in the filament 
is dependent on the printing parameters. For continuous 
fiber, the printing is done by co-extrusion method or uses 
dual-head printers [268]. It has been proved that continu-
ous fibers significantly improve the mechanical properties 
than short fibers and are widely used in aerospace industry 
[215, 269].

Despite the difficulties in the printing process and the 
limitation in mechanical properties [270–272], natural 
fibers present many advantages like biodegradability, 
renewability, and low cost. The natural fibers constituted 
good candidate for sustainable manufacturing and are 
then used for the fabrication of 3D-printed biocomposites 
[272–274]. The main challenge in 3D-printed biocom-
posites is the optimization of mechanical properties [271, 
275] by insuring the good adhesion between the natural 
fibers and polymeric matrix and by considering the physi-
cal properties of the fibers like hydrophilic characteristics 
and chemical sensibility [135, 270]. The fabrication of 
biocomposites reinforced with natural fibers by FDM is at 
the stage of development. Actually, most of studies focus 
on the printing feasibility depending on filler used [276, 
277]. Then, important attention has been concentrated in 
the investigation of the influence of fiber treatment, of the 
filament fabrication process, and of the addition of agents 
in the printability and mechanical properties [278–280]. 
The effect of natural fibers ratio in the mechanical prop-
erties of the biocomposites has been studied [276, 277, 
281, 282].

However, systematic studies of the effect of the process 
parameters on the mechanical properties are limited in the 

literature [271, 283–285]. It is worth noting that PLA is the 
most used polymer in biocomposites materials [286].

3.2.3  Process parameters effect on mechanical properties 
of smart materials

Smart materials development can lead to programmable 
material for actuation or motion following a pre-determined 
sequence, which could be defined through a physics-based 
model to act accordingly of external stimuli. Numerous 
additive manufacturing techniques have been employed in 
the literature for the fabrication of smart materials. Beyond 
these techniques, FDM occupies a prime position thanks 
to its many advantages. FDM allows, for example, a pre-
programmable step which can be tuned by varying process 
and design parameters. Some studies have investigated the 
influence of FDM process parameters on these dynamic 
properties. The process parameters which are able to modify 
the response or the actuation of smart materials during their 
fabrication depend on the specific response of the structure 
and also to the material(s) used [287–289].

Shape memory materials constitute an important range of 
materials used in the fabrication of smart materials. Shape 
memory copolymers can be used for the 3D manufacturing 
of smart materials which display interesting shape memory 
properties [287]. C.-Y. Cheng et al. fabricated a copolymer 
constituted by PLA and PLC. They demonstrate that the 
quality of shape-memory properties can be tuned by the 
composition of the copolymer and the printing speed. Son 
Thai Ly and Joo Yong Kim [290] have worked on FDM 
process with thermal-responsive shape memory polymers 
(SMP). They have shown that the behavior of shape memory 
polymer composite constituted by polyurethane-based car-
bon nanotube is influenced by some process parameters like 
layer thickness and printing temperature [290].

4D bioprinting has gained important attention in the 
development of smart biomedical devices [291–296]. The 
main advantage of the development of 4D bioprinting is the 
facility to propose well-adapted patient-specific equipment 
devices. In their review, after presenting the principal mate-
rials sensitive to different external stimuli, the authors dis-
cussed their applications in tissue engineering, drug delivery 
systems, and medical devices [291]. In another review, the 
4D bioprinting applications have been discussed and clas-
sified in five categories like cell growth and tissue engi-
neering, antimicrobial, drug delivery, stimulus response, 
and theragnostic [292]. Shape memory polymers can be 
also employed for manufacturing smart biomedical devices 
[291]. V. K. Tiwary et al. have studied the combined effect 
of process parameters like layer thickness, the infill strategy 
and the printing in the surface quality of 3D-printed medical 
implants. The effect of three different post-treatment have 
also investigated, chemical vapor bath, sand paper polishing 
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and chemical treatments [297]. S. Boularaoui et al. have 
investigated the effect of printing parameters on cell viabil-
ity during the extrusion-based bioprinting. The mechanical 
force specifically shear stress and the dimensions of the noz-
zle (needles) are the parameters impacting the most the cell 
viability during the fabrication process. Other parameters 
like the pressure, the temperature, and the printing speed can 
also affect the bio-printed devices [292]. Like FDM parts 
obtained in other industrial applications, the medical devices 
manufactured by FDM suffer the interdependence and influ-
ence of the process parameters on the parts properties. Some 
of the parameters called critical process parameters are 
determined like those that have more influence on the final 
properties of parts [298]. One of the main challenges in the 
field of FDM today is the control of the properties of the 
parts and their repeatability.

Smart materials based on the modifications of properties 
due to an external applied magnetics stimulus are developed 
and find applications in medicine, soft robotic, and others 
[299–301]. These devices are often made by composited 
materials in which magnetic materials have been incorpo-
rated like fillers, powder, and particles [301]. FDM is one 
of the process used for smart magnetoactive soft materials 
fabrication [301]. Their properties can be affected during the 
printing process or with an application post-treatment. Shape 
memory polymers can be used in magnetoactive smart mate-
rials. N. A. Fisher et al. have shown that the resulting mag-
netic and the magnetoactive properties of magnetorheologi-
cal elastomers can be modified during magnetic annealing. 
In fact, depending on the nature of magnetic field, no field, 
uniform field, or non-uniform field during the heat treatment 
can improve or degrade the magnetoactive response of this 
smart material which can undergo mechanical deformation 
in the presence of magnetic field [288]. S. Kumar et al. fabri-
cated a thermoplastic (PLA–PVC)-based composite filament 
with wood dust and magnetite ( Fe

3
O

4
 ) for FDM. The parts 

obtained exhibit superparamagnetic properties that can be 
used for self-assembly applications [302]. They have deter-
mined the composition of the filament in order to obtain 
the optimized magnetic properties. The mechanical proper-
ties have been also characterized in function of the printing 
parameters: infill density, infill angle, and infill speed [303]. 
And the mechanical and magnetic properties were found 
not to be in correlation. Thermoplastic polyurethane with 
either iron, carbonyl iron, or magnetite particles has been 
used to fabricate 3D-printed parts [304]. The structure of 
the parts presents the directional magnetic properties that 
is often obtained after magnetic annealing post-treatment. 
The properties of these magnetic elastomer materials can be 
adjusted by altering the infill density and infill orientation.

The additive manufacturing of electronically smart 
devices presents a great potential for flexible and stretch-
able electronics. Among the AM processes usually employed 

like inkjet printing, aerosol printing [305–307], and direct 
ink writing [308], FDM is also used [309, 310]. The mate-
rials used herein are conductive elements associated with 
soft polymers. Shape changing materials can be employed 
for the fabrication of electronically smart materials [311, 
312]. The effect of printing parameters on the shape memory 
effect of PLA have been studied [311]. They found that the 
shape memory effect evaluated by the shape-recovery ratio 
and maximum shape recovery rate of 3D-printed PLA is 
mainly influenced by the recovery temperature. However, 
the deformation temperature and the printing parameters 
(layer thickness, raster angle) have a very limited impact 
on this shape memory effect. Lukas Kačergis et al. have 
investigated the influence of the printing speed, the tempera-
ture of the build plate, and the number of active layers on a 
smart material obtained from 3D printing of PLA and TPU. 
They have showed that deformation and bending degrees 
of the structures can be turned by adjusting these printing 
parameters [289]. Another’s shape memory materials made 
by the combination of PLA with carbon black have been 
studied by Lee et al. [312]. In their study, they demonstrate 
that the bending angle achieved by the actuators 3D printed 
increased with the applied printing speed. 3D-printed pho-
toresponsive shape memory devices constituted by the com-
bination of shape memory polymer with carbon black have 
been implemented [313]. The influence of the printed mate-
rial thickness and the sunlight intensity has been evaluated. 
As the material thickness increases, the illumination time 
should be increased in order to allow the material defor-
mation. The deformation angle is more significative for the 
smallest thickness.

Another area of research is the development of natural 
fiber–based 4D printed biocomposites for the fabrication 
of sustainable smart materials. In the smart biocomposite 
devices, the inorganic reinforcements are replaced by nat-
ural fillers (fibers, pellets, wood, …) in the thermoplastic 
matrix. Many achievements have been accomplished and 
huge efforts are investigated by researchers from both aca-
demic and industrial sectors in order to push actual scien-
tific and technological limitations [135, 314, 315]. Most of 
natural fibers are sensitive to moisture and present a pro-
nounced anisotropy. These properties can be considered 
like drawbacks or take in advantage in order to implement 
smart biocomposite devices. In their review, Le Duigou et al. 
have investigated the 3D/4D of natural fiber biocomposites 
[135]. Concerning the smart devices with natural fillers, 
the two categories of shape-transformation materials in 4D 
printing have been discussed: shape memory materials and 
shape-changing materials. The hygromorphing properties 
of natural fiber–based 4D printed biocomposites have been 
presented and also the perspectives. The use of natural fillers 
also results in the attenuation of mechanical properties which 
are also sensitive to the process parameters. The printing 
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parameters effect on the FDM wood fiber–reinforced com-
posites have been studied [316]. It has been shown that the 
printing orientation, the printing width, and the important 
resulting porosity greatly influenced the mechanical proper-
ties of the printed biocomposites. The hydromorphic have 
been increased in composite constituted by wood and poly-
mer with accurate printing parameters. They found that the 
height of the layer and the part were decisive in the optimi-
zation of the self-transformation capacity of the obtained 
structures [317]. Another smart bio-based device used for 
the space design was made by the combination of flax yarn 
with PLA and was triggered-induce by moisture. The reduc-
tion of layer thickness and the increase of the width result in 
the reduction of the porosity ratio and then optimization of 
mechanical properties [318, 319].

4  Conclusions and outlooks

This article presents a review of materials and the influence 
of process parameters on the mechanical properties of parts 
fabricated by FDM. FDM materials have been classified into 
three categories: standard materials, composite materials, 
and smart materials.

Standard materials used in FDM have found numerous 
applications across various engineering domains. However, 
their main limitations are related to “low” printing speed 
and to their mechanical properties, which are not suitable 
for applications requiring high strength and stiffness for 
example. Different ways to overcome these drawbacks are 
investigated by researchers such as elaborating polymers 
with higher mechanical properties often called “high per-
formance” polymers. This materials group has not been 
treated in this review. Another way consists to combine the 
standard polymer with one or more other materials in order 
to obtain a composite material with improve properties. This 
often leads to the development of new materials that exhibit 
not only enhanced mechanical properties but also additional 
functionalities such as optical, electrical, thermal, or other 
physical properties. The common materials added to stand-
ard polymers in order to fabricate composite materials are 
carbon or glass fibers, graphene, alloys, or ceramics in the 
form of pellets or grains and other polymers. Then, the parts 
made from polymer-reinforced composite can take advan-
tages of both 3D printing and fiber addition. Depending on 
the nature of the fillers, the fabricated parts can present mul-
tifunctional properties. For example:

• Carbon fiber–reinforced polymer composites have bet-
ter properties like wear resistance, corrosion resistance, 
lightweight structures, high strength-to-weight ratio, and 
high-dimensional stability. Studies have shown that car-
bon fiber added to a polymer can increase the tensile 

strength and the Young modulus, but ductility, tough-
ness, and yield stress may decrease. Glass fiber–rein-
forced polymer composites increase the tensile strength 
but decrease the flexibility of the composite part.

• Ceramic-reinforced polymer composites are widely used 
in bio-medical application. Their application is limited in 
other sectors due to their brittleness and poor mechanical 
strength.

• Other materials used for reinforcing polymers, such as 
graphene, carbon nanotubes, or carbon fibers, enhance 
their mechanical, electrical, and thermal performance.

In addition to the development of composite materials in 
the field of additive manufacturing, research around smart 
materials have grown significantly. These materials are 
defined as designed materials that have one or more proper-
ties that can be significantly changed in a controlled way by 
external stimuli. The developments of smart materials are 
important and promising.

FDM remains an active research area with many chal-
lenges, particularly in the quest to fabricate more functional 
parts with enhanced mechanical properties. The understand-
ing and optimization of the mechanical properties of the 
various materials (polymer, carbon, or responsive) have been 
well established in literature. But several questions remain 
open and many technological and scientific challenges need 
also to be addressed in the future. Some orientations can be 
mentioned here in function of different group of materials 
previously considered:

• Huge efforts have been made in the investigations of 
the mechanical properties of parts of standard polymers 
obtained by FDM. It appears that process parameters 
greatly influence mechanical properties when conven-
tional mechanical tests are implemented (like tensile or 
creep, flexural tests). However, less studies have been 
devoted to more complex tests such as multiaxial tests 
and dynamic tests. These tests could bring more insights 
in the understanding of these materials in regard to their 
architectural structure. This remark is valuable for struc-
tures with other FDM materials.

• The void population and their alignment in regard to the 
tensile direction have considerable impact on the fatigue 
properties. Very less studies intend to study systemati-
cally the effect of voids or air gaps on the fatigue perfor-
mance of polymeric FDM samples. The effect of contour 
numbers has also received very less attention.

• One way to take advantage of the rich research work 
around the impact of printing parameters on mechanical 
properties is to provide charts or a guide for part design-
ers.

• Models describing the FDM process itself and the behav-
ior of the materials need to be developed.
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• Further work is now coming about the use of artificial 
neural networks (ANN) for optimizing these current 
manufacturing processes. In P. D. Nguyen et al., a data-
driven machine-learning-based approach is investigated 
in order to deal with adjustment of printing parameters 
and process evolution trends [320]. Data coming from 
experiments and property characterization measurements 
may be used in order to fit large databases which can be 
very efficient as data sets for learning in the context of 
machine learning. Artificial intelligence (AI) may play 
a significant role as a tool for reverse engineering to 
optimize processes according to the intended material 
applications, especially with the increasing availability 
of real-time in situ measurements of “material health.”
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