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Materials Requirements in Fused Filament Fabrication: A
Framework for the Design of Next-Generation 3D Printable
Thermoplastics and Composites

Antonella Sola

Fused filament fabrication (FFF), also known as fused deposition modeling, is
the leading technology for polymer-based additive manufacturing. The
simplicity, along with the cleanness, the affordability, and the multi-material
capability, are some of the main advantages that have prompted this success.
Nonetheless, the uptake of FFF in industry is hampered by the limited
functionality of commercial filaments, that are often based on plain
thermoplastics. The future growth of FFF into new markets needs a
significant improvement of available materials. However, materials
requirements in FFF are complicated and often mutually conflicting. Whereas
heuristic approaches to materials design imply significant costs in terms of
time, energy, and materials, a critical survey of the main requirements that a
new material should fulfill in order to be printable and suitable for commercial
adoption is still missing. In order to bridge this gap, the present paper
analyzes the workflow from filament production to end-of-life disposal of
printed objects, and, for each step, brings to light the governing materials
properties. Wherever possible, practical guidelines are given on acceptable
values. Existing lacks of knowledge are identified to direct future studies. The
ultimate goal is to provide a road map to making materials development in
FFF more efficient.

1. Introduction

Fused filament fabrication (FFF), also known as fused deposi-
tion modeling (FDM, which is the original trademark by Strata-
sys), is currently one of the most popular additive manufacturing
(AM) techniques.[1] According to the classification in ISO/ASTM
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52900,[2] FFF belongs to the “material ex-
trusion” group, as the functioning mecha-
nism of this technique relies on the feed-
stock material, typically a thermoplastic
or a thermoplastic-matrix composite, being
heated until soft and forced to flow (namely,
extruded) through the print nozzle. As the
“fused filament fabrication” name suggests,
the feedstock must be a filament, intuitively
resembling a long string. For this reason,
the material needs to be thermally pro-
cessed at least two times, once from pel-
lets to filament and then from filament to
printed object.

Nowadays, many review papers in the
literature provide the reader with exhaus-
tive information about the properties of ex-
isting and emerging materials in FFF.[3–22]

The scope of this article is different, since
it specifically explores the requisites that a
material should satisfy to be printable in
FFF. The question “what makes a mate-
rial printable” (in FFF) has already been put
forward by Duty et al.[23] and then elabo-
rated by Das et al.,[24] with an emphasis

on rheology. However, a survey that encompasses the whole FFF
process, from feedstock preparation to printing to finishing, is
still missing.

After a summary of the main advantages that justify the in-
creasing popularity of FFF, the following sections discuss the
critical importance of understanding materials requirements in
FFF. The printing process is then analyzed in order to identify the
materials properties that govern each step. To conclude, an over-
arching table helps materials scientists and developers navigate
themselves through the challenging task of merging printability
and functionality.

2. Competitive Advantages of FFF

The success of FFF with scientists, developers, and even hobby-
ists depends on several synergistic factors.

Firstly, a key advantage of FFF is its simplicity. In principle,
the functioning mechanism is straightforward. As shown in Fig-
ure 1, parts are printed layer-upon-layer starting from a filament,
typically made of a thermoplastic material or a thermoplastic-
matrix composite.

The filament is fed into the printhead by the action of
two counter-rotating wheels (sometimes, rollers) actioned by a
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Figure 1. Schematic representation of the printing process by FFF. The
feedstock material in filament form is fed into the liquefier by two counter-
rotating gears, and then heated until soft in the liquefier, and deposited
on the base platform (or on the previous layers) through the print nozzle.
The 3D part is built layer-upon-layer. (Note: drawing not in scale.)

stepper motor. In standard FFF systems, the filament enters the
feeding mechanism tangentially to the surface of the wheels. As
discussed in Section 5.1, at least one of the wheels has teeth
that actually cut onto the surface of the filament thus preventing
slippage, but leaving marks on the filament. The pinch wheel is
mounted on a spring arm that applies a normal force against the
filament to maintain traction with the drive wheel. Ideally, perfect
(slip-free) traction is established between the filament and the
wheels. The core of the printhead is the liquefier (heater), where
the material is heated. The material softens more as the temper-
ature increases, to the point that it can flow under the force ap-
plied by the colder and stiffer filament a. Working like a piston,
the filament at the entrance of the liquefier pushes the softened
material out of the print nozzle. Simultaneously, the printhead
swipes across the base platform (in the X–Y plane) following a
computer-controlled toolpath, and selectively deposits the mate-
rial where it is needed to draw the part’s geometry. As illustrated
in Figure 2, each layer is built up by the progressive addition of
neighboring rasters (also known as roads or beads), generally sur-
rounded by contours along the perimeter. After completing the
first layer, the base platform moves downward (or, depending on
the printer, the printhead moves upward) along the growth di-
rection (Z-axis) and the printhead lays down a second layer of
material on top of the previous one. The process is repeated until
completion of the desired 3D shape.[25,26] In common FFF print-
ers, the printhead sits on a X–Y gantry that translates along the Z-
axis. Otherwise, in Delta printers the printhead may be hinged to
three or more arms that slide along vertical rails. Quite often, the
base platform is round. This enables the fabrication of small and
tall parts. In selective compliance assembly robot arm (SCARA)
printers, the printhead is linked to a robotic arm and there is no
in-built base platform. While these models are based on Carte-

Figure 2. Basic structure of a single layer in FFF, comprised of internal
rasters and contours.

sian coordinates, in polar printers the build volume is mapped
out according to a polar coordinate system and the printhead is
connected to a curved arm that swings on a spinning circular base
platform.[27]

Secondly, printing by FFF is relatively clean. Since the feed-
stock material is a filament, FFF mitigates the potential safety,
occupational and environmental issues related to working with
powders, especially micron- and sub-micron-sized ones[10,28,29]

(however, powders and additives may be required in experimental
materials and composite filaments. Additional detail regarding
safety issues in FFF is provided below in a dedicated section—
Section 7.3). Moreover, FFF does not require organic solvents,
nor does it involve the presence of sticky resins or inks. If the
object is properly designed for FFF printing, the waste mate-
rial originated from removable supports is limited and, in prin-
ciple, defective parts from failed jobs can be recycled.[30–32] The
assessment of particulate emission and volatile organic com-
pounds (VOCs) is presently the subject of research, since addi-
tives may lead to the release of noxious substances in the temper-
ature range typically required for printing by FFF.[33] However,
for most feedstock materials, especially poly(lactic acid) (PLA)
which is bio-based and low melting (thus requiring a relatively
low printing temperature), a well-ventilated place may suffice to
work safely, although the safe operating instructions are differ-
ent for each material and should be carefully considered before
printing.[34,35]

FFF is very versatile, since it is compatible with a wide range
of thermoplastic-based materials.[36] Although this requires ad-
ditional equipment, FFF can also be the starting point to obtain-
ing fully inorganic parts.[37] To this aim, an FFF printer is used
to print a green part starting from a composite feedstock mate-
rial with a very high filler loading (“shaping”). Then, the polymer
matrix is removed by thermal, chemical, or catalytic routes (“de-
binding”) and, finally, the green object is “sintered” to consoli-
date the inorganic filler into a solid part. Accordingly, this three-
step workflow is often called “shaping, debinding, and sintering”
(SDS). However, it is worth mentioning that SDS is a very gen-
eral term that encompasses all different shaping techniques that
can include injection molding (e.g., ref. [38]) and profile extru-
sion (e.g., ref. [39]) when dealing with thermoplastics, as well
as other material extrusion-based AM methods leading to fully
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inorganic parts,[40] or even AM techniques based on photosen-
sitive resins like vat photopolymerization (VPP),[41] and binder
jetting.[42] Historically, the names “fused deposition of ceramics”
(FDC) and “fused deposition of metals” (FDMet) have been very
common in the literature regarding FFF,[40] and the term “metal
fused filament fabrication” (MFFF, MF3, or MF3) is also gaining
popularity to describe FDMet (e.g., refs. [43, 44]).

FFF is suitable for multi-material printing.[45,46] Nowadays,
most professional printers, as well as many desktop printers,
come with two (or more) nozzles, which makes it possible to si-
multaneously process two (or more) feedstock materials. For ex-
ample, one nozzle can be dedicated to the main structural mate-
rial, and the second one to the support material. Otherwise, two
structural materials can be co-printed in order to impart different
colors or different functional properties (e.g., electrical conduc-
tion/insulation) to selected areas of the same object. Advanced
equipment may also come with multiple nozzles for extended
materials options.[47,48]

Recently, FFF has proved to be a viable technique for 4D print-
ing, which, according to the original definition formulated by
Prof. Tibbits, is a “new process that demonstrates a radical shift in
additive manufacturing. It entails multi-material prints with the
capability to transform over time, or a customized material sys-
tem that can change from one shape to another, directly off the
print bed”.[49] In practice, time is the fourth dimension (hence,
the name "4D printing") that adds a new degree of freedom over
conventional 3D printing[50,51] and imparts new stimuli-activated
functional properties.[52] Many routes have been successfully at-
tempted to enable responsiveness over time of FFF parts, includ-
ing printing of smart polymers and composites, multi-material
printing of materials having a controlled thermo-dilatometric
mismatch, and single-material printing of specially designed ar-
chitectures whereby the local response is controlled through the
raster orientation.[53]

Generally speaking, 3D printing is revolutionizing the exist-
ing paradigms in manufacturing because building up a part by
means of the selective addition of material paves the way for un-
precedented freedom in geometry and customization.[54] On top
of this, FFF is one of the few AM techniques capable of fabri-
cating hollow parts.[55] Although very large or complicated cav-
ities may require support structures,[56] the ability to print hol-
low parts is key to producing advanced components that leverage
the presence of engineered cavities, such as the honeycomb of
lightweight sandwich structures.[57] Also, inter-connected pores
are fundamental structural features of scaffolds for biomedical
applications, especially for bone tissue engineering. Scaffolds are
highly porous structures intended to support the spontaneous
healing processes of natural tissues, or to create a 3D environ-
ment for in vitro tests and cultures. Large (around 300 μm) and
interconnected pores are needed to allow for cell migration, re-
vascularization, and removal of physiological by-product.[58,59]

Whereas conventional processing methods control the scaffold’s
porosity on average terms (average porosity, average pore size,
average pore-to-pore opening size), the adoption of AM makes
it possible to produce and consistently repeat the exact porous
structure that is needed for a given application and, if required,
to mimic the anatomy of the patient.[60]

The capability of FFF to deal with hollow structures is con-
ducive to the development of parts with a sparse infill pattern.

Figure 3. Example of a part printed with a sparse infill pattern. While the
object looks fully solid as seen from outside, the interior is mostly hollow,
with few internal walls that bridge the external surfaces and give strength
to the structure.

Whereas structural components should be fully solid to with-
stand load-bearing functions, non-structural parts can be printed
leaving a gap between adjacent rasters or even with internal void
patterns, which is helpful to reducing material’s usage, part’s
weight, and residual stresses, while maintaining the visual ap-
pearance of the printed object. Figure 3 shows an example of
a simple part printed with a sparse infill pattern. Reducing the
infill degree lowers the tensile properties, including tensile stiff-
ness and strength, of the printed part.[61,62] However, according to
experimental results reported under flexural load,[63] there is not
a linear correlation between infill degree and flexural strength,
which means that the properties of a part printed with, for exam-
ple, a 60% infill degree will likely exceed 60% of the properties
of the same part built with a 100% infill degree. Moreover, it has
also been observed that working with infill degrees lower than
100% and combining them with solid layers with 100% infill de-
gree on top and below (thus obtaining sandwich panel-like struc-
tures) allow designers to keep the weight down and simultane-
ously maintain the flexural strength of FFF printed specimens.[64]

According to the results of the combined analytical–experimental
model developed by Phan et al.,[65] the apparent bending strength
of FFF parts, namely the bending strength calculated as a func-
tion of the nominal cross sectional area, is deeply affected by the
infill degree. Intuitively, the apparent bending strength becomes
lower as the raster gap is increased (which corresponds to having
lower infill degree). However, although this may seem counterin-
tuitive, the strength of the bond established between subsequent
layers increases as the raster gap is increased. This means that, if
the raster gap is increased, the contact area between subsequent
layers is reduced, but the intrinsic strength of the bond devel-
oped within this contact area is improved as a consequence of the
different thermal history experienced by the printed rasters.[65]

Last, the strength of FFF parts can be enhanced through the ap-
propriate design of the raster pattern.[66] In other terms, the cor-
rect choice of the infill degree (which defines how much mate-
rial is printed) and pattern (which dictates where the material is
printed) allows the performance-to-weight ratio to be maximized.

An additional advantage is that FFF is comparatively affordable
with respect to other AM systems. For example, a selective laser
sintering (SLS) printer for polymer-based feedstock typically ex-
ceeds 40000 USD, whereas a desktop FFF printer may cost just
a few hundred dollars.[67] FFF printers for industrial usage are
more expensive than do-it-yourself (DIY) ones and the invest-
ment cost conceivably increases with the introduction of special
features such as a heated base platform or an enclosed build vol-
ume. However, it has been proven that, if the printing parameters
are properly tuned, the quality (e.g., tensile properties) of polymer
parts built under normal conditions with prosumer printers may

Macromol. Mater. Eng. 2022, 307, 2200197 2200197 (3 of 40) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202200197 by U

niversity M
odena, W

iley O
nline L

ibrary on [29/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.mame-journal.de

Figure 4. Radar chart comparing relevant features of some common FFF
materials, including poly(lactic acid) (PLA), acrylonitrile-butadiene-styrene
(ABS), polyamide 6 (PA6, or nylon 6), polycarbonate (PC), thermoplastic
polyurethane (TPU). The graph accounts for printing-related properties
(ease of printing and visual quality), tensile behavior (tensile modulus,
ultimate stress, and elongation at break), impact resistance, and thermal
stability (through the heat deflection temperature, HDT, at 66 psi = 0.46
MPa).

compete with industrial benchmarks produced with professional
equipment.[68–70]

3. Materials Development for the Advancement of
FFF

AM is widely recognized as a driving force of the Industry 4.0
revolution, as it sits at the intersection of smart production sys-
tems and virtual prototyping.[71] In particular, owing to its numer-
ous advantages, nowadays FFF is very common both in academia
and in industry, where it is progressively transforming the ap-
proach to manufacturing. Even hobbyists appreciate it. However,
the advancement of FFF from being a “rapid prototyping tool”
to becoming an “industrial manufacturing method” is being de-
layed by the limited functionality of thermoplastic materials that
are conventionally processed in FFF.[72] The radar chart in Fig-
ure 4, which has been completed according to the material data
sheets of commercial FFF feedstock materials[73] and accord-
ing to information available online[74–76] and in published scien-
tific papers,[15,77,78] provides a comparison of the main features
of some common FFF materials, including PLA, acrylonitrile-
butadiene-styrene (ABS), polyamide 6 (PA6, or nylon 6), poly-
carbonate (PC), and thermoplastic polyurethane (TPU). Informa-
tion about other thermoplastics that are processed by FFF can
be found in other sections (for example, polycaprolactone (PCL)
in Section 5.4, poly-ether ether ketone (PEEK) and poly-ether ke-
tone ketone (PEKK) in the same Section 5.4, and polyhydroxyalka-
noate (PHA) bioplastics in Section 6.6), whilst Figure 18 in Sec-
tion 6.3 summarizes the tensile stiffness and strength of parts
fabricated with numerous commercial filaments.

For example, PLA is the easiest material to print by FFF and,
apart from technical polymers such as PEEK or PEKK, is also one
of the stiffest, having a Young’s modulus around 3 GPa.[79] How-
ever, PLA is very brittle, which prevents it from being applied for

Figure 5. Oftentimes, printing requirements and functional needs follow
opposite trends and a delicate balance must be reached. For composite
materials, increasing the filler loading may help to potentiate the targeted
functionality (for example, electrical conductivity), but it may also hamper
the original printability of the thermoplastic matrix.

structural purposes. Also, like the greatest part of thermoplas-
tics, PLA is not electrically conductive, which is a hindrance to
the development of 3D printed circuitry, electronic, and robotic
devices. PLA is not thermally conductive, and this impedes the
production of thermal exchangers or other components, such as
molding tools, that require efficient heat dissipation.[80] Although
it has been “generally recognized as safe” (GRAS) by the Amer-
ican Food and Drug Administration (FDA),[81] PLA is not able
to promote bone growth, which would be required for the de-
velopment of bone implants and porous scaffolds for bone tis-
sue engineering.[82] This explains the attention that scientists
and researchers are paying to composite feedstock materials,
whereby the addition of appropriate fillers may impart new func-
tionality. For example, the addition of bioactive fillers to a PLA-
based matrix is a well-established procedure to prepare bioactive
composites,[83] with an ever-increasing number of examples in
relation to 3D printing.[84–86]

The adoption of FFF in areas of strategic importance like
biomedicine, defence, robotics, aerospace and aeronautics, trans-
port, and civil engineering is thus jeopardized by the deficiency
of adequate materials for the industrial manufacturing of devices
capable of real-world functionality.[10,72,87–89] Driven by growing
industrial needs and prompted by the expiry of relevant patents
in 2009,[90] research in novel materials for FFF has been flourish-
ing over the past 10 years, with hundreds of papers being pub-
lished annually. Great attention has been paid to advanced poly-
mers, polymer blends, and polymer-matrix composites with em-
bedded functionality.[91] However, the development of new print-
able materials remains very challenging because, in spite of its
apparent easiness, FFF actually poses numerous, and often con-
flicting, materials requirements. In this regard, it is important
to point out that, in order to be appealing to the market, any
new feedstock material should be compatible with standard FFF
printers or, at least, should require minimum adjustment of the
printing hardware.[19] However, as sketched in Figure 5, in many
cases printability and functionality follow opposite trends. For ex-
ample, the electrical conductivity of thermoplastic-matrix com-
posites usually increases with higher filler loadings, whilst the
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printability decreases due to the altered mechanical and rheolog-
ical properties of the matrix (with the ratio between compressive
modulus and viscosity playing a critical role for printability as
further discussed in Section 5.2), and due to the higher risk of
clogging the print nozzle upon printing.

Ultimately, a clear understanding of materials requirements
in FFF is crucial to directing research in new materials that are
easy to print and, at the same time, apt to address specific func-
tional needs.

4. Filament Production

Commercial feedstock for FFF is available in filament form, with
the standard diameter being either 1.75 or 2.85 mm. Filaments
come as spools typically weighing between 300 g and 2 kg. In
order to compete with existing products, new materials for FFF
should be easily processed into filaments having similar prop-
erties. However, this poses numerous challenges in terms of
production volume, extrudability, filament size (diameter and
length), and spoolability.

4.1. Production Volume

Upon developing a new material for FFF, the first issue to tackle
is the production volume. Whereas experimental materials are
often formulated in small batches, the fabrication route should
be affordable and viable for industrial scale-up. This may be rela-
tively straightforward for neat polymers, but becomes more chal-
lenging for advanced materials and especially for composites.
This also results in different costs. For example, PLA filaments
for DIY generally cost between 25 and 50 USD kg−1, but high end-
use materials (for example, special electrically conductive PLA-
matrix composites) may be much more expensive and exceed
2000 USD kg−1.

Presently, there are two main methods for obtaining con-
tinuous fiber reinforced parts. According to the dual nozzle
method, a neat polymer filament and a polymer-impregnated
fiber-reinforced filament are fed and printed through two sep-
arate nozzles (or printheads). According to the in-nozzle impreg-
nation method, the fibers are fed into the liquefier, where they be-
come impregnated with the molten polymer and then printed. In
both cases, special extrusion and printing equipment is required
for processing continuous fiber-reinforced filaments.[13,92,93]

Conversely, filaments with discrete fillers, if properly fabri-
cated, can be processed on any standard printer. There are three
main approaches to producing thermoplastic-matrix composites
with discrete fillers, namely: i) in situ polymerization, ii) solvent
mixing, and iii) melt compounding.[94,95] The in situ polymeriza-
tion method implies to disperse the filler in the liquid monomer,
and then to initiate and drive the polymerization reaction in the
presence of the filler’s particles, that may act as catalyzers for the
on-going reaction. In solvent mixing, the polymer matrix is dis-
solved in an appropriate solvent that does not affect the filler. The
filler is then added into the polymer solution. The filler can be ei-
ther in the dry state or, more commonly, preliminarily dispersed
in a liquid medium that may be or may be not the same solvent
used for the matrix. As for melt compounding, the filler is mixed
into the molten (or, strictly speaking, heated until soft, if the

thermoplastic is amorphous) matrix by shear stresses exerted by
the action of an extruder or of an internal mixer.[95]

Out of these three possible approaches, in situ polymeriza-
tion is most rarely seen in the literature regarding FFF, because
controlling the polymerization reaction in large volumes may
be cumbersome.[82] Owing to the presence of the solvent act-
ing as liquid carrier, solvent mixing, especially if assisted by (ul-
tra)sonication, can be extremely effective in breaking down ag-
gregates and achieving a uniform filler distribution.[96,97] How-
ever, substantial amounts of solvent would be required for large
scale production. Also, the complete removal of any residue of
solvent after mixing is an energy-consuming process. As a conse-
quence, solvent mixing is mainly used in FFF for the production
of masterbatches.[82] According to the masterbatch technique, a
small volume of composite having a high filler loading is first
obtained by solvent mixing or by melt-compounding and then
diluted to the targeted (lower) concentration by melt compound-
ing with additional neat polymer matrix. This approach has been
demonstrated both with micron-sized fillers (for example, ZnO
micro-particles[98]) and with nano-sized fillers (for example, car-
bon nanotubes, CNTs[99]). In order to improve this two-stage pro-
cess, it is a good practice to start with a low viscosity grade of the
thermoplastic matrix, and then dilute this with a higher viscosity
grade of the same thermoplastic.[100]

Melt compounding is ultimately the preferred way of produc-
ing composite feedstock for FFF. Since the material must be ex-
truded into a filament, the easiest option is to melt compound
filler and matrix inside the extruder directly, so that compound-
ing and extrusion can be completed in a single step. Twin-screw
extruders are typically run to this purpose on account of their
good mixing ability.[101] Sometimes, dry polymer and filler can be
physically pre-mixed in a low energy stirring mixer or in a plastic
bag.[102] However, this may be not sufficient to break down the
aggregates and distribute the filler properly. The mechanical pro-
cessing of powder mixtures by ball milling is known to be very
effective to induce intimate mixing through repetitive plastic de-
formation and to reduce the size of particle aggregates.[103] The
effectiveness of ball milling prior to extrusion has been demon-
strated, for example, by the flexible strain sensors printed by
Yang et al.[104] Matrix and filler can also be pre-mixed by solvent
mixing,[102] as seen before. Alternatively, pre-mixing can be com-
pleted by melt compounding in an internal mixer, whose cham-
ber is designed to promote a very fine and even distribution of
the filler.[105] Although it has been proven that the mixing ability
of twin screw extruders may exceed that of internal mixers,[106]

pre-mixing in an internal mixer may be convenient if the twin
screw extruder does not have feeding units for all the ingredi-
ents used in the compound. Critical materials that are difficult to
compound may be extruded two (or more) times, with the first
extrusion cycle(s) acting as pre-mixing step(s).[107]

Sometimes, unfavorable reactions may take place between the
filler and the matrix upon mixing. For example, some fillers such
as ZnO are known to trigger the thermal degradation of PLA.[98]

Whilst the easiest option would be to change the matrix or the
filler, sometimes this is not possible, because composite materi-
als are conceived for combining specific attributes of each con-
stituent phase to meet demanding service requirements (for ex-
ample, the antimicrobial properties of ZnO with the biocom-
patibility and ease of printing of PLA[82,108] in order to produce
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patient-specific biomedical devices with limited risk of infection
transmission). Under these circumstances, special measures (for
example, adjusted processing parameters to minimize the res-
idence time at high temperature, or a surface treatment of the
filler’s particles[82]) should be put in place on a case-by-case basis
to mitigate the side effects.

4.2. Extrudability

The key step in the manufacturing of FFF feedstock is producing
a filament with the correct diameter over a sufficient length. This
point is sometimes overlooked in the literature, maybe because
it is considered trivial, however, the capability of being formed
into a filament is actually a crucial requirement that significantly
narrows down the range of materials suitable for FFF. For ex-
ample, thermoplastic-based materials can be extruded into fil-
aments, whereas common thermosets cannot. Metal filaments
can be easily produced by wire drawing. Conversely, most ceram-
ics are not capable of being formed into very long filaments, al-
though there are some exceptions. For example, glass-based op-
tical fibres may be hundreds of metres long, but the diameter is
usually some tens of microns,[109] which is therefore around one
order of magnitude smaller than the standard diameter of fila-
ments for FFF.

Thermoplastic-based filaments are typically produced via ex-
trusion. Piston extrusion, which allows for fabricating filaments
in small quantities, is used for trial runs only. Screw extrusion, ei-
ther with a single-screw extruder or with a twin-screw extruder, is
used for continuous filament production. Twin-screw extruders
are more efficient in mixing, whereas single-screw extruders ex-
ert a higher extrusion pressure that enables a high and constant
throughput.[15,101,110–112]

In order to be extrudable, thermoplastic materials should ful-
fil some basic requirements. First of all, they should be capable
of being melt processed. As for the processing temperature, the
extrusion temperature for most polymers should be around 20–
40 °C higher than the glass transition temperature. The poly-
mer should be able to withstand the processing temperature
without degrading for the whole duration of extruding.[113] An-
other important parameter is the so-called melt strength, which
is the maximum stress required to break the extruded strand
of material. In practice, melt strength is an engineering mea-
sure of the resistance to stretching (extension). For this reason,
melt strength is often assimilated to extensional viscosity,[114]

as they similarly depend on the resistance to untangling under
strain.[115] The properties that govern the resistance to untan-
gling are the molecular weight, the molecular weight distribu-
tion, and the molecular branching of the polymer. As each prop-
erty increases, the melt strength also increases.[116,117] Branching
is particularly important, as linear chains can disentangle more
easily than branched ones when a strain is applied.[116,118] Having
a high melt strength is key for extruding, as it avoids drawdown
and sagging at the spinneret exit[116] and enables the material to
be stretched more and result in a stronger extruded part.[118]

Whilst extruding neat polymers is a well-established proce-
dure, the presence of a filler unavoidably changes the thermal
and rheological properties of the matrix, sometimes with con-
trasting effects.[10] Much attention should be paid to prevent

the filler from aggregating and to promote a uniform distribu-
tion, which are pre-requisites for achieving high-quality printed
composites.[119] Although the diameter of the spinneret required
for extruding FFF filaments is relatively large, in principle filler
aggregates, if bulky, may cause blockage.[120] Other issues that
may occur upon extruding composite filaments for FFF include
the wear of the screws, the barrel and the spinneret due to the
abrasive action of hard fillers, the fracture of brittle fillers hav-
ing a high aspect ratio, and the loss of material because of the
filler being thermally decomposed (especially vegetable fillers) or
stuck onto the internal surfaces of the extruder (especially inor-
ganic fillers).[107,121–124]

4.3. Filament Geometry: Diameter and Length

To be printable, filaments must have a perfectly round cross sec-
tion with a consistent diameter, ideally corresponding to the stan-
dard sizes available in the marketplace.

Due to shear-induced molecular orientation, extruded poly-
mers may experience a differential shrinkage, which may ulti-
mately lead to an oval cross section of the filament. Especially
in experimental settings, a filament that does not have a per-
fectly round cross section may be still printable, but the quality
of the printed part will suffer if the cross section is not constant
throughout the length of the filament, as this may cause inhomo-
geneous deposition of material upon printing, or even interrupt
the printing job.[125]

The scientific literature is accomodating in terms of filament
diameter, since large variations may be accepted for small-scale
production and proof-of-concept research, with deviations that
may reach 19% from the nominal value.[126] However, if indus-
trial filaments are considered, the tolerance is very tight, since
commercial printers use filaments with a diameter of either 1.75
± 0.1 or 2.85 ± 0.1 mm.[127] If the filament is too thin, the feeding
mechanism is unable to pinch it properly and, once the filament
is inside the printhead, the mismatch between filament and liq-
uefier wall creates a gap that hinders heat transfer. Conversely,
if the filament is too thick, the feeding mechanism is likely to
clog. Also, changes in the filament diameter cause under- or over-
feeding and, ultimately, impair the print quality.[128,129]

The obtainment of a consistent diameter corresponding to the
nominal value largely depends on the correct set-up of the extrud-
ing apparatus, including any potential ancillary units like the wa-
ter (or ice) bath or fans utilized to cool down the filament at the
exit of the spinneret, or the winding system run to spool the fil-
ament and, at the same time, to draw it to the desired size.[126]

However, the intrinsic properties of the material being extruded
are equally important. A fundamental requirement is that the
material must be heated to the right viscosity to smoothly flow
through the spinneret. Although the viscosity limits should be
exactly defined for individual systems as a function of the specific
equipment and materials in use, a viscosity of 10000 Pa s can be
considered as the upper limit for screw-based extruders. Above
this threshold, the torque may become excessive and damage the
extruder.[124] On the opposite end, Zavrel et al.[124] observed that
PCL-hydroxyapatite composite filaments became too sticky and
unable to hold their shape after leaving the spinneret when the
viscosity became lower than 5000 Pa s.
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Figure 6. After leaving the nozzle tip, the diameter of the extrudate, D2,
increases over the nominal diameter of the orifice, D1, due to the recovery
of the elastic deformation. This phenomenon is generally known as “die
swelling” effect.

At the exit of the extruder tip, all materials experience the so-
called “die swelling effect,” which is an increment in diameter as
a consequence of the recovery of the elastic component of the de-
formation that the material receives while transitioning through
the die.[130] According to the symbols in Figure 6, the actual diam-
eter of the filament, D2, is thus larger than the nominal opening
of the die, D1, and the swelling ratio, S, quantifies this difference
as:

S =
D2

D1
(1)

Polymers with a high degree of branching and a high molecu-
lar weight are more “elastic,” meaning that they have higher relax-
ation times, and this leads to more pronounced die swelling.[131]

The swelling ratio typically ranges between 1.05 and 1.30 for the
greatest part of thermoplastic materials relevant to FFF.[129] In
this regard, it is interesting to note that the addition of a filler, es-
pecially if inorganic, is expected to limit the polymer chain mobil-
ity and hence the elastic recovery. This stabilizes the diameter of
the extrudate, reduces the swelling ratio and facilitates the pro-
duction a tightly controlled filament.[132,133] Intuitively, a longer
residence time in the die will help relax the stored deformation
energy. For this reason, the swell ratio may be reduced by reduc-
ing the shear stress and shear rate. Similarly, the swell ratio de-
creases with a rise of temperature. If the applied load and tem-
perature cannot be changed, the die swelling effect decreases if
the die diameter is reduced, or if the die length-to-diameter ratio
is increased.[134] Working with a spinneret diameter smaller than
the targeted diameter may be a practical strategy to counteract the
die swelling effect. Otherwise, the diameter of the extrudate can

be monitored and corrected through calibration units, adjusting
haul off and winding speed.

Whereas this stabilizing effect is certainly advantageous, a pro-
cessing issue with composite feedstocks may come from the so-
called “wall slip phenomenon.” Even if the mixing action of the
extruder produces a homogeneous distribution of the filler in the
barrel, the rigid filler is unable to adapt to the wall of the nozzle
tip as effectively as the neat polymer does. The filler’s particles
are pushed back to the core of the filament, while a slip layer of
neat polymer appears at the wall boundary. Wall slip has been
defined as “ubiquitous” in rigid particle dispersions.[135] Though
not ideal for the achievement of parts with a uniform filler distri-
bution, the wall slip phenomenon (which occurs again through
the print nozzle) may be tolerated for FFF purposes, provided
that the inter-bead and inter-layer bonding mechanisms in the
printed part are not impaired.[136]

The filament length is another critical feature. For example,
the length of a standard 2 kg spool of PLA (density: 1.25 g cm−3

[137]) is nearly 670 m. As a prime requirement, this entails the
ability of the material to be consistently extruded into a hundreds-
of-metres long filament without breaking or clogging. Addition-
ally, the successful fabrication of a commercial filament also de-
pends on the ability of the filament to be bent and wound on
a reel, namely on its “spoolability” (sometimes, also referred to
as “windability”). Otherwise, handling the filament would be un-
practical.

4.4. Spoolability and Mechanical Behavior of the Filament

For the sake of practicality, commercial filaments are available
as spools, which can be either loose spools for small-scale print-
ers or spool-like cartridges for large-scale (industrial) printers.[129]

At the exit of the spinneret, the freshly extruded filament is
usually cooled down to “freeze” its diameter and then immedi-
ately wound on a reel. On professional extrusion lines, the wind-
ing unit is often coupled with a laser calliper and the spooling
speed/traction force are continuously adjusted to control the fil-
ament diameter.

Although standard thermoplastics like PLA and ABS are rela-
tively easy to handle, special polymers and composite materials
may become brittle due to the presence of additives and fillers,
and hence prone to breaking upon spooling and de-spooling.
Whereas the standard size (internal diameter) of commercial
spools can range from 5 to 10 cm, sometimes larger spools can
be used to accomodate special filaments that are easy to break.[10]

For research purposes, filaments that are too brittle to be spooled
can be fed manually into the printer, one segment at time.[138]

However, this procedure is incompatible with the need for au-
tomation that is a driving force in modern manufacturing. Also,
the physical gap between subsequent segments is likely to trig-
ger print defects. As a rule of thumb, it has been suggested that
a material should have a minimum strain at yield of around 5%
under tensile load in order for the filament to be spoolable.[139]

Spoolability becomes critical for composite filaments with a
high filler loading, especially those for SDS, since the presence
of a very high concentration of inorganic particles drastically lim-
its the pliability of the filament. Achieving an even distribution
of the filler in the polymer matrix is generally recognized as a
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pre-requisite for enabling the extrudability as well as the spoola-
bility of composite filaments for SDS.[140] The pre-mixing strategy
plays a key role in this regard. For example, Hasib et al.[102] inves-
tigated the behavior of feedstock materials for SDS made of pul-
verized PLA pellets and Ni-Cu gas-atomized powders. The pulver-
ized polymer and the inorganic filler were either physically pre-
blended in a plastic bag, or solvent mixed in dichloromethane,
and then extruded in a single screw extruder. After solvent mix-
ing, the composite material could be extruded and spooled until
the filler loading reached a maximum value of 62 vol%. Increas-
ing the filler loading above this threshold led to extrudable but
not spoolable materials. Above 63.4 vol% the composite could
not be extruded anymore. As a term of comparison, physically
pre-mixed materials could be extruded and spooled up to 43 vol%
of filler loading, and remained extrudable but not spoolable up to
54 vol%.[102] This substantial difference was tentatively attributed
to the fact that the physically pre-mixed feedstocks are prone to
slippage at the high shear rate experienced while flowing through
the extrusion die, which undermines the extrusion quality. Con-
versely, it was postulated that the action of dichloromethane in
the solvent mixing step may weaken the secondary bonds be-
tween the macromolecules of the PLA matrix, which makes it
possible for the polymer chains to disentangle more easily under
shear and, thus, to form a larger contact area to the extruder walls
with better adhesion.[102] In addition to this flow-related mecha-
nism, another possible reason for the limited extrudability and
spoolability observed after physical pre-mixing may be the differ-
ent particle size of the pulverized polymer pellets (in the 2–4 mm
range) and the gas atomized metal powders (having a median
particle size of 62.4 μm) causing a size-driven separation upon
shaking due to granular convection (Brazilian nut effect).[141]

Although this may cause a lower stiffness, the addition of
plasticizers or thermoplastic elastomer (TPE) compounds may
be necessary for improving the handleability of highly-loaded
filaments.[119] In their investigation for new materials for the 3D
printing of battery cells, Maurel et al.[142] observed that the total
amount of filler within the filament should not exceed about 30
vol% when neat PLA is used as the matrix, whereas the filler load-
ing may be increased to about 50 vol% with the introduction of a
convenient plasticizer.

In order to mitigate the potential issue of breaking upon un-
spooling, commercial filaments for SDS often need to be pre-
heated prior to printing. Increasing the temperature to a value
close to the glass transition temperature of the main component
of the polymer binder enhances the molecular chain mobility and
augments the filament flexibility.

At present, there exists no standard method for quantifying the
spoolability of a filament. Hasib et al.[102] defined the spoolability
of a 2.85 mm filament as the “ability to wind at least 12 ft long uni-
form filaments in a 100 mm diameter spool without any break-
age due to brittleness/stiffness,” but they recommended to adjust
this criterion according to the spool diameter and to the tempera-
ture of the filament during winding. Alternatively, bending tests
may be useful to investigate the ability of the filament to be bent
without breaking, which is informative about its spoolability.[143]

In this regard, Wu et al.[143] designed a special testing equipment
to measure the ability of the filament to be bent and thus to be
coiled/uncoiled. The functioning mechanism is explained in Fig-
ure 7. Wu et al.[143] observed that commercial ABS filaments are

Figure 7. Experimental rig to compare the spoolability of experimental FFF
filaments to commercial ones, as proposed by Wu et al.[143]

usually supplied on a spool with an internal radius of 4.5 cm.
In order to verify whether experimental filaments may be able to
match the ability to be bent of commercial reference filaments,
Wu et al.[143] prepared 26.5 ± 0.5 cm long filament samples, and
then clamped the ends of each sample in two holders that enabled
the rotation in the vertical (X–Z) plane as the only permitted de-
gree of freedom. Then, one holder was fixed as the “origin” at X
= 0 cm, whereas the other holder was moved smoothly along a
rail in the X direction from the X = 26 cm coordinate toward the
origin. The sliding speed was kept constant at 4.7 cm s−1. Upon
testing, as the sliding holder approached the fixed holder, the fil-
ament sample progressively bent in the vertical plane until fail-
ure. The process was digitally filmed normal to the vertical plane
and the frame at the point of failure was elaborated to determine
the radius of curvature, R, by best fitting the sample’s shape to a
dome and applying the equation

R =

(
d
2

)2
+ h2

2h
(2)

where d is the diameter of the dome and h is the distance from
the base to the highest point of the dome. Wu et al.[143] recom-
mended to compare the curvature radius to that of commercial
ABS filaments, which was around 4.5 cm.

In addition to spoolability tests, various mechanical character-
izations have been proposed in the literature as a tool for pre-
liminarily screening the printability of new materials for FFF.
This topic is extensively discussed in the area of “3D pharming,”
which explores the feasibility and potential benefits of applying
3D printing to personalized therapeutics.[1,16,144–146] As pointed
out by Naserredin et al.,[147] extrusion has long been used in the
fabrication of traditional oral dosage forms, such as tablets. How-
ever, according to the traditional procedure, the extrudate must
be broken down to pellets, or to fine particles, for subsequent pro-
cessing, which is typically accomplished by compression. For this
reason, extrudable materials for pharmaceutical applications are
often brittle, because this reduces the time and energy required
for milling them. However, brittle materials are unsuitable for
FFF, since they are likely to break when handled or fed into the
printer.[147] Predicting whether a filament can be printed or not
before actually feeding it into the printer is particularly important
in 3D pharming, since filaments are often loaded with expensive
pharmaceutical ingredients and any blockages in the printhead
may cause substantial material waste. Moreover, the feedstock
material may become contaminated.[147,148]

Macromol. Mater. Eng. 2022, 307, 2200197 2200197 (8 of 40) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Naserredin et al.[147] run mechanical tests on a custom-made
texture analyzer that measured the filament’s response under a
compress-and-release cycle, and recorded a plot of the force (due
to the filament opposing the applied deformation) as a function
of the compression distance. After normalizing the data, it was
possible to observe a close correlation between the filament’s
behavior under axial compression and its printability, since all
the filaments that experienced brittle failure upon testing could
not be printed (“brittle filaments”). Vice versa, all printable ma-
terials deformed under compression, but then recovered when
the axial force was removed (“pliable filaments”). Interestingly,
Naserredin et al.[147] also pointed out the existence of a third class
of filaments, that could not be either tested or printed because too
flexible and prone to collapse under their own weight (“string-like
filaments”).

Zhang et al.[149] proposed to verify the “stiffness” (defined as
the “breaking stress”[149]) and the “brittleness” (defined as the
“breaking distance”[149]) of filaments for FFF on a small-scale
3-point bending test apparatus, using 5 cm long filament seg-
ments as the test specimens. According to a modified testing pro-
tocol named “Repka–Zhang method”, the “flexibility” (namely,
“the tolerance of the filament to bending without breaking”[150])
and the “toughness/brittleness” (namely, “the breaking of the
filament without significant plastic deformation, when the fil-
ament is subjecte to loading”[150]) of the filaments were mea-
sured with the same small-scale bending test system used by
Zhang et al.,[149] whilst the “stiffness” (namely, “the load re-
quired to achieve a certain deformation”[150]) was determined
with a slightly different experimental set-up, where the support-
ing blades were replaced with a flat metal surface and the moving
blade gradually penetrated the filament sample until the defor-
mation reached a maximum value of 35%.[150] Following the orig-
inal terminology of the Repka–Zhang method, Zhang et al.[150]

observed that, if intended for standard usage in a variety of FFF
printers, filaments should have adequate flexibility (breaking dis-
tance: 0.61 mm), toughness (breaking stress: 635.5 g mm−2), and
stiffness (20,758.3 g mm−2).

Ultimately, Xu et al.[148] combined the methodologies already
proposed by Naserredin et al.[147] and by Repka–Zhang[150]

and reached the conclusion that the “toughness/brittleness”
of a filament is the most accurate parameter for predicting
its printability. It was demonstrated that a minimum tough-
ness of 80 kg mm−2% was required for printing on a Prusa
I3 MK3S machine, thus identifying the process window of
this printer.

Though interesting to the aim of filaments’ screening, unfor-
tunately the approaches described by Naserredin et al.,[147] Zhang
et al.,[149,150] and Xu et al.,[148] require the usage of special testing
rigs, whereas conventional measurement systems, such as uni-
versal testing machines or bending systems, might be more read-
ily accessible. As further discussed in Section 5.2, some equa-
tions are available that predict the printability of a material as a
function of its compressive elastic modulus and its viscosity at the
printing temperature. This avoids the need for special rigs, since
a universal testing machine to perform mechanical tests and a
rheometer, preferably a capillary one, to determine the rheolog-
ical behavior may suffice to acquire the required experimental
input (as demonstrated, for example, in the contribution by Leng
et al.[151]).

Besides the mechanical requirements mentioned so far, also
surface roughness becomes critical when experimental materi-
als come into play.[149] For example, individual fillers or aggre-
gates may cause bulges on the filament surface,[143] or shark-
skin instabilities may occur especially under high shear rates.[152]

Some authors advice that having a smooth surface, as typically
observed with commercial filaments, is important to ensure the
correct functioning of the feeding mechanism, which relies on
the filament-gears contact, and the smooth sliding of the filament
through the liquefier entrance.[153] However, there is not a con-
sensus in the literature regarding the roughness level that can be
acceptable for printing. In future studies, it would be interesting
to understand if a roughness limit exists, above which filaments
are not printable anymore, and, in case, if this threshold value is
different for different materials.

4.5. Other Considerations Relevant to Filaments for FFF

It is generally recognized that producing high-quality filaments is
key to printing high-quality parts.[119] As previously mentioned,
for research purposes, filaments can be cut down and extruded
again to remove air bubbles and homogenize the material, espe-
cially if fillers are present.[107] However, multiple extrusion cycles
increase the production time and cost. Also, the repeated action
of heat and mechanical stresses within the extruder is likely to
degrade the polymer and, in case the filament is a composite ma-
terial, damage the filler.[154] This typically results in fiber lengths
that are around one order of magnitude lower than the critical
length required for effective stress transfer from the matrix to
the reinforcement.[155] Additional damage to the filler may also
be induced by the printing process itself, due to the composite
feedstock being forced to flow through the nozzle.[10]

After extruding and spooling, the filament must be conve-
niently stored to preserve its pristine properties. Most polymers,
such as ABS, are sensitive to light and become brittle if exposed
to ultraviolet (UV) rays.[156,157] Many polymers frequently used in
FFF, like PLA and PA, are also prone to absorb moisture from
the environment. When hydrophilic matrices like PLA and PA
absorb water and are melt processed, their degradation will accel-
erate due to hydrolysis (polymer chains break).[158–161] Absorbed
water molecules have a strong plasticizing effect, thus chang-
ing the properties of the filament,[162] and may be released upon
printing and cause bubbling at the print nozzle exit, thus result-
ing in major defects.[163] In this regard, it is important to remark
that, if the filament is a composite system, fillers may affect the
long-term stability of the polymer matrix, for example, promot-
ing moisture uptake (this is the case with many vegetable fillers,
which are also sensitive to humidity[164]) or catalyzing ageing
processes.[165,166] Ultimately, the shelf-life is typically longer for
filaments for FFF than for polymer feedstocks used in other AM
technologies such as PolyJet,[167] however, this largely depends
on the exact material formulation, as well as on the storage con-
ditions, since some additives may be prone to exude or evaporate
from the base polymer.[168]

5. Feeding and Flowing Through the Hot-End

As summarized in the following paragraphs, various analyti-
cal models have been proposed in the literature to describe the
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material flowing through the printhead and thus to predict the
printability of new filaments. Most of them were originally for-
mulated to outline the behavior of materials for SDS, since the
high filler loading typically required to produce fully inorganic
parts pushes the limits of printability. However, these models
can often be extended to neat polymer filaments and to polymer-
matrix composites with a relatively low filler loading, thus of-
fering a valuable aid in directing research in new materials for
FFF and reducing the experimental burden associated to trial-
and-error methodologies.

More accurate information on printability can be obtained
by finite element (FE) simulations and other computational ap-
proaches, with comprehensiveness being the main advantage of
these models. For example, the FE analysis published by Ra-
manath et al.[169] provides a thorough mapping of the temper-
ature distribution, of the pressure drop and of the fluid velocity
along the flow channel for 𝜖-PCL, and accounts for varying noz-
zle angle and nozzle diameter values. However, the exploration
of several design and working conditions may be cumbersome,
is spite of the continuous growth of computational power.[170]

Moreover, the outcomes of computational simulations are case-
specific, meaning that detailed geometric variables and material
properties must be introduced as input data and the predictivity
of the model depends on the accuracy of this information.[169] As
such, computational approaches provide precise information on
the system’s behavior under certain conditions, but it may be dif-
ficult to quantitatively translate the results to different geometries
and materials.

Consequently, combining analytical models and computa-
tional simulations is often required to better understand how the
feedstock material is fed into the hot-end, heated to the right vis-
cosity, and eventually extruded out of the nozzle.[171] In future,
artificial intelligence is expected to enable a deeper comprehen-
sion of the mechanisms and of the influencing parameters in
FFF.[172,173]

5.1. Interaction between Filament and Feeding Mechanism

Based on the feeding mechanism, FFF printers can be grouped
into two main classes. In direct drive printers, the feeding mech-
anism is integral to the printhead. Conversely, in Bowden drive
systems, the filament feed unit is placed away, typically at the
rear of the printer.[174] The printhead of Bowden drive printers
is thus smaller and lighter, which makes it suitable for working
on a larger build surface. Also, the lower inertial forces of Bow-
den drive systems significantly reduce the surface waviness that
is often encountered in parts produced with direct drive print-
ers as a consequence of vibrations (a phenomenon known as
“rippling” or “ghosting” or “ringing”[175]). However, in Bowden
drive printers the filament has to travel a long distance from
the rear of the printer to the printhead. For this reason, Bowden
drive printers are not the optimal choice for processing very flex-
ible and soft materials like TPEs or highly drug-loaded materials
for therapeutics.[148] For the same reason, filaments for Bowden
drive printers often have a diameter of 2.85 mm.[176]

Regardless of the specific configuration of the feeding mecha-
nism of the printer, the filament must possess the right geometry
(roundness and diameter) and the right mechanical properties

to be pinched without breaking between the feeding gears. In
more detail, the feedstock material should not deform plastically
(although minor indents are routinely generated by the contact
between knurled gears and filament[43,177]) nor fracture.[178] The
combination of “longitudinal resistance” and “transverse resis-
tance” to applied loads is sometimes referred to as the “mechan-
ical resilience” of the filament and is useful to comprehensively
assess the resistance to pinching.[149,179]

Since the filament at the entrance of the liquefier works like a
piston on the softened material inside the barrel, a key require-
ment for the filament to be printed is that the force exerted by the
gears in the feeding mechanism, Fgears, must overcome the force
required for extruding the softened material through the nozzle
tip, which is dictated by the total pressure drop in the printhead,
P, and by the cross-sectional area of the filament, Af, according
to[43,177]

Fgears > P × Af (3)

In the past, the rollers of the feeding mechanism were made of
a synthetic rubber such as hypalon or polyurethane. Since the sur-
face of the rollers was smooth, loss of traction could easily occur.
Nowadays, rollers are often replaced with wheels. The drive wheel
is usually made of metal and the surface is knurled or grooved.
This mitigates the risk of slippage and improves the pinching
action, but creates small indents in the filament and may cause
shear-induced failure.[177] According to the theory developed by
Go et al.[177] and further elaborated by Singh et al.,[43] Fgears is
supplied to the filament via the shear stresses, 𝜏shear, that act on
the small area of the filament surface, Ashear, where the cusps of
the drive wheel actually engage the filament, namely

Fgears = 𝜏shear × Ashear (4)

It must be therefore:

Fgears = 𝜏shear × Ashear > P × Af (5)

The filament will fail if the value of 𝜏shear exceeds the shear
strength of the feedstock material, 𝜏⋆. As a consequence of the
viscoelastic behavior of thermoplastic-based materials, 𝜏⋆ de-
pends on the temperature and on the shear rate. However, as
a first approximation, 𝜏⋆ can be related to the ultimate tensile
strength of the filament, 𝜎⋆, according to[43,177]

𝜏⋆ = 𝜎⋆√
3

(6)

In Equation (5), the shear contact area, Ashear, must be evalu-
ated on a case-by-case basis, as it depends on the specific geom-
etry of the teeth of the drive wheel, including their shape, size,
depth, and angle.[43,177] Furthermore, Go et al.,[177] observed that
an inverse relationship exists between maximum transmittable
force and feed rate. This can be attributed to the fact that the
depth of engagement of the knurls into the filament, and thus
Ashear, are greater at slower rates. Ashear is also affected by the
properties of the feedstock material,[43,177] as soft materials are
likely to receive larger indents from the teeth of the drive wheel

Macromol. Mater. Eng. 2022, 307, 2200197 2200197 (10 of 40) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202200197 by U

niversity M
odena, W

iley O
nline L

ibrary on [29/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.mame-journal.de

as compared to harder materials, even if the working conditions
are nominally the same.

Agassant et al.[170] recently pointed out that, strictly speaking,
the pressure acting on the filament is the sum of two terms,
namely the pressure drop in the printhead and the pressure that
is generated in the extrudate as a result of the molten polymer
being sheared between the print nozzle and the substrate. How-
ever, the shear-related pressure at the exit of the nozzle is often
neglected under normal printing conditions. Numerous models
can be found in the literature to estimate the pressure drop in the
printhead, P, and some examples are reported in the Appendix.
According to the calculations developed by Singh et al.,[43] that fol-
low the model originally proposed by Bellini et al.,[180] P is gov-
erned by the geometry of the printhead (that is schematized as
comprising three main areas, namely: i) the liquefier; ii) a conical
section that transitions from the liquefier to the nozzle; and iii)
the nozzle), by the rheological behavior of the molten feedstock,
and by the volumetric flow rate of the material being printed, Q
(more detail in the Appendix). The volumetric flow rate, Q, in
turn, depends on the size (cross-sectional area) of the filament,
Af, and on the feed rate, vf (in [m s−1]). Further, assuming that
the softened material is incompressible, the mass conservation
law (applied at the entrance of the liquefier and at the exit of the
nozzle tip) leads to the relation

Q = Af × vf = Aout × vout (7)

where Aout and vout are the cross-sectional area of the material
flowing out from the nozzle (thus corresponding to the cross-
sectional area of the nozzle tip) and the exit velocity, respectively.

To summarize, what happens is that, under a no-slip bound-
ary condition, as the feed rate increases in order to provide a
higher throughput, the pressure drop in the printhead, P, also
increases. The force required to overcome the pressure drop in-
creases accordingly, until it exceeds the limiting force supported
by the shear contact area, Ashear, of the filament and this results
in print failure. The previous relations allow the limiting shear
force, F⋆, to be determined from the results of tensile tests and
from an image analysis of the shear contact area, Ashear, as

F⋆ = 𝜏⋆ × Ashear =
𝜎⋆ × Ashear√

3
(8)

However, in practical cases, as the feed rate increases, slip wall
phenomena are likely to occur, and this causes a progressive de-
viation of the real printing process from the theoretical model.
Whereas the theoretical model predicts a monotonic dependence
of the force required to overcome the pressure drop on the feed
rate, the required force in practice remains lower than the pre-
dicted value and then drops to zero when slip phenomena pre-
vail. In spite of this deviation, estimating the limiting shear force
is a useful tool to predict the printability of a filament, since print-
related issues and failure are expected to occur once this thresh-
old is exceeded.

As discussed by Bellini et al.,[180] when the flow rate is changed
while printing, especially in the acceleration (at the beginning)
and deceleration (at the end) phases of printing, the system ex-
periences unsteady conditions. The sudden input of new ma-
terial causes a drop in temperature, which in turn increases

the viscosity. Additional pressure P is thus required to main-
tain the flow out from the nozzle. The force exerted by the feed-
ing gears should increase proportionally, as expressed in Equa-
tion (3). However, this causes higher values of the torque be-
ing required from the motor that moves the drive wheel, until
the maximum motor torque is reached. Beyond this point, the
angular velocity remains constants for a certain period of time,
until the nominal temperature and the targeted viscosity are re-
established owing to the increased heat flow rate from the liq-
uefier to the filament (with the temperature of the liquefier be-
ing controlled by a temperature sensor). During this transient,
part of the force generated by the feeding mechanism is actually
used to overcome the friction force, Ffr, between the gears and
the filament,[180] according to

Ffr = ffr × vf ,g

ffr = f0 × vs−1
f ,g

(9)

where vf,g it the velocity at the feeding gears, and f0 and s are
material-related properties.[180]

It has been argued that a more efficient pinching action on the
filament would allow the maximum force capacity of FFF mecha-
nisms to be increased and the transient effects to be minimized,
which would pave the way for faster and more efficient printing.
To this aim, Go and Hart[181] proposed to replace the conven-
tional counter-rotating gears with a co-axial rotating nut to drive a
threaded filament. In this way, a linear relationship would be es-
tablished between feed rate, vf, and angular velocity of the feeding
nut, �̇�, as

vf =
p

2𝜋
�̇� (10)

where p is the thread pitch.[181] However, patents exist on
threaded filaments (for example, US10562227B2[182]). Moreover,
threading the surface would further increase the price of fila-
ments since more complex extrusion lines would be needed.

5.2. From the Feeding Mechanism to the Liquefier Entrance

Venkataram et al.,[183,184] observed that buckling at the liquefier
entrance, as exemplified in Figure 8, is the most common failure
mode in SDS.

According to the model developed by Venkataram et al.,[183,184]

since the pressure at the nozzle exit under most printing condi-
tions is nearly atmospheric, the pressure drop, P, that builds up
through the printhead is the relevant pressure acting on the fila-
ment at the liquefier entrance and potentially causing buckling.
Buckling is thus predicted to occur if this pressure P exceeds the
critical load per unit area (i.e., the critical buckling stress), 𝜎cr,
given by Euler’s formula

𝜎cr =
𝜋2Ec(

L
Rf

)2
(11)

where Ec is the compressive elastic modulus of the feedstock
material, L is the unsupported length of the elastic column un-
der compressive stress, which corresponds here to the distance
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Figure 8. If the compressive stiffness-to-viscosity ratio is too low, the fila-
ment is predicted to experience buckling at the liquefier entrance. (Note:
drawing not in scale.)

between the feeding gears and the liquefier entrance, and Rf is
the radius of the filament. The L/Rf term in Equation (11) repre-
sents the “slenderness ratio” of the filament. For a given printer,
the value of the slenderness ratio is fixed, since it depends on the
size (radius or diameter) of the filament, which is dictated by the
feeding mechanism, and on the geometry of the printer (distance
between wheels and liquefier entrance). However, it is possible to
sidestep the effect of the slenderness ratio by introducing a low-
friction tube, typically in polytetrafluoroethylene (PTFE, Teflon),
to laterally support the filament as it travels from the feeding
mechanism to the liquefier.[185] Implementing a support sleeve
is obviously indispensable for feeding the filament in Bowden-
drive set-ups.[186]

The Euler’s buckling criterion can be calculated with different
formulas according to different boundary conditions (two fixed
ends; one fixed end and one hinged end; two hinged ends). The
condition expressed by Equation (11) corresponds to the most
conservative scenario, that is, two hinged ends, which leads to
the lowest value of the critical buckling stress.[184]

The filament will thus buckle upon printing if

P > 𝜎cr =
𝜋2Ec

4
(

L
Rf

)2
(12)

On account of the similarity existing between the geometry
of the printhead (modeled as a thin tube ending with a coni-
cal tip) and the geometry of a capillary rheometer, Venkataram
et al.[183,184] formulated the hypothesis that the pressure drop in

Figure 9. Graphical representation of the parameters related to printer
hardware that affect the printability of a filament. (Note: drawing not in
scale.)

the printhead, P, is proportional to the pressure drop in a capil-
lary rheometer, Pr, through a scaling factor k

Pr = kP (13)

The failure under buckling of a filament can thus be related
to the flow behavior of the feedstock material through a capillary
rheometer, with buckling being predicted to occur if

P =
Pr

k
> 𝜎cr =

𝜋2Ec

4
(

L
Rf

)2
(14)

The pressure drop in a capillary rheometer, Pr, depends on its
geometry (radius, r, and length, l), on the apparent viscosity of
the fluid, 𝜂a (with 𝜂a being a function of the shear rate at a given
temperature), and on the volumetric flow rate, Q (details in Ap-
pendix). This leads to the conclusion that buckling will take place
if

Ec

𝜂a
<

8Ql
(

L
Rf

)2

𝜋3r4k
(15)

In practical terms, as schematized in Figure 9, Ec is the com-
pressive modulus of the filament, 𝜂a is the apparent viscosity de-
termined by the capillary rheometer, Q is the volumetric flow rate
in the nozzle, l is the length of the liquefier (heating tube), L is
the length of the filament between the rollers and the top of the
liquefier, Rf is the radius of the filament, and r is the radius of the
nozzle.[151,187]

Intuitively, Equation (15) expresses the fundamental concept
that the ratio between stiffness and viscosity is key for the
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filament to be fed without buckling, as the “column strength”
of the filament must prevail on the pressure drop that is propor-
tional to the apparent viscosity.[153,187] As for the scaling factor k,
its exact value should be assessed on a case-by-case basis, as it de-
pends on the printhead geometry and on the volumetric flow rate.
However, it does not change with the material[184] and, as a first
approximation, it is often assumed k = 1.1, a value which also ac-
counts for the difference in the cross-sectional area between the
filament and the liquefier (with the barrel diameter of the lique-
fier being slightly larger than the filament diameter).[183] Accord-
ing to the experimental results, if a 508 μm tip is used for printing
(which corresponds to a typical shear rate regime between 100
and 200 s−1), buckling will occur if the Ec/𝜂a ratio is lower than
a critical value in the range of 3 × 105 to 5 × 105 s−1. This critical
value is predicted to increase with increasing shear rate.

The buckling model proposed by Venkataram et al.[183,184]

is frequently cited in the literature regarding the development
of new feedstock materials for FFF and, even more so, for
SDS. However, some confusion exists about the elastic modu-
lus. Strictly speaking, according to the original model, the elastic
modulus, Ec in Equation (15), is the compressive modulus.[187]

Buckling of polymers can be treated using Euler’s criterion either
with the elastic modulus in the case of elastic buckling (linear re-
gion of the stress–strain curve) or with the tangent modulus in
case of inelastic buckling (nonlinear region of the stress–strain
curve). Venkataraman et al.[184] decided to use the elastic modulus
instead of the tangent modulus for comparative purposes. In con-
clusion, the elastic modulus in Equation (15) should be the elastic
compressive modulus. As previously mentioned, it is important
to remark that, due to the viscoelastic behavior of thermoplastic-
based materials, the experimental value of the elastic modulus is
affected by the temperature and by the testing speed. Similarly,
in order to account for the viscoelastic behavior of thermoplastic-
based materials, the apparent viscosity, 𝜂a, and its dependence on
the shear rate should be tested at the same temperature that will
be set as the liquefier temperature for printing.[184]

Another important variable in buckling phenomena is the
slenderness ratio, which, for a given filament diameter, is de-
fined by the unsupported length of the sample, that is, by the
distance of the sample grips in compression tests.[184] In this re-
gard, Janek et al.[188] recently compared the compressive behavior
of several filaments as measured under varying test conditions.
It was demonstrated that, regardless of the composition of the fil-
ament (including two different polyvinyl alcohol (PVA) filaments
loaded with 50 wt% of hydroxyapatite and a commercial PLA fil-
ament loaded with about 27 wt% of gypsum), the compressive
strength drastically decreased when the nominal distance of the
sample grips was increased from 16 to 36 mm and then up to
76 mm. With the filament diameter being constant, the increas-
ing gripping distance resulted in a longer unsupported length
and, ultimately, in a higher slenderness ratio, which induced a
stronger tendency to Euler buckling.[188]

5.3. In the Liquefier

As previously mentioned, the filament is assumed to be rigid
when it enters the liquefier. Then, as the temperature increases,
the material melts, if it is semi-crystalline, or just softens, if it is

totally amorphous, and its viscosity progressively becomes lower.
Different models have been proposed to describe heating in the
liquefier. Whereas the hypothesis of constant heat flux (which is
based on the assumption that the temperature remains constant
as the material travels along the liquefier) is valid only for low
feed rates, according to Go et al.[177] the condition of constant
wall temperature is closer to describe the actual functioning of
the liquefier, whose temperature is controlled through feedback
data from an embedded thermocouple. Moreover, the condition
of constant wall temperature accounts for the fact that the fila-
ment is actually heated as it moves along the liquefier.[177] How-
ever, the accuracy of either model is strictly related to the design
of the liquefier.[129]

The viscosity reached in the liquefier plays a key role in FFF,
since the pressure drop in the printhead, and hence the force re-
quired for printing, consistently increase with increasing values
of the viscosity.[10] As they become soft, thermoplastics in FFF
usually exhibit a shear-thinning behavior under flow (pseudo-
plasticity), which means that, at a given temperature, their vis-
cosity decreases with increasing shear rate, and this makes print-
ing easier.[177,189] However, adding a filler is likely to change the
rheological behavior, often leading to a significant increase in
viscosity.[119]

Another point to consider is that thermoplastics typically have
low thermal conductivity, which suggests that significant axial
and radial temperature gradients exist across the material in the
liquefier. As the filament feed rate increases, the residence time
in the liquefier becomes shorter and the temperature reached by
the filament core may remain sensibly lower than the targeted
value. For example, according to the simulations performed by
Go et al.[177] under a quasi-static flow hypothesis, if the wall tem-
perature is set to 260 °C, the temperature of the filament core at
a distance of 20 mm from the liquefier inlet drops from around
220 °C to below 100 °C if the filament feed rate is increased from
5 to 15 mm s−1. Failure to reach the targeted temperature at the
filament core causes abnormal values of viscosity and is expected
to result in greater force required for printing.[177]

Whereas conventional models are based on the assumption
that the material in the printhead is entirely in the molten state
(or softened to a relatively low viscosity for amorphous materi-
als), which justifies the idea of the filament working as a plunger
at the liquefier entrance, different theories have been proposed
to pinpoint the functioning of an FFF printer under high feed
rates, when a certain amount of material may be not melted (or
softened). In this regard, Osswald et al.[190] recently argued that
conventional “melting and flow” approaches are only valid for
low filament velocities, indicatively below 0.25 mm s−1, whereas
standard filament speeds are close to or even higher than 1 mm
s−1, above which a limiting maximum flow rate is reached. As the
filament velocity (that governs the feed rate) increases, a portion
of the filament in the solid state survives within the liquefier
and the solid-melt transition zone (which can be interpreted as
the solid-to-softened material transition zone for amorphous
feedstocks) moves closer and closer to the conical section that
connects the liquefier to the nozzle (capillary), as shown in Fig-
ure 10. For high feed rates, just a thin film of molten (or softened)
material can be observed on the surface of the conical section.
The pressure applied by the solid filament squeezes the melt
(or softened material) toward the centre and out of the nozzle
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Figure 10. Models describing the flow through the hot-end for low and
high filament velocities. (Note: drawing not in scale.)

tip, a condition that has been defined as “melting with pressure
melt removal”.

According to the calculations conducted by Osswald et al.[190]

under the hypothesis that the material receives heat from the
surface of the conical section, whereas the heat supplied from
the vertical sides can be neglected (which, in turn, implies that
there is no significant contact between the filament and the ver-
tical sides of the barrel), the thickness of the melt (or softened
material) film is inversely proportional to the filament velocity.
Moreover, although the trend is not strictly linear, the film thick-
ness decreases monotonically as the filament force is increased,
with values that range between 80 to 35 μm for forces between
20 and 100 N, respectively, for a commercial ABS filament. A
critical condition is reached when the film thickness approaches
zero, which means that the material cannot be completely melted
(or softened) in the liquefier and the solid filament touches the
conical section of the hot-end. The melting (or softening) rate
becomes therefore the rate-limiting factor that controls the print
rate.[190] The experimental data collected by Oehlmann et al.[173]

for PLA printed at three different temperatures (200, 215, and
230 °C) clearly confirmed that the transition from the “melting
and flow” mode to the “melting with pressure melt removal”
mode is temperature-dependent. At 230 °C, the transition point
was associated to a filament speed of 4.1 mm s−1 and a force of
17 N; at 200 °C, the transition point shifted to a filament speed of
4.1 mm s−1 (3.95 mm s−1 according to the graphs) and a force of
25 N, due to the increased melt viscosity ofat lower temperature.

A wealth of experimental data has been gathered by Serdeczny
et al.[185] to precisely correlate the force required for printing (as
well as the die swelling coefficient) to the feed rate under differ-
ent values of the liquefier temperature. At any given printing tem-
perature, it was observed that, at first, the feeding force increases
linearly as a function of the feed rate, and this behavior corre-
sponds to the linear extrusion regime. Above a certain critical
feeding rate, the feeding force increases swiftly, which represents
the transition to the non-linear extrusion regime. If the printing
temperature is decreased, the viscosity becomes higher and the
thermal driving force for heat transfer becomes lower. As a con-
sequence, the feeding force required to achieve the targeted feed
rate increases as the liquefier temperature decreases. Also, the
slope of the feeding force-feed rate curve becomes progressively

steeper for lower values of the liquefier temperature and the crit-
ical feed rate that triggers the transition from the linear to the
non-linear regime becomes lower. Serdeczny et al.[185] attributed
the shift from linear to non-linear behavior to the limiting condi-
tion of the solid filament reaching the conical section of the hot-
end, which is coherent with the considerations about the mov-
ing transition zone proposed by Osswald et al.[190] The smoother
transition observed for ABS than for PLA was explained as a con-
sequence of the different degree of crystallinity of the two ma-
terials, with ABS being basically amorphous and thus lacking a
sharp melting temperature.

Especially for relatively low values of the liquefier temperature,
Serdeczny et al.[185] observed that high feed rates often resulted in
melt instabilities, like sharkskin effects and melt fracture (where
“melt” also refers to amorphous thermoplastics that have soft-
ened due to heating). Ultimately, further increasing the feed rate
led to shear failure of the filament between the feeding wheels,
as predicted by Go et al.[177] and by Singh et al.[43]

The dependence of the feeding force on the filament velocity
is also affected by the hot-end geometry. According to the experi-
mental results provided by Nienhaus et al.,[191] the feeding force
reached a minimum for a 56° conical section, but differences
in the feeding force were minimal as the conical section was
changed from 30° to 118°. The nozzle diameter is influential be-
cause it affects the flow rate. If the nozzle diameter is reduced,
the mean flow velocity in the capillary must increase accordingly
to maintain the same flow rate (mass conservation under the hy-
pothesis of incompressible fluid). This causes higher wall shear
rates and hence larger shear stresses, that ultimately call for in-
creased feeding forces, which is coherent with the results of the
FE analysis implemented by Ramanath et al.[169] As for the barrel
length, the feeding force is almost insensitive to the length of the
liquefier at low feed rates, because the polymer has enough time
to melt (or to soften) regardless of the length of the flow channel.
However, working with a longer barrel may be helpful at high
feed rates, because a longer barrel offers a larger surface for heat
transfer and a longer residence time for the filament to melt (or
to become soft). According to these results, a longer barrel should
be chosen for polymers with a high melting point (or that become
soft at high temperature), in order to promote complete melting
(or softening) in the liquefier. Conversely, as pointed out by Ra-
manath et al.,[169] a short barrel should be preferred for polymers
that melt (or soften) at low temperature, especially if a long stay
at high temperature may trigger their heat-induced degradation.

In practical terms, Serdeczny et al.[185] recommended to de-
fine the “maximum feed rate,” Vf,max, as the feed rate correspond-
ing to the shift from linear to non-linear regime. Theoretically,
it would be possible to print above this threshold, but exceed-
ing Vf,max would require very high feeding forces and generate
print instabilities. Serdeczny et al.[185] thus estimated the value of
Vf,max under the key hypothesis that, in order to be successfully
printed, the polymer has to be heated to the target temperature
Tt, which is equal to or greater than the melting temperature for
semi-crystalline thermoplastics, before it reaches the end of the
liquefier barrel and enters the conical section, which leads to the
expression

Vf ,max =
hΔT𝜋DLLL

𝜌mAf [𝜆 + Cm(Tt − Tf )]
(16)
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where 𝜌m is the density of the melt (or softened material), h is the
heat transfer coefficient at the barrel wall (whose value was esti-
mated to be 228 W m−2K−1 in order to obtain the best fit with the
experimental data for a PLA filament printed with an E3D v6 hot-
end[185]), 𝜆 is the heat of fusion (latent heat) of the polymer, Cm is
the average specific heat capacity of the melt (or softened mate-
rial), Af is the cross-sectional area of the filament, DL and LL are
the diameter and the length of the liquefier barrel, and Tf is the
temperature of the filament as it enters the barrel and, in the first
instance, can be assumed to be equal to room temperature. ΔT is
the mean temperature difference between the barrel wall (whose
temperature is kept constant at TW) and the melt (or soften ma-
terial), which is calculated as the mean logarithmic temperature
difference

ΔT =
(TW − Tf ) − (TW − Tt)

ln
(

TW−Tf

TW−Tt

) (17)

It is worth noting that the model was validated against PLA and
ABS. Whereas PLA is a semi-crystalline material with a melting
temperature of around 155 °C, ABS is amorphous, and therefore
it does not have a true melting temperature. However, since the
printing temperature of ABS is around 20 °C higher than that
of PLA, Serdeczny et al.[185] used the “flow temperature” of ABS
instead of the melting temperature and defined it as 175 °C.

Clearly, Vf,max depends on the thermo-physical properties of
the feedstock material, as well as on the geometry of the liquefier
barrel and on the temperature field. Although the expression of
Vf,max as proposed in Equation (16) does not dictate any explicit
conditions on the properties of the feedstock material, printing
is predicted to be easier for those materials that, owing to their
thermo-physical properties (low density, low—or none—heat of
fusion, low heat capacity, high thermal conductivity), can be read-
ily heated to the targeted temperature. In particular, Turner et al.
remarked the difficulty of processing highly thermally insulating
materials.[129] Similarly, Phan et al.[192] commented on the impor-
tance of heat transfer and identified it as a major limitation to in-
creasing the manufacturing rate of FFF. Extruders are equipped
with one or more rotating screws that push the material forward
and simultaneously mix it, thus aiding temperature homogene-
ity. Conversely, the feeding mechanism of FFF printers moves
the material forward, but does not mix it. As a result, the heat
transfer for a given thermal driving force is set to only depend on
the material properties and a competition is established between
how quickly heat is radially conducted through the flowing mate-
rial compared to the time it takes for the material to egress from
the nozzle.[192]

As previously mentioned, the corrective factor 1.1 was intro-
duced in the equations developed by Venkataraman et al.[183,184]

in order to account for the difference between filament diame-
ter, Df, and liquefier inlet diameter, DL. The presence of an an-
nular gap between filament and barrel of the liquefier may be
conducive to backflow failure, as illustrated in Figure 11. Inves-
tigating this failure mode was the subject of the contribution by
Gilmer et al.[189]

Under the hypotheses that: i) the printer works at steady state
in terms of filament feed rate; ii) the flow is axially symmetric
(namely, the velocity profile at the solid–liquid transition is cir-

Figure 11. Schematic representation of the backflow that may occur
through the annular gap between filament (diameter: Df) and liquefier (di-
ameter: DL, with Df < DL). (Note: drawing not in scale.)

cumferentially similar around the annular gap); and iii) the pres-
sure drop, P, can be described by a power-law fluid-based mo-
mentum balance on the liquefier according to the model devel-
oped by Bellini et al.[180] (details in Appendix), Gilmer et al.[189]

proposed a dimensionless number called “flow identification
number” (FIN) to relate system geometry and material proper-
ties to the filament’s propensity to backflow according to

FIN = P
L
×

(D2
L − D2

f )

𝜂avf
(18)

where L is the length of the annular region, vf is the filament feed
rate (in m s−1) and 𝜂a is the apparent viscosity of the melt (or the
softened material), as before.

Physically, the FIN indicates if the pressure drop along the
length of the annular gap (P/L) is sufficient for engendering back-
flow for given conditions of geometry (DL and Df), apparent vis-
cosity and feed rate. Under common printing conditions, the fila-
ment is expected to print if the FIN is less than 153, provided that
the filament does not buckle at the liquefier entrance as predicted
by Venkataraman et al.[183,184] Conversely, backflow is expected to
occur whenever the FIN exceeds 185. Intermediate values of the
FIN identify a transition region, where the filament may be print-
able, but small changes in the system may be enough to cause
substantial backflow and even print failure.[189] Clearly, the FIN
is deeply affected by the geometry of the system. Also, the FIN
is second order with respect to the filament diameter, which is
therefore the governing parameter for a given printing apparatus.
Based on the sensitivity analysis conducted by Gilmer et al.,[189]

the second most influential factor is the power-law index, n, that
describes the shear thinning behavior of the melt according to
the Ostwald-de Waele power law fluid model, expressed here as

𝜂a(�̇�) = 𝜑 × �̇�n−1 (19)

where �̇� is the shear rate, and 𝜑 is the flow consistency index.
Physically, for a given shear rate, a small change in the power
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law index, n, may cause a substantial change in the apparent vis-
cosity that controls the resistance to flow in the annular region.
The degree of shear thinning is thus the main material-related
parameter that governs the probability of backflow.

Mackay[186] argued that the equilibrium height reached by the
liquid when it is pushed back in the annular region should re-
main smaller than the barrel length, otherwise the liquid would
reach and jam the mechanisms behind the liquefier. At present,
no simple models exist to accurately predict the equilibrium
height. In addition to the complicated viscoelastic behavior of
thermoplastic-based materials, this difficulty in predicting the
equilibrium height depends on geometric factors. In particular,
Mackay[186] drew attention to the fact that the solid filament pro-
gressively softens and disappears as it approaches the liquefier
egress, and this translates into a progressive increase of the ra-
dial thickness of the annular gap.

5.4. Printing Temperature in FFF

Equations (16) and (17) highlight the importance of the melting
temperature of the feedstock material (strictly speaking, the flow
temperature for amorphous thermoplastics).[185] In principle, the
material in the hot-end should be heated to a temperature close
to the temperature recommended for injection molding.[177] For
amorphous materials, the target temperature should exceed the
glass transition temperature; for semicrystalline materials, the
temperature should be increased to above the melting temper-
ature. The model detailed by Mackay et al.[193] (for relatively low
feed rates) suggests that the minimum temperature required for
printing, Tmin, which is the temperature below which the vis-
cosity becomes too high for the material to be successfully fed
through the tip of the hot-end, is a material parameter. As a first
approximation, this minimum temperature should be around
78 °C higher than the glass transition temperature, Tg, for com-
pletely amorphous polymers.[193]

Tmin ≈ Tg + 78 ◦C (20)

In order to be readily printable, new feedstock materials
should have a melting temperature (or a flow temperature, for
amorphous materials) compatible with standard printers, which
usually work in the 180–260 °C range.[194] Although often ne-
glected in the literature, this requirement is actually crucial. First,
the melting point of many materials is too high for printing. Ac-
tually, this is one of the main reasons why most metals, although
capable of being processed into filaments, cannot be printed
by FFF. Just a few low-melting point alloys with a wide semi-
solid zone can be melted in the operational range of standard
printers (a process known as “thixo-extrusion” or “semi-solid
metal extrusion and deposition” or “3D thixo-printing”[195–198]).
Research is now emerging in metallic glasses.[199] Similarly, not
all thermoplastic materials are suitable for standard printers.
For example, high-performance polymers, such as PEEK and
PEKK, offer very good mechanical and thermal properties, but
require special printing equipment. PEEK, which is a semicrys-
talline polymer with a melting temperature around 343 °C,
must be processed with a nozzle temperature between 360 and
400 °C and with a heated bed at 120 °C.[200–202] PEKK is also a

semicrystalline polymer. Although its melting temperature,
around 385 °C, is slightly higher than that of PEEK, its crystal-
lization rate is around three orders of magnitude lower, which
makes it possible to process PEKK like an amorphous polymer
approximately in the same temperature range as PEEK.[15] Nowa-
days, many industrial printers are available that can routinely
reach the nozzle and chamber temperatures needed to process
high performance thermoplastics. However, they are more ex-
pensive than standard printers, and are not for hobby users. Like-
wise, high performance thermoplastics are expensive feedstock
materials compared to PLA and ABS, so their use is mainly for
industrial applications.

Conversely, some polymers may degrade in the temperature
range routinely applied for printing, and low-temperature FFF
machines are presently less common than high-temperature
ones. For example, PCL, a biocompatible polymer with relevant
applications in the biomedical sector,[203] has a melting point
around 57 °C,[169] which makes it incompatible with most stan-
dard printers. Many thermoplastic-matrix composites are also
very sensitive to overheating. This may happen due to the pres-
ence of vegetable fillers and fibres,[14] which are likely to de-
grade in the temperature range typically required for printing
PLA (190–220 °C), ABS (220–250 °C) and other popular thermo-
plastic materials for FFF.[15] Since many pharmaceuticals and
active principles are thermally labile, the risk of overheating is
particularly challenging in the field of 3D pharming.[204–206] Al-
though this is less obvious, thermally-induced damage may also
affect composite materials containing inorganic fillers. For ex-
ample, Electrifi is a copper-based commercial filament specifi-
cally formulated for printing electronic devices. Electrifi has been
demonstrated to be printable with very low resistance values,[207]

but its recommended printing temperature is below 150 °C in or-
der to avoid diffused oxidation of the copper particles that would
cause a drop in electrical conduction.

Even if a thermoplastic polymer is not thermally labile, re-
peated heat processing, especially if coupled with the action of
intense shear stresses, may cause scission of the polymer chains.
In FFF printing, the feedstock material must be heated at least
two times, namely, the first time for producing the filament and
the second time for flowing through the hot-end. For this rea-
son, although it is important to heat enough and for enough
time in order for the material to become processable, the res-
idence time at high temperature and the working temperature
for extruding and printing should be adjusted to minimize heat-
induced degradation. However, the effect of repeated processing
cannot be generalized, since it is largely affected by the interplay
between polymer characteristics (nature and grade) and process-
ing parameters. For example, Hutmacher et al.[208] reported that
extruding and printing did not cause any significant changes to
the molecular weight of PCL; conversely, Grémare et al.[209] ob-
served that the molecular weight of PLA was reduced by 48% after
printing. Moreover, the handling and pre-treatment conditions
of polymers may also influence their degradation. Since several
mechanisms such as thermal ageing, hydrolysis, oxidation, and
shear-induced chain scission may differently contribute to degra-
dation, understanding the degradation mechanisms of the ther-
moplastic to be processed is crucial to set the appropriate pro-
cessing conditions to make filaments.[210,211]
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5.5. Flow through the Nozzle Tip

Flowing through the nozzle tip represents the last step of the in-
teraction between the feedstock and the hot-end. The high shear
rates acting in the nozzle are known to stretch and orient the poly-
mer molecules.[212] Likewise, FE simulations[213] proved that the
shape and length of the nozzle affect the fiber orientation when
the feedstock is a composite material. Yang et al.[133] provided ex-
perimental evidence that the degree of orientation (expressed as
the Azz tensor component) of a short carbon fiber-reinforced fila-
ment changed through the nozzle and ultimately increased from
the original 0.89 to 0.94 at the exit of the nozzle.

Go et al.[177] remarked that the nozzle diameter, in combina-
tion with the layer thickness, the filament feed rate, and the qual-
ity of the motion system, governs the printing resolution. Intu-
itively, a smaller tip enables a higher resolution. However, accord-
ing to the model developed by Serdeczny et al.,[185] decreasing
the nozzle tip in order to enhance the printing accuracy is ex-
pected to increase the feeding force required for printing under
the same feed rate. Moreover, a smaller tip deposits thinner layers
of materials and hence results in longer printing times. Another
potential issue with a thin nozzle is the increased risk of clog-
ging, especially if the feedstock is a composite material contain-
ing large fillers or aggregates.[214] The addition of abrasive fillers
like hard metal and ceramic particles may cause extensive wear of
the nozzle, thus vanishing the advantage of working with a thin
tip. For example, Gnanasekaran et al.[215] reported that, after pro-
cessing carbon nanotube (CNT) and graphene-loaded polybuty-
lene terephthalate (PBT) composites, the brass nozzle of their
desktop FFF printer had been severely abraded both inside the
orifice, as well as on the front surface where the tip touches the
printed object. The erosion of the nozzle provokes a progressive
loss of printing resolution, which may undermine the aesthetics
and the functional properties.[215] The ABS filaments loaded with
microdiamond particles investigated by Waheed et al.[107] were so
abrasive that they wore out the stainless-steel feeding gears even
before entering the liquefier. Replacing the standard components
of the printer with bespoke harder ones may thus be necessary
for processing abrasive feedstocks and making the part to speci-
fication.

5.6. Die Swelling at the Nozzle Exit

As already mentioned, essentially, printing by FFF is an extru-
sion process and, as such, is affected by the die swelling effect.
When the material leaves the nozzle, the elastic deformation is
recovered and the diameter of the extrudate becomes larger than
the nominal size of the tip.[129] Several theories have been put for-
ward to describe the die swelling effect, however, their applicabil-
ity to FFF is not obvious due to some peculiarities of FFF print-
ers, especially the relatively short capillary (that may cause incom-
plete development of the velocity profile) and the close proximity
between the nozzle tip and the base platform/previously printed
layers (that may physically interrupt die swelling).[186] Gaining
a deeper understanding of this phenomenon would be very im-
portant, since minimizing the die swelling effect is imperative
for keeping the real diameter of the extrudate as close as possi-
ble to the nominal value. Also, die swelling interferes with the

preferential orientation of polymer chains and elongated fillers
in the extrudate. Heller et al.[213] simulated the flow of an ABS-
short carbon fiber composite feedstock through the nozzle of a
standard FFF printer and, under the simplifying assumption of
incompressible Newtonian fluid, observed that the fiber orienta-
tion increased to nearly 100% while travelling through the conical
section of the nozzle, and then sensibly decreased in the die swell
due to the expansion flow in the radial direction. The reduced
fiber orientation was proven to negatively affect the modulus of
elasticity of the extrudate.[213]

According to Serdeczny et al.,[185] the die swelling ratio de-
pends on the feed rate and on the temperature. Qualitatively, the
trend is the same for the die swelling ratio and for the feeding
force (described above), since both of them increase with increas-
ing values of the feed rate and decrease with increasing values of
the liquefier temperature. For PLA filaments, the transition from
linear to non-linear regime occurs at the same feed rate both for
the die swelling ratio and for the feeding force, suggesting the
two phenomena are correlated.[185]

Conceivably, besides the printing parameters, also the nature
of the feedstock material has an effect on die swelling. Serdeczny
et al.[185] tracked down the die swelling ratio of PLA under a
wide range of printing conditions and observed that, oftentimes,
the die swelling ratio was higher than it would be expected for
creeping Newtonian fluids (typically around 1.13), which was
considered a characteristic feature of the viscoelastic behavior
of polymer melts. However, as previously mentioned for the fil-
ament extrusion process, die swelling can be sensibly reduced
with the addition of fillers that constrain the polymer chain
mobility and hinder the elastic recovery, as often stated in the
literature.[14,24,133,139,213,216,217] The stabilizing effect of inorganic
fillers is emphasized in SDS owing to the extremely high filler
loading.[218] However, as discussed in the following sections, the
addition of fillers may interfere with the polymer chain diffusion
mechanism across the raster–raster interface (termed “healing”
hereafter) that is responsible for the consolidation of the printed
part, as remarked by Mackay.[186]

5.7. Flow Instabilities at the Nozzle Exit

Like conventional extrusion, printing by FFF may result in shark-
skin effects when the flow rate is high enough. Due to exit in-
stabilities, at high flow rates the extrudate surface becomes very
rough and scaly immediately after leaving the nozzle tip. If the
flow rate is increased further, the flow is distorted and affected
by gross melt fracture. At present, the effect of sharkskin insta-
bilities in FFF has not been elucidated yet. However, according
to Mackay,[186] it is expected that the surface roughness will limit
the adhesive strength between neighbouring rasters of material
in the printed part. Agassant et al.[219] advised that the occurrence
of the sharkskin effect can be mitigated by the proper revision
of the exit geometry or by the incorporation of additives in the
feedstock material. Also, Mackay[186] remarked that the shark-
skin effect is governed by the shear stress acting on the softened
polymer, with critical values of the shear stress being in the or-
der of 0.1 MPa. Conversely, it is generally observed that there is
not a critical shear rate. For this reason, in principle the process-
ing rate can be increased without incurring in sharkskin effects
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leveraging the viscous (shear-thinning) behavior of the softened
polymer, since the shear stress is proportional to the shear rate
with the proportionality function being the viscosity, which is de-
pendent on shear rate, temperature, and pressure.

5.8. Rheological Properties and Flowability

How exactly the polymer flows through the hot-end of an FFF
printer is still the subject of debate in the literature. How-
ever, all models provided so far demonstrate that the rheolog-
ical behavior of the feedstock plays a key role for successful
printing.[24,129,131,186] As expressed in Equation (19) and Equa-
tion (A3), softened thermoplastics are non-Newtonian fluids, and
their viscosity depends both on the temperature and on the shear
rate. Generally speaking, increasing the printing temperature en-
hances the polymer chain mobility, thus reducing the viscosity.
In terms of shear rate, as previously mentioned fluids with a
shear-thinning behavior are favored in FFF, because this helps
the material flow through the nozzle and then regain structure
and shape after printing.[189,220] Spoerk et al.[221] conducted vari-
ous experiments on a rotational rheometer and estimated that, at
a shear rate of 100 rad s−1 (which corresponds to the high shear
rates frequently observed at the nozzle wall under standard print-
ing conditions), the temperature should be high enough to keep
the melt viscosity of PLA below 200 Pa s in order to print the ma-
terial smoothly and achieve a strong inter-raster adhesion, which
is a prerequisite for good mechanical properties (further detail
below).

On account of the importance of viscosity, accurate rheological
tests should be performed when selecting new candidate mate-
rials for FFF. Capillary rheometers are usually preferred to rota-
tional rheometers at high shear rates, which are representative
of the material behavior in the hot-end.[24] However, in spite of
the increasing attention paid in the literature to rheological tests,
at present no indicator or acceptable viscosity range can be pro-
vided to exactly predict the success of printing a new material by
FFF.[19,220]

A pragmatic, but sensible, approach consists in comparing the
viscosity of the new material to a benchmark (for example, a com-
mercial filament) that can be easily 3D printed by FFF. Although
this does not automatically imply that the new material is print-
able, it is useful to verify that the two viscosity profiles are simi-
lar at the operating shear rate.[220] A simplified check can be per-
formed using the melt flow index (MFI, sometimes also known
as melt flow rate) instead of the viscosity profile. The MFI is a
single-point measurement that estimates the ability of a fluid (in
FFF, a heated thermoplastic polymer or composite) to flow un-
der standard testing conditions (namely, under a fixed load at a
certain temperature) that are specific to each material.[222] Gran-
ules of the testing material are heated to the targeted temperature
(with the flowability of being higher at increasing temperature)
and then extruded through a short cylindrical die using a plunger
actuated by a weight. The weight (in grams) of the material ex-
truded in 10 min is the MFI.[223,224] Alternatively, if the density of
the polymer is known, the MFI can be calculated from the vol-
ume rate that is measured by the piston displacement.[224] As a
term of comparison, the MFI of ABS, grade P430, measured as
per ASTM D1238 has been found to be 2.411 g per 10 min.[225]

As stressed by Rahim et al.,[19] estimating the MFI is less infor-
mative than running comprehensive rheological measurements.
Moreover, as previously mentioned, the viscosity alone does guar-
antee printability in an FFF machine, since the mechanical prop-
erties of the filament are also crucial. Further, different materi-
als can have comparable MFI or viscosity behavior, and differ-
ent printability. However, this approach based on the MFI is very
practical, as the test can be completed in a few minutes and re-
quires relatively simple and affordable equipment. The MFI can
thus be considered as a convenient tool for screening new feed-
stock materials, especially when composite materials are being
developed and several filler loadings should be compared. In this
regard, particular attention should be paid to account for the
so-called “gravitational factor,” namely, the influence of the in-
creased density and hence of the stronger gravitational force that
typically acts on a composite material as compared to the neat
polymer upon testing.[226]

Adding a filler always modifies the viscosity of the thermo-
plastic matrix. Quite often, inorganic fillers increase the viscos-
ity, as they act as rigid inclusions that hinder the polymer chain
mobility.[119] Moreover, above a critical filler loading known as the
rheological percolation threshold, the filler forms an intercon-
nected network that can significantly increase the resistance to
flow.[10] If needed, plasticizers and surfactants can be introduced
to reduce the viscosity of highly loaded systems.[110] However, the
change in viscosity depends on a number of factors including
the size, concentration, orientation, dispersion, distribution, and
shear deformation mode of the filler.[10] Ultimately, the real ef-
fect is not obvious. For example, it has been demonstrated that
the presence of 2 wt% of talc has negligible effects on the vis-
cosity of PLA, whereas introducing 5 wt% of short carbon fibers
can reduce the melt viscosity of PLA in a shear flow due to the
repulsive forces between carbon fibers and PLA and due to the
progressive alignment of the reinforcement.[227]

6. Part’s Build-Up

6.1. Part’s Consolidation Mechanisms

In FFF, the build-up of a 3D object relies on the deposition of
neighboring rasters of material layer upon layer. However, the
simple placing of additional material does not automatically re-
sult in a solid part. In order for consolidation to occur, it is neces-
sary that the freshly deposited raster “fuses” with the pre-existing
rasters. As remarked by Costa et al.,[228] there exists some con-
fusion in the literature regarding the terminology to describe
this “fusion” occurring between neighboring rasters, since dif-
ferent terms have been used, including sintering, coalescence,
and bonding. According to Sun et al.,[229] the term sintering de-
scribes the neck growth phenomenon, while healing refers to the
molecular diffusion at the interface between neighboring rasters.
Similarly, Mackay et al.[186] described the “fusion” between neigh-
boring rasters as a two-step process, since the rasters wet each
other and the interface disappears through molecular diffusion.

The bonding process is schematically shown in Figure 12.
At first, the hot extrudate touches the previously printed raster,
which is already cold, and heats it to an interface temperature
that is the average of the two (“surface contact”). Then, sinter-
ing occurs between the two rasters through “neck formation” and
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Figure 12. Schematic representation of the fusion occurring between
neighboring rasters via surface contact, neck formation and growth, and
randomization of molecular chains.

“growth.” This is typically a viscous-flow sintering phenomenon,
where capillary forces work to minimize the free surface energy
of the system and surface tension is thus the driving force of the
process.[230] Owing to the acquired molecular chain mobility, the
interface disappears through molecular diffusion and random-
ization across the neck (“healing”).

Bellehumeur et al.[231] applied a Newtonian polymer sintering
model to describe the neck growth occurring over time in FFF.
Using the symbols in Figure 13, it is possible to correlate the ra-
dius of the particles, a = a(t), and the corresponding neck growth
as a function of time, y = y(t), as[232,233]

d𝜓
dt

= Γ
a0𝜂

×
2− 5

3 cos𝜓 sin𝜓(2 − cos𝜓)
1
3

(1 − cos𝜓)(1 + cos𝜓)
1
3

sin𝜓 =
y
a

(21)

where a0, 𝜂, and Γ represent the initial particle radius, the vis-
cosity, and the surface tension of the molten (or softened) poly-
mer, respectively. Although the model strictly applies to the sin-
tering of two spherical particles, Bellehumeur et al.[231] observed
a good agreement with experimental results obtained from two
cylindrical particles produced by cutting short segments (length:
0.33 mm, diameter: 0.47 mm) of material extruded from the
print nozzle. However, the experiments were conducted under
isothermal conditions. Conversely, printing by FFF is strongly
non-isothermal, as the cooling rate is typically very high. For ex-
ample, Seppala and Migler[234] provided evidence that the temper-
ature at the interface between ABS rasters drops below the glass
transition temperature within 2 s of egress from the nozzle tip.

The establishment of intimate contact through neck formation
and growth is a pre-requisite for healing to occur. The reptation
theory, which describes the motion of a linear polymer chain in
an amorphous bulk, is often applied to explain polymer healing
between touching surfaces. However, the original reptation the-
ory is only valid under isothermal conditions and, as such, is un-
able to faithfully represent polymer healing in FFF. Starting from
the original reptation theory, Yang and Pitchumani[235] developed
a model for the healing process between two polymer layers un-
der non-isothermal conditions that is more suitable for describ-

ing polymer healing in FFF, as it accounts for the dependence of
the bond strength on the temperature history. According to Yang
and Pitchumani,[235] the degree of healing between two polymer
layers, Dh, is a function of time, t, according to

Dh(t) =
[
∫

t

0

1
tW(T)

dt
] 1

4

(22)

where tW(T) is the welding time, which is the time required for
reaching the maximum bond strength at a certain temperature
T. The dependence of the welding time on temperature should
be experimentally evaluated for each material.[235] Although orig-
inally formulated for polymer layers, this approach has been suc-
cessfully extended to predict the degree of healing between ad-
jacent rasters in FFF parts. Accordingly, Costa et al.[236] applied
Equation (22) as the adhesion criterion in a MAtLAb code for pre-
dicting if neighboring rasters in FFF parts will adhere adequately
to each other before the system cools down and polymer chain
mobility is frozen.

The cooling rate of the freshly printed raster is critical for the
advancement of healing. Once the glass transition temperature is
reached, molecular diffusion is halted.[186] In other terms, raster
healing in FFF is a thermally-driven diffusive process, where in-
terdiffusion is hindered as the material rapidly cools down be-
low the glass transition temperature.[237] On the one hand, slow
cooling and, hence, slow solidification would be desirable for en-
suring satisfactory inter-raster bonding, which is necessary for
achieving good mechanical properties. On the other hand, quick
cooling would be necessary for retaining a high viscosity and
“freezing” the targeted geometry, thus avoiding deformation due
to raster spreading (as discussed below) and due to the weight of
the subsequent layers. This means that mechanical strength and
dimensional accuracy are conflicting goals in FFF.[228,236]

Exactly predicting the cooling rate of the freshly printed mate-
rial is difficult, because this is the outcome of several concurrent
phenomena. Heat exchange mainly occurs through convection
with the environment, conduction and radiation between adja-
cent rasters, and conduction with the base platform (mainly for
the first layer).[228,238] As a consequence, heat exchange depends
on many processing parameters such as the printing tempera-
ture, the temperature of the base platform and the temperature
of the environment (or the temperature of the enclosed build
chamber, if applicable), the size of the raster (which, in turn, is
governed by the diameter of the nozzle tip and by its vertical po-
sition), the layer thickness, the raster pattern, and the printing
speed (feed rate during printing).[228,229,231]

In terms of material properties, a low heat transfer coefficient
with air (responsible for convection) would be useful for retard-
ing cooling as the extrudate travels from the nozzle tip to the
previous layer (or to the base platform). Meanwhile, a high ther-
mal conductivity (responsible for conduction) would be favorable
for receiving heat from the liquefier. As pointed out by Turner
et al.,[129] this leads to the apparently puzzling conclusion that
the greater the thermal conductivity, the slower the raster will
cool down, since a higher thermal conductivity helps the trans-
fer of heat from the liquefier to the new raster. Also, as previ-
ously mentioned in Section 5.3, materials having a high thermal
conductivity can be readily heated to the targeted temperature in
the liquefier.
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Figure 13. Evolution of the particles’ radius and neck growth over time under the driving force of surface tension (Newtonian viscous flow under
isothermal conditions).

The achievement of consolidated parts is thus determined by
the establishment of a large neck (sintering) and by the prompt-
ness of molecular interdiffusion (healing) before the newly de-
posited raster freezes below the glass transition temperature.
In practical terms, it has been reported that faster interdiffu-
sion occurs when the molecular weight and the viscosity are
low,[239] since the motion of larger molecules (namely, higher
molecular weights) is typically slower especially at relatively low
temperature.[240] According to Coogan et al.,[241] the interfacial
bond strength in ABS parts is governed by molecular interdiffu-
sion mechanisms, which are slow due to the long relaxation time
of ABS; conversely, the interfacial bond strength in high-impact
polystyrene (HIPS) parts is constrained by the poor interface con-
tact, since the shorter relaxation time of HIPS enables a faster
molecular interdiffusion as compared to ABS.

Recent investigations have substantiated the hypothesis that
the heat transfer-driven molecular interdiffusion model can be
successfully extended to multi-material FFF, even if neighboring
rasters belong to different materials. For multi-material systems,
the Flory–Huggins interaction parameter becomes critical, as it
dictates the solubility of the two polymers which, in turn, influ-
ences the degree of mixing and therefore the advancement of
healing through molecular interdiffusion.[242]

6.2. Raster Spreading

Quite often, sintering in FFF is described on the ground of
the Frenkel–Eshelby model. However, this model originally de-
scribed the rate of sintering driven by Newtonian viscous flow,
whereas several authors have pointed out that various mecha-
nisms other than Newtonian flow may come into play.[239] For
example, as previously mentioned, the Frenkel–Eshelby model
describes a two-body (particle–particle) interaction and does
not consider the adhesion force between the particles and the
substrate.[239] Conversely, a new raster in FFF generally estab-
lishes multiple interactions, as it interacts with the neighboring
raster(s) on the same layer, and, simultaneously, with the rasters
that form the layer underneath (or with the base platform).

Another point to consider is that, originally, Frenkel’s model
applied to identical spherical particles, and this condition is only
met in the early stages of sintering, when the particles’ radius
remains relatively constant.[239] Most of all, FFF does not entail
sintering of discrete spherical particles. On the contrary, rasters

Figure 14. Although the extrudate is a round cylinder when it leaves the
nozzle tip, the shape becomes slightly flattened on the base platform (or
the previous layers) due to raster spreading.

in FFF are extremely long (typically, several centimetres) and
slightly flattened cylinders, as shown in Figure 14. Gurrala and
Regalla[243] modified the Frenkel’s equation to describe the neck
growth between two adjacent round cylinders. However, addi-
tional corrections are required to account for the real shape of
the rasters in FFF, whose cross section is not perfectly round. In
fact, the extrudate does receive the shape of a nearly round cylin-
der from the nozzle tip (whose standard cross-section is circular,
although the literature describes some attempts at using different
geometries, such as square or rectangular nozzles, to reduce the
inter-raster void channels[244,245]); nonetheless, the raster comes
to be flattened as a result of the tendency of the polymer whilst
it is still hot to spread on the previous layer (or on the base plat-
form at the beginning of printing). As a rule of thumb, the width
of the raster in FFF is around 1.2–1.5 times the diameter of the
nozzle tip.[178] However, Valerga et al.[162] recorded a strong de-
pendence of spreading on the printing temperature, since the
raster width of PLA increased linearly from around 0.71 mm at
180 °C to around 0.76 mm at 240 °C. Correspondingly, the raster
thickness (layer height) decreased linearly from almost 0.76 mm
at 180 °C to around 0.70 mm at 240 °C.[162] Also, the computa-
tional fluid dynamics (CFD) simulations of the deposition flow
on a moving substrate conducted by Comminal et al.[246] (based
on the simplifying assumptions of a Newtonian fluid in isother-
mal condition) suggest a strong dependence of the raster’s cross
section on the distance between the nozzle and the substrate, and
on the ratio of the velocity of the moving substrate to the average
velocity of the flow inside the nozzle.
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In terms of materials properties, whereas several models have
been proposed in the literature to describe the spreading of a
liquid droplet on a surface,[247,248] raster spreading in FFF has
some peculiarities. As commonly observed in the spreading of
liquids, the spreading rate and the final shape in FFF depend on
the viscosity of the extrudate, and on the relative surface ener-
gies of the extrudate and the substrate on which it is printed.
However, the freshly printed raster in FFF cools down and so-
lidifies very quickly, and this stops the spreading process before
the equilibrium is reached. Also, the raster shrinks upon cool-
ing, which changes its cross sectional area.[129] Meanwhile, the
molten (softened) polymer experiences the combined action of
the pressure exerted by the nozzle tip, which pushes the mate-
rial against the previous layer (or the base platform), and of the
force of gravity. As recently discussed by Agassant et al.,[170] the
spreading mechanisms are governed by the distance between the
print nozzle and the substrate. If this gap is greater than the noz-
zle diameter, the extrudate flows under a free surface condition
and spreading is governed by surface tension; otherwise, if the
gap is smaller than the nozzle diameter, spreading is governed
by shear and pressure. According to the results of these com-
putational and analytical models, the flow pressure at the noz-
zle exit increases with decreasing values of the gap between the
nozzle tip and the substrate, as well as with decreasing values
of the printhead velocity. Similarly, Coogan and Kazmer[241] re-
cently observed that the exit pressure can push the printed lay-
ers together more effectively and more rapidly than spontaneous
wetting phenomena, since a smaller layer thickness leads to a
higher exit pressure, which is responsible for forcing the new
layer into intimate contact with the previous layer.[241] However,
as critically discussed by Tao et al.,[233] if the layer thickness be-
comes too small, the high cooling rate will rapidly reduce the
polymer chain mobility, and this will prematurely stop the neck
formation and inter-raster healing processes. As a consequence,
the advantage of having a larger contact area will be outbalanced
by the disadvantage of having a poorer interface healing. More-
over, working with thinner layers produces more heating–cooling
cycles to complete the part, which may be responsible for sharp
thermal gradients and ultimately for stronger thermal stresses.
This is coherent with the experimental results reported by Alihei-
dari et al.[249] for ABS parts printed with three different values of
the layer thickness (0.1, 0.2, or 0.3 mm). The highest fracture re-
sistance corresponded to a layer thickness of 0.2 mm, with lower
values being observed both at 0.1 mm (poor inter-layer adhesion;
strong thermal stresses) and at 0.3 mm (limited contact area).

As explained in Figure 15, the contact area between neighbor-
ing rasters is deeply affected by this spreading effect. Addition-
ally, the contact area also depends on several printing parame-
ters such as the flow rate (flow multiplier value) and the distance
between infill lines (infill line distance). Having a large contact
area is beneficial not just for promoting the sintering and heal-
ing processes, but also for reducing the voids that may survive at
the junction between neighboring rasters. As shown in Figure 15,
these voids resemble empty channels in case the infill pattern is
rectilinear. Increasing the inter-raster contact area and simulta-
neously reducing the presence of inter-raster voids typically re-
sults in high mechanical properties, with values of the Young’s
modulus that may approach those of the bulk material.[250] How-
ever, increasing the infill degree in order to augment the overlap

Figure 15. The contact area and the void channels between neighboring
rasters are governed by the interplay between a) raster distance and b)
polymer spreading. The cross section of the rasters is approximated to an
ellipse for simplicity. The drawings also neglect wetting and sticking to the
base platform.

Figure 16. Increasing the infill degree (i.e., reducing the raster gap) may
cause defects where the toolpath trajectory follows sharp directional
changes, such as the “U turns” at the ends of each raster.

and thus the contact area between neighboring rasters comes to
the cost of the part’s weight and dimensional stability, since a
high infill degree is often conducive to strong thermal stresses
and eventually to warpage.[251]

Although less obvious, adopting a high infill degree may also
worsen the voids and printing defects that typically occur when
the toolpath trajectory follows a “U turn” at the end of each
raster, sometimes referred to as “sub-perimeter voids”.[233] As
shown in Figure 16, decreasing the distance between neighbor-
ing rasters reduces the raster gap; however, this also reduces the
curvature radius and, depending on its flexural properties, the
feedstock material may be too stiff to accommodate this sharp
directional change. This issue is particularly serious when the
polymer matrix is reinforced with continuous fibers, since the in-
creased flexural stiffness may severely limit the accomplishable
return radius.[92,252–255]
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Figure 17. Different inter-layer interfaces generated in the same part when
printed “flat” or “on edge” or “upright” on the base platform.

6.3. Molecular Orientation and Anisotropy

As previously mentioned, it has been observed that polymer
chain orientation in FFF is possible because the conical sec-
tion in the nozzle causes the molten (softened) material to expe-
rience an elongational flow.[192] However, orientation is thought
to be partly disrupted by the die swelling effect[213] and by the
curved trajectory that the extrudate follows when it leaves the
nozzle tip and lays horizontal on the base platform or on the
pre-existing layers.[212] Conversely, the portion of the raster that
has already cooled down and fused to the underlying material
may exert a drawing effect on the fresh extrudate, thus promot-
ing orientation.[186] Owing to the interplay between these oppos-
ing phenomena, the extent of molecular orientation surviving in
any FFF part is unknown,[192] and this should be measured case-
by-case (for example, by neutron scattering) and related to the
processing conditions and to the rheological properties.[186]

Notwithstanding this uncertainty, FFF parts are always im-
bued with some degree of molecular orientation, which increases
the longitudinal strength of the rasters.[192] Molecular orientation
is thus one of the main causes of the anisotropic behavior of FFF
parts.[256,257] Even if molecular orientation may be leveraged to
maximize the part’s directional strength under given loading con-
ditions, it has been postulated that a high degree of molecular ori-
entation would be disadvantageous to polymer sintering and thus
to the part’s consolidation, as it would cause a strongly directional
disentanglement of the polymer chains and contrast molecular
interdiffusion at the raster interface.[212,251] Vice versa, annealing
the printed part would promote polymer sintering and increase
the inter-raster bond strength, but it would also impair molecu-
lar orientation and thus diminish the longitudinal strength of the
rasters. No universal rule exists for balancing these contrasting
factors.[186]

Alongside molecular orientation, the existence of void chan-
nels and the presence of inter-raster and inter-layer interfaces
are other important reasons for the anisotropic behavior of FFF
parts.[256] As shown in Figure 17, the part’s orientation upon
printing governs the inter-layer surfaces.

Whereas the mechanical properties (e.g., tensile stiffness and
strength) are often similar for parts printed “flat” or “on edge”
(namely, for parts having the major dimension parallel to the base
platform), the “upright” position (whereby the major dimension
is parallel to the growth direction) is regarded as the worst one
due to the highest number of inter-layer interfaces.[19,24,257] Ac-
cording to literature data,[257,258] tensile samples can be up to 50%
weaker if printed in the upright orientation. In order to outline

Figure 18. a) Stiffness (tensile modulus) and b) strength of tensile sam-
ples printed on edge and upright starting from commercial filaments (val-
ues reported in material data sheets[73]).

the effect of printing the same part under different orientations,
the charts in Figure 18 compare the stiffness (Figure 18a) and
the strength (Figure 18b) values of tensile samples printed on
edge and upright as reported in the material data sheets of com-
mercial filaments.[73] Similarly, the anisotropy of FFF parts also
impacts the fatigue performance (with the growth direction of-
ten being reported as the most problematic one[259,260]), and key
functional properties,[261] such as thermal conductivity[262] and
electrical conductivity.[263]

In addition to the printing orientation, the raster angle (shown
in Figure 2) also has a strong effect on the tensile properties of
FFF parts. As the raster angle increases from 0° to 45° to 90°,
the tensile strength decreases because the inter-raster interfaces
receive an increasing fraction of the applied load. However, the
role of the raster angle can be less severe in FFF parts printed
with a symmetrically balanced stacking sequence, for example,
±45°.[258]

Although this may seem counterintuitive, reducing the layer
thickness is useful for improving the performance in the growth
direction.[264] In fact, adopting a higher resolution (i.e., a smaller
layer thickness) has been proven to reduce the inter-layer poros-
ity thanks to the relatively short time interval occurring between
the deposition of subsequent layers. The advantage of having
a stronger inter-layer bonding prevails on the potential disad-
vantage of having more inter-layer surfaces. Moreover, thinner
layers produce a smoother outer surface[265] and minimize the
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Figure 19. Printing with thinner layers produces a smoother surface, with
smaller grooves between adjacent layers. (Note: drawing not in scale.)

notch-like effect that may be caused by the groove between adja-
cent layers, as shown in Figure 19. In addition to the surface fin-
ish, this may be relevant to the strength and mechanical reliabil-
ity of the printed part. Although the correlation existing between
surface quality and mechanical properties is more commonly in-
vestigated in metal AM than in polymer AM,[266] it is reasonable
to expect that a lower surface roughness would be associated with
a higher strength,[267] as the inter-layer indents, like surface de-
fects, may trigger premature failure.

Two different parameters can be defined in order to quan-
tify the anisotropy of FFF parts, namely the orientation-induced
degree of anisotropy, Da,O, and the raster-induced degree of
anisotropy, Da,R

[258]

Da,O =
UTSflat − UTSupright

UTSflat
(23)

Da,R =
UTS0◦ − UTS90◦

UTS0◦
(24)

where UTS is the ultimate tensile strength of samples printed
under different orientations (flat vs upright) or under different
raster angles (0° vs 90°).

As reviewed by Gao et al.,[258] all FFF parts have positive values
of the degree of anisotropy (both orientation-induced and raster-
induced). However, the extent of the anisotropic behavior largely
depends on the printing parameters.[256] Although this point is
sometimes overlooked in the literature, the nature and the prop-
erties of the feedstock material are also very important. Accord-
ing to the data surveyed by Gao et al.,[258] the tensile properties
become progressively more isotropic down the sequence (ABS)
→ (PLA) → (TPU and PEEK) → (PA, PE, and PP). This may re-
sult from several factors, such as the different propensity of dif-
ferent polymer chains (e.g., linear vs branched) to become prefer-

entially orientated while flowing through the print nozzle or the
different molecular mobility that is responsible for neck growth
and inter-raster healing upon printing. Also, as reviewed by Gao
et al.,[258] the achievement of isotropic properties depends on the
interlayer bond strength, which is favored by a low viscosity. For
example, whilst the viscosity of amorphous materials like ABS,
especially if grafted, is relatively high,[268] polymers with a high
degree of crystallinity like polyolefins typically have a very low
viscosity once melted.[14]

Complicated effects on anisotropy have been reported when
printing composite materials for FFF.[258] Adding a filler may
have contrasting results depending on its geometry. The pres-
ence of strongly elongated fibers may accentuate the anisotropic
behavior,[217] because fibers and particles having a high aspect ra-
tio are likely to orient themselves along the printing direction.[133]

As for short fibers and particles, the governing parameter is the
viscosity of the polymer matrix. The greatest part of fillers (for in-
stance, graphene nanoplatelets[132]) increase the viscosity of the
neat polymer matrix, and this typically lowers the inter-layer ad-
hesion and thus worsen anisotropy. However, some fillers (for
instance, talc[227]), as well as several additives (for instance, low
molecular weight additives, LMWs,[269] and poly-ethylene gly-
col, PEG, above the critical entanglement molecular weight[270]),
lower the viscosity of the polymer matrix and the increased
propensity to flow produces a more homogeneous microstruc-
ture, where the role of inter-raster and inter-layer surfaces is sub-
stantially reduced and anisotropy is mitigated.[227,271]

Additional evidence of the effect of the feedstock material on
the anisotropic behavior of FFF parts comes from the print-
able furan-maleimide Diels–Alder (fmDA) reversible thermosets
(DARTs) developed by Yang et al.[272] The fmDA linkages are re-
versible, meaning that they can be de-crosslinked during print-
ing in order to enable melt processing between 90 and 150 °C,
and then re-crosslinked to their entropically favored state at lower
temperatures. Parts printed with these first-generation DARTs
had nearly-isotropic properties, with less than 4% reduction in
toughness when tested along the build (growth) direction,[272]

which was attributed to the establishment of strong crosslinked
bonds that mitigated the anisotropic effects. Similarly, Chen
et al.[273] observed the nearly isotropic behavior of thermoset parts
printed by FFF starting from a mixture of bisphenol A-based
epoxy (DGEBA) resin and benzoxazine. The mixture was formu-
lated in such a way as to feature a thermoplastic behavior at low
temperature and a thermoset behavior at high temperature. This
allowed the material to be extruded, 3D printed by FFF, and sub-
sequently post-cured into a covalently crosslinked systems. CNTs
were also added to improve the mechanical properties and mod-
ify the rheology, especially to prevent shape deformation during
post-curing.[273]

6.4. Spider Web

In FFF, every time a layer or an isolated area within a layer are
finished, the nozzle is moved upward, the filament is retracted
to slightly pull back the extrudate, and the nozzle is moved to
the new starting point for printing. Sometimes, it may happen
that the extrudate does not break up neatly and a very thin poly-
mer fiber is drawn along with the nozzle tip and falls on the
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pre-existing layers. This effect, which is known as “spider web”
(with other common names being “stringing” and “ozing”[274]),
should be avoided because it seriously impairs the visual quality
of the object. Mackay et al.[186] extensively reviewed the literature
to reveal the main causes of the spider web effect and, wherever
possible, to identify potential countermeasures. The final out-
come was that the available knowledge is contradictory in this
regard, since research in fiber spinning suggests that breakup
should be governed by the elasticity of the softened polymer,
whereas research in fluid dispensing leads to the opposite result
that breakup should be dictated by the viscosity of the softened
polymer. Additional efforts are thus required to understand how
the spider web effect can be mitigated through materials prop-
erties. Meanwhile, some printer-related reasons have been iden-
tified, since the spider-web effect is often observed as a conse-
quence of high temperatures or high printing speeds or miscon-
figuration in retraction settings.[274]

6.5. Surface Finish

As far as surface finish is concerned, PLA is often acknowledged
as the FFF material providing the best surface quality.[275–277]

Even if few contributions in the literature deal with a system-
atic comparison of the surface roughness of different materials
in FFF, the better surface quality of PLA parts as compared to
other feedstock materials such as ABS may be due to the ease of
printing at a relatively low temperature. For example, Alsoufi and
Elsayed[276] observed that the surface quality and dimensional ac-
curacy of PLA parts were superior to those of ABS counterparts
and this difference was attributed to the fact that all samples were
printed at the same temperature of 220 °C, which was the maxi-
mum printing temperature for PLA and the minimum printing
temperature for ABS.

However, regardless of the feedstock material in use, the
roughness of FFF parts is often too high for precision manufac-
turing, where tight tolerances are required. According to Valerga
et al.,[162] the average surface roughness, Ra, of transparent PLA
is around 17 μm with a printing temperature of 180 °C and in-
creases to nearly 25 μm with a printing temperature of 240 °C.
Under the same printing parameters, the surface roughness was
affected by the presence of pigments and dyes that modified the
printability of neat PLA, mainly due to the different rheology of
the melt and to the different crystallization.[162]

Many surface treatments are currently available to improve the
smoothness and surface appearance of FFF parts.[278] Whilst pol-
ishing and machining are based on the mechanical removal of
material from the surface where it is not needed, other finish-
ing methods target the peculiar nature of thermoplastic materials
that can be reprocessed upon heating[279] or chemically dissolved
by selected solvents or by solvent vapors.[280–282] Materials that
can be readily machined, thermally processed, or chemically dis-
solved are thus relatively simple to post-process, which explains
why, for example, surface finishing is reportedly easier for PLA
than for TPU.[74,75]

Even though the addition of fillers and especially of natural
fibers may worsen the surface quality of FFF parts (as observed,
for example, by Stoof et al.[283]), the available knowledge regard-
ing the surface finish and the effect of surface treatments on

composite parts is still limited and certainly deserves further
attention.[284–288]

6.6. Warpage

Warpage is a common issue with FFF. Quite often, printed parts
are bent or twisted out of shape and, if not controlled, warping
may cause the part to break off from the base platform. Warpage
is caused by the thermal gradients that are likely to build up
across the part.[289] Depending on their coefficient of thermal
expansion, thermoplastic polymers shrink upon cooling. Even
if the feedstock material is isotropic in bulk form, the coeffi-
cient of thermal expansion becomes anisotropic after extruding
and printing as a consequence of molecular orientation. Layers
printed under different raster angles naturally tend to shrink
along different directions, but subsequent layers are mutually
constrained, and this engenders thermal stresses that progres-
sively increase as the temperature is decreased from the glass
transition temperature of the polymer to room temperature. The
thermal behavior is made even more complicated by the presence
of inter-raster and inter-layer interfaces, whose properties are lo-
cally different from those of the material inside the raster.[290]

Several factors influence the development of thermal stresses,
and hence the entity of warpage. First, the part’s geometry and
printing orientation are known to affect the temperature distri-
bution and thus the thermal gradients.[139,291] For example, Va-
lerga et al.[162] compared the printability of different PLA objects
without using any adhesive on the build platform. Whereas 3 cm
wide cubes could be successfully printed, 12 cm × 2 cm single-
layer parts delaminated from the base platform due to excessive
warpage. Cooling rates are locally controlled by the printing con-
ditions, such as the temperature of the liquefier, of the base plat-
form, and of the environment/build chamber, and by the proper-
ties of the feedstock material, especially by its thermal conductiv-
ity and by its heat exchange coefficients.[129]

In terms of printing hardware, warpage can be mitigated by the
adoption of a heated base platform, which reduces the thermal
gradient between the bottom layers and the top ones and helps
the printed part cool down more evenly.[19] Since the stickiness
(and hence the adhesion) of certain polymers such as PP[61,125,139]

and PE[292] to the surface of standard base platforms can be very
poor, another aid against warpage and delamination consists in
applying an adhesive tape or coating on the base platform.[19] Sev-
eral options are available, including kapton tape, thermoplastic
elastomer (styrene-ethylene-butylene-styrene or SEBS, Kraton),
hard paper, phenolic cotton laminated plastics, printed circuit
board, blue painter’s tape, masking tape, washable glue stick, and
even hair spray.[19,293–295] However, the adhesion to the base plat-
form must not be so strong that the part cannot be removed after
printing.[129,139,292,294,296]

The properties of the feedstock material are fundamental.
Warpage may be affected by several parameters, including coef-
ficient of thermal expansion, thermal conductivity, heat capacity,
and Young’s modulus. However, the FE simulations conducted
by Fitzharris et al.[297] suggest that the coefficient of thermal ex-
pansion has the strongest effect, so that decreasing the coeffi-
cient of thermal expansion leads to decreasing the warpage by the
same factor. A popular strategy to reducing warpage and making
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it more isotropic consists in adding a filler having a low aspect
ratio. Particles, if evenly distributed, tend to reduce the molec-
ular mobility of the matrix, and hence alleviate shrinkage and
warpage.[125,290] In this regard, the effectiveness of the constrain-
ing effect is governed by the achievement of a strong adhesion at
the interface between the polymer matrix and the filler.[290] More-
over, smaller particles have been reported to exert a stronger ef-
fect because of their larger specific surface area at the matrix-filler
interface.[290] The improved geometric stability may be particu-
larly advantageous if large objects are to be produced[132,298–304]

or if polyolefins are to be processed.[14,139,305] Even if this may
seem counterintuitive, even elongated fillers may be helpful for
reducing warpage. As discussed by Spoerk et al.,[139] reinforcing
fibres, which are typically stiffer than the polymer matrix, hinder
the entropically driven contraction movement of polymer chains
and stabilize the part’s geometry. Moreover, if carbon fibers are
used, the high thermal conductivity helps to locally redistribute
heat and makes the temperature field more homogenous.

Lastly, warpage is severely aggravated by the change in spe-
cific volume associated with the growth of crystalline phases
in semicrystalline polymers, which is one of the main hin-
drances to the wider uptake of polyolefins as feedstock materi-
als in FFF.[61,139,292,293] For semicrystalline polymers, a high crys-
tallization temperature would be advantageous, since the sur-
rounding amorphous matrix at high temperature is still soft
and hence able to accommodate the volumetric change associ-
ated to crystallization.[290] The propensity to crystallize can be re-
duced by modifying the molecular structure of semicrystalline
polymers, or by blending them with other thermoplastics.[139]

The addition of fillers may also be beneficial, because the re-
duced polymer chain mobility may hinder the arrangement
of molecular chains into ordered crystalline regions.[306] How-
ever, many fillers are known to promote heterogenous nucle-
ation of semicrystalline polymers such as PLA,[307] PEEK,[308] and
polyolefins.[221,309] Since the balance between nucleating effect
and restraining effect is different for each system and may also
depend on the filler loading,[310] it is not possible to generalize
the effect of adding a filler on the crystallinity and hence on the
thermal behavior as well as on the thermodilatometric properties
of the polymer matrix. Each case must be thoroughly assessed in-
dividually in order to adjust the processing conditions and, wher-
ever possible, mitigate the side effects of crystallization.

Some polymers may also experience a very slow crystallization
over time or a secondary crystallization. This is the case, for ex-
ample, with PHA bioplastics, which are very promising materials
for 3D printing biocompatible and bioresorbable prostheses.[311]

For example, if not processed or modified properly, polyhydroxy-
butirate (PHB) may have a very high crystallinity of around 60–
70% due to the growth of very large spherulites. Moreover, the
crystallinity can increase over time due to secondary crystalliza-
tion. This causes a progressive embrittlement of the polymer,
and a loss of geometric stability. Since the crystallization rate is
very slow, PHAs are unable to crystallize during the first cool-
ing/second reheating cycle of standard thermal analysis and, for
this reason, the entity and consequence of crystallization have of-
ten been underestimated.[312]

Although the literature is currently limited in this regard, it is
worth noting that the development of thermal stresses, and hence
the occurrence of warpage or fracture may be worsened in multi-

material FFF if the coefficients of thermal expansion of the two
feedstock materials are sensibly different.[242]

7. Environmental Footprint and Safety Issues

7.1. Eco-Sustainability of 3D Printing by FFF

Common perception is that all AM methods including FFF are
“green” technologies, with a reduced environmental footprint as
compared to conventional processing. However, Cerdas et al.[313]

demonstrated that distributed manufacturing by 3D printing has
no absolute advantage in greenhouse gas emissions with respect
to injection molding, and that the modified transportation of ma-
terials and goods does not provide a decisive contribution to en-
ergy saving in 3D printing. As argued by Ma et al.,[314] the shift
from centralized manufacturing by injection molding to decen-
tralized manufacturing by 3D printing does not avoid transporta-
tion, but changes from transportation of raw materials (polymer
granules) and finished products to transportation of raw materi-
als (polymer granules) and intermediate products (filaments).

Assessing the eco-sustainability of FFF products is extremely
challenging, because the same object, with the same shape and
geometry, can be fabricated with different printing parameters.
As a result, the same object will feature different functional prop-
erties. At the same time, the life cycle and the environmental im-
pact of the FFF part will also be different.[314] Ma et al.[314] proved
that the infill density is the most critical parameter that affects the
energy consumption in FFF, followed by layer thickness, print-
ing temperature and printing speed. The energy consumption
increases with increasing values of the infill density and of the
printing temperature, and decreases with increasing values of
the layer height and of the printing speed. Increasing the infill
density is particularly impactful because a higher infill density
requires longer printing times, consumes more energy and in-
creases the weight of the finished part. Since more material is
necessary for printing the same object with a higher infill den-
sity, the cost and energy required for the transportation of the
raw materials and of the filaments increase accordingly.[314] Typ-
ically, maximizing the mechanical strength and maximizing the
surface finish are the main goals of most users of FFF printers.
However, increasing the mechanical strength often requires in-
creasing the infill density; likewise, improving the surface finish
requires reducing the layer thickness. In both cases, raising the
quality (namely, the mechanical strength and/or the surface fin-
ish) of the printed part increases the time and energy for printing.
Accordingly, the environmental impact of FFF becomes consid-
erably worse. For this reason, as recommended by Ma et al.,[314]

the properties of FFF parts should be commensurate with the in-
tended usage, rather than “maximized”, since overperformance
brings about unnecessary environmental loads. Whereas the con-
tribution by Ma et al.[314] clearly analyzes the role of different
printing parameters on the sustainability of FFF, it would be in-
teresting to understand if printing different feedstock materials
may similarly have an effect on the environmental footprint of
FFF. According to the results presented by Ma et al.,[314] the elec-
tric heating system (including liquefier and heated base platform)
is the largest energy-consuming component of an FFF printer.
Feedstock materials having a higher printing temperature are
thus expected to induce higher energy consumption. However,
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different materials may have different service life, and this re-
quires a case-by-case life cycle assessment (LCA) to simultane-
ously account for energy consumption and life span.

7.2. Recycling and Waste Disposal

The nature of the feedstock material has a deep impact on the eco-
sustainability of the AM process itself.[315] In this regard, FFF of-
fers a key advantage over other AM techniques (for example, VPP
methods that work with thermoset resins), as it is based on ther-
moplastic materials that can be processed repeatedly. The adop-
tion of recycled plastics is expected to reduce the cost and the en-
vironmental impact of the feedstock for FFF.[315] Besides thermo-
plastic waste from conventional recycling bins,[316] waste printing
materials can also be collected and re-extruded into printed fila-
ments, so that a “closed-loop” strategy can be established.[317] As
pointed by Mikula et al.[318] in their comprehensive review, the
ability to re-manufacture 3D printed materials is critical, since
AM is still frequently employed as a rapid prototyping tool, which
results in a large volume of single-use objects. Moreover, on-site
recycling of 3D printing materials into filaments that can be used
again for printing (distributed recycling) would mitigate pollu-
tion from transportation to centralized collection points.[319,320]

Meanwhile, a wide range of recycled materials, from rice husk[321]

to turbine blade-derived fiberglass,[322] have been explored as
fillers and reinforcements in FFF parts.

In spite of the prospective advantages in terms of decreasing
material waste, recycling poses some technical and regulatory is-
sues. Firstly, mechanical recycling is still considered the most
straightforward and affordable avenue to re-processing. How-
ever, the combined action of heat and mechanical shear upon re-
processing causes the polymer to degrade, and this progressively
lowers its mechanical performance.[323] For example, it has been
reported that the yield strength of as-extruded PA6 ranges be-
tween 35 and 186 MPa, but it drops to 56–87 MPa after mechan-
ical recycling.[324] Similarly, closed-loop recycling of ABS is feasi-
ble for two cycles, although this decreases the impact strength
by about 14%.[325] The tensile strength of 3D printed PLA de-
creased by 10.9% after crushing, re-extruding, and re-printing,
while the tensile modulus remained almost unchanged.[326] Lan-
zotti et al.[327] reported that the short-beam (three point bend-
ing) strength of virgin PLA parts slightly decreased from 119.1
± 6.6 to 106.8 ± 9.0 MPa after the first crushing, re-extruding,
and re-printing cycle. Then, it remained almost unchanged at
108.5 ± 9.9 MPa after the second re-processing cycle, but dras-
tically dropped to 75.0 ± 16.2 MPa after the third cycle. Ther-
mal properties (melting temperature, crystallization, etc.) and
physical attributes (surface properties, color, etc.) are also af-
fected by thermal-mechanical degradation.[323] Even the time
required for composting PLA becomes shorter after mechani-
cal recycling due to the reduced molecular weight.[328] In addi-
tion to the processing-induced degradation, all thermoplastics
are subject to gradual degradation during lifetime as a conse-
quence of heat, oxygen, light, radiation, moisture, and mechan-
ical stress.[323] To some extent, the molecular changes caused by
this environmental degradation are similar to those caused by
processing-induced thermal–mechanical degradation. Nonethe-
less, the additional exposure to oxygen is also responsible for

photo-oxidative processes.[329] Various stabilizers (often inspired
from the polyvnyl chloride [PVC] industry) are available to miti-
gate the degradative processes.[330] However, they may have side
effects on the polymer, like changing its viscosity, and this may
also alter the printability. Moreover, most stabilizers have histori-
cally been based on metallic salts (often barium, cadmium, lead,
or zinc salts), or on organometallic compounds (mainly contain-
ing tin), which may be dangerous to the environment and to
human beings. For this reason, over the last 30 years much ef-
fort has been spent in the development of less impactful non-
metallic organic stabilizers. Nowadays, natural compounds such
as Vitamin E are taken into consideration for their stabilizing and
anti-oxidant action.[331] Alternatively, similar to the masterbatch
technique previously described in Section 4.1, virgin PLA can be
added to the recycled PLA filament in order to improve and sta-
bilze the viscosity upon processing, and ultimately to increase the
mechanical and thermal properties.[32]

Different approaches other than mechanical recycling are
feasible.[324] Emerging routes like chemolysis, gasification, py-
rolysis, fluid-catalyzed cracking, and hydrocracking aim to re-
vert plastic waste to valuable products such as monomers or
petrochemical feedstocks, and, wherever possible, to recover
energy.[323] For example, PLA can be recycled back to lactic
acid (LA, its monomer) by hydrolysis or alcoholysis.[332] How-
ever, chemical routes are generally complicated, and potentially
impactful on the environment.[333] On the other hand, PLA is
biodegradable and compostable. Although this may seem coun-
terintuitive, the LCA conducted by Cosate de Andrade et al.[334]

considering the categories of climate change, human toxicity, and
fossil depletion, proved that mechanical recycling resulted in the
lowest environmental impact, followed by chemical recycling and
composting. Electricity consumption determined the higher im-
pact of chemical recycling over mechanical recycling. As for com-
posting, the results can be explained by the fact that mechani-
cal and thermal recycling lead to recycled polymer as an output,
which can be used again, sometimes repeatedly, while compost-
ing does not. However, when recycling is not possible (for exam-
ple, when the properties of the recycled polymer have become too
poor for further use), composting is a good alternative.

Special recycling procedures are needed to account for the
presence of fillers and reinforcements in composite parts, be-
cause fillers, especially inorganic ones, should be treated dif-
ferently from the thermoplastic matrix.[335,336] A pathway to de-
veloping more sustainable composite feedstocks for FFF con-
sists in adopting vegetable fillers.[337] The design of “fully green”
composites, that combine both matrix and filler from renewable
resources,[338] is thus the ultimate trend of research in sustain-
able AM.[339]

Continuous fiber-reinforced polymers may be very challeng-
ing, because most conventional recycling methods break down
the fibers, and this downgrades the original mechanical proper-
ties of the composite.[340] In principle, the problem of preserving
the original length of the fibers affects both inorganic reinforce-
ments (e.g., carbon and glass fibers), and organic ones (e.g. hemp
fibers). New strategies are thus urgently needed. In this regard,
Tian et al.[341] have recently demonstrated that 3D printed contin-
uous carbon fiber-reinforced PLA-matrix composites can be recy-
cled and remanufactured without impairing their original perfor-
mance by means of a local remelting process. A hot air gun was
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slowly moved along the reverse path of the printing process in
order to melt the PLA matrix point-by-point. Meanwhile, the car-
bon fiber was gently pulled out from the melt. The fiber remained
unaffected, while the molten PLA matrix adhered to it, thus form-
ing a polymer-impregnated fiber-reinforced filament which, after
smoothing the surface, could be spooled or directly used for re-
manufacturing by FFF.[341]

Another possible concern comes from the additives that may
be added for improving the printability. Whereas their exact na-
ture and concentration in commercial filaments are often un-
known for confidentiality reasons, their presence may interfere
with reprocessing, recycling, and disposal methods, and also
pose safety concerns. For example, plasticizers and other harm-
ful additives may be added to the base polymer to improve its
processability. Presently, plasticizers are the most common poly-
mer additives world-wide. However, traditional petroleum-based
plasticizers, including phthalates, trimellitates, and dicarboxy-
lates, are toxic to human beings and to the environment, and
their dangerousness (especially in children’s toys, biomedical de-
vices, and food packaging) is worsened by their ease of leaching
from the polymer matrix. Bio-based plasticizers such as starch
derivatives, epoxidized linseed and soybean vegetable oils, citrate
derivatives and levulinic acid, may represent safer and greener
alternatives.[342,343]

In conclusion, it appears that shear stress, temperature, and
oxygen degrade polymers. The degradative effects have been ob-
served not only in polymers sensitive to these factors, such as
PLA, but also in polymers that are relatively resistant, such as
polyolefins.[318] However, new strategies are emerging to reduce
the side effects of re-processing. Whilst it is not possible to rank
FFF materials based on their recyclability, it is clear that, in order
to reduce the environmental footprint, there is an increasing in-
terest toward biodegradable plastics, both bio-based (like PLA and
PHA plastics) and also petroleum-based ones (PVA, polyethylene
terephthalate (PET), and HIPS).[344,345] Similarly, inorganic rein-
forcements like carbon fibers and glass fibers may be replaced
with greener options, like sawdust, cellulose fibres, or other nat-
ural fibres.[346]

Secondly, standard guidelines have not been issued yet for di-
recting the correct management of FFF waste. Whilst some at-
tempts have been done to develop recycling codes (for example,
by Hunt et al.[347]), bespoke parts, especially if printed at the hob-
byist level, presently do not receive any labeling for the identi-
fication of the safe disposal and recycling procedures. This may
impair the recycling of 3D printed materials at an early stage. Ac-
cording to the general recycling procedure outlined by Mikula
et al.,[318] in the first step, materials should be separated and
washed. With very few exceptions,[91,272,273] all feedstock materi-
als for FFF are thermoplastic-based. Nonetheless, individual plas-
tics should be sorted apart based on their composition and color
for a successful recycling.[348] At an industrial level, density can
be leveraged for separating different plastics. PLA, whose den-
sity is around 1.25 g cm−3, is denser than other polymers com-
monly used in FFF, including ABS (whose density is around 1.04
g cm−3). The difference is even greater with polyolefins, whose
density is around or even lower than 1 g cm−3. Thus, the relatively
high density of PLA turns out to be an advantage for recycling,
since PLA objects can be easily separated from ordinary thermo-
plastic waste based on their specific weight.[349,350] Similarly, in-

dustrial optic systems allow for the separation of different colors.
However, the management of plastic waste from consumer 3D
printers is still an open challenge.

7.3. Emissions and Potential Health Hazards

FFF can be defined as a “safe” AM technique, as long as it does
not entail the usage of loose powders and solvents. As previ-
ously mentioned, this, together with its “cleanliness” (no sticky
resins), is one of the main reasons for the success of FFF with
hobbyists and amateurs. Nonetheless, recent reports in the sci-
entific literature clearly point out that ultra-fine particles (UFPs)
and volatile and semi-volatile substances (volatile organic com-
pounds, VOCs) are released upon printing due to thermal degra-
dation. The emissions are different depending on the filament’s
composition. For example, the study by Azimi et al.[351] identi-
fied caprolactam as the most abundant VOC emitted from nylon-
based and imitation wood and brick filaments, styrene from ABS
and HIPS filaments, and lactide from PLA filaments.

It is generally acknowledged that, unlike other thermoplastics
such as ABS, PLA is odorless when heated up for printing.[80] Fur-
ther, the emission of particles and other by-products is lower be-
cause the printing temperature of PLA is lower than that of ABS
and other feedstock materials.[34,352–354] For these reasons, the us-
age of PLA has been regarded as being potentially less harmful
for human health.[353,355] However, Tang and Seeger[356] have re-
cently pointed out that it is not possible to establish a meaning-
ful ranking of emissions based on the polymer type alone. Be-
sides the polymer type, the addition of fillers, dyes, and other ad-
ditives (stabilizers and plasticizers, for example), as well as the
presence of unknown impurities may also change the thermal
stability of the polymer matrix, and thus influence the emission
of particles.[357,358] In other terms, the emissions are governed
by the “filament product” as a whole, rather than by the poly-
mer type.[356] For example, Potter et al.[359,360] demonstrated that
not all VOCs can be attributed to the degradation of the poly-
mer backbone, which suggests that some emissions are rather
caused by the volatilization or degradation of polymer additives
such as plasticizers and stabilizers. Amongst other VOCs (mainly
lactide and acetaldehyde), the plasticizer bis(2-ethylhexyl) phtha-
late, which is considered a probable carcinogen, was emitted
by metal-filled PLA filaments, although it was not disclosed in
the filament composition.[360] Preliminary investigations suggest
that pigments have a minor, but not negligible effect on the
emissions.[35,353,358,361–363] Both metal fillers[357,364,365] and wood
fillers[364] were reported to increase the emissions of PLA fila-
ments. Metal fillers may also promote the emission of smaller
particles, which have a higher deposition rate in alveoli.[354] How-
ever, also opposite trends have been observed. For example, the
research conducted by Vance et al.[366] showed that the average
aerosol emission rate of copper-infused PLA was higher than that
of PLA, whereas that of wood-infused PLA was lower. In this re-
gard, it is important to note that most papers in the literature
aim to provide a sensible estimate of the emissions that may oc-
cur under real-use conditions, when printing in business offices,
public libraries, university laboratories and classrooms, and even
at home.[353] For this reason, they use commercially available fila-
ments, whose exact composition may be unknown except for the
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base polymer type and the primary filler.[365] For example, they
may be produced with different polymer grades, or may contain
“proprietary additivation” (as noted by Stabile et al.[364]) or even
“non-advertized additives” (as pointed out by Potter et al.,[359,360])
and all these compositional variables interfere with the effect of
the primary filler on the emissions.

It should also be mentioned that a sound comparison across
the literature is impaired by the variability of the printing condi-
tions. According to Tang and Seeger,[356] the emissions depend
on the printer model (different hardware and software), and on
the specific printer settings, with the printing temperature be-
ing particularly important.[356] Stabile et al.[364] observed that the
same PLA filament did not cause any particle emissions when
printed below 220 °C, whereas the emission rates became sen-
sible at 220 °C (6.78 × 109 particles min−1) and increased by
more than one order of magnitude when the temperature was in-
creased up to 240 °C. Yi et al.[353] argued that, as the difference be-
tween the printing temperature and the melting temperature in-
creases, more vapor can be generated and condense to form ultra-
fine particles by gas-to-particle conversion via nucleation and/or
condensation processes. Accordingly, for safety reasons operators
should not exceed the recommended printing temperature.[354]

Lastly, Tang and Seeger[356] have recently drawn attention to
the lack of international standards for the measurement of emis-
sions in FFF. Historically, several measurement techniques have
been applied, as critically discussed by Zhang et al.[354] in their
comprehensive review. In order to measure particle and chem-
ical emissions from 3D printers, ANSI/CAN/UL 2904[367] pro-
poses to print a cube with a fixed printing time of 4 h regardless
of the printer model and the filament type. The particle emis-
sion is then normalized by either the mass of filament used or
the printing time. However, according to Tang and Seeger,[356]

this adjustment is still ineffective, because it does not take into
account that filaments may largely vary by density (for example,
due to the presence of metal fillers) and by printing time. An-
other point to consider it that the particle emission is quanti-
fied over a relatively long time interval, whereas emissions are
known to commonly reach a maximum within few (5–10) min-
utes of printing.[366] In order to mitigate these issues, Tang and
Seeger[356] outlined a standardized test procedure based on print-
ing a fixed length (i.e., a fixed volume of material for a given fil-
ament diameter) of a filament as a strand without building a 3D
object. Whilst this approach neglects the progressive addition of
layers required for building up 3D objects, it makes it possible
to emphasize the effect of the heat stress that is the main rea-
son for emissions. The total number of emitted particles (TP)
during a print job was identified as the key evaluation parame-
ter, and all measurements were conducted in 1 m3 emission test
chamber, according to ISO 16000-9:2006.[368] Tang and Seeger[356]

tested the new procedure against 44 commercial filaments (stan-
dard length used: 800 mm) and the results confirmed the strong
effect of fillers and additives on the emissions of filaments nom-
inally produced with the same polymer type. Whereas TP values
were either not quantifiable or below 1010 for PLA (low emitter),
average values for two copper-filled PLA filaments exceed 1011

(high emitters). The variability was even larger for ABS-based fil-
aments, as the range in TP values spanned over three orders of
magnitude between the lowest and the highest emitter. Interest-
ingly, the TP of the one PVA filament under examination was

below the lower level of quantification, and also the PP filament
was ranked as low emitter.

Whilst the standard protocol described by Tang and Seeger[356]

paves the way for a more consistent measurement of emissions,
additional research is still needed to ascertain the safety of FFF
printing, not just in professional settings like laboratories and
scientific hubs, but also in homes and schools.[365] Presently,
many papers in the literature systematically compare the effect
of different fillers, or different filler loadings, or additives, on
the mechanical performance of FFF parts produced starting from
custom-made filaments that are extruded on purpose under con-
trolled conditions (typically, starting from neat polymer pellets
and adding increasing amounts of fillers or additives). In future,
it would be interesting to apply a similar approach in order to sys-
tematically evaluate the effect of individual fillers and additives
on the emissions in FFF.

8. Critical Considerations Regarding SDS

A key requirement in SDS is that a high filler loading, typically
between 50 and 65 vol%, is needed to mitigate shrinkage and
the risk of slumping upon sintering. Hasib et al.[102] observed
that the sintering-induced shrinkage was inversely proportional
to the initial volumetric content of inorganic filler in the green
part. However, working with high filler loadings may cause poor
printing quality or even failure due to the high viscosity in the
liquefier.[43] Raising the printing temperature may help reduce
the viscosity, but overheating above the degradation temperature
of the polymer matrix should be avoided.[43]

As summarized by Singh et al.,[43] the best particles for metal
injection molding are spherical with a diameter smaller than
45 μm, because they flow easily and possess good filling prop-
erties, which is helpful for achieving a high packing density in
the green part while keeping the viscosity low. For the same rea-
son, spherical particles are also recommended in SDS, although
irregular particles having a higher specific surface area may favor
interlocking and promote sintering.[37,102]

Working with fine powders boosts the driving force for sin-
tering, since they have higher specific surface area, stronger
sintering stress, and shorter diffusion distances than large
particles.[369] Provided they do not form large agglomerates,
smaller particles may also be advantageous in order to limit
the risk of clogging the nozzle upon printing and to achieve
parts with minute details. As a pre-requisite, particles should be
smaller than the nozzle diameter, whose standard size is 400 μm,
but can range between 100 μm and 1 mm.[177] This require-
ment is relatively easy to meet for primary particles, but can be
challenging for larger aggregates, which calls for the preferen-
tial usage of small and de-aggregated powders.[370] The choice
of the particle size should also account for the part’s geome-
try, as particles should not exceed 1/10 of the smallest detail to
produce.[218] However, an important downside with working with
fine powders is their effect on the viscosity, because smaller parti-
cles cause stronger inter-particle friction and hence increase the
viscosity as compared to larger particles.[43] Singh et al.[43] ob-
served that the maximum feed rate attainable when printing fil-
aments produced with a coarse Ti-6Al-4V powder (median parti-
cle size: 30 μm; filler loading: 59 vol%) was twice as much as that
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achievable with fine powder counterparts (median particle size:
13 μm; filler loading: 59 vol%). Although the limiting force as de-
fined by Equation (8) was the same for both kinds of filaments,
the presence of the coarse powder resulted in a lower viscosity
and thus enabled printing at higher feed rates. Similarly, Kukla
et al.[371] observed that the apparent shear viscosity of feedstock
materials containing 55 vol% of 316L stainless steel particles sub-
stantially decreased when the average particle size was increased
from 5.5 to 8.6 μm. However, the secant modulus and the strain
at break of the filaments also decreased. As a result, the feed-
stock with smaller particles could be printed, whilst the feedstock
with larger particles could not.[371] This suggests that printability
is the result of a delicate balance between filler properties and
binder composition.

In SDS, the polymer matrix mainly works as a sacrificial binder
that “glues” the filler particles together while printing. Quite of-
ten, debinding is accomplished in two separate steps. In the first
step, also called “primary debinding,” a fraction of the binder
is selectively removed by means of thermal, chemical, or cat-
alytic routes, and then the remaining polymer backbone is ther-
mally decomposed just before sintering in a second step called
“secondary debinding.”[40] The two-stage approach is also feasi-
ble in straight thermal debinding, since the binder is a multi-
component formulation including a thermally labile fraction that
can be removed at lower temperature and a more thermally sta-
ble backbone that is debound at higher temperature.[372] Primary
debinding is necessary to create a network of interconnected
pore channels that, later on, will enable the safe release of the
decomposed gas molecules of the backbone to the ambient at-
mosphere. Otherwise, off-gases would remain entrapped inside
the part and the pressure build-up would ultimately cause cracks
and blisters.[373] Moreover, the interconnected pore channels pro-
duced during the primary debinding stage accelerate the trans-
port of matter as compared to diffusion phenomena and increase
the debinding rate.[372] The polymer backbone, meanwhile, is un-
affected and holds the inorganic filler in place until diffusion
bonds are established between the particles.

The appropriate formulation of a binder for SDS is extremely
challenging and, for this reason, details are not always disclosed
in the literature.[40,370] As a general guideline, the binder in SDS
is made of three components[40,374–376]

i) The main binder component, which is removed during the
first debinding stage and accounts for 50–90 vol% of the
whole binder system;

ii) The backbone, which survives through the first debinding
stage and is thermally removed just prior to sintering. The
backbone may account for up to 50 vol% of the whole binder
system;

iii) Additives like dispersant agents, compatibilizers, plasticiz-
ers, and stabilizers, which are introduced to enhance the
filler distribution, prevent agglomeration, and phase sepa-
ration, impart flexibility to the filament, and adjust the me-
chanical and rheological properties. Additives may include
waxes, to adjust the viscosity,[377] and tackifiers (e.g., hydro-
carbon resin), that increase the inter-layer adhesion.[40] Ad-
ditives may account for up to 10 vol% of the whole binder
system.

In addition to “glueing” the filler particles together, the binder
should provide the filament with appropriate rheological and me-
chanical properties. In spite of the high viscosity that is frequently
observed as a consequence of the high filler loading, the filaments
should not buckle at the entrance of the liquefier, as already dis-
cussed in Section 5.2. To this aim, a high compressive modulus
may be necessary. At the same time, the filament should preserve
some flexibility for spooling and feeding into the printer. This
can be accomplished either by using polymers that are intrin-
sically flexible, like elastomers or amorphous polyolefins, or by
modifying stiffer polymers, like semi-crystalline polyolefins, with
plasticizers. Common plasticizers can be low-molecular weight
polyolefins.[40]

The exact formulation of the binder should be adjusted to
the intended de-binding strategy. The polymer matrix for ther-
mal debinding should not contain solvents and should not gen-
erate an acidic atmosphere or produce any other side products
that may contaminate the inorganic filler.[378] The basic require-
ment in chemical debinding is that the main binder component
can be selectively removed in a solvent (either in an organic sol-
vent, or in water) that does not affect the backbone. This is the
case, for example, of cyclohexane in conjunction with PE as the
backbone.[296] Catalytic debinding, which was first introduced by
BASF in powder injection molding (Catamold system), is based
on polyacetal binders. When the temperature is above 100 °C, the
polyacetal binder unzips through the action of a catalyst (quite
often, HNO3) and vaporizes as formaldehyde gas. The debind-
ing temperature is preferably chosen around 120 °C to not ex-
ceed the softening point of the binder (150–160 °C), because this
would cause thermally-induced warping and sagging. Most poly-
acetals are shear-sensitive and crystalline, and thus unsuitable
for powder injection molding and also for SDS, as they would
experience chain degradation upon processing, and substantial
shrinkage upon cooling. However, new polyacetal-based formu-
lations, whose main ingredient is polyoxymethylene (POM, also
known as polyformaldehyde), are compatible with normal pro-
cessing conditions and enable a fast catalytic debinding.[379]

The binder formulation should also account for the specific
composition and properties of the filler. For example, Agarwala
et al.[380,381] reported that the base binder composition named
“RU1” (containing 35 wt% of polymer as the backbone, 30 wt%
of wax to adjust the viscosity, 20 wt% of elastomer to provide flexi-
bility, and 15 wt% of tackifier to promote adhesion) was tested for
the production of filaments for SDS containing different kinds of
powders, including Si3N4, SiO2, lead zirconium titanate (PZT),
WC-Co, and stainless steel. However, PZT and WC-Co also re-
quired the addition of 1 wt% of oleyl alcohol as a dispersant to
reduce the viscosity to values permissible in FFF. All the prelimi-
nary filaments, extruded with a capillary rheometer, were not flex-
ible and hence broke down to straight and stiff pieces, which had
to be manually fed into the printer. In order to obtain single screw
extruded filaments featuring the flexibility required for spooling,
the binder formulation for Si3N4 had to be changed to contain
19 wt% of polymer, 20 wt% of wax, 26 wt% of elastomer, and 35
wt% of tackifier, with the addition of 3 wt% of oleyl alcohol. How-
ever, Agarwala et al.[380,381] reached the conclusion that different
adjustments to the base binder formulation would be required to
achieve spoolable filaments with different powders. As a matter
of fact, in a later contribution a different binder was proposed for
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PZT, which contained polyolefin-based binder, hydrocarbon resin
tackifier, PE wax, and polybutylene plasticizer in a 100:20:15:5 ra-
tio, with the addition of stearic acid as the most suitable surfac-
tant (with the other options being oleyl alcohol, stearyl alcohol,
oleic acid).[382] As remarked by Cano et al.,[296] the adhesion to
fillers having a polar surface can be improved by using binders
grafted with polar reactive groups.

Besides the appropriate formulation of the binder, coat-
ing the filler with a surfactant may enhance the powder
dispersion.[383] Even if stearic acid is often used to prevent par-
ticle agglomeration,[375] surfactants may be different for differ-
ent powders. As already mentioned for binders grafted with polar
groups, surfactants containing polar molecules tend to bond with
the surface of polar particles, whilst non-polar molecules tend to
bond with the surface of non-polar particles. Some long-chain al-
cohols or fatty acids may contain a polar group at one end of the
chain, and a non-polar group at the other end, which allows them
to adsorb onto both non-polar and polar surfaces.[383] A strong
adhesion to the particle surface is crucial to avoid incorporating
the molecules of the surfactant into the polymer phase, as this
would change the mechanical, thermal, and rheological proper-
ties of the binder.[140]

To conclude, it is possible to appreciate the complexity of
achieving a proper binder formulation, due to the numerous re-
quirements and variables in play, which should be assessed on a
case-by-case basis. Some examples of this variability are summa-
rized in Table 1.[119,138,188,218,296,370,371,374,378,382,384–408]

9. Summary

Some key considerations emerged from this survey of the litera-
ture regarding materials requirements in FFF:

i) Although printability is a pre-requisite, the successful devel-
opment of new feedstock materials for FFF should take into
account the whole life cycle, and not just the printing step. In
order to assist materials developers in this challenging task,
Table 2 provides a roadmap to the main materials require-
ments in FFF. The most important materials properties are
reported for each step of the process, from the synthesis of
the feedstock material to the disposal of end-of-life printed
parts. Wherever possible, precise bounds are placed on ac-
ceptable feedstock properties. For completeness, Table 2 also
lists the corresponding sections of this review paper where
additional information can be retrieved, as well as specific
references from the literature.

ii) Feedstock materials for FFF must meet several processing
requirements at the same time, sometimes following mutu-
ally conflicting trends. For example, mechanical strength re-
lies on the establishment of inter-raster bonds in the printed
part, which would be favored by a large processing window
above the glass transition temperature (or melting tempera-
ture) and by slow cooling down, whereas dimensional accu-
racy relies on the retention of the printed shape, which would
be favored by a narrow processing window and by fast cool-
ing.

iii) The formulation of new composite materials for FFF is
particularly demanding, because adding a filler drastically
changes the thermo-mechanical and rheological proper-

ties and hence the printability of the thermoplastic matrix.
Whereas increasing the filler loading is often necessary to
reach the targeted functionality (for example, exceeding the
percolation threshold for electrical conductivity), this will
likely make printing more difficult. These processing issues
are emphasized in the production of fully inorganic parts,
since the filler loading should exceed 50 vol% for sintering.

iv) A general recommendation that emerges from research ar-
ticles is that existing commercial filaments for 3D printing
should be carefully characterized in order to provide a bench-
mark, since new materials should have similar thermo-
mechanical and rheological properties in order to be print-
able with standard FFF hardware. However, this is a very
pragmatic approach, that contributes to identifying what is
printable and what is not, but does not explain why.

v) No international standard exists for testing feedstock materi-
als and printed parts, and this may cause inconsistencies in
the published data and thus hamper the ability of researchers
to compare different materials and draw far-reaching conclu-
sions from them.

vi) Some fundamental features of a typical FFF process are still
largely unknown. For example, there is not a single theo-
retical framework describing the behavior and flow of the
polymer through the liquefier, as the available studies are of-
ten based on different model geometries and simplifying as-
sumptions. The governing parameters for some phenomena,
such as the spider web effect, are unresolved. In this regard,
research is still needed to improve current-day understand-
ing of the processing science and enable a holistic approach
to the development of new advanced materials for FFF.

Appendix

A Predictive Models of the Pressure Drop

A.1 Model Followed by Venkataraman et al.

As shown in Figure A1, the basic assumption of the model devel-
oped by Venkataraman et al.[183,184] is that, owing to the similar
geometries, the pressure drop in the nozzle, P, can be related to
the pressure drop in a capillary rheometer, Pr, through a scaling
factor k, as seen in Equation (13).

The pressure drop in a capillary rheometer, in its turn, depends
on the geometry of the rheometer (where l is the length, and r is
the radius of the capillary), on the apparent viscosity of the fluid,
𝜂a, and on the volumetric flow rate, Q, according to

Pr =
8𝜂aQl
𝜋r4

(A1)

and hence

P =
8𝜂aQl
𝜋r4k

(A2)

A.2 Model Followed by Singh et al.

Although this assumption has been questioned in the
literature,[185,409] the rheological behavior of the polymer melt is
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Table 2. Roadmap to materials requirements in FFF.

Materials requirements

Step Requirement Reference

Feedstock synthesis Affordability and scalability Section 4.1

Filament production Extrudability (or drawability) Section 4.2

Viscosity between 5000 Pa s and 10000 Pa s Section 4.3, Ref. [124]

Filament spooling Minimum strain at yield of 5% under tensile load Section 4.4, Ref. [139]

Maximum filler loading: 30 vol% in PLA, 50 vol% in PLA + plasticizer Section 4.4, Ref. [142]

Feeding mechanism High shear strength to overcome pressure drop Section 5.1, Refs. [43, 177]

Liquefier entrance Ec/𝜂a higher than a critical value in the range 3 × 105 to 5 × 105 s−1 to avoid buckling Section 5.2, Refs. [183, 184]

Flow through the liquefier Polymer having shear thinning behavior Section 5.3

Polymer having high heat transfer coefficient for fast melting/softening Section 5.3, Ref. [185]

Molten/softened polymer having high apparent viscosity to avoid backflow Section 5.3, Ref. [189]

Processing temperature in the 180–260 °C range for standard printers Section 5.4

General printability Molten/softened polymer having apparent viscosity around 200 Pa s for good printability and
inter-raster bonding

Section 5.8, Ref. [221]

Part’s build-up Low heat transfer coefficient with air for slow cooling and strong bonding (but worse print accuracy) Section 6.1, Ref. [129]

High thermal conductivity for slow cooling and strong bonding (but worse print accuracy) Section 6.1, Ref. [129]

Low molecular weight for fast inter-diffusion Section 6.1, Ref. [239]

Low viscosity for fast inter-diffusion Section 6.1, Ref. [239]

Spider web Unknown Section 6.4

Surface finish Ease of melting/softening or chemical dissolution Section 6.5

Shrinkage and warpage Low coefficient of thermal expansion Section 6.6, Ref. [297]

Limited crystallization Section 6.6

High crystallization temperature (if any) Section 6.6, Ref. [290]

Sustainability Recyclability/Biodegradability Section 7.2

Health and safety No harmful additives/fillers Section 7.3

Shaping, debinding, and sintering Filler loading higher than 50 vol% for reducing shrinkage Section 8, Ref. [40, 376]

Spherical particles smaller than 45 μm for sintering Section 8, Ref. [43]

Particles smaller than 1/10 of smallest detail Section 8, Ref. [218]

Two-stage debinding Section 8, Ref. [372]

often described according to the power law of Ostwald-de Waele
for non-Newtonian fluids formulated as

�̇� = Φ × 𝜏m (A3)

where �̇� is the shear rate, 𝜏 is the shear stress, Φ is the material
fluidity, and m is a parameter describing the flow characteristics,
mainly the deviation from a pure Newtonian flow (with m typi-
cally ranging between 2 and 4 for non-Newtonian fluids in the
shear rate range of 100–104 s−1).[43]

A comparison between Equation (19) and Equation (A3) leads
to the equivalences[410]

𝜙 = Φ− 1
m (A4)

and

n = 1
m

(A5)

The model described by Singh et al.[43] is based on the equa-
tions originally formulated to describe the flow through an ex-
trusion die by Michaeli and adapted for an FFF nozzle by Bellini

et al.[180] Taking into account the geometry of the liquefier-nozzle
system schematized in Figure A2, the total pressure drop, P, is
the sum of three contributions, P1, P2, and P3:

P = P1 + P2 + P3 (A6)

Under the hypotheses that:

i) the melt is incompressible and isothermal;
ii) there is a no-slip boundary condition at the wall; and

iii) the flow is fully developed, steady-state, and laminar.

The momentum balance performed on the three sections of
the liquefier-nozzle system leads to the following equations

P1 = 2L1

⎡⎢⎢⎢⎣
Q(m + 3)

𝜋Φ
(

D1

2

)m+3

⎤⎥⎥⎥⎦

1
m

(A7)
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Figure A1. Schematic representation of the geometry of the liquefier-
nozzle system and corresponding value of the pressure drop according
to the model developed by Venkataraman et al.[183,184]

Figure A2. Schematic representation of the geometry of the liquefier-
nozzle system and corresponding values of the pressure drop according
to the model developed by Singh et al.[43]

P2 =
m

3 tan 𝜃

2

×
⎛⎜⎜⎝

1

D
3
m
2

− 1

D
3
m
1

⎞⎟⎟⎠ ×
[

Q
𝜋Φ

(m + 3)2m+3

] 1
m

(A8)

P3 = 2L2

⎡⎢⎢⎢⎣
Q(m + 3)

𝜋Φ
(

D2

2

)m+3

⎤⎥⎥⎥⎦

1
m

(A9)

where Q is the volumetric flow rate as defined in the main text.
D1 corresponds to the diameter of the liquefier barrel, which is
DL in the main text, L1 corresponds to LL, and D2 to the diameter
of the nozzle tip, which would be Dout according to the definition
of Aout in the main text.
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phuy, Adv. Eng. Mater. 2021, 24, 2100820.

[125] M. Bertolino, D. Battegazzore, R. Arrigo, A. Frache, Addit. Manuf.
2021, 40, 101944.

[126] H. Ponsar, R. Wiedey, J. Quodbach, Pharmaceutics 2020, 12, 511.
[127] S. Bandari, D. Nyavanandi, N. Dumpa, M. A. Repka, Adv. Drug De-

livery Rev. 2021, 172, 52.
[128] E. Gkartzou, E. P. Koumoulos, C. A. Charitidis, Manuf. Rev. 2017, 4,

1.
[129] B. N. Turner, R. Strong, S. A. Gold, Rapid Prototyping J. 2014, 20,

192.
[130] J. C. Miller, Polym. Eng. Sci. 1963, 3, 134.
[131] J. Aho, J. P. Boetker, S. Baldursdottir, J. Rantanen, Int. J. Pharm. 2015,

494, 623.
[132] S. Dul, L. Fambri, A. Pegoretti, Composites, Part A 2016, 85, 181.
[133] D. Yang, H. Zhang, J. Wu, E. D. McCarthy, Addit. Manuf. 2021, 37,

101686.
[134] J. Z. Liang, Polym. Test. 2008, 27, 936.
[135] M. Cloitre, R. T. Bonnecaze, Rheol. Acta 2017, 56, 283.
[136] S. Bhagia, R. R. Lowden, D. Erdman III, M. Rodriguez Jr, B. A. Haga,

I. R. M. Solano, N. C. Gallego, Y. Pu, W. Muchero, V. Kunc, A. J.
Ragauskas, Appl. Mater. Today 2020, 21, 100832.

[137] S. Farah, D. G. Anderson, R. Langer, Adv. Drug Delivery Rev. 2016,
107, 367.

[138] C. Kukla, J. Gonzalez-Gutierrez, S. Cano-Cano, S. Hampel, C.
Burkhardt, T. Moritz, C. Holzer, presented at VI Congreso Nacional
de Pulvimetalurgia y I Congreso Iberoamericano de Pulvimetalurgia,
Ciudad Real, Spain, June 2017.

[139] M. Spoerk, C. Holzer, J. Gonzalez-Gutierrez, J. Appl. Polym. Sci.
2020, 137, 48545.

Macromol. Mater. Eng. 2022, 307, 2200197 2200197 (35 of 40) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202200197 by U

niversity M
odena, W

iley O
nline L

ibrary on [29/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.mame-journal.de

[140] T. F. McNulty, D. J. Shanefield, S. C. Danforth, A. Safari, J. Am. Ceram.
Soc. 1999, 82, 1757.

[141] A. Rosato, K. J. Strandburg, F. Prinz, R. H. Swendsen, Phys. Rev. Lett.
1987, 58, 1038.

[142] A. Maurel, S. Grugeon, B. Fleutot, M. Courty, K. Prashantha, H. Tor-
tajada, M. Armand, S. Panier, L. Dupont, Sci. Rep. 2019, 9, 18031.

[143] Y. Wu, D. Isakov, P. S. Grant, Materials 2017, 10, 1218.
[144] G. F. Acosta-Vélez, B. M. Wu, Polym. Sci. 2016, 2, 3.
[145] A. A. Konta, M. García-Piña, D. R. Serrano, Bioengineering 2017, 4,

79.
[146] A. Melocchi, F. Parietti, A. Maroni, A. Foppoli, A. Gazzaniga, L.

Zema, Int. J. Pharm. 2016, 509, 255.
[147] J. M. Nasereddin, N. Wellner, M. Alhijjaj, P. Belton, S. Qi, Pharm.

Res. 2018, 35, 151.
[148] P. Xu, J. Li, A. Meda, F. Osei-Yeboah, M. L. Peterson, M. Repka, X.

Zhan, Int. J. Pharm. 2020, 588, 119760.
[149] J. Zhang, X. Feng, H. Patil, R. V. Tiwari, M. A. Repka, Int. J. Pharm.

2017, 519, 186.
[150] J. Zhang, P. Xu, A. Q. Vo, S. Bandari, F. Yang, T. Durig, M. A. Repka,

J. Drug Delivery Sci. Technol. 2019, 52, 292.
[151] J. Leng, J. Wu, J. Zhang, Ind. Eng. Chem. Res. 2019, 58, 21476.
[152] V. Kishore, C. Ajinjeru, P. Liu, J. Lindahl, A. Hassen, V. Kunc, C. Duty,

Solid Freeform Fabr. Proc. 2017, 2017, 1696.
[153] S. Rangarajan, G. Qi, N. Venkataraman, A. Safari, S. C. Danforth, J.

Am. Ceram. Soc. 2000, 83, 1663.
[154] C. Hu, Q.-H. Qin, Curr. Opin. Solid State Mater. Sci. 2020, 24, 100867.
[155] M. Chapiro, Reinf. Plast. 2016, 60, 372.
[156] J. Adeniyi, E. Kolawole, Eur. Polym. J. 1984, 20, 43.
[157] B. Palacios-Ibáñez, J. J. Relinque, D. Moreno-Sánchez, A. S. de León,

F. J. Delgado, R. Escobar-Galindo, S. I. Molina, Polymers 2022, 14,
496.

[158] M. Broudin, V. Le Saux, P.-Y. Le Gac, C. Champy, G. Robert, P. Char-
rier, Y. Marco, Polym. Test. 2015, 43, 10.

[159] G. Gorrasi, R. Pantani, in Synthesis, Structure and Properties of
Poly(lactic acid) (Eds: M. L. Di Lorenzo, R. Androsch), vol.
279, Springer International Publishing, Cham, Switzerland 2018,
pp. 119–151.

[160] Y. Huang, C. Zhang, Y. Pan, Y. Zhou, L. Jiang, Y. Dan, Polym. Degrad.
Stab. 2013, 98, 943.

[161] L. Monson, M. Braunwarth, C. W. Extrand, J. Appl. Polym. Sci. 2008,
107, 355.

[162] A. P. Valerga, M. Batista, J. Salguero, F. Girot, Materials 2018, 11,
1322.

[163] H. D. Vora, S. Sanyal, Prog. Addit. Manuf. 2020, 5, 319.
[164] A. Célino, S. Fréour, F. Jacquemin, P. Casari, Front. Chem. 2014, 1,

43.
[165] N. Nakayama, T. Hayashi, Polym. Degrad. Stab. 2007, 92, 1255.
[166] S. Therias, J.-F. Larché, P.-O. Bussiere, J.-L. Gardette, M. Murariu, P.

Dubois, Biomacromolecules 2012, 13, 3283.
[167] D. Damato, Computer Aided Technology, https://www.cati.com/

blog/2016/07/polyjet-and-fdm-material-expirations-and-shelf-life/
(accessed: February 2022).

[168] A. Maurel, M. Courty, B. Fleutot, H. Tortajada, K. Prashantha, M.
Armand, S. Grugeon, S. Panier, L. Dupont, Chem. Mater. 2018, 30,
7484.

[169] H. S. Ramanath, C. K. Chua, K. F. Leong, K. D. Shah, J. Mater. Sci.:
Mater. Med. 2008, 19, 2541.

[170] J.-F. Agassant, F. Pigeonneau, L. Sardo, M. Vincent, Addit. Manuf.
2019, 29, 100794.

[171] A. A. Rashid, M. Koç, Polymers 2021, 13, 3534.
[172] M. Elbadawi, T. Gustaffson, S. Gaisford, A. W. Basit, Int. J. Pharm.

2020, 590, 119868.
[173] P. Oehlmann, P. Osswald, J. C. Blanco, M. Friedrich, D. Rietzel, G.

Witt, Prod. Eng. 2021, 15, 467.

[174] Y. Tlegenov, G. S. Hong, W. F. Lu, Rob. Comp. Integr. Manuf. 2018,
54, 45.

[175] H. K. Dave, S. T. Patel, in Fused Deposition Modeling Based 3D Printing
(Eds: H. K. Dave, J. P. Davim), Springer International Publishing,
Cham, Switzerland 2021, pp. 1–21.

[176] M. Mohammadizadeh, H. Lu, I. Fidan, K. Tantawi, A. Gupta, S.
Hasanov, Z. Zhang, F. Alifui-Segbaya, A. Rennie, Inventions 2020,
5, 44.

[177] J. Go, S. N. Schiffres, A. G. Stevens, A. J. Hart, Addit. Manuf. 2017,
16, 1.

[178] M. K. Agarwala, V. R. Jamalabad, N. A. Langrana, A. Safari, P. J.
Whalen, S. C. Danforth, Rapid Prototyping J. 1996, 2, 4.

[179] C. Korte, J. Quodbach, Pharm. Dev. Technol. 2018, 23, 1117.
[180] A. Bellini, S. Güçeri, M. Bertoldi, J. Manuf. Sci. Eng. 2004, 126,

237.
[181] J. Go, A. J. Hart, Addit. Manuf. 2017, 18, 276.
[182] J. Go, A. J. Hart, US10 562 227B2, 2020.
[183] N. Venkataraman, S. Rangarajan, M. J. Matthewson, A. Safari, S. C.

Danforth, A. Yardimci, S. I. Guceri, in Proc. 1999 Int. Solid Freeform
Fabrication Symp., University of Texas at Austin, Austin, TX 1999,
pp. 351–360.

[184] N. Venkataraman, S. Rangarajan, M. J. Matthewson, B. Harper, A.
Safari, S. C. Danforth, G. Wu, N. Langrana, S. Guceri, A. Yardimci,
Rapid Prototyping J. 2000, 6, 244.

[185] M. P. Serdeczny, R. Comminal, D. B. Pedersen, J. Spangenberg, Ad-
dit. Manuf. 2020, 32, 100997.

[186] M. E. Mackay, J. Rheol. 2018, 62, 1549.
[187] J. Wu, N. Chen, F. Bai, Q. Wang, Polym. Compos. 2018, 39, E508.
[188] M. Janek, V. Žilinská, V. Kovár, Z. Hajdúchová, K. Tomanová, P. Pe-

ciar, P. Veteška, T. Gabošová, R. Fialka, J. Feranc, L. Omaníkováa, R.
Plavec, L. Baca, J. Eur. Ceram. Soc. 2020, 40, 4932.

[189] E. L. Gilmer, D. Miller, C. A. Chatham, C. Zawaski, J. J. Fallon, A.
Pekkanen, T. E. Long, C. B. Williams, M. J. Bortner, Polymer 2018,
152, 51.

[190] T. A. Osswald, J. Puentes, J. Kattinger, Addit. Manuf. 2018, 22, 51.
[191] V. Nienhaus, K. Smith, D. Spiehl, E. Dörsam, Addit. Manuf. 2019,

28, 711.
[192] D. D. Phan, Z. R. Swain, M. E. Mackay, J. Rheol. 2018, 62, 1097.
[193] M. E. Mackay, Z. R. Swain, C. R. Banbury, D. D. Phan, D. A. Edwards,

J. Rheol. 2017, 61, 229.
[194] R. B. Kristiawan, F. Imaduddin, D. Ariawan, Z. Arifin Ubaidillah,

Open Eng. 2021, 11, 639.
[195] A. Jabbari, K. Abrinia, J. Manuf. Processes 2018, 35, 664.
[196] A. Jabbari, K. Abrinia, Int. J. Adv. Manuf. Technol. 2018, 94, 3819.
[197] D. D. Lima, K. N. Campo, S. T. Button, R. Caram, Mater. Des. 2020,

196, 109161.
[198] J. Mireles, D. Espalin, D. Roberson, B. Zinniel, F. Medina, R. Wicker,

in Proc. 2012 Int. Solid Freeform Fabrication Symp., University of
Texas at Austin, Austin, TX 2012.

[199] M. A. Gibson, N. M. Mykulowycz, J. Shim, R. Fontana, P. Schmitt,
A. Roberts, J. Ketkaew, L. Shao, W. Chen, P. Bordeenithikasem, J. S.
Myerberg, R. Fulop, M. D. Verminski, E. M. Sachs, Y.-M. Chiang, C.
A.Schuh, A. J. Hart, J. Schroers, Mater. Today 2018, 21, 697.

[200] A. Haleem, M. Javaid, Clin. Epidemiol. Global Health 2019, 7, 654.
[201] G. Liu, Y. He, P. Liu, Z. Chen, X. Chen, L. Wan, Y. Li, J. Lu, Engineering

2020, 6, 1232.
[202] A. R. Zanjanijam, I. Major, J. G. Lyons, U. Lafont, D. M. Devine,

Polymers 2020, 12, 1665.
[203] E. Malikmammadov, T. E. Tanir, A. Kiziltay, V. Hasirci, N. Hasirci, J.

Biomater. Sci., Polym. Ed. 2018, 29, 863.
[204] G. Kollamaram, D. M. Croker, G. M. Walker, A. Goyanes, A. W. Basit,

S. Gaisford, Int. J. Pharm. 2018, 545, 144.
[205] T. C. Okwuosa, D. Stefaniak, B. Arafat, A. Isreb, K.-W. Wan, M. A.

Alhnan, Pharm. Res. 2016, 33, 2704.

Macromol. Mater. Eng. 2022, 307, 2200197 2200197 (36 of 40) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202200197 by U

niversity M
odena, W

iley O
nline L

ibrary on [29/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.mame-journal.de
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