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Abstract
This paper presents a systematic review on extrusion additive manufacturing (EAM), with focus on the technological develop-
ment of screw-assisted systems that can be fed directly with granulated materials. Screw-assisted EAM has gained importance as
an enabling technology to expand the range of 3D printing materials, reduce costs associated with feedstock fabrication, and
increase the material deposition rate compared to traditional fused filament fabrication (FFF). Many experimental printheads and
commercial systems that use some screw-processing mechanism can be found in the literature, but the design diversity and lack
of standard terminology make it difficult to determine the most suitable solutions for a given material or application field.
Besides, the few previous reviews have offered only a glimpse into the topic, without an in-depth analysis about the design of
the extruders and associated capabilities. A systematic procedure was devised to identify the screw-assisted EAM systems that
can print directly from granulated materials, resulting in 61 articles describing different pieces of equipment that were categorized
as experimental printheads and commercial systems, for small- and large-scale applications. After describing their main charac-
teristics, the most significant extruder modifications were discussed with reference to the materials processed and performance
requirements. In the end, a general workflow for the development of 3D printers based on screw extrusion was proposed. This
review intends to provide information about the state-of-the-art screw-assisted EAM and help the academy to identify further
research opportunities in the field.

Keywords Additive manufacturing . Material extrusion . Fused particle deposition . Powder melt extrusion . Fused pellet
modeling

1 Introduction

According to the standard terminology, the extrusion additive
manufacturing (EAM) technique is characterized by the selec-
tive dispensing of softened materials through a nozzle, which
generates continuous strands that are usually deposited layer
upon layer to print a 3D part [1]. EAM systems, from which
the fused filament fabrication (FFF) equipment derived from
the Stratasys’ Fused Deposition Modeling (FDM®) patent [2]
are the most widespread, have benefited from simple

constructive solutions that are cheap to implement and easy
to operate [3, 4], favoring its extensive adoption for the fabri-
cation of prototypes or end-user products in multiple applica-
tion fields [5, 6].

Although nowadays the filament-based 3D printers can be
made more robust, scalable, and compatible with a range of
polymers [3], the quest for novel materials and applications,
higher deposition speed, and reduction of costs associated
with feedstock have motivated the development of alternative
EAMmachines based on piston and screwmechanisms [4–6].
In fact, the utilization of a screw mechanism with continuous
feeding of granulated materials, similarly to industrial poly-
mer extruders, is particularly interesting to allow a more pre-
cise control over the extrusion process, associated with im-
proved capacity to generate pressure, homogenize the molten
material, and allow some level of mixing.

Previous reviews on EAM with focus on screw-assisted
printheads were not found. Gonzalez-Gutierrez et al. [5] and

* Joaquim Manoel Justino Netto
joaquim.netto@usp.br

1 Department of Mechanical Engineering, São Carlos School of
Engineering, University of São Paulo, Sao Paolo, Brazil

2 Department of Mechanical Engineering, Faculty of Engineering of
University of Porto, INEGI, Porto, Portugal

https://doi.org/10.1007/s00170-021-07365-z

/ Published online: 1 June 2021

The International Journal of Advanced Manufacturing Technology (2021) 115:2711–2727

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-021-07365-z&domain=pdf
http://orcid.org/0000-0003-0251-4729
mailto:joaquim.netto@usp.br


Rane, Strano [7] described the filament-, piston-, and screw-
based extrusion mechanisms used to 3D print metallic and
ceramic components from solid materials in the form of fila-
ments or granules [5], as well as pastes or suspensions [7].
However, few paragraphs were dedicated to discuss the
screw-assisted systems, which were mostly used due to the
viscosity of the highly filled materials processed. A review
on 3D printing of engineering thermoplastics, which usually
require high processing temperatures, has also described the
use of screw-assisted systems [8]. However, most of the de-
scribed machine modifications focused on the temperature of
the build environment temperature, which should be con-
trolled to help softening the material, reduce thermal gradients
in the part and avoid damage of sensitive components. Zhang
et al. [6] mentioned the screw-assisted printheads as important
improvements of EAM, which could favor 3D printing with
innovative materials (e.g., micro- or nano-reinforced poly-
mers), and lead to faster and more precise deposition.

As shown, the reviews available are usually oriented by the
material type or application field, and usually mention few
examples of screw-assisted 3D printing equipment,
overlooking important aspects of the screw extrusion technol-
ogy. To the best of the authors’ knowledge, the literature lacks
a review on the design of the extruders used in EAM, with
focus on the evolution of this technology, the main printhead
modifications and their motivations, as well as on the typical
development stages taken to carry out research in that field.

In that context, the present systematic review aims to in-
vestigate the technological development of screw-assisted
EAM, evidencing the different solutions proposed for the ex-
trusion units of the 3D printheads both from experimental and
commercially available machines. Although a variety of ma-
terials in different states can be processed in such equipment,
the scope of this review was narrowed to the systems that
could be fed with granulated materials, so that the role of the
screw not only as a conveyingmechanism but also as an active
processing component could be noticed.

This review paper consists of seven sections. Section 2
begins with the methodology used to carry out the literature
review. Section 3 presents the search output and a short anal-
ysis of the publications, evidencing the main trends in the
research with screw-assisted systems. In Section 4, the tech-
nical evolution of the equipment is discussed, providing a
general overview of the different designs proposed for exper-
imental systems as well as the main features of commercially
available equipment. Section 5 summarizes the main modifi-
cations of the extrusion units with reference to the materials
processed and performance requirements. Section 6 discusses
the general development workflow for screw-assisted print-
heads, with insights relative to the design, operationalization,
and assessment of the systems. Finally, the main conclusions
of this systematic review are drawn in Section 7.

2 Research method

A review protocol was devised according to the guidelines
presented by Siddaway et al. [9]. Three electronic databases
(ScienceDirect, Scopus, and WebofKnowledge) were used,
with the keywords divided into two strings, as shown in
Table 1. The survey covered the period from 2000 to 2020
and considered only documents labeled as research articles.

For each string, the search results from the three databases
were exported to the Endnote® online reference manager, to
eliminate the duplicates and perform the screening process.
This was done by reading the articles’ title, abstract, and key-
words considering the following inclusion criteria: (1) the 3D
printing process should be based on material extrusion; (2)
material conveying and/or melting and/or pressurization
should be performed by a screwmechanism; (3) solid particles
should be directly fed to the 3D printer.

The pre-selected articles were read thoroughly, to make
sure that only functional equipment with which actual
processing/deposition experiments could have been per-
formed were considered, to better investigate their contribu-
tion to the field of screw-assisted EAM. Finally, the articles
were analyzed regarding the (i) type of equipment (i.e., exper-
imental or commercial), (ii) application scale (i.e., small-scale
or large-scale 3D printing), (iii) the main modifications of the
extrusion units with relation to the materials processed and
performance requirements, and (iv) the research presented in
each publication (i.e., system development, functionalization,
performance assessment, and characterization of 3D printed
parts).

Table 1 Search strings used according to the electronic database

String 1 String 2

Science
Direct

(ALL: (Additive
Manufacturing) AND
TITLE, ABSTRACT,
KEYWORDS: ((3D
Print) AND Extrusion
AND Screw)

(ALL: (Material Extrusion
Additive Manufacturing)
AND TITLE,
ABSTRACT,
KEYWORDS: ((3D Print)
AND (Pellet OR Powder
OR Granule OR Particle))

Scopus (ALL: (Additive
Manufacturing) AND
TITLE, ABSTRACT,
KEYWORDS: ((3D
Print*) AND Extrusion
AND Screw))

(ALL: (Material Extrusion
Additive Manufacturing)
AND TITLE,
ABSTRACT,
KEYWORDS: ((3D Print)
AND (Pellet OR Powder
OR Granule OR Particle))

Web of
Knowle-
dge

(TOPIC: (Additive
Manufacturing) AND
TOPIC: (3D Print) AND
Extrusion AND Screw)

(TOPIC: (Material Extrusion
Additive Manufacturing)
AND TOPIC: ((3D Print)
AND (Pellet OR Powder
OR Granule OR Particle))
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3 Search results

Figure 1 presents a flowchart of the search process, showing
the resulting number of papers after each step. From the 251
articles found for the two search strings, 45 duplicates were
excluded and 53 met the three inclusion criteria. After full
reading, 37 articles found in the systematic search and 17
crossed references were qualified to compose the repository.
Besides, 7 articles previously known by the authors that de-
scribed screw-assisted EAM systems still uncovered by the
search were also added to the repository, totalizing 61 articles.

Since this study aims to structure the knowledge about
screw-assisted 3D printers that use granulated materials, the
equipment explored in the different publications are listed in
Table 2. Experimental machines are referenced by the name of
the first author, while commercial systems are denoted by the
models’ name. All publications related to each table entry are
indicated by the numbers in brackets. Table 2 also shows the
countries that contributed to the research with each system, as
well as the data used to classify the equipment into small- and
large-scale systems. These include equipment details (nozzle
diameter, maximum printing volume, and screw diameter)
and the values used for the main process parameters (screw
rotation speed, and deposition speed).

Typically, the nozzle diameter used in small-scale systems
was smaller than 1 mm, the deposition speed ranged from 1 to
30 mm/s, and the printing volume reached up to 300 × 300 ×
300 mm3. For large-scale systems, the nozzle diameter ranged
from 0.8 to 10.1 mm, with deposition speed usually greater
than 20 mm/s up to 279 mm/s, and printing volume starting at
800 × 600 × 600 mm3. Although not always reported, in most
small-scale printheads, the screw diameter was not much larg-
er than 15 mm, while screw diameters up to 25 mm were
found in large-scale systems.

The number of publications throughout the years is sum-
marized in Fig. 2 according to the type of equipment and scale

of application. The first years (2004–2008) can be seen as a
pioneering period, which was followed by a continuous in-
crease in the number of publications from 2014 to 2018,
reflecting the crescent interest in the topic. The reduced num-
bers from 2019 to 2020 might relate to the COVID-19 pan-
demic, which has limited the conduction of experimental re-
search worldwide as mentioned by Billah et al. [67].

The publications from the pioneering period described only
experimental small-scale systems [11–14]. The first commer-
cial system intended for small-scale applications was de-
scribed in two publications from 2016 [45, 46], the same year
when an experimental equipment for potential large-scale ap-
plication was introduced [56]. With regard to the commercial
large-scale systems, the first equipment was described a year
later, in two articles from 2017 [63, 64]. As will be shown in
Section 4, many new experimental systems for both small-
and large-scale applications appeared in the period from
2014 to 2018 [15–29, 32, 34, 35, 37], which can be related
to the high number of publications in the same period.
Although the scientific production in the last 2 years de-
creased, a crescent share of the research was carried out with
commercial systems [48, 49, 51, 53, 54, 65–69, 71–73, 75],
indicating the consolidation of screw-assisted EAM in the
market.

With regard to the geographic distribution, researchers
from 21 countries could be identified. The USA respond for
most publications (16), followed by the UK (14), and India
(8). The authors from the USA account for most publications
using large-scale AM systems [63–69] and recycling AM
[70–73]. With relation to the UK, most research was conduct-
ed on additive bio-manufacturing (bio-AM) [19–23, 45–49],
defined by Ferrari et al. [77] as the “use of 3D printing for
medical purposes or non-therapeutic ‘human enhancement’,
whether they involve the production of biological material or
not.” In the case of India, most publications can be attributed
to the same research group that conducted many experiments
on a custom-made deposition tool [25–31].

The co-occurrence of keywords was analyzed with aid of
the VOSviewer software, after correcting spelling differences
and merging synonyms. Also, abbreviated terms were re-
placed by their corresponding full equivalents. Figure 3 shows
the resulting network, in which the size of the circles is pro-
portional to the frequency of each keyword, while the width of
the links indicate how often two keywords were used together.
The keywords that appeared together in the publications were
positioned close to each other in the map.

The most frequent keywords were “additive manufactur-
ing” and “3D printing,” both occurring 29 times, followed by
“fused deposition modeling,” occurring 18 times. The clusters
in red, yellow, and orange, in which the most frequent key-
words were respectively “scaffold” (occurring 8 times), “big
area additive manufacturing” (occurring 5 times), and
“recycling” (occurring 5 times), relate to the three main topics

Fig. 1 Flowchart of the systematic search, showing the resulting number
of articles after each step
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of interest of the USA and the UK (i.e., bio-AM, large-scale
AM, and recycling AM). Other prominent clusters revolve
around the terms “screw extrusion” (10 times), “extrusion”
(9 times), “pellet” (8 times), and “composites” (7 times).

Table 3 ranks the five most influential articles, with infor-
mation about the corresponding author, journals’ name, re-
search domain, year of publication, and number of citations
according to the Scopus database. Again, bio-AM and large-

Table 2 Selected information about the screw-assisted EAM systems, grouped according to the application scale

Denomination Country Nozzle diameter
(mm)

Screw diameter
(mm)

Maximum printing
volume (mm3)

Screw rotation
speed (rpm)

Deposition speed
(mm/s)

Small-scale systems

Bellini [10–12] USA, Denmark 0.25, 0.3, 0.4 n/i n/i n/i 20

Reddy et al. [13] India 0.55 n/i n/i n/i n/i

Lam et al. [14] Singapore,
Poland,
Australia

n/i n/i n/i n/i n/i

Silveira et al. [15, 16] Brazil 0.4 7 n/i 7.5 12

Annoni et al. [17] Italy 0.6, 0.9, 1 n/i n/i n/i n/i

Canessa et al. [18] Italy n/i n/i n/i n/i n/i

Liu et al. [19–23] UK 0.33, 0.5 n/i n/i 2.5, 5, 10, 11, 12, 15 2.4, 2.6, 2.8, 20

Jackson et al. [24] UK 2.5 17.5 n/i 5–10 1

Kumar et al. [25–31] India 0.8 n/i 210 × 210 × 288 50–75 24

Singamneni et al. [32,
33]

New Zealand 0.5, 1, 1.5, 2 14 n/i 1300 9–18

Tseng et al. [34] Taiwan 0.4 14 n/i 30 370

Whyman et al. [35, 36] New Zealand 0.8, 1.5 15 n/i 7.3 10

Zhou et al. [37] UK n/i 12 n/i 70 n/i

Boyle et al. [38] USA 0.4 n/i n/i n/i n/i

Leng et al. [39] China 0.4 n/i n/i 20 70

Khondoker, Sameoto
[40]

Canada 0.35, 0.5, 1 15.5 n/i 3–6 30

Alexandre et al. [41] France, USA 0.8 8 220 × 220 × 180 n/i 40

Kim, Lee [42] Republic of
Korea

n/i n/i n/i n/i 30

Liu et al. [43] China n/i 8 n/i 8 3.3–6.7

Wang et al. [44] China, USA 0.25 n/i n/i 5.6–16.8 5

3D Discovery® [45–49] UK, Brazil,
Saudi
Arabia,
Taiwan

0.33 n/i 130 × 90 × 6 [50] 22 20

PAM® [51] France 0.4, 1 n/i Ø300 × 300 [52] 100, 250 20–30

M3DIMAKER® [53] UK, Spain,
Germany

0.8 n/i n/i n/i 90

Exam255® [54] Austria,
Germany

0.3 n/i 255 × 255 × 255 [55] n/i n/i

Large-scale systems

Hertle et al. [56, 57] Germany 2 16 n/i n/i 36-40

Brooks et al. [58] New Zealand 0.8, 1.2, 3.2 n/i n/i 2.5, 4, 11 n/i

Liu et al. [59] China 4 25 800 × 600 × 600 0–30 20-30

Magnoni et al. [60, 61] Italy 2 n/i n/i 400, 650, 900 15, 20, 25

Schmidt et al. [62] Germany 3 14 n/i 10–100 20

BAAM® [63–69] USA 5.1, 7.6, 10.1 25 6000 × 2400 × 1800 50 85–279

Gigabot X® [70–73] USA, UK,
Finland

1.75 n/i 580 × 600 × 470 [74] n/i 5–30

Super Discovery® [75] Spain 5 n/i 1300 × 2500 × 1000 [76] n/i 50
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scale AM can be highlighted as important domains for screw-
assisted 3D printing, corroborating with the map of co-
occurrence of keywords.

As one of the main researchers working on large-scale AM,
Prof. C. E. Duty (University of Tennessee Knoxville, USA)
was cited more than 70 times within the repository, and his first

Fig. 2 Number of publications
per year according to the
application scale and type of
system described

Fig. 3 Network map of the co-occurrence of keywords
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article describing the BAAM® machine [63] appeared in the
references of other 8 publications from the repository. The pa-
per by A. Bellini [12] was a reference for other 6 publications
within the repository, while other publications with her contri-
bution investigating the phenomena of the EAM process have
been cited 12 times in the other papers. Although the same
equipment developed by A. Bellini was used in the paper
authored by F. Wang [11], he was cited few times within the
repository. Prof. P. Bártolo (University of Manchester, UK) is
the corresponding author of most publications in the field of
bio-AM, and his best cited article [46] appears on the reference
of other 4 papers within the repository. In sum, his publications
were cited 36 times by the other papers from the repository. The
paper by A. Goyanes [53] was not cited by the other publica-
tions; however, other works in the field of pharmaceutical AM
with his contribution were found in the references.

4 Technological evolution of screw-assisted
EAM

The technological evolution of screw-assisted EAM is shown
in the Fig. 4 in a timeline that organizes the various

experimental printheads and commercial systems according
to the year when they were first described in the literature,
with the same notation as used in Table 2.

As indicated by the timeline, the first screw-assisted EAM
systems appeared in the years from 2002 to 2008 [10–14],
coinciding with the decade when low-cost filament-fed desk-
top machines, and alternative syringe-based printheads were
developed [78]. Although the first systems were mostly used
in bio-AM applications [11, 14], the concept was further de-
veloped from 2014 to 2019 to different purposes [17, 18, 37,
39, 40]. An expressive equipment variety for small-scale ap-
plications could be observed in the period, including four
commercial systems (3D Discovery® [45, 46], PAM® [51],
M3DIMAKER® [53], ExAM 255® [54]). Despite the de-
scription of the first screw-assisted EAM based on a do-it-
yourself (DIY) printhead kit [41], no significant equipment
improvements were introduced in 2020.

In turn, large-scale 3D printing started timidly only by
2016 with experimental setups adapting benchtop-sized in-
dustrial extruders to different positioning systems. Systems
based on robotic arms have been considered in 2017 [58,
60], due to their higher degree-of-freedom and potentially
bigger printing volume. The most innovative system

Table 3 Ranking of the five most
cited articles # Corresp. author Journal Domain Year Cited Ref.

1 Wang, F.* Rapid Prototyping Bio-AM 2004 173 [11]

2 Duty, C. E. Rapid Prototyping Large-scale AM 2017 134 [63]

3 Bártolo, P. Materials Bio-AM 2016 123 [46]

4 Bellini, A.* Rapid Prototyping EAM of ceramics 2005 108 [12]

5 Goyanes, A. Int. J. of Pharmaceutics Pharmaceutical AM 2019 62 [53]

* First author, because the corresponding author was not indicated

Fig. 4 Timeline of the
development of the screw-
assisted EAM systems
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incorporated a first plasticating stage followed by an auger
screw for controlled deposition [59]. Besides, the first com-
mercial system (BAAM® [63]) was introduced in the period.
New large-scale systems were last introduced in 2018, with
two commercial machines (Gigabot X® [70], Super
Discovery® [75]) and no significant modifications in terms
of extruder design.

4.1 Experimental small-scale systems

Figure 5 shows the general design of the pioneering print-
heads developed by Bellini [10], and Reddy et al. [13], which
were capable of extruding directly from granulated material,
and consisted of miniaturized vertical screw extruders replac-
ing the usual filament-fed deposition tool.

In the case of Bellini [10], an auger screw (i.e., screw with
constant pitch and channel depth) was confined by a heated
barrel, whose extremity could accommodate deposition noz-
zles with varied diameter. Besides, the printhead assembly
moved in the three directions thanks to a custom-made desk-
top positioning system, while the deposition surface was kept
fixed [12]. The system’s performance was initially assessed
with relation to the processing temperature, nozzle geometry,
and deposition velocity using ceramic materials with different
granulometry. According to the authors, some level of ag-
glomeration as well as air entrapment was observed within
the deposited structures [12]. The equipment was also used
to fabricate scaffolds from biopolymers [11].

To overcome the feeding problems described by Bellini
et al. [12], the printhead developed by Reddy et al. [13] in-
cluded a separated granulate feeding unity and a screw with
variable channel depth and pitch (i.e., with compression pro-
file). A support similar to a breaker plate to avoid the deflec-
tion of the screw due to uneven radial pressure was also in-
cluded. The resulting printhead was kept fixed due to its in-
creased weight, while the deposition surface moved in the

three directions. Test specimens were fabricated directly from
polymer pellets under different conditions.

Another early development in screw-assisted EAM was
found in Lam et al. [14], which developed a printhead to
process and deposit biocomposite scaffolds. Multi-material
mixing followed by three-dimensional deposition using a sin-
gle piece of equipment was reported for the first time; howev-
er, no details about the screw design and disposition of the
components were provided.

The basic design of the printheads developed by Bellini
[10] and Reddy et al. [13] was further explored and improved
by Silveira et al. [15], Jackson et al. [24], Singamneni et al.
[32, 33], Tseng et al. [34], Zhou et al. [37], Leng et al. [39],
Alexandre et al. [41], and Wang et al. [44]. Except for the
printhead developed by Jackson et al. [24], all equipment
adopted a screw with a compression profile. Silveira et al.
[15], Jackson et al. [24], and Alexandre et al. [41] integrated
their deposition tools into low-cost desktop 3D printers. In
contrast, Tseng et al. [34], Singamneni et al. [32], and Wang
et al. [44] constructed their own Cartesian positioning
platforms.

The smallest screw diameter (7 mm) was found in the
equipment developed by Silveira et al. [15], which could reuse
waste powders from a Selective Laser Sintering (SLS) ma-
chine, and also formulated biocomposites to print tissue engi-
neering scaffolds [16]. Biocomposites were also explored by
Singamneni et al. [32, 33] using their equipment, but in this
case, the materials were previously mixed and cut into pellets.
Nozzles with increased diameter were used to avoid material
clogging. Tseng et al. [34] designed their printhead to process
pellets of highly viscous polymers, and added infrared (IR)
heaters near the deposition nozzle to prevent delamination and
warping when printing. The equipment designed by Jackson
et al. [24] was very simple and both the auger screw and
housing could be fabricated in acrylic resin by a
stereolithography process, since the intended processing tem-
perature for the petroleum-based pellets was relatively low.
Alexandre et al. [41] replaced the FFF printhead of a low-
cost 3D printer with a do-it-yourself screw-extruder kit,
marketed by a recently founded company. The equipment
was tested with virgin and recycled polymer pellets, as well
as shredded plastic waste. The printhead developed by Wang
et al. [44] to process biopolymer pellets has no significant
innovations, and the authors did not provide a detailed de-
scription of its dimensions. The main novelty is that the au-
thors used a mandrel rotating around the x-axis as the deposi-
tion surface. Tests were performed to calibrate the thickness of
the extruded fibers in function of the rotation speed of screw
and mandrel, as well as the printhead travel speed.

Modifications to the basic design of the screw-assisted
printheads are shown in Figure 6. Instead of an ad hoc extru-
sion screw, Kumar et al. [25] appropriated from a drill bit
attached to the spindle head of a computer numerical control

Fig. 5 Schematic illustrations of the pioneering screw-assisted print-
heads, developed by a Bellini [10], b Reddy et al. [13]
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(CNC) milling machine, devising a straightforward solution to
the complex problem of screw design and fabrication. Zhou
et al. [37] used an auger screw, but included four feeding ports
at different heights along the extruder barrel to allow multi-
material feeding and better control of the process residence
time. In turn, Leng et al. [39] designed a conical screw to
achieve improved plastification and better material homoge-
nization over a shorter length.

Many articles describing the feasibility of the deposition
tool developed by Kumar et al. [25] were published. Various
materials, including neat polymers and composites in the form
of pellets, were processed [26–31]. The idea of using a drill bit
was also explored by Whyman et al. [35], which included a
separate pellet feeder to prevent the drill from stalling. The
printhead was integrated into a custom-built Cartesian posi-
tioning platform. Besides biopolymer pellets, polymer blends
previously prepared and cut as pellets were also tested [36].
Boyle et al. [38] used a drill bit to adapt and construct the
open-source Rich Rap Universal Pellet Extruder (RRUPE),
which was intended to recycle defective polymers parts.
Although 3D printed parts could be produced, Whyman
et al. [35] and Boyle et al. [38] reported material clogging in
the drill and inconsistent feeding, respectively, during the cal-
ibration experiments. A similar printhead using a drill bit was
developed by Kim, Lee [42], which was then integrated into a
low-cost 3D printer. Pellets made of ceramic materials and
polymer binders were used to fabricate test specimens and
porous “green parts,” which is a term used to describe parts
that require further processing (e.g., debinding and sintering)
to achieve their final properties [7].

The printhead developed by Zhou et al. [37] was integrated
into a 3D Touch® (BitsFromBytes, Bristol, UK) printer and
tested with polymer pellets to determine the adequate screw
rotation speed with relation to the printing parameters. The

auger screw was fabricated employing a powder bed fusion
AM process, followed by manual polishing. Using the most
inferior feeding port, heat-sensitive polymer granules could be
extruded with no significant thermal degradation, and a
benchmarking model was 3D printed to assess the dimension-
al accuracy provided by the equipment. Multi-material print-
ing was also explored, by adding fluorescent particles to the
melt.

In the case of Leng et al. [39], the theory behind the advan-
tages of the conical screw with relation to material plastication
was exposed, but the dimensions of the printhead components
were not provided. A Cartesian positioning platform was con-
structed, and test specimens could be fabricated from polymer
pellets under different conditions while keeping fixed the
screw rotation speed. The capacity to 3D print geometries of
different levels of complexity was also explored.

Figure 7 shows alternative printhead designs found by the
systematic search, which involve more than one mechanism.
Annoni et al. [17] appropriated from a small injection molding
machine, composed of an inclined plasticating screw and a
vertical piston-assisted injection unity. Canessa et al. [18]
added a progressive cavity pump (a.k.a. Moineau pump) to
the extremity of an auger screw, to achieve improved control
of material flow. Liu et al. [19] integrated an auxiliary lique-
fying chamber to their screw-assisted printhead, which was
capable of pumping already molten material to the screw
mechanism. Finally, Khondoker, Sameoto [40] developed a
two-stage system, which consisted of a fixed horizontal
plasticating unity that was connected to a typical FFF deposi-
tion head.

Annoni et al. [17] explored direct EAM of metals and ce-
ramics from injection molding feedstocks. The pellets had
expressive contents of solid particles and, therefore, required
a deposition tool capable of generating high levels of

Fig. 6 Schematic illustrations of
the most significant modifications
to the basic design of vertical
screw-assisted printheads pro-
posed by a Kumar et al. [25], b
Zhou et al. [37], and c Leng et al.
[39]
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extrusion pressure. Due to the weight of the injection molding
unity, the equipment was fixed to a custom-made delta posi-
tioning system. The deposition surface was capable of move
in 3 directions, as well as rotating around 2 axes. Although
extrudability tests were performed to investigate the influence
of the binder percentage and geometry of the nozzle, no actual
3D part was built.

Canessa et al. [18] did not provide much information about
the design of the auger screw, since their focus was on the
design of the Moineau pump to achieve better volumetric
control of the extrusion flow rate. The concept would circum-
vent the need for retraction strategies, allowing intermittent
deposition even with continuous material feeding. The print-
head was integrated into a RepRap 3D printer and was vali-
dated with different materials.

The printhead developed by Liu et al. [19] was a multi-
technological deposition tool that presented two piston-
driven dispensing unities, a screw-assisted extruder, and a
plasma jetting unity. No information about the screw design
was provided. Each deposition unity was indexed by rotation-
al movement, and the head assembly was integrated into a
custom-made Cartesian positioning system [19]. The equip-
ment was used to fabricate scaffolds from neat polymer pellets
[20–23] and biocomposites [20, 23], which were previously
prepared by manual mixing processes.

In contrast to the previous screw-assisted printheads that
integrate into the same assembly the processing and deposi-
tion unities, the alternative design proposed by Khondoker,
Sameoto [40] decouples the inherent limitations imposed by
the weight and inertia of the screw extruder from the speed
and resolution requirements of the deposition head. The fila-
ment extruder consisted of a DIY kit (Filastruder®, Snellville,
USA), which used a drill bit as plasticating screw. The depo-
sition head was connected to the pellet extruder using a heated
hose and was adapted to a low-cost 3D printer. Printing fea-
sibility was demonstrated with pellets of elastomeric mate-
rials. A similar system was described by Liu et al. [43], which
also connected a horizontal pellet extruder to a filament-fed
deposition head. However, in this case, the extruder was
custom-made and used a screw with a compression profile.

An impregnation mold was coupled to the die of the extruder,
to generate a pre-impregnated filament that could be fed to the
deposition head. The printhead was mounted on a custom-
made Cartesian platform and could move on the vertical di-
rection, while the deposition surface moved on the x-y plane.
The equipment allowed 3D printing with continuous fiber-
reinforced composites.

4.2 Experimental large-scale systems

Most experimental screw-assisted printheads that were specif-
ically developed (or could be applied) for large-scale 3D print-
ing share the same general configuration of the vertical ex-
truders presented in the previous subsection. Some systems
appropriated from commercially available extruders [56, 57,
60], while others presented custom-made deposition heads
with auger screw [58], or typical extrusion screw with a com-
pression profile [59, 62]. The use of robotic arms in experi-
mental systems [58–60, 62] was more frequent than Cartesian
platforms [56, 59].

Hertle et al. [56] adapted a screw-driven welding extruder
to a gantry structure, with the deposition surface moving in
two directions. The equipment could be fed with polymer
pellets and was initially used to assess material adhesion in
shear test specimens. In a later publication, a similar welding
extruder was mounted on a six-axes robot arm, and material
deposition was performed onto electrochemically treated alu-
minum sheets to assess once again the shear strength of test
specimens [57].

Magnoni et al. [60] attached a benchtop-sized screw ex-
truder to a robotic arm that could move on six axes to perform
large-scale 3D printing directly from polymer pellets. The
focus of their work was determining the influence of the pro-
cess parameters on the resulting height and width of the de-
posited material. An online control routine was implemented
to correct the positioning of the robotic arm based on data
acquired during material deposition. In a subsequent work,
an online re-slicing algorithm was developed to compensate
for the variation of stature during 3D printing, preserving the
original part size [61]. Brooks et al. [58] have also described a

Fig. 7 Schematic illustrations of the alternative small-scale screw-assisted printhead designs developed by a Annoni et al. [17], b Canessa et al. [18], c
Liu et al. [19], and d Khondoker, Sameoto [40]
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screw-assisted deposition tool that could be used for large-
scale 3D printing, but it was explored in the manufacture of
thin-shelled parts without the need for supports. Instead of
moving the printhead, a convex deposition surface was at-
tached to the robotic arm so that it could be moved with six
degrees-of-freedom. Pellets of polymer filled with vegetal fi-
ber were processed. The focus of their paper was on the algo-
rithm developed to generate the printing trajectory of 2D ge-
ometries projected to the deposition surface. Similarly, the
AM system described by Schmidt et al. [62] had a fixed print-
head, with the deposition surface attached to a robotic arm that
could move on six axes. The custom-made printhead included
a screw with a compression profile. Calibration experiments
were performed in function of the material type and, since the
material flow rate was known under different conditions, 3D
printing tests were conducted at a range of speeds. Test spec-
imens were cut from single-walled cylinders built under a
continuous extrusion mode.

In contrast to the aforementioned examples, Fig. 8 presents
the alternative solution for a screw-assisted large-scale 3D
printer, proposed by Liu et al. [59]. The extrusion head was
composed of two stages: in the first stage, a screw with a
compression profile was responsible for conveying and melt-
ing the polymer pellets, while an auger screw controlled the
extrusion rate in the second stage. Both screws could be driven
independently, and the vertical screw could rotate backward to
retract the material during the 3D printing process.

The extruder assembly was integrated into a milling ma-
chine and could be moved on the y-z plane while the deposi-
tion surface moved on the x-axis. Tests were performed with
composite pellets to understand the influence of the pressure
generated in the first stage and the rotation speed of the auger
screw on the resulting flow rate. Specimens were cut from 3D
printed plates. The capacity to print more complex parts was
also demonstrated; however, melt flow instabilities were re-
ported [59].

4.3 Commercial small-scale systems

As shown in Fig. 9, four commercial small-scale EAM sys-
tems with screw-assisted printheads were found in the system-
atic search. The 3D Discovery® machine, marketed by

RegenHU (Villaz-St-Pierre, Switzerland), is a multi-
technological biofabrication platform that incorporates up to
six printheads, including a piston unity, and a screw-assisted
extruder head. The Pellet Additive Manufacturing® (PAM)
system is marketed by Pollen AM (Ivry-sur-Seine, France)
and presents four pellet-fed mini screw extruders. The
M3DIMAKER® pharmaceutical 3D printer, marketed by
FabRx (London, UK), can print from filaments or powders,
in which case a miniaturized screw extruder is used. The
ExAM 255® 3D Printer, marketed by AIM3D GmbH
(Rostock, Germany), presents two mini screw extruders that
can print from highly filled pellets.

The printheads from the 3D Discovery® are mounted on a
Cartesian positioning system and move on the x-z plane while
the deposition surface moves on the y-axis. The screw-
assisted unity is very similar to the experimental equipment
described by Liu et al. [19], in which the pellets are first
melted in a heated chamber and then air-pumped to the rotat-
ing screw. The 3DDiscovery®was used to fabricate scaffolds
from different biocomposites [45–49]. In all cases, the
biocomposites were previously formulated by manual melt
mixing and then cut in pellets. According to the authors, the
screw-assisted processing was essential to further distribute
the solid particles in the molten polymer [45–49].

The PAM® Series P machine has the extruders fixed to the
structure, while the deposition surface is mounted on a delta
positioning system. Geoffroy et al. [51] used the PAM® ma-
chine to directly print pellets from neat and flame-retarded
polymers. Polymer compounding and pelletizing were previ-
ously carried with the aid of a twin-screw extruder. The dis-
persion degree of the additives was characterized by x-ray
mapping, and the flame-retardancy performance achieved
with the 3D printing process was compared to the results
obtained from thermocompression. The screw-assisted 3D
printing process was found to influence the resulting size of
the additive particles, which affected the fire behavior.

The M3DIMAKER® presents a Cartesian positioning sys-
tem and the printhead moves in three directions, while the
deposition surface is fixed. Goyanes et al. [53] used the
M3DIMAKER® machine to produce printlets (3D printed
tablets) from drug-loaded polymer powders. The extrusion
temperature and other process parameters were kept fixed, to
evaluate the performance of the printlets produced with dif-
ferent grades of the polymer matrix. The equipment allowed
to fabricate medicines in a single-step process from small
amounts of material, which can prevent thermal degradation
of the drugs, expedite pre-clinical tests, and enable the pro-
duction of dose-personalized medicines using a much broader
range of excipients.

Similarly, the Exam255® uses a Cartesian positioning sys-
tem with the printheads moving in the x-y plane, while the
deposition surface moves on the z-axis. However, the system
is encapsulated. Lengauer et al. [54] used the ExAM 255® to

Fig. 8 Schematic illustration of the alternative design for large-scale
screw-assisted 3D printing developed by Liu et al. [59]
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directly 3D print hardmetal combined with polymeric binders
used in the metal injection molding industry. After 3D print-
ing, the green parts were subject to thermal debinding and
sintering. The printing quality achieved with the screw-
assisted system was compared to the results from a low-cost
desktop FFF 3D printer, using self-fabricated hardmetal fila-
ments. As discussed by the authors, the smaller nozzle diam-
eter generated higher extrusion pressure that was beneficial to
the quality of the printed parts.

4.4 Commercial large-scale systems

Three commercially available screw-assisted EAM systems
for large-scale applications were found in the systematic
search and are shown in Fig. 10: the BAAM® (Big Area
Additive Manufacturing) 3D printer, marketed by Cincinnati
Inc. (Harrison, USA), the Gigabot X® 3D printer, marketed
by re:3D (Houston, USA), and the Super Discovery 3D
Printer®, market by CNC Barcenas (Valdepeñas, Spain).
Benchtop-sized screw extruders that are mounted on gantry
structures compose all three systems. However, the printhead
from the BAAM® system moves on the x-axis, and the depo-
sition surface moves on the y-z plane, while the printheads

from the Super Discovery 3D Printer® and Gigabot X®move
on the x-y plane and the deposition surface on the z-axis.

Duty et al. [63] reported the development of the BAAM®
technology. The deposition head originally appropriated from
the screw of a welding extruder, which was later replaced by a
longer screw version to avoid intra-bead porosity and increase
the material output. Besides, a reciprocating z-tamping attach-
ment was added to the printhead to further reduce porosity and
improve interlayer adhesion. Process feasibility was first dem-
onstrated using neat polymer pellets but, due to the expressive
distortion and warping, fiber-reinforced materials became pre-
ferred. The BAAM® machine was explored in several publi-
cations, using diverse materials, including composites based
on high-temperature thermoplastics [65, 67–69]. Due to the
significant difference between the large- and small-scale
EAM, the BAAM® process was investigated with the aid of
thermomechanical modeling [64], leading to the development
of specific design guidelines for large-scale 3D printing by
Roschli et al. [66].

Woern et al. [70] first tested the Gigabot X® 3D printer
with a variety of particulate materials, including virgin pellets,
and recycled polymers. An experimental matrix was proposed
to determine the optimum printing parameters for each mate-
rial, in function of the temperature and deposition speed. The

Fig. 9 The four commercial small-scale 3D printer with screw-assisted printheads found in the systematic search: a 3D Discovery® [50], b PAM®
Series P [52], c M3DIMAKER® [79], and d Exam255® [55]

Fig. 10 The large-scale screw-assisted systems found in the systematic search: a the BAAM®machine [80], b the Gigabot X®machine (adapted from
[73]), and c the Super Discovery® 3D printer [76]
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adequate deposition speed was mostly dependent on the shape
of the material particles (e.g., pellets, shreds, or flakes).
Tensile test specimens were fabricated, and the properties
from the recycled materials were found to be comparable to
the virgin polymers. Later publications described recycling
tests with other materials [71–73], obtained from ground plas-
tic parts. Besides calibration experiments and the fabrication
of test specimens, complex parts were 3D printed to demon-
strate technical and economic feasibility [71, 73]. However,
the 3D printing tests with composite particles made of hard
and flexible polymers performed by Dertinger et al. [72] were
unsuccessful due to feeding difficulties. Later, Little et al. [73]
added a Crammer feeder to avoid melt flow inconsistencies
due to the irregularity of shape and size of the ground
particles.

The Super Discovery 3D Printer® was tested by Moreno
Nieto [75], to demonstrate its application feasibility to the
naval industry. The printhead was equipped with an articulat-
ed arm, where different tools such as a video surveillance
device could be fitted to remotely supervise the 3D printing
process. Pellets of different polymers were processed, in some
cases with manual addition of reinforcing fibers. Expressive
thermal distortion was observed with some of the neat poly-
mers, while poor printability with the fiber-reinforced com-
posites was reported. Although the negative results with the
composites might indicate that the Super Discovery 3D
Printer® is somewhat less developed than the BAAM® ma-
chine, it should be noted that in this study the fibers were
manually mixed with the polymer pellets, and not properly
compounded, which could have caused nozzle clogging due
to non-uniform distribution.

5 Extruder modifications

The publications analyzed in the previous section have shown
a significant design variety for the screw-assisted EAM sys-
tems. While many articles in which small-scale equipment
were described intended mainly to demonstrate the process
feasibility, others have focused on the properties of the 3D
printed parts. In either case, adjusting the design of the print-
head with relation to specific material properties or processing
requirements was not on the scope. Anyway, the referred ar-
ticles described experiments with different materials, such as
ceramics (PZT/ECG8 [12], Fe2O3+Al2O3/binders, and
Fe2O3+ZrO2+Y2O3/binders [42]), neat and reinforced ther-
moplastics (polycaprolactone (PCL) [11, 44], poly(L-lactide-
co-D,L-lactide)/tricalcium phosphate (PLDLLA/TCP), ethyl-
ene vinyl acetate (EVA) [25–27, 29, 51], acrylonitrile butadi-
ene styrene (ABS) [28, 30], polypropylene (PP) [28], ABS/
aluminum [30], bitumen [24], hardmetals (WC-Co [54]), and
medicines (hydroxypropylcellulose/itraconazole [53]).

With respect to the large-scale systems, the same trend
could be observed. Even though extruder scaling-up was nec-
essary, most publications described systems that appropriated
from commercial welding [56, 57] and laboratory extruders
[60, 61] to demonstrate the feasibility of the equipment. Neat
pellets of PP [56, 57], polylactic acid (PLA) [60, 61], and ABS
[61] were processed using the extruders as acquired. Moreno
Nieto et al. [75] have also processed neat ABS, PLA, and
polyethylene terephthalate glycol (PETG)–modified, as well
as flame-retarded ABS, carbon fiber (CF)–, and glass fiber
(GF)–reinforced ABS without alterations on the machine.

Few publications described modifications on the screw-
assisted printheads. Some were motivated by specific material
properties and others could be related to improvements on the
performance of the equipment, independent from thematerials
processed. These will be described in the following sub-
sections.

5.1 Material-related modifications

Most material-related modifications on the printhead ad-
dressed the state of the granules (i.e., average size and size
distribution of the particles). To avoid premature melting due
to the small size of the particles when processing neat ABS,
high-impact polystyrene (HIPS), PLA, and PP in the powder
form, Boyle at al. [38] modified the geometry of the hopper
and improved the thermal insulation of the extruder. Little
et al. [73] adjusted the geometry of the hopper and used a
separate feeder to circumvent feeding problems due to the
irregular size of the particles when recycling shredded poly-
ethylene terephthalate (PET) bottles. Reich et al. [71] used
additional cooling fans near to the hopper to avoid premature
melting and also improved the thermal insulation of the ex-
truder in order to recycle ground polycarbonate (PC) parts,
which required a relatively high temperature to be extruded.

A very specific example of system modification related to
the state of the feedstock refers to the equipment developed by
Liu et al. [43], which intended to impregnate continuous car-
bon fibers with molten polyamide (PA12). Besides using a
screw with compression profile, an impregnation mold was
especially designed so that the fiber bundles could be contin-
uously impregnated with the polymer. The resulting pre-
extruded composite filament was then pulled into the actual
deposition head.

The feedstock composition led Annoni et al. [17] to use an
injection machine as printhead, in order to demonstrate the
EAM feasibility of highly filled materials, such as ZrO2+
Y2O3, and AISI 630 steel combined with polymer binders.
The equipment presented a screw-extruder followed by a pis-
ton mechanism, which was important due to the high viscosity
of the ceramic and metal injection molding materials. Besides,
the internal geometry of the deposition nozzle (i.e., orifice
diameter, length of the land) was also adjusted to achieve
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stable extrusion flow. Singamneni et al. [32] also had to adjust
the diameter of the nozzle when processing composites of
polybutylene-adipate-terephthalate (PBAT) reinforced with
wood flour, to avoid clogging caused by the vegetal fibers.

Two publications described modifications related to the
thermal properties of the materials. Zhou et al. [37] designed
a barrel with multiple feeding ports and used the lowest one to
avoid thermomechanical degradation polyvinyl alcohol
(PVOH). Besides, an auger screw was fabricated to subject
the polymer to minimal shearing and pressure levels. Tseng
et al. [34] completely adjusted the design of their printhead to
process pellets of polyether-ether-ketone (PEEK). Three inde-
pendent heaters were used to achieve the required temperature
profile in the extruder, and a screw with the L/D ratio and
compression profile prescribed by the material supplier was
fabricated. Moreover, the screw flights were designed and
checked to ensure the safety of the equipment with regard to
the high melt viscosity of PEEK.

5.2 Performance-related modifications

The adjustments on the screw geometry of the experimental
systems addressed performance requirements, and not specific
material properties. Reddy et al. [13] designed a screw with
compression profile to eliminate the air entrapped between the
ABS pellets, and used a separate feeder to avoid material
aggregation. The printhead described by Silveira et al. [15]
had a screw with reduced diameter and compression profile,
making it capable to process small amounts of material and
mix different components [16]. A scraper was used to avoid
powder bridging at the hopper. Despite the different proper-
ties, PA12 [15] and PCL reinforced with tricalcium phosphate
[16] were successfully processed.

The extrusion screw from the system developed by
Schmidt et al. [62] followed the conventional design guide-
lines from polymer extrusion theory to achieve a certain mass
output, avoid material agglomeration at the feeding zone, and
thermal degradation of the melt. Pellets of ABS and PLAwere
processed. In turn, Leng et al. [39] designed a conical screw to
achieve higher pressure and improved plastication, but in a
shorter length. Thermoplastic polyurethane (TPU) was proc-
essed because it is biocompatible and difficult to print in FFF
systems.

Duty et al. [63] reported the substitution of the original
screw from the BAAM® machine for another with larger
pitch at the feed zone and higher compression ratio. The screw
was replaced to allow higher throughput with ABS/CF com-
posites. No other modification was described in the following
publications, in which high-temperature materials such as
polyphenylsulfone (PPSU), polyethersulfone (PES), and
polyphenylenesulfide (PPS) reinforced with carbon fibers
were processed [65].

Instead of modifying the screw geometry, Brooks et al.
[58] prevented premature melting and agglomeration of pel-
lets of biopolyesters reinforced with New Zealand flax fibers
by positioning a heatsink with fan near to the hopper.
Similarly, Whyman et al. [35] used a separate feeder, so that
the printhead is operated under starve-fed conditions,
preventing the drill bit from stalling when processing PLA
pellets. The low shearing imposed by the drill bit was benefi-
cial when processing pellets of ABS/PP blend, to avoid mor-
phology alterations [36].

The bio-AM system developed by Liu et al. [19] included a
pre-melting chamber, which could be fed with polymer pellets
and delivered molten material directly to the auger screw.
Although the printhead design was not explained, this proba-
bly avoided the auger from stalling due to its low plasticating
capacity and torque limitations. Besides, the whole screw
length was available to convey and eventually mix different
materials. Neat PCL pellets [20–22] and composites based on
PCL and carbon nanotubes (CNT) were processed [19, 23].

Some printhead modifications were performed to improve
the control over the flow of the extruded material. While
Canessa et al. [18] coupled a progressive cavity pump to the
extremity of an auger, Liu et al. [59] used a second indepen-
dent metering auger. The first authors demonstrated the feasi-
bility of their concept with different materials, such as choco-
late, wax, and PLA, while the latter processed only ABS re-
inforced with glass fiber.

Lastly, Khondoker, Sameoto [40] observed that most
screw-assisted printheads resulted in bulky pieces of equip-
ment, which were difficult to move with precision at the sat-
isfactory speed in order to perform three-dimensional deposi-
tion. By using a heated rose between a miniature filament
extruder and a typical FFF printhead, the authors were able
to develop a low-cost system to successfully 3D print thermo-
plastic elastomers, including pellets of styrene-ethylene-
butylene-styrene (SEBS) and of a shape memory polymer.

6 General development workflow

The research presented in each publication from the repository
allowed to elaborate a general development workflow that
summarizes the common stages that the authors went through
when investigating on the topic of screw-assisted EAM. The
workflow is presented in Fig. 11, highlighting the develop-
ment stages and the main decision aspects.

Many publications describing experimental systems
showed that the development workflow starts by the definition
of the application field and system scale [12, 15, 19, 24, 34,
39, 40, 43, 59]. Also, it was important to investigate the prop-
erties and characteristics of the feedstock materials (e.g., vis-
cosity [28, 30, 37, 57, 65], thermal behavior [37, 53, 67, 72],
or particle size distribution [41, 70–73], since the material
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properties can direct and impose limitations on the develop-
ment of the equipment.

Next, when designing the printhead, the authors had to
choose which driving elements would be used, define the
geometry of the main components of the extruder, and decide
about any peripherals. Stepper motors were often used [15, 18,
19, 24, 33–35, 37, 38, 41, 70, 71], probably due the good
relation between the torque provided and dimensions, low
cost, and for its easiness of control. Although it can be seen
as the core of the printhead, screw design was strictly consid-
ered by few authors [13, 15, 39, 59, 62] mostly to meet spe-
cific performance requirements. Peripherals such as indepen-
dent feeding systems [13, 35, 72], pre-melting chamber [19,
45], additional cooling elements [36, 58, 71], additional
heaters [34], and other mechanisms to improve the state of
the deposited layer [34, 56, 57, 63] have also been proved
important to achieve consistent results.

The printhead should be integrated into an adequate position-
ing system to comply with its planned application, which goes
through defining the number of degrees-of-freedom, and struc-
ture type. Some authors used robotic arms [56–58, 60, 62] with
multiple degrees of freedom or CNC systems [25, 59].When the
design of the printhead limited its movements, the positioning
system enabled 3D printing through a moveable deposition sur-
face [13, 17, 34, 51, 58, 62]. 3D printing platforms were adapted
from pre-existing systems [16, 18, 24] or were custom-made to
meet specific requirements [12, 17, 19, 33, 58, 64].

Screw-assisted EAM was performed by continuous [16,
23, 25, 33, 44, 58] or intermittent deposition [18, 59, 75].
The problem of unwanted extrusion, referred to as “over de-
position” [10], “bleeding” [24], “leakage” [44], or “salivation”
[59], was reported and could be circumvented with a contin-
uous deposition approach, control of the volumetric flow [17,
18], or material retraction [58, 59, 75]. A software is necessary
to control the screw rotation speed, temperature, and machine
movements. Proprietary [39, 54, 73, 75] or open-source op-
tions that can include or not slicing tools were used [35, 40,
41, 61, 72].

Finally, when the machine is ready, experiments for per-
formance assessment can be performed. This involves initial

tests for the system’s calibration, usually to correlate the screw
rotation speed with the material output at different tempera-
tures [26, 30, 34, 40, 59, 62]. Knowing the volumetric output
was critical to estimate a range of values for the deposition
speed. Functional validation involves actual 3D printing and is
often followed by a quality assessment. This often involves
mechanical testing [13, 16, 19, 24, 25, 32, 34–40, 42–44, 56,
59, 62, 63], microscopic analysis [11, 12, 14, 16, 17, 22, 34,
35, 37, 38, 42, 43, 45, 47, 53, 63], and surface analysis [13, 34,
38]. Depending on the intended application, other tests (e.g.,
biological [11, 14, 44, 47–49], physic-chemical [16, 21, 37,
45, 47, 49, 51, 53]) might be needed. Comparison with the
performance achieved by other machines and/or technologies
may also be valuable [41, 54, 71, 72].

7 Conclusions

A systematic review on screw-assisted EAM has been per-
formed, identifying 61 publications on the field in the period
from 2000 to 2020. Although only research papers in English
were considered, a variety of experimental printheads and
commercial systems based on screw extrusion for small- and
large-scale applications could be found. This way, even if the
repository does not cover the entire literature, the results bring
together the main contributions to the technological develop-
ment of screw-assisted EAM, and can be useful for future
research on the field.

The publications were analyzed with respect to the annual
production, geographic distribution, and co-occurrence of
keywords, followed by the identification of the most influen-
tial articles in general, and most cited authors within the re-
pository. The machines have been organized and described
over time, to evidence the continuous improvements and evo-
lution of the technique, and the printhead modifications have
been summarized and correlated to the materials processed
and performance requirements. In the end, a brief discussion
on the common stages that have been undertaken for the de-
velopment of the described equipment was made.

Fig. 11 General development workflow elaborated for screw-assisted EAM machines

2724 Int J Adv Manuf Technol (2021) 115:2711–2727



Both for experimental and commercial systems, the most
exploited constructive solution consists of vertical screw ex-
truders, to which polymer-based granules are fed and then ex-
truded through the deposition nozzle, constituting a single-stage
process. For small-scale systems, the printheads often require a
miniaturized screwmechanism, and its fabricationmay represent
most of the development costs. In turn, large-scale systems can
benefit from benchtop-sized screw extruders, reducing costs and
expediting equipment development. The aggregation state of the
granules seems to be more critical to a successful extrusion pro-
cess than physical properties of feedstock, and modifications on
the design of the screw were made mostly to address specific
performance requirements.

Although a systematic design approach has the potential to
structure the development stages and bring together the differ-
ent fields of knowledge (e.g., mechanisms, materials science,
and manufacturing) that are necessary to achieve greater reli-
ability, repeatability, and robustness, very few projects were
carried out in a systematic way, impacting on the quality of the
resulting 3D printed parts.

Finally, from the expressive variety of materials processed, it
can be concluded that the screw-assisted printheads are important
not only to expand the applicability of EAM but can also consti-
tute experimental platforms for the formulation of novel material
systems. In fact, in the academic context, the development of
such equipment can help to democratize access to the technique,
otherwise restricted to few research groups capable to afford the
often expensive commercial systems.
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