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Abstract

Extrusion-based additive manufacturing (EB-AM) is a 3D fabrication process in which the material is heated and extracted
through a nozzle before being deposited one layer at a time. It uses two types of technologies: filament and pellet extrusion.
Filament extrusion machines entail transforming raw plastic pellets into a spool of filament; hence, these machines use limited
materials. Pellet extrusion printers are more complex machines and use a screw inside a barrel. Screw feeds, transports, and
melts the material before forcing it to be deposited at the required temperatures. Besides the complexities, a pellet extruder
offers lower costs, higher speeds, and a wide variety of materials that can be used. This paper presents the development
in extrusion-based 3D printing addressing filament and pellet-based printing issues, including filament breakage, nozzle
clogging, in-line rheological monitoring, multi-color printing, material retraction, and cost-effectiveness of pellet-based
extrusion additive manufacturing. To improve the material domain for 3D printing and utilize the advantages of filament and
pellet-based extrusion, a hybrid form of 3D printer can be developed, capable of printing both filaments and pellet forms of
material. This review work is intended to help young researchers in the field of EB-AM to understand the advances of this
technology and its related complexities.
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Abbreviations FDM Fused deposition modeling
SFF Solid freeform fabrication

EB-AM Extrusion-based additive manufacturing PTFE  Polytetrafluoroethylene

AM Additive manufacturing PC Polycarbonate

ALM Additive layer manufacturing HIPS High-impact polystyrene

DMLS Direct metal laser sintering DAQ Data acquisition device

DMLM Direct metal laser melting AE Acoustic emission

SLS Selective laser sintering BMGs Bulk metallic glasses

SHS Selective heat sintering PLA Polylactic acid

EBM Electron beam melting ABS Acrylonitrile butadiene styrene

LOM  Laminated object manufacturing PLA Polylactic acid

UAM  Ultrasonic additive manufacturing PS Polystyrene

uv Ultraviolet HIPS High impact polystyrene

CAD Computer-aided design PETG  Polyethylene terephthalate glycol

STL Standard tessellation language PBT Polybutylene terephthalate

FFF Fused filament fabrication PBS Polybutylene succinate

PMMA Poly-methyl methacrylate
HDPE High-density polyethylene
TPU Thermoplastic polyurethane

PEI Poly ethylenimine
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PEKK  Poly ether ketone ketone

PP Polypropylene

PVC Polyvinyl chloride

IFBS Interfacial bond strength

MCE Microchip capillary electrophoresis

C‘D Capacitively coupled contactless conductivity
detection

BGE Background electrolyte

1 Introduction

3D printing, commonly referred to as additive layer man-
ufacturing (ALM) or additive manufacturing (AM), is a
computer-aided production technology for creating three-
dimensional objects by material fabrication. Additive man-
ufacturing enables the production of custom parts for com-
plicated geometries with minimal waste. The computerized
process is handy for rapid prototyping as the changes in
design can be done quickly and effectively, even at the time
of manufacturing. The minimal wastage of materials reduces
costs for high-value objects [1]; lead times have also been
reduced. Furthermore, components that formerly mandated
numerous components to be assembled can be made as a
cohesive unit, leading to increased durability and strength.
Some AM technologies even have the advantage of pro-
cessing multiple materials [2]. Additive manufacturing can
generate one-of-a-kind components or replacements for no
longer manufactured parts. This technology is used to man-
ufacture a wide variety of objects in many sectors because
of its weight-saving capacity to make complicated geometric
pieces. 3D printing provides an opportunity to improve the
part quality at all stages of manufacturing, pre-processing,
on-situ, and post-processing stages [3]. Components can be
fabricated quickly and also results in the reduction of cost, in
aerospace, and defense [4], 5], the automotive industry [6],
the medical industry, particularly for custom-fitted implants
and devices [7], fashion, and jewelry [8].

There are various AM methods, each with its specifica-
tion. The AM method includes; binder jetting, which consists
of depositing alternate layers of material powder and binder
in liquid form, which acts as an adhesive by moving a 3D
printer head along the x, y, and z axes. In the directed energy
deposition process, the material is melted using a concen-
trated source of energy such as an electron beam, plasma,
or laser, and the nozzle deposits it on a vertically moving
bed. Coiled materials are either dispensed or pulled through
aheated nozzle positioned on a moving arm in material extru-
sion. As the nozzle travels horizontally and the platform
moves vertically, melted material is deposited layer after
layer. Powder bed fusion involves melting or partially melt-
ing thin material layers using a beam of electrons, laser beam,
or high-temperature print heads, followed by blasting away
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extraneous powder [9]. Direct metal laser sintering (DMLYS),
direct metal laser melting (DMLM), selective laser sinter-
ing (SLS), selective heat sintering (SHS), and electron beam
melting (EBM) all of these are cases of powder bed fusion
processes. Sheet lamination is an AM process that involves
laminating thin sheets of material together layer by layer to
create a single part. Sheet lamination can be categorized into
two principal methodologies; laminated object manufactur-
ing (LOM) and ultrasonic additive manufacturing (UAM).
LOM uses alternating layers of paper and adhesive to produce
visually and aesthetically pleasing products. UAM utilizes
ultrasonic welding to fabricate thin sheets of numerous met-
als, including aluminum, stainless steel, and titanium, at low
temperatures and low energy. Vat polymerization employs a
vat of liquid resin photopolymer to build a part layer upon
layer. Ultraviolet (UV) light is focused by employing mirrors
to cure each resin layer by photopolymerization.

Although the additive manufacturing process flow varies
depending on which additive manufacturing process is used
to build the 3D components, they all follow the same basic
processes to make the final product, as shown in diagram 1.
The first step is to create a 3D image of the product utilizing
computer-aided design (CAD) software or a 3D object scan-
ner; a 3D image is first generated. The second step requires
converting the generated 3D image to a standard tessellation
language (STL) file to tessellate the 3D image, and slicing
is done to split the 3D image into multiple layers [10]. The
next step is to the STL file to a printer using a specialized
machine program. Resources are allocated, and the machine
is set up with the printing parameters. Once the machine is
set with printing parameters, an actual model is constructed
layer after layer by depositing material. The next step is part
removal, in which the model is detached from the build plat-
form and its supporting framework. Finally, post-processing
may be required for value addition, such as cleaning, plating,
coating, laser polishing, local surface heating, and annealing
[11] (Fig. 1).

Since this research work aims to review the filament and
screw-assisted EB-AM processes, the instructions provided
by Siddaway et al. were used to create a review methodol-
ogy [12]. Science Direct, Web of Science, and Scopus were
the three electronic datasets utilized, with keywords additive
manufacturing, 3D printing, material extrusion, pellet-based
extruder, multi-material printing, and big area additive man-
ufacturing. Only publications designated as research articles
were taken into consideration for the assessment, which
spanned the years 2000-2022. All shortlisted research was
assessed by reading the title of the article, abstract, and
keywords and duplicate articles were eliminated, consid-
ering only the most recent research. Assessment criteria
include: (a) material extrusion should be the foundation
of the process of 3D printing, and (b) 3D printers should
receive material directly, either in filament or pellet form.
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To ensure that only the working apparatus that may have
been used for processing/deposition tests were taken into
consideration, the pre-selected papers were carefully exam-
ined to more thoroughly research their impact on the fields
of multi-material printing and extrusion-based additive man-
ufacturing. Lastly, the publications were reviewed about:
(i) the type of extrusion-based AM (i.e., filament-based or
pellet-based), (ii) scale of manufacturing (i.e., large volume
or small volume), and (iii) the primary adjustments made to
the printing units in consideration of multi-material printing.

As this paper presents a review of EB-AM processes,
this section begins with extrusion-based rapid prototyping.
Extrusion-based rapid prototyping, such as fused filament
fabrication (FFF), or fused deposition modeling (FDM), is
gaining popularity in academics and industry. Because it uses
economic technology and enduring part materials, EB-AM is
among the most extensively utilized solid freeform fabrica-
tion (SFF) technologies [13]. While EB-AM works the same
way as other 3D printing methods in that layer after layer
is created, it differs as the material is continuously supplied
and deposited via a nozzle at constant pressure. EB-AM is a
3D printing process that uses a constant flow of thermoplas-
tic polymers or their composites to create 3D objects. The
schematic of EB-AM is illustrated in Fig. 2. Thermoplastic
or composite material is fed to an extruding nozzle; inside

Toolpath defination

the nozzle, the material is heated and extruded out to deposit
on the build platform layer after layer.

Extrusion-based 3D printers use either Bowden extruder
or direct drive extruder setups. The working principle of
both extruders is the same only difference lies in where
the extruder is placed (Fig. 3). The extruder is commonly
installed on the printer’s frame in a Bowden arrangement. As
a result, the filament goes to the hot end via a polytetrafluo-
roethylene (PTFE) tube. Bowden tube arrangement offers the
advantage of cleaner movement as significantly less weight
is on the carriage; hence, movements are quicker and quieter,
and print quality is high. In this configuration extruder has
to push the filament through a long tube; hence high motor
power is required, response time is low, and it involves mate-
rials complications as some materials can wear the Bowden
tube. Meanwhile, the extruder is positioned on the printhead
in a direct drive arrangement, pushing the filament straight
into the hot end. A direct extrusion system offers the advan-
tages of reliable extrusion, better retraction, a less powerful
motor, and a wide range of filament materials. This sys-
tem has vibrations and cumbersome maintenance because of
added weight on the printhead. Extra weight reduces speed,
increases wobble and likely loses X and Y movement accu-
racy.

EB-AM can produce parts of controlled properties: poros-
ity, density, or mechanical properties. As technology grows,

@ Springer



1312 Arabian Journal for Science and Engineering (2024) 49:1309-1342

Driving pulleys

Material to be extruded
Heating element
£ ”
— v ~ Nozzle movementin X & Y
directions

Deposited layers

Build platform
Z axis movement of platform

Fig.2 Schematic of material extrusion additive manufacturing

Filament feed

Filament feed direction
direction
Drive gear Drive gear
Hot end
Hot end
(a) (b)

Fig. 3 Extruder systems: a Bowden configuration; b direct configuration

manufacturing functional parts and prototypes are becoming e Need to overcome the limitation of material available for
possible. Still, specific improvements are required to develop extrusion-based 3D printing.
this technology, from prototyping to part manufacturing. e Precise control over process parameters to produce dimen-
sionally correct parts with close tolerances.
o Functional parts should have smooth surfaces.

e For parts to maintain their integrity during service,
mechanical properties need to be enhanced.
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Extrusion-based additive manufacturing is of two types:
filament-based and pellet-based manufacturing. The mate-
rial in the form of filament is continuously supplied in
the filament-based process. A filament-based extrusion 3D
printer, as shown in Fig. 4, is computer controlled and has a
minimum of two extruders: one for base material and one for
supporting material. In this machine, parts are manufactured
by depositing material in a layered fashion on a platform
to give it a prescribed shape as controlled by the computer.
When the material is stocked up, it cools, cement, and bonds
with the neighbor material. After depositing a layer, the
platform moves down by a certain distance, the height of
the filament. The next layer is deposited over the already
deposited layer. This technology requires minimum human
resources and is an advantageous manufacturing method dur-
ing COVID-like situations where virus spreading is directly
proportional to human resources employed. Filament-based
3D printing can manufacture various customized engineering
products and find their application in the medical field.

Power screw

Numerous advancements have been made in develop-
ing filament-based 3D printing machines, including process
parameters optimization and the development of compos-
ite materials [14, 15]. Still, some limitations are needed to
be overcome. The low feed rate of the filament extruder is
restricted by the diameter of the nozzle aperture and the speed
with which the geared wheels drive the filament. The nozzle
diameter should be narrower than the filament diameter to
sustain the pressure and melt consistency required for good
printing, because of which low material deposition rates are
obtained. Restricted material choice, the range of filaments
available on the market is still steadily increasing, but sev-
eral plastics containing a high percentage of carbon fiber are
too brittle to reel appropriately. The cost of printing with a
filament-based extruder is high as it requires an additional
cost of preparing filament. Printing significant parts (say 30
kg) is tedious with this method as material spools such large
are not feasible, and printing may require 7—8 changes of the
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spool. This involves additional problems such as maintain-
ing good layer adhesion since halting the print can result in
the additional cooling potential risk of losing heat from its
heated chamber during filament change over; this frequently
results in distortion/warpage of print. Secondly, a filament-
based printing machine is limited to the print filament of one
color only at a time, and much time is required to change the
filament of different colors.

In pellet-based extrusion 3D printing, as depicted in Fig. 5,
material pellets are introduced into a barrel using a hop-
per, often containing numerous heat zones. A motor-driven
screw inside the barrel propels the granules to be discharged
through a printing nozzle [16]. There are three zones on the
extruder screw: the feeding zone, compression zone, and
melting zone (Fig. 5). The molten material is subjected to
high pressure before dispensing through a nozzle. The pellet-
based system has a lower printing cost as it does not require
material in filament form. Two significant factors reduce
printing costs; lower material costs and shorter printing times.
Nowadays, the industry is shifting toward pellet-based extru-
sion 3D printers, especially for high carbon fiber materials,
which are frequently used to minimize warpage and boost
strength. Still, some shortcomings are needed to be overcome
for the successful implementation of this method. Inability
to coup-up with oozing could result in unpleasant start/stop
seams. Pellet extruders typically have various heat zones and
varied suggested screw speeds for different materials, mak-
ing fine-tuning different materials more difficult. It is found
that when the larger pellet nozzles are employed for printing,
the ejected bead holds quite enough heat and therefore does

@ Springer

Material granules

Hopper

Customized screw

Heating element

Printig nozzle

Printed object
e el BU11d platform

(a) Feeding zone

&

(b) Compression zone

Motion of pallets

(c) Melting zone

not cool down and solidify completely to sustain the next
layer; this leads to sagging and printing failure.

Pellet extruders at lower cost offer up many possibilities
for 3D printing, and they can usually accelerate a print by
a considerable length of time. On the other side, a filament
extruder can generate prints with more acceptable tolerances
and more complicated shapes.

With the developments in material chemistry and polymer
synthesis, new polymer materials are now constantly created
and validated for processability and AM suitability. Nowa-
days high temperature polymer printing is gaining more
popularity due to its applications in different fields such as
consumer products, biomedical, aerospace, automotive, and
high-stress applications. These materials are highly useful as
they are applicable in different environmental sectors where
heat resistance plays a critical role instead of these materials
other materials may melt or soften in these environmental
conditions. As shown in Fig. 6, they are divided into three
categories depending on physical characteristics and work-
ing temperatures: standard plastics, engineering plastics, and
advanced ones. Comparing thermoplastic polymer with an
aliphatic backbone with high-temperature engineering ther-
moplastic polymers often containing an aromatic backbone
increases the molecular stiffness and decreases the polymer
chain mobility. As a result, the processing of engineering
thermoplastic polymers usually requires greater tempera-
tures at similar molecular weight ranges. Synthesis and
fabrication of high-temperature engineering polymers have
been successfully carried out to improve FFF printed parts’
performance [17-21].
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Fig.6 A summary of high-temperature thermoplastic polymers in terms of performance [22]

Table 1 List of high-temperature polymer printing materials

Name Properties

Polyether ether ketone (PEEK) Robustness

[23-25]
Polyaryletherketone (PAEK) [26]
Polyvinylidene fluoride (PVDF)

Less toxic emissions

Non-reactive to other
materials

Thermoplastic polyimide (TPI) Abrasion resistance,
[27] high-temperature resistance,
and long-term durability

Polyetherketoneketone (PEKK) Compressive force, heat

resistance

Thermal resistance and
strength

Polyetherimide (PEI) [28]

Polyphenylsulfone (PPSU/ PPSF) High strength and chemical
[29] resistance

Polycarbonate (PC) [30] great durability, high impact,

and scratch resistance

Most of the filament and pellet-operated printers are using
low-temperature thermoplastics namely ABS, PLA, and a
similar subset of materials. Moreover, with the advances
in solid-based part fabrication machine systems can handle
a wide variety of materials as they can provide high-
temperature nozzle/extruders and build chambers/platforms.
A list of high-temperature polymer printing materials along
with their properties is given in Table 1.

Apart from the development of high-temperature polymer
printing materials, composite filaments and pellets are also
developed by mixing different substances along with poly-
meric materials. In this direction addition of glass, carbon

fiber segments, and similar composite additives are added and
utilized to gain the advantage over polymer alone. However,
sometimes these additions provide useful results and some-
times offer unexpected properties in composites. Although
the bright future of FFF is made possible by its broad
range of appropriate polymer and composite materials, espe-
cially nanocomposites [31], FFF has significant flaws that
have limited its industrial application. FFF printing typically
has lower mechanical capabilities than equivalents created
using traditional manufacturing techniques and polymer pro-
cessing, including injection molding. However, mechanical
properties can be improved to a certain extent by controlling
process parameters and with process modifications [32-34].
The mechanical properties of some typical materials used in
FFF are listed in Table 2. Once the melt has left the print
head, the pressures are uncontrolled, and the temperature
decreases rapidly. As a result, sufficient bonding between the
strands is not ensured [35]. In addition to interfacial adhe-
sion, it is essential to consider the impact of voids or porosity
on the mechanical characteristics of FFF-printed parts. The
existence of voids could interfere with interlayer thermal
transmission, weaken the interfacial bonding, and possibly
lead to the formation of more voids. Stress concentrations
at pores or voids generally lower component performance
[36, 37]. Melts undergo shear and extension during the print-
ing process due to nozzle motion, and elliptical cylinders
are formed from the elongated melt flow. The strength, stiff-
ness, and porosity of parts produced [38—41] are negatively
impacted by pores that develop in-between deposited strands
[42—44]. Stage-dependent pre-processing, in situ processing,
and post-processing modification in the FFF process can be
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Table 2 Polymer matrix

assessment for FFF printing [45] Polymer Extrudability Printability Mechanical Printing temperature UTS
properties (°C) (MPa)

PLA +/— ++ — 190-210 37-46
ABS ++ ++ + 210-250 22-37
Nylon + +/— + 235-260 34-68
PS/HIPS ++ + +/— 240 2042
PETG ++ +/— 230-250 41-53
PBT + + 220-250 39-60
PBS +— + 120-140 19-34
PC ++ +/— ++ 275-285 57-72
PMMA - 280-250 52-70
HDPE +— 120-150 11-45
PP +/— 130-170 9-80
PVC +/— +/— ++ 200-300 1-59
TPU +/— + + 210-225 6-33
PEI ++ + ++ 350-390 69-81
PEEK ++ + ++ 360450 48-265
PPSF ++ + +/— 350 55
PEKK ++ + ++ 350 90-110

done to overcome the problems of increased porosity and
stress concentration [3].

2 Filament-Based Material Extrusion

In the initial periods of additive manufacturing, STRATA-
SYS created and copyrighted Material Extrusion, often
referred to as FDM or FFF. In 2009 when the patent expired,
this technique was essential in the growth of the consumer
3D printing sector and the industry’s widespread acceptance
of additive manufacturing. As discussed in the Introduction
section, a filament-based 3D printer utilizes a continuous
supply of filament made from thermoplastic polymer. A mov-
able heated printer extruder head, sometimes referred to as
an extruder, feeds the filament from a coil. The head of the
extruder is computer controlled; the material is layered on
top of the current layer, following a tool path specified by
the component cross-sectional boundaries. Once a layer is
completed, the bed descends a layer thickness height, and
the nozzle continuously supplies semi-molten material to fill
the specified boundaries until wholly filled, resulting in a
complete three-dimensional structure.

There is an ongoing necessity to enhance product qual-
ity in all production processes. Many factors influence the
product’s aesthetics and mechanical qualities. As a result,
optimizing important parameters to reduce errors throughout
the printing process is critical in obtaining excellent quality.

S @ Springer

Numerous mathematical and statistical studies have been car-
ried out to produce specimens correctly and get high-quality
results. Some parameters that influence the quality of printed
components are described here and are represented in Fig. 7.

The filling pattern substantially influences the mechanical
characteristics and stiffness of printed components. It is
available in a variety of shapes and geometries. The shape
of components could be hollow or solid, determined by
the infill percentage. The infill percentage varies between
0 and 100% [46]. Linear, cubic, honeycomb, rectilinear,
or wiggly patterns are possible [47].

The temperature of the nozzle is another critical parameter,
which varies from 170 to 220 °C depending on the poly-
mer’s melting point. The inappropriate nozzle temperature
affects the process of printing and layer bonding.

The temperature of the printing bed is another important
factor in controlling the 3D-printed product quality. Based
on the material characteristics, the range of temperature
varies from 0 to 80 °C.

The diameter of the nozzle impacts the product’s surface
quality and mechanical capabilities. The nozzle diameter
ranges in size from 0.2 to 0.8 mm. Printing with a narrower
nozzle diameter produces more exact results, but it takes
a longer printing time [48, 49].

The importance of build orientation in material extru-
sion additive manufacturing cannot be understated. This
parameter impacts mechanical characteristics and surface
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texturing [10]. Objects can be deposited from any angle
(0°-180°) and in any direction (x, y, and z).

The air gap is the distance between neighboring rasters,
FDM beads, and the same layer. For the 3D-printed com-
ponents, tensile strength is affected by the air gap and the
orientation. For the components fabricated by 3D print-
ing, stiffness and strength were improved by an air gap of
(— 0.003) [50].

The material bead width and the angle of the x-direction
raster pattern are referred to as raster width and raster
angles, and these variables cause warping and shrinkage.

Experiments revealed that as road width, layer thickness,
contours, and air gap decrease, the percentage change in
part width reduces accordingly [50].

Layer thickness is the separation between the nozzle and
the platform, which determines the height of every layer.
This factor significantly impacts the surface roughness of
components and the time required for printing [52]. The
thickness of the layer ranges from 0.06 to 0.6 mm. Prod-
uct quality is improved, whereas the time of printing is
extended by reducing the layer thickness.
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2.1 Studies Related to the Single Material Printing
System

Mireles et al. modified the liquefier design from curved to
straight for eutectic Bi58Sn42 and non-eutectic Sn60Bi40
controlled deposition to observe the effects of the modified
deposition [53]. In the modified design, as shown in Fig. 8,
the 90° bend is removed for the transient response of the
stepper motor, reduced driving force by reduced pressure,
and improved heat transfer to achieve a slight tempera-
ture gradient between the liquefier inlet and outlet. The
pressure was significant because it directly impacts how
well the material is controlled during deposition, the mag-
nitude of force required to extrude the material filament
increases with the increase in pressure drop. The modified
design observed that the pressure drop is 14% lower, and
hence the feed force for continuous deposition was reduced
by 150%. Further, experiments show the temperature dif-
ference for the original liquefier was 65 °C and for the
modified liquefier was 48 °C demonstrating that accuracy
has improved. Simulation results of both designs emphasize
the need for a straight extrusion head, and it also mini-
mizes friction, slips between the filament and liquefier walls,
and unequal heat distribution, which all constitute non-ideal
conditions. Microstructural analysis of FDM-built BisgSnys
shows lamella coarsening because of preheating current layer
by the previously deposited layer. This coarsening effect
improves the mechanical properties Sn-Bi alloy. Electric
circuits improve conductivity as coarse grains offer less resis-
tance to the flow of electrons than refined grains. The results
of this work can serve as a reference for the development
of an FDM printer for high-strength alloy. Nowadays, most
FDM printer employs a straight liquefier.

One of many gaps in additive manufacturing is the inabil-
ity to provide real-time relevant data due to the lack of
sensors. In the work carried out by Coogan and Kazmer,
a customized pressure transducer and a thermocouple for
assessing the temperature of the produced melt are designed
and described by modifying the nozzle for in-line rhe-
ological measurements for the first time [54]. There are
incorporation of sensors for in-line rheometer design and
development, presentation of temperature, pressure, and vis-
cosity within printing nozzle, and then validation against
traditional rheometer for polycarbonate (PC) and high-
impact polystyrene (HIPS). Some incorporated rheological
corrections are non-Newtonian corrections, entrance effects,
temperature fluctuations/inaccuracies, pressure effects, and
shear heating. For measuring melt-pressure, a pressure hole
(Fig. 9a) is provided in the nozzle, load transfer column
(Fig. 9b) with a thermocouple is inserted in the pressure hole
(Fig. 9c, d) for measuring melt temperature and transfer of
load from melt to customized clamp (Fig. 9¢). The melt load
is transferred to a 10-1b load cell by the customized clamp
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(Fig. 9f). The voltage then converts the melt pressure from
the load cell.

The data acquisition device (DAQ) counts pulses from
the stepper motor, which drive the filament feeding gear, and
the encoder, which makes contact with the filament; four
thermocouple measures temperature. A stepper motor was
used for the filament, having 830 pulses/mm, and pulses were
sent to DAQ by a microcontroller every time the motor was
set in operation to measure the extrusion rate. It may not be
accurate because of some slipping; hence an encoder was
used.

Data gathered from the sensor must be translated into an
apparent shear rate and shear stress at the wall to determine
the apparent viscosity. For that volumetric flow (Q) rate is
calculated by Eq. (1)

Q:VxA:%anﬁl (1

where V is the filament velocity, A is filament area, v is pulse
per second, Ry is filament radius and ¢ is pulses/mm. The
following equation was used to obtain the adjusted apparent
shear rate [55, 56].

4
r— 49 )
TR 3noz
Equation 3 gives wall shear stress
RHOZ
Ty = Ap X —— 3
w px3 Loy 3
In Eq. (2), Ryo, and Ly, are radius and nozzle tip length,
respectively.

Rheological modeling was done by adopting the
temperature-dependent Cross—Williams—Landel-Ferry
model [55] for estimating viscosity at zero shears. The
Bagley adjustment was made by measuring the viscosity
to compensate for end effects (these include entry effects
upstream to the nozzle tip from the coni-cylindrical taper
and exit effects) [56]. To compensate for the non-Newtonian
nature of the polymer, Rabinowitsch correction was used
[13]. The Barus equation can compensate for the viscosity
dependence on pressure [57].

The developed FDM rheometer can measure viscosity
very accurately, as confirmed by comparison with the already
established rheometer as shown in Fig. 10, and it can mea-
sure viscosity for a wide range of temperature and shear
rates. The above-mentioned adjustments for viscosity mea-
surements are consistent with already-developed rheometers.
The influence of all adjustments is the decreasing order as
Bagley end effects — Rabinowitsch — Temperature inac-
curacies — Pressure effects.
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Fig. 8 a Original liquefier;

b modified liquefier [53] liqueﬁer stepper motors
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Fig.9 Design of nozzle: a customized nozzle, b transfer column for load, ¢ and d load transfer column, inside the pressure port of nozzle a
thermocouple is inserted, e customized clamps, and f complete assembly [54]
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Fig. 10 Comparison of 10000
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by the three rheometers [54]
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Park et al. [24] developed a material extrusion-based
additive manufacturing system with the capability to main-
tain the high temperature of the extruder and chamber for
printing the defects-free parts of super engineering plastics,
namely polyether ether ketone (PEEK). They demonstrated
the feasibility of utilization of high-performance engineer-
ing plastic 3D-printed parts in the industries; by optimizing
thermal process parameters for mechanical strength. The fil-
ament is fed through the heating zone, which is encircled
by a heating block, in a conventional extruder design before
being extruded out of the nozzle. In this design, a substan-
tial amount of heat flows upward and makes the filament
flexible and flabby which results in discontinuity in mate-
rial extrusion. In addition to the finned heatsink, Park et al.
[24] employed a blower fan and an airflow duct to lessen
the upward heat flow. They also altered the heating zone
to print high-temperature polymers like PEEK and polycar-
bonate (PC). The length of the heating zone was reduced to
10 mm for successfully printing the part at 400 °C. Accord-
ing to their research, the created extruder produced the object
with a better tensile strength than the extruder’s standard ver-
sion because it had a shorter and more concentrated melting
zone.

Xiaoyong et al. [23] investigated the impact of sev-
eral process variables on the mechanical characteristics
and printing accuracy of PEEK-printed objects, including
bed temperature, ambient temperature, and infill density.
Their observations show that optimized process parame-
ters improve the mechanical properties of the parts. They
achieved the maximum tensile strength of PEEK at 77 MPa,
higher than the tensile strength of PLA.

The impact of build orientation on the mechanical and
thermal characteristics of FFF 3D-printed items was exam-
ined by Zaldivar et al. [32]. They used identical FFF
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3D-printed dog bones with six different orientation angles
and observed the variation of tensile strength, coefficient
of thermal expansion, failure strength, poisons’ ratio, and
modulus. They characterized 3D-printed items with their
injection molded equivalents in terms of their mechanical and
thermal characteristics. When compared to injection molded
components, it is discovered that the tensile strength and
failure stresses of FFF 3D-printed parts range from 46 to
85% and 2 to 7%, respectively. They concluded that the part
printed in a particular build orientation which has more fibers
aligned in the load direction shows higher strength.

To produce high-quality components, it is necessary to
detect filament breaking. The mechanical contact switch fil-
ament breaking detection technique has a limitation in that
when the filament is broken, it is still in contact with the
hole, and its detection is difficult. In this work, the Acoustic
Emission (AE) technique is used, which has the advantage
that it can detect even bursting and weak signals even from
complex backgrounds [58].

Feed rate, which is a crucial factor in building quality, can
be approximated by Eq. (4) [59, 60].

Q

= WH @

v

Feed rate is v, Q is volumetric flow rate, W is bead width,
and H is slice thickness.

Q can be approximated as a function of nozzle geometrical
parameters, nozzle pressure P, material viscosity n, nozzle
diameter D, and nozzle’s conical length L as in equation no.

() [61]

m(5)'P

81 &)
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Pressure P placed on the filament affects the critical feed
rate given by Euler buckling analysis in Eq. (6) [62].

P w2 Ed? 6
= e ©
For the filament, E, d, and L are Young’s modulus, diam-

eter, and length from pinch rollers to liquefier entry. The

critical feed rate can be obtained from Egs. 4, 5 and 6.

A lower feed-to-flow ratio implies that material is being
extruded more rapidly than the filament is moving. This
causes an increase in layer thickness and a slow accumu-
lation of extrudate across the nozzle, which usually results in
clogs. Unless this problem is not rectified, a filament break
follows, with a part of the filament stuck within the extruder
[63]. This work proposed acoustic emission representation
on the probability distribution shape. The conducted work
consists of the relative similarity and skewness of the AE
signal.

Instantaneous skewness—The third standardized moment
is determined to quantify the asymmetry of a real-valued ran-
dom variable’s probability distribution regarding its mean.

Relative similarity Rs represents the difference between
the probability distribution of two acoustic emissions.

The electric motor, printing head, extruder head, and fric-
tion between the pinch roller and filament are the significant
sources of acoustic emission signals during printing. The
extruder generates a weak signal; hence, sensor should be
placed close to it. An emission transducer and an acoustic
emission acquisition system were used for acoustic preampli-
fiers to measure acoustic emission signals. The transducer’s
operational range was 100-1000 kHz, and the operational
temperature range was 65-175 °C. The frequency of sam-
pling recording waveforms was 5 MHz. The preamplifier
was used for the 40-dB gain of waveforms.

Spectrum analysis was performed by conducting a test
on two machines. Test #1 on Stratasys uPrint, test #2 on JG
Aurora model. Graphs were obtained for both steady fabri-
cation and breakage conditions. Instantaneous skewness is
calculated by Eq. 7, where x(n) is the nth section’s amplitude
value.

E[x*(n)] = 3E[x(M]E[x*(n)] + 2E3[x(n)]
(E[x2(n)] — E?[x(n)])

Yinstant (1) =

3
2

(N

During steady-state friction was weak; hence, acous-
tic emission and after filament breakage friction increases
because of constant rubbing with the pinch roller. Relative
similarity values for steady-state activity are closer to one as
acoustic signal closely resembles reference signals, decreas-
ing after breakage. The coefficient of variation of skewness
values is higher than relative similarity, which suggests that

skewness is more sensitive to filament breakage. This work
provides an appropriate way for on-site process parameters
surveillance of FDM.

AM of metals requires metals in powder-form and then
concentrated heating and solidification are done by elec-
tron or laser beam. These methods are costly as they require
intensive energy sources, atmosphere control, grain control
of powder, and post-processing for dimensional accuracy.
This work is carried out to overcome the limitation of
3D printing for metals as they lack continuous softening
with temperature, unlike thermoplastic [64], demonstrat-
ing extrusion-based 3D printing of bulk metallic glasses
(BMGs). BMGs have an amorphous structure, high strength,
high toughness [65, 66], and high corrosion resistance [67].
Above glass transition, BMGs relax into liquid-like thermo-
plastic and can be used in the FFF process, as shown in
Fig. 11.

Zr44Ti11CupgNijpBeys was selected as the production
material because of its widespread availability and thermo-
plastic formability. BMG rods with a diameter of 1 mm up to
alength of 70 cm were used. When the material was extruded
at 460 °C, the crystallization time was 100 s, and the viscos-
ity was 10° Pa.s. When the temperature is low, the extrusion
force is high, and the processing time is short at high temper-
atures. Nozzle diameter is 0.5 mm and printing speed 5 cm/s.
Printing was carried out with a crystallization time of 1 day
[68] on stainless steel mesh preheated to 400° C. All aspects
of printing are carried out in the air. A wide variety of BMG
parts were printed using the approach outlined in Fig. 12. The
volumetric flow rate of 10 mm?>/s was obtained as compared
to 1-10 mm?3/s for laser powder bed fusion [69, 70] and 40
mm?/s for thermal spray [71]. The needed feed force while
printing is below 100 N; however, it needed to rise to 1000 N
during start-stop operations. Thermal analysis indicates that
the difference in temperature AT between the temperature
of the glass transition Ty and the temperature of crystalliza-
tion T, crystallization heat AH, for supplied BMG is Ty =
371°C,Tx =473 °C, AT =102 °C, AH =83 £ 5 J/g, and
for extruded BMG that is Ty = 373 °C, Tx = 476 °C, AT
= 103 °C, AH = 85 £ 5 J/g. Mechanical analysis shows
that when printed BMG is tested with loading parallel to
BMG, printed layers fracture strength is 1220 MPa com-
pared to 790 MPa when tested with loading perpendicular
to BMG printed layers. Results obtained are very similar
to commercially available technologies and there is scope
for development of potential fused filament fabrication of
BMG's.

Nozzle clogging is among the most common FDM process
errors. The printed parts’ consistency is adversely affected
by surface roughness, geometric tolerance, or mechanical
properties. Nozzle monitoring is developed using vibration
sensors [72]. Firstly, bar mount that supports the liquefier
is modeled as a beam (Fig. 12), and then a simulation for
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Fig. 11 Process summary. a Schematics of extrusion of BMGs by FFF.
b BMG printer set up. ¢ Feed mechanism employed to generate 1000 N
force. 5 cm/s is the maximum extrusion speed. d Joule heater attached to
an Extrusion nozzle. The Joule heater was powered by an energy supply

Fig. 12 Beam-modeled layout
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Fig. 13 Nozzle diameter during partial clogging for direct and Bowden extruder [72]

nozzle clogging was carried out. This was done for partial
solidification by reducing the temperature of the nozzle.

There are mainly two types of force in FFF: back pressure
and feed force. Feed force depends upon unsupported fila-
ment length, filament feed, filament properties, motor torque,
and drive gear parameters, while back pressure force depends
upon pressure drop in a heated liquefier. Force due to back
pressure is the summation of all pressure drop force over
nozzle length.

Assuming uniform properties of the material and a con-
stant cross section for the Euler—-Bernoulli beam, the bar
mount system can be modeled as a simply supported beam
having a partly uniformly distributed load or both ends
pinned. Using a vibration sensor to monitor nozzle per-
formance necessitates mounting the accelerometer onto the
extruder’s bar mount. Since the extruding system is gen-
erally moving in printers, it adds additional complexity to
vibration measurement. To overcome this problem, immov-
able extruder and movable printing bed were used. Firstly, to
keep track of nozzle performance monitoring, both Bowden
and direct type of extruding systems were used separately to
measure vibrations. Secondly, strands of materials including
ABS, PLA, and SemiFlex of 1.75 mm diameter and toler-
ance of & 0.05 mm were employed. Finally, strands of three
materials were extruded separately using Bowden and direct
extruder system, whereas the temperature of the extrusion
was adjusted from 220 to 170 °C having a 10 °C step size.
Significantly, reducing the temperature of the nozzle during
extrusion was only utilized to simulate nozzle clogging since
lowering the nozzle temperature of the nozzle solidifies the
strand around the internal surfaces of the nozzle, resulting in
a drop in filament diameter. Nozzle diameter during partial
clogging is graphically represented in Fig. 13. A compar-
ison between theoretical and experimental data establishes
the usefulness of a nozzle monitoring system.

2.2 Studies Related to Multiple Material Printing
Systems

The most traditional 3D printer uses only a single color
filament, limiting the use of 3D printing, one way to over-
come this is to carry out different color mixing. It is difficult
to simultaneously 3D print several materials, such as poly-
mers, metals, and semiconductors at greater resolutions. In
addition, existing high-speed 3D fabricating techniques face
challenges due to the accurate arrangement of discrete and
continuous regions required to ensure both electrical con-
nectivity and device performance. The work of Loke et al.
described the use of filaments made of various materials
ordered in intricate microstructures along with an exterior
adhesion promoter to 3D fabricate high-quality interactions
and a variety of topological results [73]. The capability of
the FDM technology to expand the design beyond compli-
cated geometries is demonstrated by recent developments
in multi-material 3D and 4D printing (time being the fourth
dimension). Due to the roots of 4D multi-material fabrication
in 3D, it faces some of the same difficulties as 3D fabrication,
including a restricted materials selection, poor printing res-
olution, mechanical characteristics, and limited dimensional
stability [74].

In the work of Han et al., the 3D design of the nozzle is
carried out by UG software [75]. Studies are carried out by
simulation for the optimum feed speed of filament at various
temperatures, which are later verified by experiments. The
conjunction of the temperature field and feed speed of fila-
ment on the distribution of the pressure field and the velocity
field is the basis of a brief analysis of the hole and intersection
of the nozzle. Nozzle assembly consists of a heating block,
fixed block, throat pipes, and nozzles, as shown in Fig. 14.
The throat pipe, nozzle thread hole, thermistor hole, and pipe
hole for the heater are components of the heating system.
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Fig. 14 Assembly of the entire model [75]

Using screw threads, the nozzle, thermistor, and throat pipe
are connected to a heating system. In the hole of the heat-
ing pipe, a heater is attached directly, and the heating pipe is
attached to a threaded hole with screws. The heating block
throat is assembled in the pipe thread hole, and the nozzle is
inserted and tightened into the hole of the nozzle thread.

Boundary conditions are set for both the inlets; ABS fil-
ament of 1.75 mm diameter with an initial temperature of
25 °C, and outlet is set to flow boundary. The color mixing
effect depends upon whether, at the intersection, both the fil-
aments can be melted entirely or not. Simulation and analysis
of the temperature field of two filaments are carried out by
changing the feed speeds of the filaments.

At 0.2 mm/s velocity: the feed speed of both the filaments
is 0.2 mm/s, the initial temperature is 298.15 K, the bound-
ary temperature is 493.15 K simulation time is the 60 s. After
the 50 s, the temperature inside the flow channel is consid-
ered steady when ABS entry is 10 mm, lowest temperature
of 484.8 K is reached at the filament center, which is below
the test temperature for easy extrusion. Temperature is raised
to 503.15 K for melting of filaments at the intersection now;
the temperature at the intersection is 494 K which is suffi-
cient for smooth extrusion. At 0.5 mm/s velocity: the feed
speed of both the filaments was 0.5 mm/s, the initial temper-
ature of 298.15 K, the boundary temperature of 503.15 K,
and the minimum temperature at the intersection was 489 K,
and extrusion can occur smoothly. At 1 mm/s velocity: for
both the filaments, the feed speed was 1 mm/s, initial tem-
perature 298.15 K, and boundary temperature 508.15 K. The
lowest temperature of 485 K was obtained, which is below
the test temperature. For easy extrusion, the wall temperature
was raised to 513.15 K; now lowest temperature obtained
was 489 K, but the filament temperature by adding heat
became higher faster, which resulted in premature softening
of filament; hence filament feed speed of 1 mm/s was not rec-
ommended. To check the feasibility of the device at 220 °C
and 230 °C, selected filaments were printed as a cylinder of
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10 mm diameter and 10 mm height. At 220 °C, the filament
was not melted completely, and under continuous feeding,
the filament slid and resulted in blockage at the intersection.
At 230 °C, the molten filament accumulation phenomenon
was observed. Through test verification, faults in design are
found, and to eliminate blockage and risk; the design needs
to be improved in the future.

Conventional FFF has a limitation of printing only one
type of color at once, resulting in a time break in switching
the filament of different colors; to overcome this multi-
nozzle extrusion system is designed. The model designed
by Abilgaziyev et al. [76] has five nozzles that can print five
colors without any manual interruptions for changing the fil-
ament. Print time, frequent maintenance, and cleaning can be
reduced using this setup. Figure 15a shows that the developed
extruder has mainly a two-section hot end and cold end, fil-
ament driven. Five nozzles are present in the hot end for five
different colors; the cold end has five holes cylinder for five
colors of filaments, thrust bearings, stepper motor, and gears.
As depicted in Fig. 15a, b mechanism is employed for suit-
able contact with hobbed shaft and filament, and the filament
is pushed toward the shaft by the mechanism so that friction
increases. A Bowden cable connects the cold end to the hot
end, ensures a steady filament supply, and helps in weight
reduction. ABS was selected as the material of plates for its
light weight and high strength properties of ABS. Finite ele-
ment analysis was carried out to check its applicability, and
simulation results showed a factor of safety of 8.1, which is
well above the widely accepted factor of safety of 1.5.

In the continued work from previous literature, this work
was carried out by Ali et al. to overcome FFF’s typical lim-
itations of printing with different colors, reducing the time
of printing, efficient use of motors, and reducing the time of
printing weight and manufacturing cost [77]. The conceptual
design of this model is the same as depicted in Fig. 15, which
has the following parts;

e Cold end design: cold end has a five-hole cylinder for five
colors of filaments, thrust bearings, stepper motor, and
gears.

e Plate design: two plates were used, and all other compo-
nents were fixed. It performs two main functions hold all
elements and carry their weight. Earlier, gypsum was used,
but PLA was selected as the material for plates because of
bending.

e Pushing mechanism: a pushing mechanism is employed
for suitable contact with hobbed shaft and filament, which
pushes the filament toward the shaft to increase friction. An
earlier spring system was used, but it resulted in filament
degradation and was replaced with a lever mechanism.

Minimum torque is required to rotate the cylindrical probe,
which is calculated, as the minimum mass required was 90 g,
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(a)

Fig. 15 a Cold end design of extruder; b pushing mechanism [76]

equivalent to 0.8829 N. Torque T = F*R, where F is force
and R is pitch circle radius of larger gear, T is 44.145 N mm.
Spur gears were used as they are easy to manufacture, and
also, speed is low for them to use. The pitch circle of the
larger gear used is 100 mm, equal to the thrust bearing diam-
eter. A smaller gear may reduce friction and increase wear
between parts if used. The module was 1.25 mm; teeth on
larger and smaller gears are 80 and 20, respectively. Gears
were designed for bending using the Lewis equation given
by Egqg. 8.

F
K,bYm

o =

®)

where F; tangential tooth force (N), K, the velocity correc-
tion factor, b is tooth width (mm), m is gear module (mm),
Y is Lewis form factor, and o bending stress in gear (MPa).
Using Eq. 17, the widths of the pinion and gears were cal-
culated as 8 mm and 10 mm, respectively. A prototype was
tested for the following parameters;

e Changing the guided filament by rotational motion: rota-
tional motion was steady and hence verified the usefulness
of the gear pair and bearing.

e Driving the chosen filament: the filament does not come
into contact with strong frictional forces, which could
cause it to cease moving.

e Placement and movement of the hot end: five hot-end heads
with insulating fins were installed correctly on the top of
the holding construction. The hot-end arrangement was
solid and lightweight.

e Extrusion of filament: the pulse per minute must be set to
regulate the filament flow, and the counter-delays must be

factored into the calculations. The maximum speed of the
filament can be set depending on the travel required per
minute.

e Structural rigidity: for the cold-end arrangement, several
flaws were observed for structural rigidity. Bending stress
deflection because of the two stepper motors’ combined
weight was observed in the upper plate made of PLA.

The proposed model gives a suitable method of 3D print-
ing for five colors using only two stepper motors. Comparison
with existing multi-nozzle extruders and results obtained are
represented in Table 3.

The work of Lopes et al. addressed the boundary interface
or the contact produced at the geometric border of various
materials, which is among the most significant problems in
multi-material 3D printing [78]. Three different types of ten-
sile test samples were fabricated: (A) a sample made of one
material and fabricated using only one extruding head; (B) a
sample of one material having multi-sections fabricated using
two extruding heads arranged in a zebra pattern, and (C) a
multi-material sample fabricated in a zebra-crossing arrange-
ment using two different materials. A reduction in tensile
strength and Young’s modulus was observed in all of the
zebra crossing samples. This decrease in performance, par-
ticularly in terms of tensile strength, was primarily caused
by boundary interfaces created by the switching of the
engaged extruding head. These interfaces caused an intense
inconsistency in the test samples than was fostered by the
process-inherent interactions between nearby fabricated fil-
aments. The study of Waly et al. [79] examined how varied
interlayer lengths and thicknesses affect crack development
in multi-material 3D-fabricated polymers at various load-
ing levels. Their research findings are: (A) as far as the
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Table 3 Performance

comparisons [77] Model No. of filament No. of Weight on Cost Operational
colors motors moving rails pauses
(kg)

Single-nozzle 1 1 0.49 500 Long
“Prusa i3”

The Kraken 4 Not Not known Not known Short
model known

Theta 3D printer 4 10 0.4 Not known Not known

RoVa3D printer 5 0.2-.05 > 3500 Short

Multi-extruder <6 0.15-0.25 Not known Medium
NPr2

Proposed 5 2 0.18 700-1000 Short
prototype

build orientations, loading levels, and mechanism of frac-
ture are the same, the interlayer thickness has little impact
on the fracture toughness; (B) with the increase in loading
levels fracture toughness of composite was found to increase.
In the study of Ahmed et al. (process parameters), ABS
and carbon fiber-reinforced polylactic acid were combined
to form laminar composite structures [80]. Their research
examines the impact of different printing parameters on the
developed composite’s interfacial bond strength (IFBS) using
the surface response approach. Two failure mechanisms were
identified during the physical assessment of the examined
specimens, one mode of failure having a significant IFBS
due to material patch migration and another mode of failure
having low IFBS with no patch migration. ANOVA showed
that the pattern of the printing process parameters was quite
interactive. After rigorous testing, their study concluded that
the middle range of printing speed, greater filling density, and
low layer thickness are responsible for the effective IFBS.
In the work of Quero et al. [81], a microchip capillary
electrophoresis (MCE) was made for the first time using
the FDM. Three conducting polymer filaments including
copper, carbon black, and graphene were used to embed
electrodes for capacitively coupled contactless conductivity
detection (C*D) into the MCE. Two-extruding-nozzle FDM
printer was fabricated for one-step multi-material 3D fab-
rication with optimized parameters embedding MCE-C*D.
The traditional MCE design was selected, and PETG mate-
rial was used to fabricate the main section of the MCE-C*D
device. Four reservoirs of solution (background electrolyte,
sample, and auxiliary), a separating microchannel, and inject-
ing microchannels were included in this microfluidic design
(Fig. 16a). The system comprised four 3D-printed layers
both above and below the microchannels, exclusive of solu-
tion reservoirs (Fig. 16b). Two built-in electrodes were also
included in the 3D-fabricated MCE system placed 0.8 cm
apart in the separating channel to carry C*D (Fig. 16¢c). As
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shown in Fig. 16d, the electrodes were successfully 3D fab-
ricated by the main section of the device using conducting
filaments. Figure 16e depicts the final 3D fabricated MCE-
C*D device.

3 Pellet-Based Material Extrusion

The most popular method is freeform filament extrusion
printing, but there are a limited number of available materials
in the filament form. Some materials cannot be converted into
filaments, such as biopolymers, materials having high carbon
fiber. For the first time, Bellini explored pellet-based extru-
sion additive manufacturing, also known as screw-assisted
extrusion additive manufacturing, in 2002. Initially, devel-
oped systems were used mainly in the field of biomedical
AM. In 2014, pellet-based extrusion additive manufactur-
ing systems were developed for many applications. By the
year 2016, small-scale printing of this system was success-
fully employed by systems including 3D Discovery® [82],
PAM® [83], M3DIMAKER® [84], and ExAM 255® [85].
Large-volume printing started in 2016 when robotic arm-
based systems were developed because of the higher degree
of freedom and capability. Large-volume printing systems
are BAAM®, Gigabot X® [86], and Discovery® [87].

The quality of components produced by this technology
depends mainly upon process parameters adopted for print-
ing. The most critical process parameters in pellet-based
material extrusion are screw speed and barrel temperature.
Barrel temperature is the surface temperature of the barrel.
The screw speed determines how long the material is exposed
to heating systems. Kumar et al. studied the impact of screw
rotational speed and barrel temperature on melt flow speed
and cross section of deposited filaments [88]. It was observed
that as screw rotation speed and barrel temperature were
increased, melt flow speed increased. This occurred because
the pressure gradient increased as the screw speed increased,
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Fig. 16 a Diagram showing the MCE-C4 D device along the dimen-
sions of its 3D-fabricated parts; b magnified picture of the FDM
3D-fabricated layers; ¢ Diagram showing the separating channel pass-
ing the 3D-fabricated electrodes, d two-extruding-nozzle 3D printing

process; e Actual picture of the MCE-C4 D device, reservoirs containing
blue dyes to improve visualization a, b for the BGE, ¢ for the sample,
and d for the auxiliary reservoirs [81]
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Fig. 17 Schematic of pellet-based extrusion created by a Bellini [89]; b Reddy et al. [16]

resulting in increased flow speed. Also, chains of polymer
move and glide quickly on one other as barrel temperature
rises, causing increased material melt speed.

3.1 Small Volume Printing System

Figure 17 shows a schematic of two major small-volume
printing systems developed. These systems can extrude
directly from pellets and do not require material in fila-
ment form. Bellini used a heated barrel to contain an auger
screw, whose extremities could fit deposition nozzles of
various diameters [89]. The printing assembly could move
in three dimensions while the printing surface was fixed
[90]. The developed system was tested for printing tem-
perature, material deposition velocity, and nozzle geometry
for ceramic material. A significant finding was that there
had been some agglomeration and air entrapped inside the
deposited structures. This system was also utilized to make
biopolymer scaffolds [91]. The printhead designed by [16]
incorporated a distinct pellets feeder and a screw having
changing channel depth and pitch to resolve the feeding dif-
ficulties reported by [90]. Many researchers developed their
printers, and a minimum diameter of 7 mm was reported [92].
Another work for viscous polymer utilized infrared heating
elements close to the printer’s nozzle to avoid warping and
delamination [93].

With time, various modifications were made to the fun-
damental design of the pellet-based screw-assisted extrusion
system, and schematics are shown in Fig. 18. One such mod-
ification employed an auger screw [94]; they added four
different loading holes at varying altitudes all along the bar-
rel of the extruder to permit different material loading and
improve process residency time control. For investigating
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multi-material printing, fluorescent particles were incorpo-
rated into the melt. Another work [95] developed a screw of
conical shape to produce greater plastic behavior and mate-
rial homogeneity at a lesser length. Annoni et al. adapted a
compact injection molding process with an inclined (at 45°)
plasticating screw and a vertical piston-driven injection unit
[96]. This arrangement enables extrusion process continu-
ity and stability and a high extrusion force, allowing for the
extrusion of very viscous fluids via a narrow nozzle exit diam-
eter. To increase material flow management, Canessa et al.
fitted a Moineau pump to the terminal of an auger screw [97].
The approach eliminates the requirement for retraction tech-
niques by allowing discontinuous deposition even while the
material is fed continuously. Khondoker & Sameoto created
a twin-stage system consisting of a rigid horizontal plasti-
cating unit coupled to a standard FFF deposition head [98].
This system solved the screw extruder’s intrinsic constraints
on its heaviness and inertia from the depositing head’s pace
and resolution demands.

A screw-assisted pellet extruder has been developed capa-
ble of extruding biopolymer mixtures such as polylactic acid
(PLA) [99]. Additional functionality includes controlled pel-
let feeding, temperature control, and liquid cooling. The
design of the pellet extruder includes the following parts;

Hopper design: feed the requisite amount of material and
reduce conveying problems. A cylindrical hopper is used as
the feeding issue is caused by the hopper corner in the square
hopper. Generally, a hopper is gravity-assisted, but an agitator
or stirrer can also be used for consistent pellet flow and to
avoid material sticking.

Drip feeder design: for print quality to be consistent and
avoid the extruder from jamming, control over the number of
pellets to be fed is required. The feeder is placed just above
the extruder, as shown in Fig. 19; the pellets were forced
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Fig. 18 Schematic of alternate designs of small-volume printing machines created by a Zhou et al. [94]; b Annoni et al. [96], ¢ Canessa et al. [97];
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Fig. 19 Pellet extruder with built-in hopper and drip feeder [99]

out in low amounts at the desired pace by the extruder. The
feeder’s form is comparable to the primary extruder shape to
avoid edge effects and potential flow constraints.

Extruder screw design: it is the central part of the extruder,
pellets are transported to the heating region using a screw, and
the screw finally pushes the molten material and it comes out

of the nozzle. Variation of pressures across screw length is
shown in Fig. 20.

Heating and cooling system: material undergoes shear and
is used as a significant heating source in an extensive extru-
sion system. However, an externally powered electric heater
was employed in this project. A closed-loop cooling arrange-
ment with automotive-grade coolant was utilized to avoid
pellets sticking on hot zones and blocking the extruder.

Variations in mechanical properties obtained for different
extruder designs were minimal, showing significant repro-
ducibility and consistency. Experiments confirmed that the
strength obtained for printed parts is similar to the FFF
process, and aesthetic quality is superior in their extruder
because of uniform heating and cooling. This work has lots
of scope for future work, like increasing the number of sen-
sors used to supervise heating and cooling processes and
precisely control the heat flow. Before the drip feeder activa-
tion, particular pressure is required and a pressure transducer
can be used to check if that particular pressure is obtained.

Internal flow irregularities create detrimental impacts,
including surging or spurt flow. Several other forms of vari-
ations in output products in screw extrusion operations are
caused by external disruptions entering the operation from
numerous sources [100]. Internal disruptions such as cyclic
melt solid bed breakup and accumulation, flow contaminants,
and nozzle flow abnormalities are additional well-known
drivers of process variability. Another work considered an
energy-based modeling method for screw-assisted pellet
extruders used in 3D fabrication [101]. This modeling is asso-
ciated with a balance of energy between the work done by the
screw, the amount of heat energy lost by the nozzle heater,
and the enthalpy of the extrudate. There are three zones on
the extruder screw; a zone for transportation, a zone for melt-
ing, and a zone for mixing. The molten material is subjected
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Fig.21 Screw extruder process [101]

to high pressure before dispensing through the nozzle. When
the temperature at the screw inlet is too high than screw can
melt the material even at the inlet and results in jamming the
extruder. It also causes material burning and increases vis-
cosity of material at outlet. Low temperature, on the other
hand, restricts extrusion due to a slow melting rate, likely to
result in jamming.

Specific enthalpy changes across stages 1 and 2 (Fig. 21)
can be written as changes in enthalpy for forming (constant
temperature) and melting (constant pressure) and are given

Springer

i W\_/—\ ™
dP
AP .4 EL
(b)
by Eqgs. 9 and 10.
Ah=hy —hy = Ahmelt + Ahform (9)
(P, — P1)
Ah—Cp(Tz—Tl)—Fh +T (10)

Pou = it Ah = 1t Ahpery = i (Cp(Tr — T1) + hy)  (11)

Here Py and P; denote pressure at two stages, & ¢ is fusion-
specific enthalpy, and C), is the average specific heat
Heat change can be written as

2 7DN

v +mfW
— 4+ mf Vp, —_—
R barrel
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AQ = Q - Qlosses =

In Eq. 12, N is screw speed, m is consistency index, f is
filling ratio, Vparrel is the Barrel’s volume, D is the screw
diameter, screw channel depth is H, the power-law index is
n, the voltage at the heater is v, and the resistance of the heater
is R.

o V2 xDN\""!
Plosses_WzQ_Poutz ?"‘mfvbarrel( >

H
— (m(Cp(Th — T) + hy)) (13)

The left-hand side of Eq. 13 is treated as a single measure-
ment, and known values on the right-hand side can be used to
find it. Two parameters control the system in this case, 7 and
N. Experiment-derived values are V and ri. For distinctive
T, and N values, m is measured. To find out the correlation
between T», N and m, a search table is constructed. Q and
Plosses—W are calculated by estimation at any fixed tem-
perature and screw speed and temperature to determine Py,
and this is how m is obtained. Pellets made of PLA having
a low melting point can be used for 3D printing. Tests were
performed with temperatures of 180 °C, 190 °C, and 200 °C.
Screw rotational speeds were 1 RPS, 2 RPS, and 3 RPS;
Fig. 22 illustrates their findings.
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Fig. 22 a Variation of mass flow rate with screw speed at various temperatures; b variation of mass flow rate with the temperature at various screw

speeds [101]

The dynamic approach was modeled to use the exper-
iments with steady-state data to fit a first-order dynamic
model for mass flow concerning screw speed and temper-
ature. Denoting ft= ft— f N, T2 as mass flow rate variation
from steady-state fN, T2. The mass of the extruded material
can be written as shown in Eq. 14.

Ifinal

frdt

_ e_ktﬁnal)

al> Oli:z
T(tﬁnal — ILswitch) — k_2(1

Mifinal = f N, Tatfinal +

~

= fN, Tatfina + %(1

+ _ e_k(tﬁnal_tswitch))

(14)

Constants candk used in Eq. 23 are obtained by experi-
ments.

Using the data validation helps look for active controllers
of extruders using known extrusion rates.

A conveyor worm is modeled in 3D to create a new
extruder to reduce the cost of manufacturing compared to
traditional 3D extruders [102]. Raw material for the new
extruder is ABS or PLA or any new materials later devel-
oped. AutoCAD was used to design a 3D model of a screw
used in an extruder by moving a cone trunk, as shown in
Fig. 23a, having variable dimensions after a conical worm
wound on a cone whose axis of symmetry coincides with the
axis of the axis symmetry of the worm. To define the trunk
cone axis, vector calculations were used. Auto-Lisp is used
for calculating the points belonging to a propeller and repre-
sented in AutoCAD and then transported to inventor, where
the snail was finally modeled. It was then exported in “STL”
format, and printing was done in a 3D printer; finally, the
casting mold was executed and poured.

In Fig. 23a, a conical propeller is shown where r is the
small base radius of the cone trunk, p is the propeller step,
and B is the inclination angle of the generator cone trunk with
the OZ axis.

Using AutoCAD command circle and extrude, a cylinder
isrepresented, a cone on which a conical propeller is wrapped
associates fixed coordinate system (S) and a mobile coordi-
nate move (S1) along with a conical propeller (Fig. 23b).

For obtaining the coordinate of point P, vector ﬁ which
depends upon the coordinate of point P1 (0, 0, z,1) and P (x,
v, z). Based on O (0, 0, 0), the coordinates of point P, can be
determined.

The actual model obtained is shown in Fig. 23c. This work
helps simplify the modeling of the worm, which helps in 3D
printing and checking how the model works at reduced cost
in less time. Deprivation is that finishing with numeric con-
trol after casting is difficult in manufactured 3D modeling
worms, which can be overcome by using a cylinder repre-
senting frontal-cylindrical milling tool.

Manideep et al. developed a screw-based pellet extruder
from basic concepts of 3D printing. This extruder reduces
the cost of manufacturing to almost half the cost compared
to filament or wire type of extruder and to use as a multi-
functional extruder. The single-screw extrusion system is
shownin Fig. 24. In any pellet-based 3D printer, an extruder is
a prime component that feeds the pellets to the heat exchanger
region—a horizontal extruder consisting of a heat exchanger,
motor, and a guiding system. The thermoplastic material typ-
ically used is acrylonitrile butadiene styrene (ABS), with a
melting point of 200°. To withstand high temperatures, steel
F-174 was used as an extruder material. A 6-mm-diameter
screw was used, having a screw length of 300 mm. Total
length is divided into three regions feeding zone of a length
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Fig. 23 a Conical propeller; b associated coordinate system; ¢ 3D model obtained [102]

Fig. 24 Single screw extrusion
system [1]
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of 31.45 mm, a compression zone of 51.45 mm, and a meter-
ing zone length of 63.075 mm.

Significant components of the developed extruder are:
nozzle: brass is used as material as it has good character-
istics for a more extended period. Hopper: to feed the pellets
to the heat exchanger region. Heat exchanger: the temper-
ature of the heat exchanger depends upon the material to
be extruded; for ABS, it is about 270°. Horizontal guiding
system: developed pellet extruder is a horizontally designed
extrusion unit with a horizontally arranged heating system,
motor, and extruder.

Volumetric flow rate (Q) depends on three types of flow:
the drag flow induced by the screw turning, the pressure flow
that restricts the system flow, and the filtration flow caused
by the material loss in the screw cylinder clearance. Q is
expressed by Eq. 15.

“\k+p+y)"

where the drag flow coefficient is «, K is constant for the
geometrical head, the pressure flow coefficient is B, the fil-
tration flow coefficient is Y, and the spindle speed is n. The
power required to melt the plastic can be calculated based on
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the volume flow rate. By using this extruder, it was observed
that cost of printing for 1.75 mm plastic wire at the rate of
0.4 kg/h and specific power consumption of 0.24 kWh/kg was
INR 320 per kg, whereas conventional printing for the same
material costs INR 1246 per kg [1], and hence this extruder
reduces the cost of printing considerably.

The work carried out by Wankhade et al. [103] aims to cre-
ate a portable 3D printing filament-making machine that can
draw ABS filament cheaply. The components of this unit are:
screw: it should be challenging and bear high temperatures;
for this purpose, steel F-174 is used in nitriding steel.

The geometry of the screw is shown in Fig. 25. A 25-mm-
diameter screw is used, and a 300 mm length is considered
to keep it lightweight. No. Of channel is 1, screw angle
g = 17.65° ridge width is e = 0.12 x D = 3 mm.
Screw lengths are feeding zone 20-25%, 65 mm, com-
pression zone 32-38%, 105 mm, metering zone 40-45%,
130 mm. Channel depth H = 0.2 x D = 5mm, fillet clear-
ance § = 0.002 x D = 0.05mm, the barrel’s diameter is
calculated by the sum of screw diameter and fillet clearance
=25.05 mm.

Nozzle: to withstand high temperatures 2 mm brass plug
was used.
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Hopper: for the gravity feed hopper, stainless steel was
used.

Motor: 55 RPM motor with 61 kg-cm torque was con-
nected by PWM (Pulse Width Modulation) controller.

Heating systems: 35 x 30 mm 150-Watt heating band was
used.

Fixing system: Square shaped mild steel tube was used.

The extruder’s main component is a barrel with a screw
attached to a heater at the far end. An electric motor drives
the screw, conveying the resin pellets through the barrel to the
heater by mechanical action. Pellets absorb heat from heating
elements, become soft, and melt, finally extruded through a
die.

Janssen’s assumption can determine stress in the hopper
as in Eq. 16.

o =K x P, (16)

Normal compressive stress P, can be determined by
Eq. 17.

D dzuK
P, = P82 (1 —exp - £ (17)
4K g, D

v

where g, = gravity conversion constant, density is p, Janssen
constantis K, i is the coefficient of wall friction. The motor is
continuously driving screw, so pellets are pushed toward the
heater, and the ABS filament gets soft and melt. The filament
of die diameter was obtained as it was pushed through a die.
The air fan cools the heated filament coming from the die.
Screw extrusion allows access to a wide variety of materials
for 3D printing.

The filament-based 3D printing could not print the part of
flexible material. The material with certain rigidity could be
used as filament, which limits the material scope of the fused

Table 4 Cost of raw material [107]

Raw material Company Price (lei/kg)
ABS filament Optimus digital 79.39

ABS pellets Romcarbon Sa 4.34
Difference in price 75.5

filament fabrication process. Material such as PEEK, with
high viscosity and melting temperature, could not produce
stable flowability at high printing speed. Hence, Tseng et al.
[93] developed a screw extrusion-based additive manufactur-
ing system to print the parts with PEEK material. 96% of the
bulk material strength is present in the pieces produced by the
screw extrusion technique, which exhibit constant mechan-
ical characteristics. By maintaining the nozzle temperature
between 370 and 390 °C and the build plate temperature up
to 280 °C, they were able to maintain the extrusion rate of
1.5 g/min. Their observations using SEM and XRD reveals
that mechanical properties are highly affected by the thermal
conditions and the post-annealing process does not play any
significant role in varying the material properties. Moreover,
controlled material extrusion is one of the major problems in
screw extrusion-based additive manufacturing systems [104,
105]. For printing a dimensionally correct object with a
pellet-based extruder, the extruder must position itself with-
out depositing the material during repositioning [99, 100].
This work was carried out mainly to overcome this problem
by providing a continuous supply of material during printing
and reversal of melt into the extruder of printer operation with
pellets of ABS [107]. The need to develop the pellet extruder
is justified by the cost difference between filament and pel-
let shown in Table 4. A conical conveyor worm is selected
for the continuous material flow, as shown in Fig. 26a. In the
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Fig. 26 a Conveyor worm; b drive washer; ¢ tapered piece [107]

front, three holes are provided for fixing the drive washer, the
area for transporting pellets, pellet feeding, heat dissipation
zone, bearing attachment zone, and the area for attachment
with an electric motor (Table 5).

Two-piece assemblies were used to ensure the retraction
of material, drive washer, and tapered piece. This assembly
ensures the blockage of material at certain times. As shown
in Fig. 26b, the drive washer is attached to a screw by three
bolts; it has recesses on the circumference to allow a flow
of molten material, a cylinder for centering, and two diamet-
rically opposite located engagement zones. Fluid material
penetration into the flow area through holes in the tapered
piece depends upon the screw rotation direction. Four holes
were designed on tapered pieces (Fig. 26¢) for material flow;
when the screw rotates in the feed direction, it continues in
the recess in the driver shaft. Whenever the screw rotates in
the reverse direction, the conical piece does not continue in
the drive washer recess.

In the reverse direction of the feed screw, the friction coef-
ficient between the conical piece and the drive washer is lower
than the friction coefficient between the bearing and coni-
cal piece; hence, vacuum is formed, and the issue of molten
material retrieval is solved. Optimized process parameters
play an important role in printing a part with desired dimen-
sional accuracy, mechanical strength, and surface quality
[102, 103]. Several attempts were made to print ABS pellets
with different parameters. Changing the direction of screw
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retraction was not controlled, and the material continued to
flow. Inside the extruder, too high pressure is developed, the
conical piece is pushed by molten material, and a space is
created between the conical piece and the drive washer.

3.2 Large Volume Printing System

Large-volume printing utilizing a pellet-based screw-assisted
system has almost the same functional operation as the ver-
tical screw system, as shown in Fig. 27. Some have auger
screws or standard extrusion screws featuring compression
profiles, while others have customized depositing heads.
Robotic arms were used more frequently in experimental
models than Cartesian platforms. Hertle et al. used a gantry
structure with a screw-assisted welding extruder and a depo-
sition surface that moves in two directions [110]. The device
was designed to analyze material adherence in shear test
specimens and loaded using polymer pellets. Magnoni et al.
combined a benchtop-sized screw extruder with a six-axis
robotic arm to create large-volume 3D printing using polymer
granules [111]. Their research focused on estimating process
parameters’ impact mainly on the substrate material’s width
and height. Brooks et al. developed a screw-driven deposition
technique that may be utilized for 3D printing of large vol-
umes [112]. This technique was examined to produce parts
with thin shells, and no supports were used. This system does
not have the movement of the printhead; instead, the robotic
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Fig. 28 Screw-assisted large volume pellet-based 3D printer a BAAM®; b Gigabot X® [86]; ¢ Discovery 3D Printer® [87]

arm was fitted with a convex depositing surface that allowed
it to move with six degrees of freedom. Liu et al. developed
a two-stage extruder system; a screw having a compression
profile accounts for delivering and melting the material gran-
ules during the first stage, whereas an auger screw regulates
the amount of material to be extruded during the next stage
[113]. Each screw can also be moved individually, as well
as the vertical screw can spin backward throughout the 3D
printing process to retract the material.

Commercial large-volume printing machines are BAAM®
3D printer, Gigabot X® 3D printer, and Super Discovery 3D
Printer®; these machines are shown in Fig. 28. The BAAM®
machine’s printhead travels along the x-axis, and the build
platform travels along the y-axis and z-axis. For Super Dis-
covery 3D Printer® and Gigabot X®, the printhead travels in
the x-axis and y-axis, while the build platform movement is
along the z-axis.

The evolution of the BAAM® system was disclosed by
[114]. BAAM machine is 10 times larger, 20 times cheaper,
and 200 times faster than traditional material extrusion AM

systems. This system can deposit clean ABS having stiff-
ness equivalent to injection molded polymers and can do
so regardless of depositing direction. A reciprocating z-
tamping component was fitted to the print head to minimize
porosity and increase interfacial adherence. The technol-
ogy’s viability was first shown using pure polymer granules,
but fiber-reinforced polymers were favored due to more
significant warping and distortion. The fiber reinforcement
can greatly enhance stiffness and strength in the principal
depositing direction. The BAAM system was used to deposit
a wide variety of polymers, demonstrating that it can print
composite materials having high strength (above 60 MPa)
and stiffness (above 12 GPa), but substantial anisotropy is
introduced.

Woern et al. [86] used a range of granular materials, com-
prising pure pellets and recycled materials, to evaluate the
performance of the Gigabot X® 3D printer. An investiga-
tional grid was devised to find the best printing variables
for every polymer concerning depositing speed and temper-
ature. Results revealed that material particle shape greatly
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Table 5 Comparison between the filament and pellet-based 3D printers

[63, 99, 106, 108, 109, 115-125]

Filament printer

Pellet based printer

Material cost

Choice of material

Printing speed and
build size

Resolution

Flow control

Thermal

management

Bulkiness

High cost involved
in producing
filaments

Limited as
processing a few
pellets into
filaments is
challenging

Low as most printers
use filaments of
1.75 mm diameter

High since a small
nozzle is used fine
tolerances and
intricate
geometries can be
printed

Smooth as the rate
of flow of filament
may be predicted
analytically with
ease

Use of small nozzle
results in better
interlaminar
adhesion

Lightweight and
occupy less space

Low as there is no
need for turning
pellets into
filaments

A wide variety,
even the brittle
polymers which
are challenging to
spool can be used

High as just
screw speed and
size can affect
how much flow a
pellet extruder
can produce

Low as using larger
nozzles results in
lower resolution,
and high
tolerances

Complex extruding
system

The use of a large
nozzle may cause
one layer to cool
and solidify
insufficiently to
hold the
following layer

Relatively bulky
and
space-consuming

influences the depositing speed. The tensile strengths of com-
ponents produced by typical FFF/FDM and Gigabot X® 3D
printers are equivalent to all tested materials. That implies
that by using this printer; there is no sacrifice in part strength.

Nieto et al. put the Super Discovery 3D Printer® to the
testing to see if it might be used in the marine sector [87].
The printhead had a flexible arm that could be attached to var-
ious instruments, including a surveillance camera to control
the 3D fabrication process from a distance. A multi-variable
approach was used to represent the selection of material and
process of validation, which aided decision-making when
choosing material for a screw-assisted large-volume pellet-
based extrusion process. Thermomechanical deformations,
extrusion variables, and processing behaviors all played a
role in this process. Two polymers (PLA 3D850 and fire-
resistant ABS TOYOLAC) met the criteria for being extruded
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and processed by a screw-assisted large-volume pellet-based
machine for extended periods. Few clean materials showed
significant heat deformation, while the fiber-reinforced com-
posite materials had inadequate printability. It should be men-
tioned that the fibers and polymer granules were manually
blended and not adequately compounded in this investiga-
tion; as a result, nozzle clogging could have been caused.

4 Discussion

Numerous advancements have been made in extrusion-based
AM over time; still, some challenges are overcome for
improved printing quality. In the earlier work, the liquefier
was redesigned to be straight from curved. This modification
reduced the extrusion force by 150%. The revised design
with various deposition head materials made 3D printing
of metallic components easier by utilizing greater strength
alloys. A customized pressure transducer and a thermocou-
ple are designed to assess the produced melt temperature to
overcome the inability to provide relevant real-time data. An
in-line FDM rheometer measures viscosity accurately for a
broad range of temperatures and shear rates. Filament break-
age is among the most common FDM process faults, and
it can result in nozzle clogs, geometrical dislocations, and
manufacturing failure. Depending upon the process parame-
ters, a critical feed rate is determined. Now acoustic emission
(AE) approach can be used. It was determined from the FDM
process that the probability distribution of broken AE sig-
nals differs, which can be demonstrated by the use of two
quantifiable indexes, instantaneous skewness, and relative
similarity. It is possible to use instantaneous skewness as
an initial indicator for filament breaking. However, filament
breaking can be comprehensively identified by relative sim-
ilarity. Another significant process error in FDM is nozzle
clogging. The printed parts’ consistency is adversely affected
by surface roughness, geometric tolerance, or mechanical
properties. The condition of the nozzle can be assessed by the
accelerometer, which measures the vibration of the mounting
bar that supports liquefier assembly for both the Bowden and
Direct extruder. Additive manufacturing of metals requires
electron or laser beam concentrated heating and solidification
of metal powder. These methods are costly as they require
intensive energy sources, control of the atmosphere, grain
control of powder, and post-processing for dimensional accu-
racy. A printing force ranging from 10 to 1000 N is ideal for
practical reasons; printing forces of more than 1000 N are
challenging and costly in 3D printing, but forces less than
10 N become particularly tedious to regulate. Bulk metallic
glasses (BMGs) exhibit such behavior, mainly when deposit-
ing through a 0.5-mm aperture, the viscosity should be below
10° Pa s, and when depositing via a 2-mm aperture, the vis-
cosity should be below 108 Pas.
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Most traditional 3D printer uses only a single-color fil-
ament which limits the use of 3D printing, one way to
overcome this is to carry out different color mixing. The fil-
ament’s flow condition is complicated, and temperature field
control is vital in color print mixing. Using a single-nozzle
extruder for multi-color/material printing necessitates addi-
tional time for filament change and nozzle clean-up, making
the printing process complex and time-consuming. Hence,
multiple-color printing is another way to use a multi-nozzle
extrusion system. Only two stepper motors were used on a
multi-nozzle extruder in a model, allowing for concurrent
printing of five distinct colors and materials. Furthermore,
the extruder hot end is powered by just two stepper motors,
reducing the extra size and heaviness of the hot end while
also increasing printing speed. The Bowden-type extruder is
preferred in such systems because the operating parts and the
hot end are segregated.

Pellet-based extrusion 3D printers do not require material
to be available in the filament form; instead, granules are
used. This allows pellet-based extruders to be used to print
biopolymers and high-carbon fiber materials. Using proper
heating and cooling systems, this extruder can produce com-
ponents with a strength similar to the FFF process and
superior aesthetic quality. Internal flow irregularities create
detrimental impacts, including surging or spurt flow. Internal
disruptions such as cyclic melt solid bed breakup and accu-
mulation, flow contaminants, and nozzle flow abnormalities
are additional well-known drivers of process variability. The
extrusion rate is the manipulated variable in this extrusion
process. An energy-based modeling approach for screw-
assisted pellet extruders can be used in 3D fabrication. This
modeling is associated with a balance of energy between
the work done by the screw, the amount of heat energy lost
by the nozzle heater, and the enthalpy of the extrudate. The
temperature profile across the extruder is monitored using
an arrangement of thermistors for feedback. The speed of
the screw can be set for a stepping motor that transports
the material. A dynamic model was constructed on top of a
steady-state model for a controller that can accurately control
flow based on the estimation of the extrusion rate.

Pellet extruders reduce the cost of 3D manufacturing to
almost half the cost compared to filament or wire types of
extruders. The horizontal extrusion process in which one side
of the auger bit is attached to the heating system, preceded by
a hopper for retaining pellets as they move into the heating
unit, and the other side is attached to the electrically driven
motor that drives the whole extrusion system. When exam-
ining the pricing of the pellet extruder, consider the 1.75 mm
plastic filament utilized in a traditional filament-based 3D
printer costing INR. 1246 for 1 kg. A Pellet extruder employs
pellets of the material, the same as used in a filament-based
3D printer, which costs INR. 320 for 1 kg [1]. For printing
a dimensionally correct object with a pellet-based extruder,

the extruder must position itself without depositing the mate-
rial during repositioning. Two-piece assemblies ensure the
retraction of material, namely tapered pieces and drive wash-
ers. This assembly ensures the blockage of material at certain
times. Given the high pressures created within the extruder,
the conical part is driven by molten material, and a gap is
generated between the driving washer and the conical part.
The molten material keeps flowing even when the worm’s
rotation direction changes; hence the retraction is not regu-
lated. If productive alterations are implemented, the intended
extruder could be used on 3D printers.

5 Conclusions and Future Trends

Extrusion-based additive manufacturing uses two types of
technologies: filament extrusion and pellet extrusion. Differ-
ent researchers studied these processes in detail and found
that filament allows for finer detail, close tolerances, and
precise control over the material flow rate. At the same time,
reduced prices and increased material domain in pellet-based
extruders unlock plenty of new possibilities for 3D printing.
Extrusion-based additive manufacturing is the most frequent
and perhaps the most straightforward method of 3D print-
ing, but it involves complexities during printing. This paper
covers a detailed study of 3D printing process complexi-
ties, including filament breakage, nozzle clogging, in-line
rheological monitoring, multi-color printing, and material
retraction. 3D printing capabilities were upgraded, and limi-
tations were addressed by altering components or providing
more functions. The significant findings of this review work
are concluded below.

o Tensile strength, compressive strength, yield strength, flex-
ural strength, hardness, ductility, dimensional stability,
surface finish, and manufacturing time are all affected by
distinct process parameters.

e Nozzle temperature is among the most significant process
variables that directly impact the mechanical properties of
printed components.

e Another major issue in EB-AM is nozzle clogging. Nozzle
clogging occurs for various reasons, including dust within
the liquefier, the lack of extrusion space due to inadequate
layer thickness, or the distortions of the printed compo-
nent. Lowering the temperature of the nozzle solidifies the
filament at the nozzle’s inner side, this causes a reduc-
tion in the diameter of the filament, and it is employed as
a technique simulating for clogging of the nozzle during
extrusion.

e The use of numerous sensors for monitoring FDM is
critical for understanding technology and establishing con-
trol mechanisms for the production process. The acoustic
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emission technique is used for monitoring filament break-
age, and this technique has the advantage that it can
detect bursting and weak signals even from complex back-
grounds.

e Filament extruder handles oozing and retraction easily,
and there is only one heat region to monitor, and slight
modifications in flow rates are required for new material
compared to multiple heat regions in a pellet extruder. The
tightly regulated, rapidly varying flow rate behavior nec-
essary for a 3D printer is difficult to achieve with a screw.

Nowadays, the industry is shifting toward pellet-based
extrusion 3D printers, especially for high carbon fiber materi-
als, which are frequently used to minimize warpage and boost
strength. This paper also describes a pellet-based extruder’s
development and design for extruding biopolymers such as
PLA. Vertical screw-assisted extruders are the most widely
used positive alternative, into which material pellets are sup-
plied and then dispensed by the nozzle in a single-stage
process. The conglomeration condition of the pellets appears
to be more important than the physical characteristics of
the feedstock material in an effective extrusion process, and
changes to the screw design were made mainly to satisfy
particular performance standards. The printheads for a small-
volume printing system require an extensive mechanism of
the miniaturized screw, and its manufacture may account
for the majority of the expenditures. Benchtop-sized screw
extruders can help large-volume printing systems conserve
money and time by decreasing expenses and speeding up
machine development. To utilize the strengths and weak-
nesses of filament and pellet-based extrusion processes, the
present review work can be utilized to develop a multi-
material hybrid form of a 3D printer in the future, capable of
printing both filaments and pellet forms of materials on the
same setup.
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