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Abstract Additive Manufacturing represents a
well-known and fast growing material processing
technology. Printed part is formed by adding material layer
by layer until the part is finished without requiring any
additional ~ molds. Therefore, using  Additive
Manufacturing can save time and costs in comparison to
commercial production methods particularly when
manufacturing complex prototypes or small batch series.
Another advantage of Additive Manufacturing is its
freedom of design. This review is focused on material
extrusion, a specific Additive Manufacturing technology. It
begins with a short overview of the most common
materials processed with this technology. Subsequently,
we discuss several processes and machine parameters in
material extrusion as well as their influence on the printing
process and on the final properties of the printed part.
Based on this knowledge, various challenges in material
extrusion are also identified. These challenges must be
resolved in order to improve the material extrusion process.

Keywords  Additive Manufacturing, 3D Printing,
Biopolymers, Rapid Prototyping, Material Extrusion

1. Introduction

Definition of Additive Manufacturing, Origin and
Operation Method

In the literature, different denotations for “Additive
Manufacturing” (AM) can be found. Rapid Prototyping
(RP), for example, covers all manufacturing methods with
the aim to transform digital objects into physical parts fast
and without any additional tools. The term RP has been
used since 1980. Rather, any material can be added layer
by layer to produce the desired component. In this way,
both AM and RP are identical terms; they describe a
method to produce physical parts out of digital objects.

AM was first introduced in the 1860s for use in art (e.g.
photo-sculpture) and was adapted in the 1890s to
accommodate the topography field. Based on primal fields
of application, a special procedure called “Photo-glyph
recording” was developed and patented in 1951. The
working principle was similar to the modern approach: a
scan system was used to scan the object while a special
machine was simultaneously used to build up the scanned
geometry layer by layer until the scanned object was
replicated successfully. This technique shows parallels to
the well-known vat photo polymerization (SLA) used
presently. [1, 2, 3]

History of AM

Although the first applications of AM could be found
several decades ago, the big breakthrough in AM
technology has taken place in the last few years. What are
the reasons for this sudden progress?

Early on, one problem was the slow development of high
quality machines, high performance materials and high
costs for both machines and processed materials. Recently,
the production time for prototypes created using AM, as
well as the related costs, dropped significantly. This
advancement has enabled the first commercial applications
of AM.

Another reason for the late introduction of AM was that
the process technology had to be developed first. This
development depended on the availability of high quality
sensors, automatization and data processing software.
These devices had to be further developed and tested
before they could work properly within an AM machine
and used in a high-quality 3D printer.

Besides technical development and progress, media also
contributed to the accelerated progress in AM. 3D printing
was presented to the public as the first processing
technology capable of producing parts of any shape with
total freedom of design. As a result, the idea and
possibilities of 3D printing rapidly spread worldwide. This
public interest further motivated industrial leaders to
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develop new processing technologies, new machines and
improve material processing capabilities. Although the
industry was partially responsible for financing these
developments, government funding contributed greatly.

Several years after the big breakthrough in 3D printing,
operators now find themselves somehow disappointed.
Media spread an exaggerated picture to public. As an
example, the material extrusion printing machine was
presented as a very simple AM machine. It was claimed
that the user is able to produce parts of desired geometry, at
home, without any technical background. However, this
turned out to be false as the user must still define the
process parameters in an appropriate way since modern
machines lack self-optimization capabilities. Moreover,
AM technologies often feature several limitations when it
comes to producing large or high performance parts. This is
likely due to variation in the quality of machine
components.

Thus, significant progress towards process technology
and material development has to be achieved. [1, 2, 3, 4, 5,
6]

Basic Steps of AM

In general, AM describes the production process of a
specific part via a well-defined AM-technology. The
starting point is an unshaped material source (e.g. powder,
filament (solid polymeric plastic wire) liquid), which is
oriented, arranged and shaped layer by layer. The method
of construction, the geometry and the appearance of the
final part is defined in a CAD-file or similar digital file

format. For production of the wvirtual part, any
CAD-software can be used. Alternatively, the file can be
generated directly via 3D digitalization of an existing part
using a 3D digitizing device. This file is then converted
into a specific traveling path, which controls the movement
of the 3D printer and the production process of the desired
part[1,2, 3,7, 8]. Figure 1 shows the basic steps of an AM
process.

Processing Technologies for AM

In contrast to conventional molding processes (which
involves forming, joining, disjoining or welding parts),
AM parts are created by adding material layer by layer. The
accuracy of the final printed part strongly depends on the
mechanical and optical properties of the printer as well as
the thickness of each added layer. High precision in the
layering process lessens the deviation of the printed part
from the digital/virtual part and, ultimately, increases the
likelihood of producing an accurate final product of
high-resolution. To achieve this level of precision, good
hardware components with high moving precision and
well-developed software for accurate data processing are
necessary. Another important factor is building time. For a
meticulous part, the layer height and velocity of the print
head must be kept low. The final part will consist of more
layers of thin size and the printing must be carried out at a
lower speed. Therefore, it is important to find a good
compromise between accuracy in dimension/resolution as
well as the required building time and costs for
hardware/software components. [2, 3, 8, 9, 10-16, 17-19]
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Figure 1. Basic steps of AM [4]
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Figure 2. AM methods which can process solid source material [20]

For the production of parts using AM, different AM
methods based on contrasting working principles were
developed and improved over time. However, they still
require further development and optimization to achieve
better accuracy in printing and to improve the mechanical
and optical properties of the printed parts. Another big goal
in the area of 3D printing is to reduce the printing time for
faster production. Figure 2 shows an overview of several
AM methods processing solid source material:

Solid source based AM methods are the best-known and
most widespread methods. The required machines and
material for the processing of solid wire are affordable
(the cheapest machines cost below 1000 €, filaments cost
below 50 €) and there is little technical knowledge
required to start running such machines. Nevertheless,
advanced knowledge about the process and machine
parameters is key to realizing a good print result. [3, 4, 10,
12, 21]

To enhance our scientific understanding on the process
of filled polymeric materials in solid wire based printing
methods, an EU-funded project has been initiated. Within
this project, the basics for the development from filament
production to the final part will be explored. At the end of
this project, R&D institutes will come together and create
a platform to offer various services (including assistance
along the whole development chain for solid-wire based
printing) to companies. Accordingly, this review is
focused on this additive manufacturing process and
extensively investigates state-of-the-art technologies and
identifies gaps in knowledge based on published literature.
[3,4,10,12,21]

2. Material Extrusion Printing

Definition of FLM, FDM, FFF and Material Extrusion

In the literature, various denotations for thermoplastic
extrusion-based AM technology can be found. The basic

operation principle was developed by Scot Crump, a
US-engineer, who filed a patent in 1989 and funded the
company “Stratasys”. As a next step, Stratasys filed for
“FDM” (Fused Deposition Modelling) to become a
protected brand. To avoid conflict in using protected
acronyms, alternate denotations to FDM - such as FFF
(fused filament fabrication), FLM (Fused Layer
Modelling) or material extrusion — are often used. This
review will stick to “material extrusion” as a synonym for
the extrusion-based AM technology.
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Figure 3. Scheme of FLM process [9]

The raw material used in material extrusion consists of
a solid wire made out of filled and unfilled thermoplastics,
also called “filaments®. It is forced into the print head,
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heated and molten in a specific chamber called a hotend.
As the material is melted, additional solid filament is
pushed into the printing head, which creates pressure
inside the hotend and forces the molten polymeric
material to exit the hotend through the die. While the
filament is supplied continuously to the print head and
molten filaments exit the hotend, the print head moves and
travels along the digital path. In this way, polymeric
material is continuously deposited, creating the physical
object layer by layer, as shown in Figure 3.

During material deposition, it is of great importance
that the extrusion of hot polymer melt and the traveling
printing head is well concerted to each other. Furthermore,
the molten extruded polymer must be deposited precisely.
Any deviation will end up as an optical defect on the final
part. The first layer of material is extruded on the printing
platform, which also can be heated. Further layers are
deposited directly on cooled down, solidified polymeric
material. To ensure that there is a good connection
between the existing layer and the new deposit layer,
molten filaments are extruded with some contact pressure
and overlap. The process is similar to a polymer welding
process. The quality of weld lines between each layer is
responsible for the mechanical and optical properties of
the printed part. [4, 8, 22, 23]

Temperature Range

Material extrusion is carried out at temperatures
ranging from of 165°C to 300°C. The optimal processing
temperature depends on several variables: the specific
properties of the polymeric material, the printing
machine’s hotend, the specific printing parameters and the
geometry of the virtual part.

For example, natural fiber reinforced composites (NFC)
should be processed at temperature levels below 200°C to
guarantee that neither the used polymer nor the natural
reinforcing component is degraded. As material extrusion
works effectively at these low temperatures, NFC can be
processed without any major problems.

Materials Used for Material Extrusion

Only specific materials can be processed for the
material extrusion process. The following materials are
mostly commonly used for 3D material extrusion printing:

*  Polylactic acid (PLA)

e Acrylonitrile butadiene styrene (ABS)

*  Poly methyl methacrylate (PMMA),
Polycarbonate (PC), Polyamide (PA),
polypropylene (PP), polystyrene (PS),
polyethylene (PE)

*  Polyvinyl acetate (PVA), High impact polystyrene
(PS)

*  Polyether ether ketone (PEEK), Polyetherimide
(PEI)

PLA is a well-known and common thermoplastic
polymeric material for material extrusion. It is a
thermoplastic based on Poly lactate acid. The polymer
shows biocompatibility and is, under optimal
circumstances, totally biodegradable. Its glass transition
temperature (T,) depends on the polymer blend but
usually lies between 45 °C and 65 °C.

Due to the following properties, PLA is an easily
handled material: it shows low water vapor absorption,
abrasion resistance, a smooth and hard surface as well as
color fastness and is UV-light resistant. Furthermore, its
thermal expansion coefficient is low.

For applications where high mechanical properties are
required, PLA can be processed and blended with
different fibers. It can also be blended by a second
polymer phase to achieve different bulk or surface
properties. There is also the possibility to add other
reinforcements to the polymer and thereby change its
physical and mechanical behavior.

The raw material price for 1 kg of PLA is about 5 — 10
€/ kg and 20 — 30 € / kg for 1 kg of filament. As such, it
is more expensive than standard polyolefin, which costs
about 1 —3 € /kg. [4, 10, 11, 13, 25, 26, 27, 28]

ABS is a synthetic polymer consisting of the three
monomers: acrylonitrile, 1,3-butadiene and styrene.
Depending on the proportion of the three monomers, the
properties of the polymerized ABS differs and can be
modified and adjusted to suit the intended application. In
comparison to PLA, the service temperature is much
higher due to its higher glass transition temperature (Ty)
of 100 —120°C. When there is an application with service
temperatures higher than 40°C, ABS should be used
instead of PLA to make sure the remaining mechanical
properties can carry the loads. The melting temperature
also depends on the proportion of the three monomers and
is between 210°C and 260°C. In contrast to PLA, ABS
shows increased mechanical properties and higher
strength.

Besides these advantages, ABS also shows some
drawbacks in comparison to PLA. The thermal expansion
coefficient of ABS is much higher. Therefore, the
processing of ABS is different than that of PLA and often
leads to big problems when using a conventional material
extrusion printer. In addition to problems with high
shrinkage, high processing temperatures are needed. It is
also essential to use a heated platform to print on.
Otherwise, the parts lose grip to the platform causing a
failure to print. Material extrusion machines, which are
optimized for processing of ABS, have special coated
platforms or platforms with high surface roughness. It
helps to improve the binding of the object to the build
platform as well as to keep the overall temperature of the
part higher and slow down the cooling process. In this
way, thermal residual stress is reduced to a minimum. In
terms of costs, ABS is about as expensive as PLA: prices
for ABS filaments lie in the range of 20 — 40 €/kg. [2, 4, 8,
10, 11, 13, 24, 26-32]
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Besides these well-known and often used polymers
(PLA, ABS), there are technical polymer types that have
not been used extensively so far. These polymers often
require advanced knowledge and special machine
components to guarantee a successful print by material
extrusion. Most of the time, specific adjustments must be
made and several test prints must be done to identify the
correct parameters for the printing process.

Nevertheless, there are technical polymeric filaments
that are already working with material extrusion. Some
examples include PC, PA 6.6, PMMA, PE, PP, PS, HiPS
and PVA.

HiPS and PVA are materials which are used for support
structures during material extrusion. As the part consists
of sharp overhangs or undercuts, support structure are
built up parallel to the part to support and underpin the
printing of the part when necessary. These materials are
well suited for this application as they can be removed
completely after the print is finished. PVA can be
dissolved in warm water while HiPS can be dissolved in
D-Limonene oil. After the print, the part, together with the
support structure, is put into the fitting solvent and left
there for some hours. Moving the solvent with agitation
helps to fasten the solvent procedure and save time. Using
PVA or HiPS for support structures instead of the same
material as used for the main part means no mechanical
post-processing is necessary.

In praxis, there are some problems regarding the use of
PVA or HiPS when big or thick support structures are
created. They take quite a lot of time to be dissolved
completely. Furthermore, problems can occur with the
bonding between the support structure and the main part
as some materials are not compatible with one another.
Therefore, it is important to check the coupling and
bonding behavior between the materials to be used for the
main part and support structure when the material
selection is done. When choosing PLA as the material for
the main part, the use of HiPS instead of PVA is advised
because of solid bonding results resulting in fewer
problems while printing. Using PVA, on the other hand,
may create problems like layer decoupling, rough surface
creation or no binding at all.

Besides the mentioned technical polymers, there are
few high temperature technical polymers as PEEK and
PEI. These are mainly used for high temperature
applications or fields where high mechanical performance
is required. For processing such high temperature
polymers a high temperature filament extruder and a
special designed hotend is necessary. The processing

temperature of such polymers lies between 350 and 500°C.

Most of commercial 3D printers cannot handle this
temperature range and cannot process high temperature
filaments at all. Besides the extrusion system and hotend,
there are further requirements when processing high
temperature materials. This topic is not further discussed
as the funding of the project does not cope with extrusion

temperatures higher than 260°C. [2, 8, 10, 13, 22, 23, 24,
26,27, 28, 33, 34]

Filled Polymeric Materials for Material Extrusion

Apart from using different polymeric materials, there is
the possibility to change the properties of the part by
using additives and fillers. This results in a composite
material with special properties (often with anisotropic
behavior). Various fillers have been investigated (e.g.
sand, brick, metal powders, plasticizers). These fillers are
mostly used to change the optical appearance and surface
of the produced part. Besides these fillers, reinforcements
can also be added to the polymer matrix to improve the
mechanical properties such as strength and stiffness. Such
reinforcements can be made of fibers (e.g. glass, aramid,
carbon, and cellulose), synthetic fillers of different shape
(e.g. talcum, graphene, CNTs) and even
biocompatible/biodegradable fillers (e.g. wood, bamboo,
cork, tone, cellulose). In consideration of the big variety
of polymeric materials and fillers, the final properties of
the printed parts can be adapted and optimized to suit the
intended application.

Nevertheless, there are some restrictions regarding the
fillers of the polymeric materials used for material
extrusion. The filament is melted inside the printer head's
hotend and forced through a specially-designed die hole
that is between 0.2 mm and 1 mm in diameter.
Accordingly, there are requirements on the maximum
dimension of the fillers based on the mounted die size.

Failure to meet this requirement may result in
significantly reduced material flow or complete blockage
of the die by the filler.

Furthermore, processing reinforced or filled polymeric
materials is connected to higher abrasion of the extruder,
hotend and die. This leads to significantly higher wear and,
therefore, results in shorter service intervals for these
components. Aside from the steep costs of customized
materials (often up to 100 €/kg), the cost of printing as
well as additional maintenance costs of the machine also
have to be considered.

Additionally, advanced knowledge is required when
processing filled or reinforced polymeric materials as they
show different material flow and bonding behaviors. They
also differ in printing parameters, which have to be
adjusted on the printing machine to achieve good printing
results.

[2,4,8,10,11, 13, 16,22- 24, 27-29, 33-35]

3. Requirements for Successful
Material Extrusion

Material extrusion technology is an oft used AM
method. The printed part should show high mechanical
performance as well as good optical and mechanical



88 3D — Material Extrusion — Printing with biopolymers: A Review

properties. Considering the information presented in
chapter 2, there are some challenges, which must be
overcome to guarantee a printing process with good
results:

Quality, Homogeneity and Geometry and Stiffness of
the Filament

The geometrical and morphological properties of the
filament have a big influence on the printing process and
the properties of the printed object (see 3.3.4). Therefore,
it is necessary to produce a homogeneous filament with
defined geometry to avoid any negative influence on the
printed part.

Process Stability and Reproducibility

While AM technologies are being improved and further
developed all the time, we still see big problems in
process stability and reproducibility of the printed parts.
Even if two parts are produced by the same AM
technology, using similar material and process parameters,
the properties of the printed parts are not necessarily
identical. This is because the process technology is
sensitive to external influences. Even small changes in
process parameters or in the polymeric material may lead
to different properties of the printed parts. Thus,
reproducibility is limited. Using different 3D software or
different printing machines has further impacts on
reproducibility although the geometry of the part and
processed material remain the same. Furthermore, printed
parts have to be post-processed and finalized
mechanically to achieve satisfying products. This
post-processing can also have an impact on
reproducibility, but it is expected that automation can help
avoid this issue.

Requirements on Filament Quality

For production of different filaments with optimal
geometry and homogeneity, it is of great importance that
the extrusion tool is optimized and adapted to the
rheological behavior of the polymeric material. An
optimal tool design for the production of filaments must
be investigated to generate filaments without internal
stresses and defects (e.g. voids).

Number of Extruder Systems

There are various 3D printers with different extruder
systems available. If the printing machine gets two
extruders or more, new possibilities come up. It would be
possible to process two different materials in one print job
or one material can be used for the part and a second
material for support structures. Different polymeric
materials could, perhaps, be printed within one layer.

Nevertheless, advanced knowledge is required to achieve
good printing results. Depending on the processed
materials, the optimal machine and process parameters
have to be investigated. Furthermore, different material
must be compatible with one another. Special
requirements regarding the properties and contents of
polymeric materials are currently unknown and have to be
identified first.

Support Material

The support material does not belong to the printed part
but might be necessary for the production of the printed
part. New compatible polymeric materials for this
application should be identified and analysed. In addition
to the properties of the material itself, the print parameters
must be optimized to involve an easily removed support
material without affecting the print process.

Degradation of Polymeric Material

Polymeric material undergoes various processing steps
until the part is finished. Every processing step shows an
influence on the mechanical and morphological properties
of the polymeric material. Degradation (e.g. by moisture,
temperature) will take place and this has a negative impact
on the properties of the final part. Detailed information
about the quantity of degradation per processing step and
possibilities to keep degradation at a minimum are yet to
be investigated and should be published afterwards.

4. Influencing Parameters for Material
Extrusion

Various parameters influencing the material extrusion
process can be found. Due to interactions between these
parameters, it is difficult to predict the outcome even
though only a single parameter was changed. The most
significant parameters can be classified as listed and are
discussed below:

*  Process and machine parameters

*  Part design and orientation

e  Material properties (filament)

*  Environmental influences

Process and Machine Parameters Influencing Material
Extrusion

Influence of the Printing Temperature

In a recent experiment, cubes of the same geometry
were created at different temperatures (T1=210 °C;
T2=220 °C; T3=230 °C). Filament made out of HiPS was
processed into cubes via material extrusion. The
dimensions of the cubes were measured and compared to
the dimensions of the virtual part. To characterize the
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cubes’ internal structure, they were cut through their
center.

The resulting cubes displayed an absence of internal
cavities at a printing temperature of 210°C and there was
no deviation in geometry compared to the virtual part. As
the temperature was increased to 220°C and above,
problems with internal cavities were found. When raising
the temperature from 220°C to 230°C, the dimensional
accuracy also reduced. This phenomenon occurred due to
higher shrinkage of the part in response to a higher
temperature differential between the hot melt and the
environment.

To produce parts lacking internal cavities and with high
dimensional accuracy, the printing temperature should be
set as low as possible while still allowing successful
melting and processing of the polymeric material. [8, 16,
36-46]

Influence of the Material Feed-rate and Die Output

Other important process parameters are the material
feed-rate and die output. Both parameters define how
much material is forced through the small die. The
flowrate is of big importance and must be correlated to the
printer head's travel speed. If the output is too low, the
part will feature internal cavities and defects on the
surface of the printed part, resulting in a negative impact
on the mechanical properties of the part. An overly high
output will lead to a very rough surface on the part.
Material may spill over on the surface of each printed
layer, resulting in decreased dimensional accuracy and
weak bonding with the subsequent layer. Furthermore, the
optical properties may be low and the geometry of the
printed part could be significantly different from the
virtual part. It is important, therefore, to find the optimal
relation between the feed-rate/output and travel speed of
the print head.

When high-viscous polymeric materials are processed,
it might be a good idea to increase the feed-rate. These
polymers show higher pressure loss and worse flow
properties, resulting in an overly low output. An increase
in feed-rate may solve these problems. The correct value
for the feed-rate strongly depends on the processed
material and the printing machine used. [8, 20, 39, 40, 43,
45-48]

Influence of the Layer Thickness

The defined layer thickness significantly influences the
print time. The virtual part is sliced into layers of defined
thickness. The higher the thickness of each layer, the lower
the number of layers. The printing time increases linearly
with the number of layers. Nevertheless, it is not
recommended to set the layer thickness higher than 0.4 mm
or 80 % of the diameter of the die hole to assure enough
material can flow through the die. The higher the layer
thickness, the lower the surface quality and the higher the
surface roughness will be. Also, the resolution is poor at

high layer thicknesses. Empirically, we know a good
compromise between optical properties of the part and
print time is a layer thickness of 0.2 mm. [8, 20, 21, 25, 39,
45, 49]

Influence of the Print Speed and Limitations

One simple way to reduce the print time is to increase
the print speed (travel speed of the print head). In relation
to increasing the travel speed, the material feed-rate must
be increased.

An increase in print speed should work fine up to a
specific upper-limit. While reducing the print time, a
higher print speed also often has a negative impact on
dimensional accuracy and optical properties. Therefore,
the maximum print speed depends on the technical and
optical requirements of the part. The optimal print speed
represents a compromise between print time and good
print results.

Apart from requirements of the part, there are three
main variables limiting the maximum print speed:
performance of the used printer, the raster width and
thermodynamic and rheological properties of filament.

Performance of the Used Printer

Characteristic variables are the stiffness and accuracy
of the printer's head-travel system, the overall weight of
the print head and the specific melting power of the
hotend. At high traveling speed, the print head has to
accelerate quickly and decelerate abruptly. Long traveling
distances can be achieved easily, but small travel
distances will lead to problems as fast, short movements
will cause the traveling system to vibrate. These
vibrations can build up and reach a resonance state
resulting in dimensional inaccuracy, poor optical
properties and mechanical defects with the part as well as
damages to the traveling system of the printer. Therefore,
the desired print speed must be below the recommended
print speed of the printer's manufacturer.

Another variable derives from the melting power of the
hotend. At higher print speeds, the hotend has to deliver
more heat energy per unit time to cope with the higher
feed-rate and material die output. The upper limit of the
printing speed is limited by the maximum power of the
hotend. Only melted material can exit the hotend through
the die. If the melting power of the hotend is not enough,
the feeding-rate of the filament will be delayed and
non-constant polymer flow will be the result. For an
optimal melting process, the print speed and utilization
parameters of the hotend should be set below the
maximum power of the hotend. In this way, there is still
heat capacity left, which will lead to a stable melting
process and constant extrusion rate during the print.

Influence of the Raster Width

The raster width has a great impact on the dimensional
accuracy, internal cavity and surface properties of the
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printed part. The raster width describes the distance
between the main coordinates of two nearby rasters. The
print head puts each coordinate of the raster next to the
previous one with spacing equal to the raster width. If the
raster width is too high, free space will be created between
the two rasters. As a result, the fabricated part will have
internal cavities and surface defects. On the other hand, if
the raster width is too small, overlapping will occur. This
means that some parts of the new raster will lie on the
previous one resulting in larger dimensions of the
fabricated part with some distortion in contour. Therefore,
it is important to choose the right setup for the raster
width, depending on the chosen polymeric material. The
best printing results feature a smooth surface and good
optical and volumetric properties. [8, 20, 39, 43,47, 50]

Thermodynamic and Rheological Properties of the
Processed Polymeric Material

Besides the performance of the printing machine itself,
the type and properties of the processed polymeric
material plays an important role in defining the maximum
printing speed. Polymeric material with a low
melt-enthalpy and low melting point requires less heat
energy to be plasticized. In this case, less power from the
hotend is needed to melt the polymer and, therefore, the
user can increase the printing speed.

If the thermal properties of polymeric material (e.g.
melting point, melt-enthalpy) and the maximum heat
power of the hotend are known, the theoretical maximum
printing speed can be calculated.

In addition to melt-enthalpy, the thermodynamic heat
transfer properties must be considered. The solid filament
enters the hotend and feeds into the hot cylinder wall. The
polymeric material melts immediately. Due to the tapered
design of the hotend, melted polymeric material is pushed
in front of the solid filament, which improves the melt
process. Nevertheless most of the solid filament is heated
and melt via energy transfer through the polymeric material
itself. The filament only touches the hot surface of the
hotend at the outmost layers. As polymers show low heat
transfer properties, the melting of the filament core
requires heat and time.

This property suggests a limit in the maximum printing
speed. Nevertheless, it is possible to increase the hotend
temperature to improve the heat transfer through the
polymer melt and speed up the melting process. On the
other hand, the higher temperature of the hotend may
degrade the polymeric material.

Last but not least, there is a third key wvariable
influencing the printing speed: the viscosity of the
polymeric material. The flow behaviour of the melt is
directly correlated to its viscosity. Due to the tiny die hole,
pressure is needed to force the melt through the die. With
increasing viscosity of the polymeric material, the pressure
lost through the die will increase. This pressure loss is also
dependent on the volumetric flow or the forced flow speed

of the melt. The pressure inside the hotend is produced via
feeding of solid filament into the hotend. As the required
backpressure inside the nozzle exceeds a critical value,
intake problems of the filament occurs. Therefore the
viscosity of the polymeric material limits the maximum
flow speed due to the limited pressure build up inside the
hotend. For high speed printing, it is recommended to
choose a polymeric material filament with a high MFR
(Melt Flow Rate). Thus, low viscosity at the processing
temperature is crucial in maintaining the required pressure
to produce an ideal output. [8, 21, 36-38, 45-48, 50, 51]

Part Design and Orientation

Design for Material Extrusion Printing

In addition to the process parameters, it is important to
have a material extrusion optimized design of the virtual
part to archive the best results. Design guidance is
required and should be taken into account when the virtual
part is created.

Anisotropic Properties of the Printed Part

Due to the characteristics of material extrusion, the
printed objects show anisotropic properties. It is necessary
to improve bonding between layers to achieve part
properties which are close to those of an isotropic part.
Solutions can be found in the printing process and
polymeric material.

Optimization Method of Printing Process

Up to now, the printing process is very sensitive to
changes in the properties of the filament. Even small
differences within the same filament show influences on
the part. Therefore, it is necessary to tune and adapt the
printing process to the processed filament to achieve the
best printing results. An easy and time saving guidance /
test procedure should be developed to find the optimal
processing parameters for each filament or group of filled
and unfilled polymeric materials.

Influence of the Part Orientation on its Mechanical
Properties

Several experiments show that the orientation of the
part on the print platform has a great impact on the
properties of the final part. Due to layer-composition, the
printed part shows anisotropic properties. The print head
moves along the specified travel path within the layer
until the layer is complete. At the same time, a specific
amount of polymeric material is extruded in defined
relation to the travel speed.

Due to the characteristics of the process and
layer-composition, the final part shows anisotropic
behavior. In terms of extrusion, the part consists of
continuous extruded material lines within a layer, which
are aligned next to each other and partly melted together.
The layers consist of polymeric lines in a direction that is
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transverse to that of the extrusion and is subsequently
melted together to form a strong bond. Wherever lines and
layers melt together weld lines are created. These weld
lines represent significant weak points, which have a great
impact on the properties of the printed part.

Due to these weld lines; there is a difference in
mechanical  properties  between lines in the
extrusion-direction and lines transverse to the
extrusion-direction. This difference in mechanical strength
is affected by the melting and bonding behavior of the
processed polymeric material as well as by the specific
printing parameters which differ from part to part.

In addition to this anisotropy, parts show different
properties based on layer-direction (thickness). After one
layer is finished, the next layer is added right upon the
finished layer. The thickness grows with the number of
printed layers, which are ultimately melted together. In
most cases, the printed layer is cooled down and
completely solidified before the subsequent layer is added.
The subsequent layer is extruded right on top of the cold
layer, which results in weaker bonding than is the case
with intra-layer transverse extruded lines. Thus, the
mechanical properties/strength values for printed parts are
lowest in the layer-direction and are often much lower
than values typically indicated in data sheets for
characteristic material. The actual results strongly depend
on the chosen process parameters, part orientation and
processed material.

Based on knowledge regarding the anisotropic behavior
of the chosen material, an optimal orientation of the part
relative to the build platform can be selected. Because the
mechanical properties and strength are the lowest in the
layer-direction, the part should be oriented on the build
platform so that minimal load occurs in this direction.
Note that the difference within one layer (in
extrusion-direction versus transverse extrusion-direction)
is negligible as the anisotropy within a layer is fairly
homogenous. [2, 8, 31, 40, 42, 48, 52-57]

Influence of Material Properties on Material Extrusion

Influence of the Polymeric Filament

In material extrusion, the material source is filament.
The print head takes the filament in and forces it into the
hotend. In the hotend, it is melted and exits through a tiny
die hole of defined diameter. In addition to various other
influencing parameters, the properties and geometry of the
filament influences the printing process and properties of
the produced part. The material extrusion printer requires
a filament of constant and defined geometry. Most 3D
printers deal with cylindrical filament with a diameter of
1.75 mm £ 0.10 mm. If the shape varies, it may lead to
intake problems of the filament at the print head.

Before the print job is started, the real diameter of the
filament must be entered into the 3d printing software
along with the travel code (g-code) for the print head. No

commercially available printer provides an inline diameter
measurement system to measure and observe the filament
during a print job. Therefore, the geometry must be
measured and entered into the system manually. Based on
the filament diameter, the feed-rate and output is
calculated. Any deviation of the filament from the entered
geometrical values influences the extrusion rate at the die
and cause problems during the print job. If the diameter of
the filament is bigger than the entered value, the extrusion
rate is higher than calculated causing too much material to
be output at the die. If the diameter of the filament is
smaller than calculated, the material output at the die will
be too low.

Most of the time, the diameter of the filament is in the
range of 1.75 mm, but this value fluctuates. Fluctuation of
the geometry of the filament may not be observed in the
final part due to physical properties of the polymeric
material. Due to the visco-elastic nature of polymers, a too
thick filament may be compensated by compressing the
material inside the hotend. When the diameter of the
filament reaches 1,75 mm or undergoes this thickness the
compressed material inside the hotend can expand again
and compensate for the low material input. As a result,
small fluctuations in the filament's geometry may not be
visible in the final part and therefore may be neglected.

Importantly, this is only true for small deviations and
smooth fluctuations in the filament's diameter. If the
fluctuation is abrupt, the output will not be compensated
and may result in internal cavities or defects in the part. If
the diameter is too small, beyond a critical size window
(below 1.6mm), further problems may happen. Normally,
the solid filament enters the hotend and seals the hotend
against material backflow at the intake side of the hotend.
If the filament diameter is too low, melted material may
exit the hotend not only through the die but also through
the intake. This could lead to problems in material flow
and may block the die causing a failure of the print job.

If the filament diameter is larger than entered, the
output will be too high resulting in over extrusion and
deviations in dimensional accuracy of the part. The upper
limit of the diameter for most printers is a diameter of 2
mm. If the filament diameter exceeds this maximum
diameter value, it may cause total blockage of the die
since the filament would be too big to pass through the
intake hole of the hotend. Usually this leads to buckling of
the filament right before the intake hole. In this event, the
print head must be disassembled and cleaned before the
print job can be restarted.

In addition to the geometry and shape of the filament,
the quality and homogeneity of the filament is of
importance for acceptable printing results. The filament is
melted inside the hotend immediately prior to exiting the
print die head so that no dispersive or distributive mixing
occurs. The melt exits with similar properties as the
original inserted filament. If the filament is not
homogeneous, the final part will not show homogeneity
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either.

To sum wup, the shape, geometry, quality and
homogeneity of the filament has a great impact on the
print process and final mechanical and optical properties
of the part. Heterogeneity and deviation of the filament
from the desired quality and shape will influence the final
part. The best print results are achieved when using a
filament of constant shape, geometry and quality.
Problems during the print job or defects on the part often
find their origin in imperfections of the filament.
Therefore, it is recommended to have a close look at the
processed filament before the print job is started. [8, 20,
39, 40-46, 48, 50, 58]

Environmental Influences on Material Extrusion

Influence of the Build Chamber Temperature

The temperature of the environment surrounding the
printed object influences the cooling process of the
deposited polymeric melt during the print job. Hot melt is
extruded through the hot die onto the print platform or
onto the previous printed layer. The hot melt comes in
contact with cold media and immediately solidifies.
During solidification, the polymer undergoes a phase
transition followed by a change in its volume. Due to
cooling and solidification of the melt, the polymer shrinks

until its temperature equals the build chamber temperature.

If the melt cools down too fast, it will form an amorphous
frozen outer layer but the core will have a time-delay in its
cooling process. This may lead to internal residual stress
placed on every layer and may negatively impact the
mechanical properties or dimensional accuracy of the part.
If residual stresses get too high, cracks, defects or even
delamination of layers can occur.

To address this concern, it might be useful to heat up
the build chamber temperature in order to slow down the
cooling rate of the printed layers (similar to a temper
process). A slower cooling rate will result in a more
homogeneous part and higher crystalline morphology,
which has a positive impact on mechanical properties and
dimensional accuracy.

The build chamber temperature which is optimal for a
print job strongly depends on the processed polymeric
filament. For print jobs using PLA as polymeric filament,
it is not obligatory to heat up the build chamber
temperature, but it will help improve printing results.
Polymeric material with an increased temperature
expansion coefficient like ABS, requiring tempering
(desired print room temperature for ABS is about 110 —
140 °C). [21, 36-39, 43-47, 50, 51, 64, 65]

Influence of Humidity and Residual Moisture

Dealing with polymers the influence of humidity must
be taken into account. Degradation of polymers in
different forms may take place. The results are changes in
mechanical and thermal properties or changes in optical
properties. Reduction of tensile strength, stiffness or

impact strength due to reduction of molecular weight may
take place. Shift of T, to lower temperature can also
reduce thermal stability. Changes in optical properties
may include reduced light transmission behavior,
yellowing and color changes.

Influence of humidity can occur during polymer
processing, during application or during (intermediate)
storage. Depending on the specific polymer type, the
impact can be high. Polymers like PE, PP or PS show low
hygroscopic behavior. The influence of humidity is not
incisive. Nevertheless it is recommended to pre-dry the
material bevor processing in an extruder. Humidity may
not influence the material properties but problems during
processing, such as voids, water inclusion in the produced
polymer part or air bubbles may occur.

Other polymers behave hygroscopic, such as PA and
PLA. They must be stored in a dry and dark place to avoid
material degradation. This is particularly with PLA, which
is known as a bio based and biodegradable polymer. Prior
to any processing steps these material must be pre-dried to
avoid degradation during processing. Besides degradation,
further problems during processing, as already mentioned,
may occur in addition. This is also true for storage and
processing of filaments. Thus, it is important to study the
technical data sheets of the processed material in terms of
storage and processing to avoid performance reduction of
the final part due to residual humidity in the material.

5. Challenges for Successful Material
Extrusion

A well-known problem with AM technologies is the
long print time. Naturally, the faster a part can be created,
the higher the productivity of the process. There are
various possibilities in how to reduce printing time, which
will be discussed in the following section.

Quality of the Printed Part vs. Production Time

There are several parameters influencing the quality of
the printed part and production time (see Chapter 3.4). For
industry, both are of great importance. On the one hand,
the part must be of high quality particularly in terms of
dimensional accuracy and surface roughness. On the other
hand, the production time should be as low as possible. To
keep the required time low, the velocity of the production
must be high. At a specific point, the high print speed
comes at the cost of part quality. Therefore, an optimum
balance between the quality of the part and the print time
must be found, which depends on various machine and
polymeric material parameters.

Mechanical Strength and Stiffness of Printed Parts
Cannot Compete with Injection Molded Parts

Numerous experiments clearly show differences in the
mechanical characteristic values between parts material
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extrusion and injection molding produced parts.
Depending on the orientation of the part on the build
platform as well as the processing parameters, the
difference between material extrusion and injection
molding can be significantly high. Generally, the
maximum achieved strength by material extrusion parts is
lower than that those produced by injection molding.

If process parameters are set up in an optimal way,
however, material extrusion parts can reach strength
values close to the strength values achieved by injection
molded parts. With further development of the material
extrusion process and improvement in the properties of
polymeric material, it is theoretically possible to close the
gap and produce parts with identical mechanical
properties to the injection molding process.

This notion holds true for test samples that were printed
and tested in the extrusion-direction. However, test
samples that were printed and tested in the layer-direction
show tremendously lower strength values than injection
molded samples. This is due to the high number of weld
lines between printed layers. Major improvements to the
material extrusion process must, therefore, be made to
reach the mechanical properties and strength values of
injection molded samples. This means that the
layer-by-layer bonding must be characterized in detail and
all possible parameters affecting the quality and strength
of the bond between layers be identified. Based on this
knowledge, properties of the polymeric material and
process parameters must be adjusted to approach the
maximum characteristic values in the layer-direction. It is
not guaranteed that the mechanical properties in the
layer-direction of parts produced via material extrusion
can reach the characteristic values of parts produced via
injection molding. [2, 40, 42, 48, 54, 58-63, 66, 67]

Standard-testing, Data Sheets and Guidelines

Various filaments are available on the market and
consist of different polymeric materials and additives. It is
difficult to compare different filaments and determine
which filament shows the best mechanical or optical
properties for a given application. A standard test of the
filament is necessary to compare filaments to each other.
Decision guidelines, which would help a lot of individuals
in choosing the optimal filament, must be drafted.

6. Conclusions and Outlook

With AM methods a new era of design and part
modelling was born. While there were novel challenges
compared to conventional manufacturing methods, it is
now possible to produce desired parts without major
restrictions in design. The part can be constructed
topology optimized and all various desired functionalities
can be integrated in the final part. After the print job is

fulfilled the part is finished and ready to use. Furthermore
there is no need to build a tool for the production of parts,
so AM helps to save time and money. As such, AM
methods show very high potential.

At the same time, however, significant improvements to
the machine, software components and polymeric
materials must be made to improve the mechanical and
optical properties of produced parts. The performance of
the printed parts must at least reach the performance of
injection molded or extruded parts to cope with nowadays
requirements and applications. At this point in time and to
the state of the art, this is not the case.

Furthermore the print time duration must be reduced
considerably. Production rate in 3D printing is low
compared to conventional production methods due to its
long printing time. The required printing time can be
reduced significantly by an increase of the printing speed
or by an increase of the printed layer height. Both lead to
a higher production rate but may negatively influence the
geometry, mechanical performance and surface quality of
the printed part. With advanced knowledge and further
developed machine software and hardware components,
the printing process can be improved and optimized to
increase the production rate without loss of part quality or
performance.
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