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Polymer-based materials are increasingly produced through fused deposition modelling (FDM) - an additive
manufacturing process, due to its intrinsic advantages in manufacturing complex shapes and structures at low
overhead costs. The versatility of this technology has attracted several industries to print complex geometrical
structures. This underlines the importance of studying the mechanical strength of FDM printed polymeric ma-
terials, especially their fatigue behaviour in cyclic loading conditions. Conventionally manufactured polymeric
materials (e.g. injection moulding) have superior fatigue performance than FDM printed materials. Unlike
conventionally manufactured polymers, FDM-made polymers have layer by layer adhesion and the influence of
printing parameters make fatigue analysis complex and critical. The influences of printing parameters and
printing material characteristics have a significant impact on the fatigue behaviour of these materials. The un-
derlying mechanism behind the fatigue of FDM printed polymers is crucial for the assessment of these materials
in structural applications. However, the fatigue behaviour of FDM printed polymeric materials has not been
reviewed in detail. Therefore, this article aims to evaluate 3D printed polymeric materials’ fatigue properties.
The importance of fatigue in the FDM printed biomedical materials is also reviewed, and more importantly, the
novel FDM printed architected cellular material fatigue properties are also introduced.

found in a wide range of engineering applications such as mechanical
[2], biomedical [3], construction [4], aerospace [5], and food industries

1. Introduction

Additive manufacturing (AM) or 3D printing is a rapidly expanding
advanced manufacturing technology that enables high accuracy and
low-cost manufacturing of physical models and complex geometric
structures. AM uses a three-dimensional design model for the fabrication
through layer-by-layer printing technology that does not require the use
of traditional techniques, including cutting and casting [1]. The un-
derlying advantages of AM enable their use in the manufacturing of
complex structures for various applications. AM technology is currently
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[6] as well as in academic research. Based on printing technology, AM
has 7 different fundamental processing methods, namely, binder jetting,
direct energy deposition, material extrusion, material jetting, powder
bed fusion, sheet lamination, and vat photo-polymerisation [7]. Among
them, fused deposition modelling (FDM) is the extrusion-based method
used to manufacture polymer-based structures and models [8]. In FDM
printing technology, the model to be printed is converted into a design
model that is imported into the slicing software [9]. Various printing
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Table 1

FDM printing variables used for different PLA polymers.
Nozzle Extrusion Bed Extrusion Layer Reference
diameter temperature temperature speed rate height
(mm) (9] (9] (mm/s) (mm)
0.4 220 70 90 0.34 [12]
0.4 210 - - - [13]
0.4 230-275 - 30 0.19 [14]
0.4 200-230 50 30 - [15]
0.5 188 50 60 0.4 [16]
0.5 180 - - 0.1 [17]
0.6 200 50 40 0.1 [18]
0.8 230 60 30 0.4 [19]
1 - 110 - - [20]
0.4 200 80 - - [21]
0.4 200 60 30 0.3 [22]
0.4 180 40 - 1.5 [23]
0.3 220 - 60 1.75 [24]
0.8 220 60 60 1.75 [25]
0.4 210 90 80 1.75 [26]
0.4 220 - 36 1.7 [27]

Filament ——

Filament pulling
system

Printed model —>

Build platform

Fig. 1. Schematic representation of the FDM process.

parameters need to be considered when printing such as build orienta-
tion, nozzle diameter, printing speed, layer thickness and extrusion
temperature [10]. The FDM printing parameters used in the printing of
polylactide (PLA) materials are shown in Table 1. FDM technology uses
raw material in the form of a filament and while printing, the filament is
converted to a semi-liquid form and injected into a nozzle that moves
according to the instructions given by the slicing software. The extruded
material from the nozzle is deposited layer by layer to print the complete
model [11]. The schematic representation of the FDM process is shown
in Fig. 1. Fig. 2 shows some key process parameters in FDM.

In FDM, thermoplastic-based filaments are the most widely used
material due to their thermal characteristics. Materials such as PLA,
acrylonitrile butadiene styrene (ABS), polypropylene (PP), polyether-
ether-ketone (PEEK), and polyamides (PA) like PA6, PAl2 are
commonly used filament materials [28]. The biodegradability of these
materials reduces their disposal problems, which can also be recycled
and used in AM [29].
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FDM products are not used as functional components, rather as
conceptual prototypes, due to lack of superior mechanical properties.
These limitations have encouraged researchers to find a solution to
establish increased strength in FDM parts. In the recent years, polymer-
based fibre composites have been developed through FDM [30]. Inclu-
sion of fibre into the thermoplastic matrix offered enhanced modulus,
tensile strength, and bending strength than the neat thermoplastic ma-
terial [31]. This increases the chances of utilising FDM printed materials
in load-bearing applications. However, uncertainties in the FDM-
manufacturing process such as the formation of voids, defects, and
ineffective layer bonding increase the chances of failure in polymers and
their composites [23]. The failure mechanism behind the static and
dynamic loading condition of FDM printed polymers is still unclear [32].
The development of FDM technology has been significantly hampered
by this issue and the implementation of this technology is also
constrained.

Despite the positive aspects of FDM, the material performance is a
key factor in determining the durability and reliability of these mate-
rials. The performance of FDM parts depends on various factors such as:

i- Influence of printing factors.

ii- Influence of bonding features.
iii- Influence of material and reinforcement.
iv- Influence of FDM process defects.

All these factors together make the mechanical strength analysis
complicated. Additionally, 3D printed fibre composites have increased
heterogeneity and anisotropic properties [33]. To support the
advancement of FDM technology and the application of FDM printed
materials, the complex failure nature of such materials should be
examined in detail. However, FDM-based polymer and composites fail-
ure mechanism has been investigated for tensile strength [34], flexural
strength [35], impact strength [19], compression strength [30] and
thermos-mechanical behaviour [36] under static loading conditions. For
load-bearing applications, materials need to withstand both mechanical
and environmental stress [37,38]. Cyclic loading on materials leads to
failure under fatigue. In such a case, it is critical to understand the fa-
tigue behaviour to increase the durability and reliability of the
materials.

This article aims to review the fatigue behaviour of polymeric ma-
terials produced by FDM. The primary objective of this review is to
explain the importance of fatigue in 3D printed materials based on the
recently reported work in this field. The review also focuses on the novel
3D printed architectural-cellular-material’s (ACM) fatigue behaviour.
This is the first article to assess the fatigue behaviour of FDM-based
polymeric materials, which sought to explain major printing factors
affecting fatigue life, to understand the underlying fatigue failure
mechanism and their impact on 3D printed materials.

2. Fatigue and fatigue testing in polymeric materials

The development of polymeric materials enables their application in
various structural and load-bearing applications. Fatigue may occur in
structural components due to cyclic stress, which leads to catastrophic
failure at a lower stress than in the case for the normal static mechanical
loading [39]. Understanding fatigue behaviour and its damage mecha-
nisms are essential for assessing emerging materials in various appli-
cations to determine their durability and long-term reliability [40]. It is
essential to analyse the fatigue behaviour of polymeric materials due to
their increased use in applications such as passenger aircraft and auto-
mobiles where ensuring the safety of human life is critical. Fatigue tests
for polymers are performed in repeated loading and unloading condi-
tions subject to compression, tension, bending, torsion, or a combination
of these stresses [41]. During the fatigue test, the load is applied as
tension — tension, compression — compression and compression — tension
or compression — tension-type. Although there are different types of
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Fig. 2. FDM process parameters.

Table 2
Standards followed for polymer fatigue testing.

Type of fatigue test Standard Type of material
Uniaxial fatigue (tension or compression) ASTM Polymer
D7791
Tension fatigue ASTM Polymer matrix
D3479 composite
Uniaxial flexural fatigue (Three- or four-point ~ ASTM Polymers
bending) D7774
Fatigue delamination growth ASTM Polymer matrix
D6115 composite
Statistical analyses of fatigue data ASTM Metals/Polymers
E739
Strain controlled fatigue - uniaxial forces ASTM Homogeneous
E606 materials
lamina/laminate dynamic properties ASTM Polymer matrix
D4762 composite
Bearing fatigue response ASTM Polymer matrix
D6873 composite
Open hole fatigue (tension-tension, ASTM Polymer matrix
compression-compression, or tension- D7615 composite
compression cyclic loading)
Fatigue crack propagation — notched condition ~ ISO 15850  Polymer
(tension-tension)
Axial tensile fatigue test/flexural bend test ISO 13003 Polymer matrix

(tension-tension) composite

fatigue tests in practice, load controlled high cycle and strain-controlled
low cycle type of fatigue tests are preferred to be the two most common
fatigue tests. High-cycle testing involves loading under the viscoelastic
regime, while low-cycle fatigue testing involves plastic deformation
[42]. The standards followed for conducting fatigue tests are listed in

Table 2. The cyclic loading conditions in different applications affect the
durability and strength of the polymeric materials. Fatigue behaviour of
a material is analysed using a cyclic stress-strain curve (S-N curve) that is
developed using a set of stabilised hysteresis loops at different strain
amplitudes [43,44]. Through the S-N curve, the endurance limit of the
material can be determined, which is the maximum stress level where
the material withstands cyclic loading without failure. Material surface
characteristics such as roughness, damage, and residual stresses in the
materials are critical in affecting the endurance limit [45]. In addition to
the material surface properties, factors such as the type of load and the
volume of material are also the key factors affecting the endurance limit
[46]. The endurance limit enables the designer to set the maximum
cyclic loading stress for a material for a specific application, however,
the endurance limit is practically not applicable for many materials
[47]. Notably, in the case of polymers, the physical theories available
had a deficiency in explaining the mechanical S-N behaviour since
empirical methods, along the lines of those used in metal fatigue, were
used to evaluate polymer fatigue behaviour [48,49].

Fatigue failure of polymers is inherently due to the accumulated
damage or due to the growth of the defect to a critical dimension. The
fatigue behaviour of polymeric materials is substantially influenced by
the physical properties, environmental conditions, and mechanical
loading factors (Fig. 3). Pruitt et al. [50] reported that the molecular
structural variables such as molecular weight, distribution, crystallinity,
crosslink density, chain entanglement density and reinforcement char-
acteristics of polymeric materials are important factors for the actual
fatigue behaviour. Mechanical loading factors such as stress amplitude,
strain, mean stress, stress-strain ratio, cyclic frequency, self-heating ef-
fects, and a notch or stress concentration effects also have a significant
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Fig. 3. Factors affecting fatigue life in polymeric materials.

impact on polymer fatigue characteristics [51]. The mean stress (6p,) is compression-to-compression region, - oo < R < 0 indicates that the cycle
the average of the maximum stress (6pmay) and the minimum stress is in the tension -to- compression region and 0 < R < 1 indicates that the
(omin), Whereas the stress ratio (R) is the ratio of the minimum stress to cycle is in the tension-to-tension region [52]. At high cycle-frequency,
the maximum stress. The stress ratio describes the loading nature during polymers may soften or melt, resulting in fatigue failure due to ther-
the fatigue condition, i.e. 1 < R < oo indicates that the cycle is in the mal softening [53]. Fatigue studies on the polymers are based on
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Fig. 4. Stages of fatigue failure.
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uniaxial loading conditions, which are tension-tension, tension-
compression, and compression to tension or strain-controlled modes.
Biaxial fatigue, triaxial fatigue, multiaxial fatigue, combined bending
and torsional fatigue are some of the other types of tests used in complex
fatigue analysis [49,48]. As reported by Amjadi and Fatemi [54],
polymer fatigue analysis based on multiaxial stress is rare. In many
cases, multiaxial stress in polymers are unavoidable due to multiaxial
loading conditions and notched as well as stress concentrated multi-
axial loading conditions. It is also difficult to anticipate multiaxial fa-
tigue in polymers.

Unlike metals, polymers are heat sensitive and viscoelastic, and
under this circumstance the polymer can easily melt or undergo thermal
rupture [55]. In general, fatigue failure of polymeric materials begins
with the initiation of micro defects and crazing in highly stress-
concentrated areas. Crazing is caused by internal and external surface
defects, voids and poorly bonded matrix interfacial areas, which have a
critical effect on the mechanical strength and consequently cause
deformation [56]. Continued cyclic loading causes plastic deformation
and crack propagation in polymers until the critical crack size is
reached, which leads to a sudden catastrophic failure. The polymeric
material fracture under fatigue can be studied in detail by analysing the
initiation and propagation of cracks [57]. The fatigue failed/fractured
polymer surface consists of two distinct types of crack propagation:
continuous and discontinuous crack propagation. Discontinuous type of
crack propagation is initiated by the development of a single crack at a
low-stress intensity or at a non-positive stress ratio (R < 0). Rise in the
stress increases the discontinuous crack propagation that can be un-
derstood by the generation of continuous parallel striation marks on the
fractured surface [58]. The crack propagation point and the initiation
point are important as they can be delayed by strengthening the polymer
with reinforcement materials [59] such as fibres or particulate filler.
Reinforcement properties such as reinforcement type, reinforcement
amount, fibre length, fibre orientation direction, processing method,
and bonding features are also important for polymer composite fatigue
resistance [52,60,61]. Reinforcement in polymers increases the hetero-
geneous characteristics in the composite, which lead to the anisotropic
performance of the composite. Typical fatigue failure mechanisms in
polymer fibre composites include matrix cracking, fibre debonding,
delamination, and fibre layer separation [62].

The fatigue failure mechanism in polymer fibre composites consists
of three stages. (Fig. 4). Stage I is a fibre matrix debonding, wherein the
fibre tends to debond from the matrix in poorly bonded regions, fibre

misaligned regions, matrix rich regions, or from surface defects such as
voids and pores. In stage II, the fibre delaminates from the matrix. The
final stage III is damage growth, where the fibre fails due to the localised
damage propagation in stage I and stage II [52]. Unlike metals, it is
difficult to predict the fatigue failure of polymers owing to the high
dependency on temperature and load frequency [63]. Fatigue failure
analysis is a time-consuming process that requires several sample ma-
terials. To simplify the analysis, a thermographic method (TM) has been
introduced through which the fatigue limit and the S-N curve can be
predicted in regard to the temperature variation of the specimen during
the test [64]. This method was first proposed by La Rosa and Risitano in
2000 [65]. Recently, Santonocito [66] used the Static Thermographic
Method (STM) to evaluate the fatigue properties of 3D printed
polyamide-12 material. The fatigue tests were performed at a stress ratio
of 0.1, a frequency of 3 Hz and a stress amplitude of between 28 MPa and
30 MPa. The average endurance limit of 29 MPa was determined at the
limit stress level by temperature variation through STM.

3. Fatigue evaluation of 3D-FDM printed polymeric materials
3.1. Polymers

In the 3D-printing of polymers, FDM has demonstrated its ability to
produce polymers with comparable results to conventional
manufacturing processes, but the formation of voids and imperfections
in FDM printed polymers is inevitable, which could lead to failure under
loading. In addition, fatigue data for AM polymers are scattered, which
further make analysis difficult due to the manufacturing defects and
uncertainty in AM process [67]. The strength of the FDM printed poly-
mer depends on both the printing condition and the characteristics of
the polymer. Furthermore, layer-by-layer addition of polymer in the
FDM process imparts anisotropic material properties to the printed
polymer, which affect the strength of the material. FDM printed mate-
rials are not isotropic as they do not have the same strength in all di-
rections due to layer-to-layer adhesion variation and print orientation.
However, there is enough literature available to understand both the
strength and the failure mechanism of the FDM printed polymer when
exposed to mechanical loading [68,69]. Crucial information on the in-
fluence of FDM printing parameters on the performance of the printed
material is also available [9,70]. The fatigue strength of polymers also
depends on FDM printing conditions. As a result, research aimed at
understanding the fatigue behaviour of FDM printed polymers has
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Fig. 6. Fatigue S-N plot of ABS printed at different raster orientations — (a) raw, (b) normalised over UTS [82].

increased steadily over the recent years. However, the anisotropic
characteristics of the FDM printed parts may cause problems if they are
not controlled, as their homogeneity is not assured [71]. Nevertheless,
this can be controlled through the use of optimised FDM printing pa-
rameters [10]. FDM printing parameters that affect the fatigue life of
printed polymers are shown in Fig. 5.

3.1.1. Polylactide (PLA)

Ezeh and Susmel [72] investigated the fatigue strength of the PLA
material fabricated through FDM. The study analysed the influence of
the manufacturing direction (0°, 30°, and 45°) and superimposed static
stress. During the fatigue loading, the printed PLA material exhibited
three distinct failure mechanisms: (i) filament cracking, (ii) layer
debonding, and (iii) filament debonding. The scatter ratio of the
endurance limit at different angles of manufacturing was found to be
minimal, therefore the authors stated that the manufacturing direction
in the design of 3D PLA materials could be neglected. On analysis of the
S-N curve at varying R (-1, —0.5, 0, and 0.30), the authors concluded
that in the fatigue design of 3D PLA, non-zero mean stress can be
considered in the fatigue assessment by considering the maximum stress
in the cycle. In another study, Ezeh and Susmel [73] reported that the
fatigue behaviours of conventionally manufactured PLA and AM-FDM
manufactured PLA were similar. In addition, the authors found that
the PLA material printed at an infill density of less than 100% behaves
like a notched material, which contributed to the reduction of the
overall fatigue strength of the printed PLA. Both the investigations of
Ezeh and Susmel [72,73] revealed the PLA fatigue behaviour on varying
raster orientation as well as stress concentration effect due to notching.
The influence of raster orientation is well defined with respect to zero
mean stress but the interaction among the other FDM parameters was
not considered.

Jerez-Mesa et al. [74] investigated the impact of FDM printing pa-
rameters on the fatigue strength of PLA material. The PLA material was
printed at varying layer heights (0.1, 0.2, and 0.3 mm), nozzle diameter
(0.3, 0.4, and 0.5 mm), fill density (25, 50, and 75%) and printing speed
(25, 30, and 35 mm / min). From fatigue strength analysis with respect
to different printing parameters, it was concluded that fill density,
nozzle diameter, and layer height were the most influential 3D printing
parameters affecting the fatigue life of the PLA material. Gomez-Gras
et al. [75] carried out a rotating bending fatigue test on FDM printed
PLA material and reported fill density as the most influencing factor in
affecting the PLA fatigue life followed by the layer height. Interestingly
in both the investigations [74,75], maximum fatigue life was achieved
with a 75% infill density, 0.5 mm nozzle diameter, and 0.3 mm layer
height. The similarity in the results of references [74,75] suggests to
follow the same range of infill density, nozzle diameter, and layer height

to achieve better fatigue life in PLA material, however, the endurance
limit varies. In both investigations, the influence of raster orientation
was not investigated. However, the raster orientation of 45° was re-
ported to generate maximum fatigue life and endurance limit in the
references [76,77].

In a separate study, PLA material was printed by FDM at three build
directions (X, Y, and 45°) and tested for fatigue strength (Tension-Ten-
sion). PLA printed at 45° orientations showed increased fatigue life, i.e.
approximately 1380 cycles at 50% of its ultimate tensile strength (UTS),
compared to the PLA printed in two other directions. Additionally, the
same material had higher strain energy of ca. 2050 kJ m~2 until failure
at 1380 cycles [76]. Letcher and Waytashek [77] reported that the PLA
material printed at the raster orientation of 45° had the maximum fa-
tigue endurance limit, whereas, the minimum endurance limit was
observed for the PLA material printed at a raster orientation of 90°.
Interestingly, Arbeiter et al. [78] reported that PLA printed at 0°/90°
fibre orientation had a better fatigue life. However, the fatigue fracture
characteristics of FDM printed materials are not highly dependent of
orientation. This was verified by very identical crack initiation, crack
growth initiation, and failure curves in all fibre orientation (0°, 90°, and
0°/90°). The results of these three references [76-78] reveal that the
fatigue life and failure characteristics were not anticipated to be similar
at all raster orientations.

Ezeh and Susmel [79] using notched FDM printed PLA materials
analysed the crack propagation during fatigue loading. In the notched
PLA material, the propagation of crack due to fatigue stress followed an
irregular path along with the orientation of the filaments. The fatigue
life of the notched PLA material decreased due to increased stress con-
centration in the sharp notch. Similar to the un-notched PLA material
failure mechanism [72], the notched PLA exhibited three distinct fail-
ures, such as rectilinear filament cracking, de-bonding between adjacent
filaments, and de-bonding between adjacent layers [79]. Although
through FDM it is possible to print intricately shaped polymeric mate-
rials, the stress concentration in sharp corners and edges of the printed
material is a major issue, which could increase the chances of fatigue
failure.

3.1.2. Acrylonitrile butadiene styrene (ABS)

Zhang et al. [80] investigated the fatigue behaviour of FDM printed
ABS material by applying reverse stress through a rotary fatigue tester.
An increase in the fatigue load from 30 N to 60 N reduced the fatigue life
cycles from ca. 3800 cycles to 130 cycles. The maximum crack size was
0.75 mm, which was calculated based on Paris law, and the fatigue
cracks growth was at a rate of 0.0341 mm/cycle. At low load, cracks
began to initiate and at high load, cracks began to propagate, which led
to fatigue fracture.
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Fig. 7. Fatigue failed ABS SEM images (a) crazing, (b) fibre cracking, (c) delamination, and (d) void changes [88].

Ziemian et al. [81] reported that longitudinal (0°) and default (+45/
—45°) raster orientations are effective for increasing ABS material fa-
tigue life rather than diagonal (45°) or transverse (90°) orientations.
FDM fabricated ABS material with different raster orientations (—45°/
45° and 0°/90°) was investigated for fatigue characteristics by Jab et al.
[82]. Tests were performed on tension to tension-type fatigue loading at
a stress ratio of 0.1 and a frequency of 5 Hz. The authors compared the
fatigue life of the FDM printed ABS with injection moulded ABS. At a
stress of 10 MPa, the injection moulded ABS had approximately 6
million cycles to failure [83] but at the same condition, the FDM printed
ABS had 60,000 cycles to failure. When stress was normalised over the
ultimate tensile strength, variation in the raster angle showed no effect
on fatigue strength, in fact, similar fatigue strength was observed. The
fatigue S-N plot for the corresponding orientations is shown in Fig. 6.

Domingo-Espin et al. [84] performed a rotating flexural fatigue test
on the FDM printed ABS material with varying infill patterns (rectilinear
and honeycomb) and studied the influence of layer height, nozzle
diameter, infill density and printing speed. The result showed that the
infill density has maximum contribution in affecting the fatigue life of
ABS material having rectilinear and honeycomb infill patterns.
Increased infill density leads to an increase in fatigue life of ABS. Lee and
Huang [85] investigated the cyclic loading effect on the strain energy of
FDM printed ABS-(P400) and ABS-(P430) materials and compared the
results with the ABS wire data. The printed ABS-(P400) showed a strain
energy in the range of 3.4-19.7% of the strain energy of ABS-(P400)
wire material, while the strain energy of the printed ABS-(P430) was
1.8-7.4% of the strain energy of ABS-(P430) wire material. ABS-(P430)
suffers fatigue failure in the order of approximately 1,000 cycles at 40%
of its UTS and 60% of its UTS for ABS. Corbett et al. [86] studied the
influence of the FDM-process parameters on the ABS material fatigue
life. ABS printed at a smaller layer height (0.2 mm) in flat X orientation
showed a better fatigue life. Padzi et al. [87] correlated the fatigue life
(T-T) of the FDM printed and injection moulded ABS material and stated
that 3D printed products were not appropriate for industrial applica-
tions. The moulded ABS displayed a fatigue life of 911, 2645, and 26,948
cycles at 80%, 60%, and 40% of UTS, respectively, which is 55%, 39%,
and 30% higher than the printed ABS material’s fatigue life. FDM

printed specimens under fatigue loading displayed multiple failure
modes such as void changes, delamination, crazing, and fibre cracking
[88] (Fig. 7). Mishra et al. [89] found variation in the failure mechanism
on static and cyclic loading conditions of ABS material printed through
FDM. Under static loading, the failure in the ABS was in the perpen-
dicular direction against the applied load but under cyclic loading, the
failure was in a zigzag manner. The failure mechanism in the FDM
printed materials was because of the initiation of cracks in the weak
surface or between poorly bonded layers.

3.1.3. Polyethylene terephthalate glycol (PETG)

Dolzyk and Jung [90] carried out a uniaxial fatigue test on FDM
printed PETG material at four raster directions- longitudinal (0°),
transverse (90°), diagonal (45°) and crosshatched (45°). During the fa-
tigue test, PETG samples were subjected to a stress ratio of R = 0.1 at 90,
80, 70, and 60% of UTS. Stronger inter-layer bonding in the PETG
samples reduced the anisotropic properties. Sample printed at longitu-
dinal orientation had maximum fatigue life at 90% loading condition.
The sample printed at crosshatched and longitudinal orientation showed
a similar fatigue failure mechanism that was evident through a similar S-
N curve. At the lowest loading condition (60%), the sample printed at
diagonal orientation had a maximum life-cycle failure of ca. 20,000
cycles. The fatigue fracture mechanism of the PETG samples varied with
respect to the orientation of the raster, e.g. the samples printed in lon-
gitudinal orientation experienced progressive crack propagation,
whereas in the transverse direction, layer delamination was noted, and a
ductile failure was noted on the crosshatched print samples. In the
recent years, PETG has been used as an alternative to PLA and ABS
polymers. However, the fatigue results concluded by Dolzyk and Jung
[90] are fascinating but there are many gaps, such as no data reported on
the effect of FDM process parameters, and fatigue life at different load
types. Interestingly, the diagonally-oriented sample showed a reduced
fatigue life at a higher load, but at a lower load, it had the highest fatigue
life. This result is critical for the design of PETG material for long
durability at low load conditions, although the discussion on this subject
is very limited, which creates a necessity to study diagonally-oriented
PETG samples under loading conditions of less than 60%.
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Table 3
Fatigue testing results for different materials.

Type of fatigue Matrix  Reinforcement Frequency (Hz) Standard Remarks Reference

test

Tension- ABS - 0.25 ASTM D3479 The 45°/45° raster orientation had a better fatigue life [110]
tension
cycling

Tension- ABS - 0.25 ASTM D7791 Microscopic failure mechanisms displayed the higher tension fatigue [111]
tension performance of the bidirectional specimens with +45/—45° layering
cycling pattern.

Tension — ABS - 0.25 ASTM D7791 The +45°/—45° raster orientation specimens survived the maximum [81]
tension number of cycles to failure compared to other orientations (0°, 45°, and
cycling 90°).

Rotating ABS - Rotational ASTM The infill density is the most significant parameter for both Rectilinear and ~ [84]
flexural movement of 2800 D7774* Honeycomb patterns. In addition, the samples printed with the honeycomb
fatigue test min~? pattern showed longer lifespans.

Tension — ABS - 0.25 ASTM D7791 The default bidirectional (+45°/—45°) samples had the longest life span at [88]
tension each normalised stress level.
cycling

Three-point PA6 - 5 - The XZ build orientation of PA6 reveals a greater overall fatigue life [91]
bending compared to XY build orientation.
cycling

zero-to-tension PCU - 5 ASTM E606 SEM images of the fatigue fracture surface of IM and FDM samples are [94]
manner and D4482* almost indistinguishable, which shows a very solid infill for FDM samples

with adequate bonding between lines and layers.

Tension — Nylon FG, Kevlar, and 5 ASTM D7791 The specimens with nylon matrix, triangular filling pattern, and matrix [102]
tension CF density of 20%, reinforced with carbon fibre at 0°, displayed better fatigue
cycling performance and significantly increased the number of cycles before

specimen rupture.

Tension — Nylon CF, Kevlar, and - ASTME606 M The strongest specimens for all the load-ranges were the nylon-CF that [112]
tension FG endured the maximum number of cycles.
cycling

Note: CF: carbon fibre; FG: Fiberglass; PCU: polycarbonate urethanes, IM: Injection

3.1.4. Polyamide

The effect of the build orientation on 3D printed polyamide 6 was
investigated by Terekhina et al. [91]. The specimens were printed in the
unidirectional raster orientation (0°) and at two different build orien-
tations, namely, such as flat orientation (XY plane) and the edge
orientation (XZ plane). During cyclic loading, two different failure
mechanisms were observed in both printed polyamides. In the first 100
cycles, due to its viscous nature, the polymer lost its stiffness and
therefore the material showed small variation in their shape and size. In
the second, a rapid propagation of damage was noted. Interestingly, the
fatigue failure of the printed polyamide initiated due to the micro-
delamination fatigue cracks in the layer interface. Increased porosity
(13%) in polyamide printed at XY build orientation reduced the fatigue
life compared to polyamide printed at XZ build orientation. In another
study, Terekhina et al. [92] compared the fatigue properties of PA12
material manufactured by FDM and selective laser sintering (SLS) by
conducting three-point cyclic bending tests. The FDM produced PA12
showed a 40% improvement in fatigue properties (longer end-of-life and
lower degradation rate) than the SLS-PA12 material. This investigation
proves the effectiveness of FDM made PA material against the fatigue
load when compared to SLS made material. It would be interesting to
compare the fatigue results of PA material produced using different AM
manufacturing methods, which could help identify the appropriate
fabricating AM process for such materials.

3.1.5. Polycarbonate (PC)

Puigoriol-Forcada [93] investigated the fatigue life of FDM printed
PC material. Samples were printed in three different printing directions
(XY, YZ, and XZ), and the flexural fatigue test was performed at 20, 40,
60, and 80% UTS loading conditions with R = 0.5 and R = 1. The
maximum life cycle was recorded for the sample that was printed in YZ
direction followed by the sample that was printed in XZ direction. The
sample that was printed in the XY direction exhibited minimum life
cycle. This phenomenon has been attributed to the distribution of the
load on the deposited layers. In XZ direction, the maximum load was
distributed on the interlayer material leading to rapid fatigue failure.

Moulding. *developed custom shape based on this standard.

However, this study did not disclose the effect of layer bonding and
other FDM parameters on the fatigue life of the PC. The limited fatigue
study in FDM printed PC material opens up opportunities for further
research in this area, which could allow the application of PCs in load-
bearing applications.

Miller et al. [94] compared the fatigue life of polycarbonate urethane
material produced by injection moulding and the FDM method. Three
different grades of polycarbonate urethane have been used, such as AC-
4075A, AC-4085A, and AC-4095A. The FDM sample was printed at a
layer height of 0.15 mm, an extrusion width of 0.3 mm, and a 100%
rectilinear infill. The displacement controlled fatigue test was performed
through the tension-relaxation type of fatigue loading. All three graded
FDM printed material had a better fatigue life than the injection mould
materials. The strain amplitude of the AC-4085A material was higher
during the runout of 1 million cycles. The FDM printed AC-4085A ma-
terial had a strain amplitude of 60% over 1 million cycles, while the
injection moulded AC-4085A material has a strain amplitude of 50%.
Both FDM printed and injection moulded materials with a fatigue life of
between 400,000 and 500,000 cycles exhibited similar fatigue fracture
surfaces.

3.1.6. Polyetherimide

Fischer and Schoppner [95] studied the post-treatment effect of the
FDM-printed polyetherimide (Ultem 9085) material. Samples were
printed in three build orientations (X, Y, and Z build directions).
Chemical vapour treatment on the sample was performed by exposure to
chloroform vapour. Although the tensile strength was increased during
the treatment process, there was no change in the fatigue life of the
printed Ultem. Samples printed at build orientations X and Y had a
longer fatigue life. At 40% of the UTS, sample printed at X direction had
ca. 8270 cycles-to-failure and for Y and Z directions it was ca. 8340 and
ca. 4200 cycles-to-failure, respectively.

To the best of the knowledge of the authors, it is the only available
study noted on the effect of polymer surface treatment on fatigue life.
However, there is no influence of surface treatment of polymer on the
fatigue life. However, polymer blending or addition of plasticisers in
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FDM filaments could result in increased fatigue life and this is suggested
by noticing the increment in the mechanical properties of FDM printed
polymers [96-98].

3.1.7. Polyether-ether-ketone (PEEK)

To the best knowledge of the authors, there are no results available
on the fatigue characteristics of FDM based PEEK materials. In the recent
years, PEEK has been used in aerospace applications owing to their
lightweight nature and because it is a well-suited matrix for the carbon
fibre-based composites [99]. The FDM printed PEEK material had a
flexural modulus of 2.43 GPa and flexural strength of 132.37 MPa,
which was higher than the FDM printed ABS and SLS printed PA ma-
terial [100]. Wu et al. [101] also found maximum tensile, compression,
and bending strength on FDM-based PEEK material, which is 108%,
114%, and 115% higher than FDM-based ABS material. Thus, it can be
anticipated that when compared to other FDM printed thermoplastics,
PEEK can deliver better fatigue resistance and fatigue life.

3.2. Polymeric fibre composites

Defects in composite materials may accidentally occur during load-
bearing operations and also during the manufacturing process. Growth
of these defects under continuous loading condition lead to fatigue
failure. Under fatigue loading, fibre composites exhibit distinct behav-
iour that differs from metals and neat polymers. Fatigue strength of fibre
composites is a function of fibre properties such as fibre type, loading
percentage, fibre matrix bonding, fibre surface properties, fibre length,
and fibre orientation [52]. Table 3 highlights the important results of the
fatigue behaviour of FDM based materials.

Pertuz et al. [102] fabricated nylon composites with three different
continuous fibre reinforcements; carbon fibre, glass fibre, and Kevlar
fibre. Composites were printed with a triangular filling pattern and a
filling percentage of 20%. Fibres were reinforced in isotropic and
concentric type layering, in isotropic type reinforcement, fibre orienta-
tion was varied as 0, 45, and 60°. The uniaxial fatigue test was carried
out at the loading conditions of 95, 90, 85, and 80% of UTS. Compared
to glass and Kevlar fibre reinforcement, carbon fibre reinforcement
printed at 0°, triangular filling pattern, and 20% filling showed superior
fatigue response. This work is comprehensive enough to understand the
fatigue characteristics of FDM printed composites but the fatigue failure
mechanism of the tested fibre composites has not been adequately
explained.

Travieso-Rodriguez et al. [103] investigated the fatigue behaviour of
PLA-wood composites produced by FDM at varying layer heights (0.2,
0.3, and 0.4 mm), infill densities (25, 50, and 75%), nozzle diameters
(0.7, 0.6, and 0.5 mm), infill patterns (rectilinear and honeycomb) and
extrusion velocities (25, 30, and 35 mm/s) at 8% of wood fibre rein-
forcement. However, no consideration was given for the key FDM pa-
rameters building orientation and raster angle. The rotating bending
fatigue test was performed and compared to neat PLA, PLA-wood fibre
composite showed poor fatigue strength due to a lack of proper fibre
matrix adhesion and increased void formation. The honeycomb-filling
pattern with a layer height of 0.4 mm, a nozzle diameter of 0.7 mm,
and a filling density of 75% was reported as the optimum FDM printing
factor to achieve the maximum number of cycles to failure. Brooks et al.
[104] investigated PLA carbon fibre composite fatigue strength. Com-
posites were printed with 50 wt% of carbon fibre reinforcement at
horizontal orientation and varying infill densities of 25 and 90%.
Composite printed with 25% infill density had a better fatigue life,
which takes 400 cycles to fail at maximum UTS, while composite printed
at 90% infill density failed after nearly 300 cycles. In the references
[103,104], the authors demonstrated the fatigue life of fibre composites
with constant fibre weight percentages. Instead of that, the authors
could have tested composites with varying fibre weight percentages, to
observe the influence of fibre weight percentage as well as the variation
in fatigue life.
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Fig. 8. Schematic of the SN curve of fibre composites. Figure inspired by the
work of [109].

Essassi et al. [105] developed PLA/flax fibre-based sandwich com-
posites with an auxetic core of 4 different auxetic core densities (8.3%,
16.7%, 25.1% and 33.5%). Fatigue behaviour of the fabricated PLA/flax
fibre sandwich composites was investigated by conducting cyclic
bending tests. It was observed that the sandwich composites with a
lower core density of 8.3% had a higher fatigue life. The authors re-
ported three stages of failure for the sandwich PLA/flax fibre composite
beam under fatigue loading, from loss of stiffness to ultimate failure. The
first stage involves a reduction in the loss of stiffness due to the initiation
of damage. In the second stage, there is reduced loss of stiffness, how-
ever, the damage propagation is high. The third stage involves a sudden
decrease in loss of stiffness and complete failure of the specimen.
Through this investigation, it was possible to understand the fatigue
nature of sandwich fibre composites due to fatigue damage initiation —
damage spread — failure.

Only a few studies have been conducted on the fatigue properties of
FDM-based polymer fibre composites. This highlights the lack of
research data on the fatigue properties of FDM-based fibre composites.
Generally, FDM printed fibre composites exhibit comparable results
with the virgin material and the optimisation of FDM variables and fibre
properties could provide increased mechanical strength [106]. A sig-
nificant disadvantage for the FDM printing of fibre composites is the
formation of voids [107], which increases the chances of crack propa-
gation under critical cyclic loading condition [108]. Fig. 8 is a schematic
of the S-N failure curve of fibre composites.

3.3. 3D printing and fatigue evaluation in biomedical applications

Due to customised manufacturing at a low cost of production, 3D
printing technology has attracted attention from both academic and
industrial research. 3D printing is slowly being introduced in nearly all
fields and sparking a revolution in manufacturing. With inherent
advantage such as the ability to print complex geometry in limited time,
3D printing technology enables the development of polymeric material
for biomedical applications [113]. Recent 3D printing technology pro-
jects for medical applications can be classified into four broad research
areas: i) pathological organ development; ii) permanent non-bioactive
implant development; iii) bioactive and biodegradable scaffold devel-
opment; and iv) tissue and organ printing research [114,115]. Choong
etal. [116] recently addressed the adaptation of 3D printing technology
to meet the demand for medical devices and equipment such as respi-
rators, masks, insulation centres, medical manikins, and nasopharyngeal
swabs in the ongoing COVID-19 pandemic situation. Fig. 9 shows the
applications of 3D printing in biomedical arena.

In the field of tissue engineering, 3D printing technology enables the
production of tissue scaffolds with controlled pore size and structure
[117]. 3D printed scaffolds are used in various biomedical applications
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Fig. 10. Computer model (A), cut-away model (B) and 3D printed PLA/HA scaffold (C) [120].

where they have to withstand fluctuating loads, such as loaded skeleton
sites [118,119]. It is critical that under cyclic loading, the biomaterial
may experience fatigue, which tends to damage the material below its
ultimate strength under static conditions, and in certain situations,
failure may occur at a stress level below the material yield strength; both
leading to the risk of human life. This emphasises the importance of
fatigue analysis on biomedical materials. In this regard, Senatov et al.
[120] investigated the fatigue strength of 3D printed PLA-based porous
scaffolds. Two different scaffolds were printed with neat PLA and PLA
with 15% of hydroxyapatite (HA). The printed PLA/HA scaffold is
shown in Fig. 10. All the pores in the printed scaffolds were inter-
connected and the porosity measured was in the range of 30 vol%. In the
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fatigue test, the rate of deformation of the PLA scaffolds increased when
the fatigue load increased, which tends to reduce the modulus. However,
the introduction of HA into the PLA increased the PLA defective resis-
tance, which resulted in increased resistance to crack formation leading
to an increase in fatigue life. This is one of the first papers to evaluate the
fatigue properties of the PLA-based scaffold produced by FDM. This
result explicated the importance of introducing bioactive filler to in-
crease the fatigue characteristics of the PLA. Analysis of the results in-
creases the curiosity for understanding the fatigue nature of PLA with
varying amounts of bioactive filler reinforcement.

In another study, Gong et al. [121] investigated the fatigue behav-
iour of 3D-printed scaffolds. Two types of PLA scaffolds were printed
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Fig. 11. Compressive strength-density diagram of different ACM and bulk materials [131].

with a triangular and circular pore at a porosity of 60%. The scaffolds
were exposed to a low-cycle compression type fatigue test at R = 0.5 and
a frequency of 0.2 Hz. The authors found a significant variation in the
fatigue life of the scaffolds with respect to the type of pore. The circular
pore scaffold distributed the stress evenly, reducing the stress concen-
tration, thus increasing the fatigue life. Nevertheless, the authors could
have analysed fractured scaffolds with micro-images to observe the
variation in the failure mechanism between the two scaffolds. Baptistaa
and Guedes [122] analysed the fatigue fractured FDM printed PLA
samples and reported shear fracture as the main degradation mechanism
in the fatigue cyclic loading. It was interesting that no delamination or
layer breakage occurred even after 3600 loading cycles. This was due to
the strong bonding of the layer in the printed scaffold. These three in-
vestigations [120-122] of PLA scaffolds recommended 3D printed PLA
material for bone repairing in biomedical applications. Miller et al.
[123] studied the fatigue properties of FDM printed cross-linked poly-
carbonate urethane scaffolds. Fatigue strength analysis was performed
with respect to the shape of the notch (circular and diamond notch). The
authors observed an increase in fatigue life in the circular shape of the
notch. The sharp corners of the diamond notch increased the stress
concentration and reduced the fatigue life.

4. Additive manufacturing enables architected cellular
materials

The natural system is a result of ‘intelligent design’ perfected over a
long period through evolution. Hence, modern technology uses replicas
mimicking the natural design and structures. In the recent decades, one
of the challenges in engineering materials is the production of light-
weight materials with unparalleled multifunctional properties at low
cost and with efficient use of materials and energy. As a result, human
beings have produced several materials that are far superior to the
natural materials available. Engineered materials possessing properties
that are not usually found in naturally occurring materials are called
meta-materials [124,125]. Meta-materials research is an interdisci-
plinary approach that has interconnected researchers from different
disciplines. The properties of the meta-materials are achieved by
tailoring the physical structure to make them unique. Bio inspired
Architected Cellular Materials (ACMs) is one example, being the pio-
neers of lightweight-optimised materials with multiple functional
properties such as high strength, stiffness, impact resistance, and dam-
age tolerance, among others [126,127].
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Cellular architectures are nature-produced structures that offer
lightweight and enhanced mechanical strength, e.g. bird peaks and
bones, which consist of porous cellular structure that makes it lighter
and stronger [128]. Honeycomb structures, truss lattices, and foams are
the typical examples of the well-established architected cellular struc-
tures. In ACMs, the honeycomb structure is the most popular design due
to the increased energy absorption capacity that allows it to resist larger
deformations [129]. ACMs are capable of resisting deformation exac-
erbated by bending and stretching dominant behaviour [130]. The
mechanical properties of the architectural materials are influenced by
the deformation mechanism involved (bend- or stretch-dominated). It is
important to select optimised architecture to attain the desired proper-
ties. However, the cellular structure properties are influenced by three
main factors such as bulk material property, the geometry of the cell
structure, and the relative density [131]. The variation in the strength
with respect to relative density can be understood from Fig. 11.

The geometry of ACM can be a man-made design that is generated by
a complete process of engineering optimisation or bio-inspired. These
materials have complex structures, which makes them difficult to
manufacture using conventional methods. Years of technological
research and development have made it possible to manufacture these
materials with precise control over their properties. The advancement in
commercial tools and technology has unlocked the way to the produc-
tion of complex geometries of varying sizes and specifications for
controlled properties, thus saving time and resources. The bottom-up
technique is a well-suited manufacturing process instead of a material-
removing top-down approach that allows complex structures with in-
ternal features to be produced at multiple scales. AM is a well-
established and versatile method that enables the production of these
materials from the submicron to the centimetre scale. Valdevit et al.
[132] listed 3D printing methods used for the printing of ACMs: ster-
eolithography, projection microstereolithography (PuSL), continuous
liquid interface printing, self-propagating polymer waveguides, two-
photon polymerization (2PP), fused deposition modelling, polyjet, and
powder-bed fusion.

4.1. Importance of fatigue evaluation in 3D printed polymer-based ACM

Cellular architected materials can replace lightweight materials due
to their capability to possess high strength and stiffness. The develop-
ment of 3D printing and design software enables optimisation of the
cellular structure to achieve enhanced strength, stiffness, and energy
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Fig. 12. Fatigue performance of ACM with honeycomb structure.

absorption at reduced weight and density. 3D printing enables the
development of ACMs at different architecture geometry. By tailoring
the microstructure and geometry of architected materials, Muth et al.
[133] achieved enhanced stiffness and the investigation performed
different modes of deformation on varying architecture geometry. From
the evidence that the variation in the architecture geometry could result
in different modes of failure, it is understood that failure mechanism
varies with respect to the type of base material used. By hybridising the
design architecture strength, stiffness, and toughness can be increased,
while further crack initiation, crack propagation and deformation can
also be controlled [134]. In the available literature, only a few studies
reported the failure of these materials under static and dynamic loading
conditions. Fatigue behaviour of the FDM printed PLA material with a
smooth hinge geometry design was investigated by Khare et al. [135].
The dynamic loading effect of the PLA with a smooth hinge geometry
design was compared to the PLA with a honeycomb geometry. The
smooth hinge geometry showed superior elastic behaviour, which
recovered almost 96% of the strain after 35 cycles of loading, whereas
for the honeycomb structure it was only 85%. This study explored the
significance of the architecture geometry against the dynamic loading
and by only considering two types of geometries. However, there is a
dearth of research on polymer-based ACMs and further work is needed
to comprehend the mechanical failure mechanisms in these novel ma-
terials. Fig. 12 shows the fatigue performance of ACM with honeycomb
structure. Another important factor is the shortcomings in 3D printing i.
e. formation of voids, poor interlayer adhesion and, sharp corners,
which largely affect the material performance. In addition, the sharp
corners in the architected material design can also lead to an increase in
stress concentration [135]. In architected material, stress concentration
promotes the initiation and propagation of fatigue damage [136].
Balancing fatigue life specifications with strength, stiffness and other
desirable material properties is a serious challenge for the use of
architected materials in applications where durability and reliability are
crucial. It is necessary to investigate and optimise the geometry of the
ACMs for static and dynamic loading, which will open the doors for the
use of these materials in demanding applications.

5. Conclusions and future prospects

This review article summarises the fundamental aspect of the fatigue
behaviour of FDM printed polymeric materials. While FDM is a versatile
manufacturing technique, it is not optimised or modified to ensure that
polymeric materials are fully designed in accordance with the necessary
mechanical requirements. Only a limited number of thermoplastic ma-
terials have been used in fatigue analysis of 3D printed products and
studies on the fatigue behaviour of polymeric materials have not been
sufficient. With these results, it is difficult to grasp the role of fatigue in
FDM printed polymers and their composite materials. FDM-based fibre
composites have better tensile and bending strength than neat polymers
but the fatigue mechanism of these composites is not adequately
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reported. The fibre properties of FDM printed composites are expected
to make a significant contribution to an increase in fatigue life. Bio-
based thermoplastic materials are found in various biomedical load-
bearing applications such as scaffolds where fatigue life is critical. In
the novel ACM, the fatigue properties should be examined in detail as
the ACM has sharp corners and edges that increase the stress concen-
tration at cyclic loading. There are still many challenges that need to be
addressed in relation to particular material property and printing tech-
niques. The following factors have been identified as crucial for
increasing the fatigue life of FDM based polymeric materials;

Printing parameters have a significant impact on fatigue behaviour

that need to be optimised but studies related to the optimisation of

printing parameters are rare. According to the available literature,
the orientation of the raster angle of +45°/—45° yields a longer fa-
tigue life in PLA and ABS-based printed materials.

e FDM uses different thermoplastic materials since the significant
variation in their physical properties tends to change the fatigue
nature. It is therefore suggested that FDM parameters should be
optimised in relation to the material characteristics.

e Polymeric materials are viscoelastic and typical FDM and fatigue

process involve varying temperatures. High environmental temper-

atures would reduce the fatigue life of polymeric materials.

Defects and voids are common problems in FDM, which should be

considered as factors in the optimisation of FDM since they increase

the stress concentration.

e In polymeric fibre composites, fibre properties, fibre length, fibre

loading percentage, fibre wettability are crucial for the determina-

tion of fatigue life. However, no results were found in the fatigue
characteristics of FDM fibre composites.

For ACM, along with the above-mentioned properties cellular ge-

ometry and bulk material properties are the key factors affecting the

fatigue performance.

The data available for these factors are not sufficient to define,
comprehend, or predict the fatigue mechanism of FDM-based polymeric
material. Thus, research is encouraged on the subject that will facilitate
the use of FDM-based materials in different engineering applications
under different loading conditions.
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