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Abstract

Additive Manufacturing (AM), commonly known as 3D printing, is transforming the manufacturing industry with rapid
product development. With the new technological transformation comes new issues and challenges in the manufacturing
industry. Additive manufacturing technique with large build volume is costlier compared to smaller ones. Therefore, CNC-
assisted material extrusion-based additive manufacturing system has been developed by the FFF laboratory in PDPM IIITDM
Jabalpur using an existing Computer Numerical Control (CNC) machine. Using the developed system, large-sized parts can
be easily fabricated on the CNC machine platform. The developed system requires setting up new process parameters values
to fabricate large-sized parts compared to fused filament fabrication process system. However, the developed system also
generates new possibilities such as composite material product development for various industries. Most of the constraints of
fused filament fabrication process parameters still apply to this system. Beyond those constraints, new issues and challenges
exist because the CNC-assisted material extrusion-based additive manufacturing system significantly changes the properties
associated with the fused filament fabrication process. The research article presents the working of the developed system and
issues associated with the fabricated parts. The capabilities and challenges in the fabrication of large-sized parts using the
developed AM system are also presented.

Keywords Additive manufacturing - Large-size parts - ABS - Retrofitment - CNC-assisted material extrusion-based AM
system

1 Introduction

Additive Manufacturing (AM) is one of the emerging
advanced manufacturing techniques, which fabricate com-
plex geometries easily within minimum lead-time at an
economically viable cost. Geometries were fabricated by the
addition of material in a layer upon layer manner, from bot-
tom to top approach. In the last decade, the advancement
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in AM changed its applicability from prototype devel-
opment to manufacturing of functional parts for various
applications such as automotive, aerospace, biomedical and
dental, defense, furniture, architecture and construction [1,
2]. According to the ASTM F42 standard, AM is classified
into seven categories based on different operating principles.
The material extrusion-based AM (ME-AM) is the most com-
monly used process in those categories. The ME-AM process
offers inevitable advantages along with ease in use at a low
cost compared to other processes. The ME-AM process is
further divided into three different types based on working
mechanism, i.e., screw-driven ME-AM system, piston-driven
ME-AM system, and fused filament fabrication (FFF) [3].
Among those, the FFF process has unique capabilities such
as shape complexity, hierarchical complexity; and functional
complexity [4]. The shape complexity allows the fabrication
of any shape, whereas the hierarchical complexity allows
the fabrication of structures from micro to mesostructured
form. The functional complexity allows the fabrication of
fully functional parts directly. The FFF process provides a
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Fig. 1 Experimental setup of CNC-assisted material extrusion-based
AM system

platform for fabricating functional polymeric parts with min-
imal material waste. The FFF process has gained popularity
due to its simple fabrication method and the commercializa-
tion of low-cost desktop machines [5, 6].

The FFF process has several advantages, but there are cer-
tain limitations associated with this process that confine its
application domain. The commercially available FFF print-
ers have relatively smaller build volumes, around 0.5 m3,
with lower deposition rates. The smaller build volume and
low build rate of the FFF process confine its application to
producing exclusively small end-use parts or prototypes [7].
The part size can be increased by designing a system with
increasing build chamber dimensions, specifically for a build
volume and deposition rate. In recent years, many researchers
in academia and industry have been drawn into the develop-
ment of large size additively manufactured parts, using bigger
gantry systems or robotic systems [8]. In comparison to the
commercially available FFF printers, large size AM system
relies on bigger gantries or robotic systems to manufacture
the structures on an industrial scale. Recent developments
through ME-AM systems have enabled large-sized automo-
tive structures, molds, and dies for different industries [9, 10].
In this context, instead of developing gantry systems, the use
of CNC machines in the manufacturing industries will be an
ideal choice for system development [11, 12]. CNC machines
have a larger gantry system and fabricate parts with high
precision. As a result, the gantry system of a CNC machine
could aid in large-part fabrication with minimal modification
at a nominal cost. Figure 1 depicts a CNC-assisted material
extrusion-based AM system that contains a CNC machine
gantry-driven ME-AM system [13, 14].

In the CNC-assisted material extrusion-based AM sys-
tem, the pellet form material, i.e., Acrylonitrile butadiene
styrene (ABS), Ethylene vinyl acetate (EVA), etc. are fed
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into a heated barrel with a single lead-screw. The heated
barrel melts the pellets, and the lead-screw pushes the semi-
melted material on the platform through a nozzle to fabricate
the desired component. The small-sized AM systems typi-
cally use filament form material, but the use of pellet form
material and a single lead-screw has enabled much faster
and more cost-effective printing capabilities on the CNC
machine gantry system [15, 16]. In this research, acrylonitrile
butadiene styrene (ABS) pellets have been used as feed-
stock material for the fabrication of large-sized AM parts.
Moreover, the developed system allows for the fabrication
of large-size parts in an open environment. Nonetheless, the
large surface area of fabricated parts exposed to the open
environment causes problems due to temperature differences.
As this system fabricates large-size parts and it changes the
way of approach for designing and fabricating the large-size
parts [17-24]. The research article presents the working of
the CNC-assisted material extrusion-based AM system and
issues associated with the fabricated parts. The capabilities
and challenges in the fabrication of large-sized parts are also
discussed.

2 Part preparation and fabrication
2.1 Part pre-processing - from design to Toolpath

The basic steps in AM process are similar in all techniques,
thus the developed system may also follow similar steps.
The steps involved in this technique are depicted in Fig. 2.
The material processing tool (MPT) processed the feedstock
material in the developed system via screw rotation. The spin-
dle in a CNC machine provides rotation to the screw, and the
gantry system provides necessary movements to the system
in the X-, Y-, and Z-directions [1, 15, 16, 25, 26]. As a gantry
system, an Okuma 3-axes CNC milling machine has been
used, which moves in a range of 760, 460, and 460 mm in X-
, Y-, and Z-directions, respectively. However, for the present
study, a build platform was developed with a size of 650 x
450 mm? in X and Y directions, respectively. More details
about MPT and the developed heated build platform can be
found elsewhere [13, 14]. It is important to develop indige-
nous software for the developed system, where it generates
toolpath from its computer-aided design (CAD) model. The
purpose of this section is to illuminate the process flow from
design to toolpath for part pre-processing.

The first step in part pre-processing is to design the part
geometry. This is usually prepared through CAD software
such as CATIA, SOLIDWORKS, or Fusion 360. SOLID-
WORKS software was used to create CAD models of the
required complex geometries as well as assemblies of mul-
tiple parts. The geometric data of CAD model is stored and
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Fig.2 Steps of AM process

exported in Standard Tessellation Language (STL) file for-
mat. An STL file format uses triangles to approximate the
CAD model surfaces. The curvature data is lost because of
the approximation and is replaced with straight lines of tri-
angles as shown in Fig. 3B.

As shown in Fig. 4, an STL file was loaded into the indige-
nous software to slice and generate generative code (G-code).
The software was programmed to slice an STL file into sliced
layers and then generate the toolpath of the desired model.
Once the toolpath for the entire part was generated in G-
code format, it was saved in text file format [27]. The CNC
machine is given G-code in text file format to build the part
layer by layer. Figure 4 depicts an process flowchart of sys-
tem.

2.2 Selection of process parameters

In the developed system, to fabricate quality large-size parts,
it is necessary to conduct experimental trials to ensure
adequate bonding between rasters and layers. Various exper-
imental trials have been carried out to identify the significant
process parameters for large-size part fabrication. The devel-
oped system includes a material processing tool (MPT) and a
build platform. The MPT is the key component of the system
for the continuous and uniform extrusion of material. As the
modifications in the design of MPT, the process parameters
may affect the quality of parts in comparison with com-
mercially available systems. The process parameters such
as screw speed and deposition speed are influential on part
quality in the developed system [25]. A slight change in these
parameters may change the flow rate of material, resulting in
changes in layer thickness and raster width, which affects
the dimensional accuracy and surface finish of the fabri-
cated parts [11, 28]. In addition, the effect of build platform
temperature and cooling rate on parts during and after part
fabrication must also be considered.

2.2.1 Effect of Screw Speed

In the developed system, the screw speed plays a significant
role to generate sufficient pressure for material extrusion
in MPT. Under a certain screw speed range, continuous
extrusion of the material is possible. To achieve continu-
ous extrusion of ABS material through the nozzle, the effect
of screw speed must be analyzed within a certain range, as
an additional amount of material is extruded and deposited
onto the build platform when the screw speed exceeds a cer-
tain range. If the material extrusion rate is not synchronized
with the deposition speed, it may be distorted the geometrical
shape from its desired shape. On the other hand, if the screw
speed is kept below that range; the material extrusion rate
will be reduced, which may cause the part fabrication process
to be disrupted. The issues such as gaps between infill and
internal-external contours, under- and over-extrusion raises
because of uncertain screw speed. Through the literature
survey and preliminary experimental trails, material extru-
sion was conducted in range of 50-120 RPM with interval
of 5 RPM. Based on the preliminary experimental results,
observed that after 75-RPM flow rate of material interrupted.
As a result, to determine the suitable screw speed in fur-
ther experimentation, 50-75 RPM range where considered to
achieve continuous extrusion of ABS material. In the present
study, screw speed was varied under this range with an inter-
val of 5 RPM and extrude the material at particular screw
speed for duration of 1 min. During the experiments, the
value of extruder temperature was kept constant, i.e., 220 °C.
Table 1 shows different diameters of wire extruded at differ-
ent screw speeds, where the diameter of wire is measured
using the digital vernier caliper. Figure 5 depicts the filament
wire extruded at different screw speeds. The data presented
in Table 1 shows that the material at 50, 55 RPM extruded
uniform bead of diameter nearly similar to nozzle diameter
i.e. ¥2.5 mm. Apart from the first two observations in Table
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Table 1 Observation at different screw speeds

Screw speed (RPM) Filament wire diameters (mm) Results
D, D, D3
50 2.49 2.51 2.48 Uniform extrusion ¥ = 2.5mm, L = 450mm
55 2.50 2.51 2.51 Uniform extrusion ¥ = 2.5Imm, L = 500mm
60 2.63 2.61 2.69 Significant swelling ¥ = 2.65mm, L = 500mm
65 2.73 2.68 2.69 Significant swelling ¥ = 2.70mm, L = 480mm
70 2.74 2.71 2.73 Significant swelling ¥ = 2.73mm, L = 520mm
75 2.81 2.76 2.74 Significant swelling ¥ = 2.77mm, L = 520mm
E T v at high deposition speed, solidification occurs immediately,
’ N = doesn’t get enough time for bonding raster and contours. If
I ———

[
<

Fig.5 Filament extruded at different RPM

1, remaining shows swelling effect in extruded bead of mate-
rial at tip of nozzle. The swelling effect leads non-uniformity
in the diameter of extruded bead of the material, which was
not feasible for part fabrication.

2.2.2 Effect of deposition speed

Deposition speed is the speed at which the MPT moves and
deposits material on the build platform for transforming the
CAD model into the fabricated parts. The deposition speed is
proportional to the flow rate of the material (mm?>/sec), layer
thickness and the raster width [25].

MFR = Raster width x Layer Thickness x Deposition speed
ey

The above relation presents that if deposition speed is not
properly synchronized, it would affect the flow rate of the
material, which may create issues during part fabrication. If
the deposition speed is higher in comparison to the flow rate
of material, the material stretches over the build platform
during deposition. It eventually decreases the raster width,
resulting in poor bonding between raster and contours. Also,

it is lower than the flow rate of material, an excess amount of
material will be deposited than the requirement. In this case,
overlapping of adjacent rasters may take place, which may
hinder the quality of parts.

Therefore, to study the effect of deposition speed on the
bonding between adjacent rasters, a rectangular shape part
was fabricated as shown in Fig. 6. In order to study the effect
of deposition speed, based on observation results in Table 1
at 55 RPM extrudes material uniformly at rate of 500 mm
within one minute. Based on that observation, two different
deposition speeds were selected i.e. 450 and 500 mm/min to
achieve uniformity in bonding during experimentation. Other
process parameters were kept constant such as screw speed
(55 RPM), extruder temperature (220 °C), and build platform
temperature (110 °C). It can be seen from the experimental
results that raster width is significantly affected by the depo-
sition speed. From Fig. 6a, b depicts poor bonding between
rasters due to varied layer thickness and large surface area
exposure. However, overall bonding between the rasters were
sufficient at both the deposition speeds.

2.2.3 Effect of build platform temperature

The build platform temperature is one of the process parame-
ters that significantly affects part quality. The build platform
temperature can influence the inter-layer and intra-layer
bonding of the fabricated parts. For better bonding or
adhesion of deposited rasters with the platform, the build
platform temperature should have sufficient temperature for
re-softening the surface of previously deposited rasters. Dur-
ing part fabrication, re-softening is required to achieve good
bonding between the rasters as well as layers. In addition,
issues such as warpage are observed due to the large surface
area of cooling and open environmental conditions, where
the build platform temperature plays a major role. The Fluke
Thermal Imager TiX560 has been used to measure the tem-
perature distribution on the build platform. Figure 7 shows
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Fig.7 Temperature distribution profile of build platform

Table 2 Observations at two different cooling conditions

Parameter Range Value Results
Build Platform (1) Temperature decrease ~ No
temperature (110 °C) 5°C warpage
(2) Temperature decrease  Slight
10 °C warpage

the uniform temperature distribution profile across the whole
surface of the build platform, which is beneficial for sticking
the first layer to the platform. Therefore, the effect of build
platform temperature and cooling rate will be studied in this
section.

In the preliminary experimental study, the sudden drop
in temperature of the build platform leads to the warpage
defect that fails the part. During the part fabrication, build
platform provides good adhesion to the part, but after the fab-
rication due to the large surface exposure, part gets deformed.
To study the effect of the build platform temperature, the
material has been deposited in the form of a multilayered
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rectangular plate using the developed system. Images were
captured to analyze the bonding between the rasters under
two different cooling conditions. The experiments were con-
ducted, considering two different conditions in which the
build platform temperature decreases slowly at an interval of
time, i.e., at an interval of 5 °C and at an interval of 10 °C. The
equal interval of time to decrease the temperature helps in the
uniform cooling of the part. Table 2; Fig. 8 show the experi-
mental results at two different cooling conditions. From the
observations, it is concluded that the temperature decrease of
5 °Cin anequal interval provides uniform cooling throughout
the part without the warpage shown in Fig. 81.

2.3 Fabrication of part

Based on the observations of the preceding investigations,
a suitable set of process parameters was chosen to fabricate
large-sized parts using the developed system. The identified
process parameters are shown in Table 3. In the present study,
a 2.5 mm nozzle diameter was used, so a 2.2 mm layer thick-
ness was considered for getting the proper bonding between
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Fig. 8 Effect of build platform temperature 1 interval of 5 °C; 2 interval of 10 °C

Table 3 Values of process parameters

Parameter Value

Screw speed 55 RPM
Deposition speed 450 mm/min
Infill percentage 100%

Layer thickness 2.2 mm

the adjacent layers. Using the developed system, a large-
sized complex shape part was fabricated using ABS material
as shown in Fig. 9.

3 Issues and challenges in large-part
fabrication

The developed system has benefits such as the ability to fab-
ricate large-sized, complex, customised parts, but there are a
few issues and challenges that would necessitate additional
research and technological development. Poor surface fin-
ish, void formation, weak interlayer bonding, inconsistent
material flow rate, and inferior and anisotropic mechanical
properties are some of the issues and challenges that are
raised during technological development. These issues must
be addressed so that developed system can be widely used in
a variety of applications in the industries.

3.1 Software limitations

In the preprocessing stage, CAD software is the primary
tool to design the geometry of the desired product. Dur-
ing the fabrication of the part through AM process, the part
undergoes several unavoidable operations, which leaves few
defects. The precautionary measures for the defects cannot be
designed in preprocessing step. Certain geometrical defects
can be observed during the curved surface part fabrication
due to the type of algorithm used during slicing and toolpath
generation. A very fine tessellation can potentially resolve
this problem to some extent, but it will result in higher com-
putational time, and processing time whereas the printing
will be complicated in such cases. Thus, the post processing
with the help of heat, laser, chemicals, or sanding, will be
performed to eliminate these defects. To limit the deviation
from the design step to the fabrication step, it is necessary to
find the optimum values of process parameters, layer thick-
ness, screw speed, deposition speed, and build orientation,
etc. These parameters can greatly influence the mechani-
cal properties and appearance of the fabricated parts. For
the developed system, the indigenous software has some
restrictions in the toolpath generation. The software has layer
thickness and deposition speed as input parameters, but the
bead width is not considered. The issues such as gaps and
voids are observed which results in poor bonding and poor
surface finish, which need to be minimized to achieve better
quality products.
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Fig.9 Fabricated part

3.2 Gaps and voids between infill and contours

One of the main limitation/defect during AM is the forma-
tion of voids and gaps between subsequent layers. This leads
to the generation of the high porosity of the fabricated part,
thereby it can reduce the mechanical performance of the parts
due to weak interfacial bonding between layers. The forma-
tion of voids and gaps depends on the material and the type of
AM process. In the material extrusion-based AM process, the
voids and gaps formation is one of the main defects, which
results in the anisotropy in mechanical properties of the fabri-
cated parts. These defects can also result in the delamination
of layers after the part fabrication.

The gaps between infill and contours are observed in the
fabricated parts using the developed system. MPT extrudes
the material in circular cross-sectional form, which leaves
triangular-shaped gaps between the layers and contours. The
process parameters such as deposition speed and layer thick-
ness play a vital role in the part fabrication and also in
defect formation. As compared to other process parameters,
deposition speed and layer thickness may affect the material
deposition rate and material bonding, which may lead to the
formation of irregular voids and gaps. Figure 10a shows the
voids and gaps between the layers and contours, whereas it
also shows the detached outer contours from the part due to
poor bonding. When the deposition speed and layer thickness
are higher, the material does not extrude uniformly which
does not provide enough time to bond the layers or contours.
To resolve this issue, it is suggested to perform experiments
to find the correlation between the deposition speed and layer
thickness, which minimizes the voids and gaps between the
layers and contours.

Apart from these issues, another issue called blow holes on
the surface of fabricated parts is shown in Fig. 10b. This issue
usually arises because of the hygroscopic nature of materials
and the processing of materials in the open environment. In
the present study, during the processing of the material, due to
the presence of moisture and entrapped air in the blow holes,
the surface of the extruded material was damaged. After the
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deposition of extruded material, blow holes were burst and
the rough surface was observed on the fabricated parts. To
overcome this issue, the preheated material needs to be used
and a closed feeding system should be designed, which will
avoid the formation of blowholes.

3.3 Layer bonding in build orientation

AM is a process that builds parts in a layer-by-layer man-
ner to achieve the desired 3D product. However, to build
strong and reliable parts, the deposited layer should ade-
quately form proper bonding with the previous layer. If the
bonding between the layers is insufficient or inadequate, the
part may split, i.e., the layer may be separated from its adja-
cent layers. The issue of weak interlayer bonding can be
observed as the deposited layers fully solidify before the next
layer is deposited. Because of the high thermal gradient, the
cooled layers do not bond with newly extruded molten mate-
rial properly. Low interlayer bonding leads to lower strength
in the build direction of the fabricated part. The issue of inter-
layer bonding in build orientation is shown in the Fig. 11a.
This issue is more deceptive because of the large size build
volume of the system that leads to longer the raster length
and delay in time to deposit the material, which results in a
larger thermal gradient in the fabricated part.

Parameters such as layer thickness and deposition speed
mainly affect the bonding between the printed layers. In the
present study, the layer thickness is nearly equal to the diam-
eter of the nozzle. The deposition speed affects the bonding
between the layers, which leads to layer separation. This issue
may be minimized by keeping the layer thickness value lesser
than the diameter of the nozzle. Thus, the new layer would
print slightly below the existing layer so that the two layers
may bond effectively. Moreover, other process parameters
such as build platform temperature and cooling rate also need
to be controlled to avoid layer separation.

Sometimes, the bottom layer of the part was observed to
be separating from the build platform, which is the result
of temperature differences between the part and the build
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Fig. 11 a Layer bonding; b warpage

platform. If the build platform has a larger thermal conduc-
tivity than the deposited material, then the build platform
will rapidly extract heat from the deposited material. If the
difference between the thermal conductivity is large, then
the fabricated part will not stick to the build platform and
will rapidly warp as shown in the Fig. 11b. The similar phe-
nomenon was observed when the ABS is printed on the cold
aluminum build platform. Thus it is advised to keep the alu-
minium build platform heated to successful deposition of
melt on build platform. The bond between platform and part
can be improved by applying the Kapton tape and sticky
glue-like substance on the surface of the platform before the
fabrication of the part. There is also a risk of warping while
removing the part from the build platform after the process.
In the case of the long flat geometry, the risk of warping
is highest, thus it is advised to allow build platform to cool
down uniformly. This will ensure that the bottom layer of the
part does not fall under the thermal shock, which generates
an residual stresses due to temperature difference. Generated

residual stresses in the part results an curling, warpage and
cracks in an fabricated part.

3.4 Surface finish and resolution

The part fabricated through AM process produces a layered
structure that is visible, and the part looks unsightly. This is
because of extruded material bead is cylindrical due to the
circular nozzle opening and continuous material supply. In
the case of the developed system, a nozzle of @#J2.5 mm was
used which results in larger layer heights, creating even more
noticeable steps like surface on the visible lateral section of
the part. The large width of extrusion beads results in an
exceptionally poor surface finish as shown in the Fig. 12a.
The part fabricated through the developed system are incon-
sistent and ridged. This is undesirable when the aesthetics of
a part are a concern where high surface precision and tight
tolerances are the requirement.

The rough surface finish on fabricated parts can be
smoothing by sand paper, finished with a CNC router, or
smoothed with chemicals like acetone. The surface qual-
ity can also be improved by machining the part after 3D
printing. The benefit of the hybrid additive-subtractive man-
ufacturing approach is that the strengths of both processes
can be capitalised on while minimizing the disadvantages
of the individual processes. The parts can be printed with
the AM process, which is followed by the machining pro-
cess to achieve desired tolerances. The machining process
will remove the outer ridges and anomalies left by the addi-
tive process, which results in a smooth surface finish of the
product.

3.5 Material extrusion
The developed system works like the FFF principle, but the

developed system has scaled up dimensions of MPT and build
platform. In the case of the MPT, the screw extrusion-based

@ Springer



1194 International Journal on Interactive Design and Manufacturing (1JIDeM) (2023) 17:1185-1197

Fig. 12 a Surface quality;
b material extrusion
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design causes difficulty in maintaining uniform extrusion of
material throughout the process. The MPT does not have any
feedback unit to monitor material extrusion rate through the
nozzle. Sometimes, the screw speed and deposition speed
were not synchronous, which results in non-uniformity in
material extrusion. The rapid movement in the CNC gantry
system affects the material extrusion during the change in
the direction i.e. 90° corners, curved area, etc. that results in
inconsistency in material deposition. These inconsistencies
in extrusion cause globs of material and uneven layer appear-
ance on the surface of the fabricated part as shown in the
Fig. 12b. Several issues were noticed such as gaps between
the contours and layers due to under-extrusion and overlap-
ping of layers due to over-extrusion. The synchronization
between screw speed and deposition speed should be main-
tained with the layer thickness so that the material extrusion
should be uniform. Also, as previously discussed section,
the machining of the parts to remove the excess materials or
uneveness.

The improper extruder temperature affects the flow
through the nozzle. When the temperature is higher, it may
result in low viscosity of the material with high material flow
rate. The high rate of material flow from the nozzle leads to
improper material deposition, which leads to the formation
of deformed products. In certain cases, the enhanced tem-
perature than desired may lead to the burning of material. In
some cases, the material does not extrude properly due to low
heater temperature, while in some cases, the extruded mate-
rial agglomerate in the nozzle instead of moving out through
the nozzle cavity. One such behavior of the improper flow of
material can be seen in the Fig. 13a, b.

@ Springer

XXV AT TN rwr

ASRARIE T AR, AT BAd 4

& e
R e

3.6 Material clogging

Clogging of material in the nozzle is observed during the
extrusion process. One of the types of clogging was due to
overheating of the nozzle. When the heater temperature rises,
some amount of heat is transmitted from the nozzle to the bar-
rel. The material in the barrel starts getting heated due to heat
transmission, whereas in some cases, the material in the hop-
per end was also partially heated. This phenomenon affects
the materials with lower melting point materials, which has
melting point around 110 °C. This initiates material soften-
ing, and in some cases, the material even starts melting. This
preheated material forms lumps in the grooves of the screw
and restricts the flow of the material as shown in Fig. 13c.

4 Application areas for CNC-assisted
material extrusion-based AM system

Apart from the different issues and challenges, the developed
CNC-assisted material extrusion-based AM system has the
potential to be used in different application areas. In recent
years, the development of AM technologies has increased its
interest in researchers and industries. Some of the applica-
tions areas will be discussed in this section.

4.1 Multi-materials parts development
The use of multiple polymers such as Polylactic acid (PLA),

Acrylonitrile styrene acrylate (ASA) [29], Polycarbonate
(PC), Ethylene-vinyl acetate (EVA) [26] and Thermoplastic
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Fig. 13 a Lumps of preheated material; b agglomeration of material due to underheating ; ¢ formation of lumps due to improper temperature

polyurethane (TPU) [8] during the AM process of a single
part is highly complicated. It can be achieved with the help
of a material processing tool (MPT). Different combinations
of polymers with similar properties can be selected and fed
to the system during the printing process using an MPT. No
prior mixing of materials is needed and different materials
can be fed simultaneously. The parameter to be considered
during this is the similarity in properties of the base material.
The materials should have a similar melting point, compatible
chemical composition, similar molecular size, same curing
rate, similar viscosity, etc.

Besides this, the printing of polymers with micro and
nanofillers can also be achieved through the process. Com-
posites with a higher composition of additives can be easily
fed in the form of pellets to the system and material deposition
can be attempted. The resulting process can be economical,
and it may enhance the overall properties of the fabricated
part. The process has its application in the aerospace indus-
try. Aerospace components are subjected to various types
of loads, which results in rapid failure of parts that can be
replaced rapidly with the help of the process [30]. Compos-
ites with certain strengths are fabricated by the AM process
nowadays, which is acting as a substitute manufacturing pro-
cess in the aerospace industry. The fabrication time is also
observed to be comparatively less, reducing the overall time
consumption.

4.2 Automotive parts

Another application area of material processing tools lies
in the fabrication of large-sized automotive industry parts.
Interior and exterior parts with specific requirements were
difficult to fabricate previously by the AM process due to

size restrictions. Such parts can be easily fabricated on this
system. The availability of many environmentally friendly
and weather-resistant materials for additive manufacturing
makes it suitable to use the system in the automobile indus-
try. In recent years, Cincinnati Incorporation, in collaboration
with Oak Ridge National Laboratory, has developed the Big
Area Additive Manufacturing (BAAM) machine. The devel-
oped BAAM machine was capable of producing ten times
the volume of parts as the FDM machine (it produced the
entire body of a Jeep Willy 1953) [31, 32].

4.3 Preparation of molds

The presence of additives enhances the strength of the com-
posites in various ways, which makes them suitable for
the fabrication of molds. Large and strong structural parts
can be used to make molds for a variety of applications
such as aquatic equipment, the power sector, and the con-
struction industry. These molds can be effectively used for
making concrete structures. Although the use of wooden
structures is much more economical, the AM molds pro-
vide the advantage of allowing the fabrication of complex
structures. Thermwood Company and Oak Ridge National
Laboratory have developed Large-Size Additive Manufac-
turing (LSAM). The developed LSAM system has a large
build platform of 2540 x 254 x 508 mm? and has the capa-
bility to fabricate parts like a boat hull, concrete mold [33].
Similarly, Nieto et al. have developed a pellet-based AM
system that is able to fabricate functional prototypes up to
2000 mm?> of ABS and PLA materials for the naval industry
[23].
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4.4 Fabrication of flexible electrically conductive
parts

The developed MPT is most suitable for the fabrication
of flexible electrically conductive parts. The most common
issue during the fabrication of flexible parts is buckling of
the filament by the fused filament fabrication process. The
flexible filament is pushed by the roller bends during the pro-
cess, which sometimes clogs the overall system of printing
[26]. The unavailability of flexible filaments for direct use is
also a major issue, which also makes it difficult to fabricate
flexible conductive parts. The developed material extrusion
system is most suitable for the fabrication of flexible parts.
The material in the form of pellets can be directly fed into
the system and printing of the part can be attempted from the
pellets. As the material is fed in the form of pellets, the prob-
lem of bending of filament can be resolved, whereas pellets
of the flexible material can be easily used in this system.

5 Conclusion

The development of CNC-assisted material extrusion-based
AM system has provided opportunities for manufacturing
industries; it has also created some challenges, especially
in the way parts are fabricated. The single screw-driven
extrusion system and large size build platform enable the fab-
rication of large-sized parts at a much faster rate than FFF or
other AM processes. This paper studies the effect of process
parameters preliminarily and highlights the issues and pos-
sible solutions or things that need to be considered during
part fabrication. From the experimental investigation, some
important concluding remarks can be drawn as follows:

e The process parameters such as screw speed, deposition
speed, and layer thickness are influential preliminarily
on bonding between layers, part quality, and dimensional
accuracy. A slight change in these parameters may change
the flow rate of material, resulting in changes in layer
thickness and raster width, which affect the quality of the
fabricated parts.

e Screw and deposition speeds of 55 RPM and 450 mm/min,
respectively, provide better quality bonding between lay-
ers, ultimately increasing the strength of the parts. Simul-
taneously, research into the effect of building platform
temperature on fabricated parts has revealed that uniform
cooling at equal intervals reduces part warpage.

e After that, using the optimum process parameter values
fabricated an part, for validation of the developed system.
However, developed system encounters certain issues such
as void and gap formation, poor finishing, weak interlayer
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bonding, and inconsistent material flow rate that have also
been discussed.

Still, their were certain limitations associted with the
present system, which will be relsoved through research and
experimentation in the future. Some of the limitations asso-
ciated with system are as:

e Limited parameters were considered, that affect the part
quality and accuracy. Further research could be conducted
by considering other process parameters (i.e. extrusin tem-
perature, layer thickness, air gap) to achieve high surface
quality and dimensional accuracy.

e Incorporating the feedback unit in system to control the
flow rate of material and improving the part quality in
quick production time.

e Large functional parts require enough strength in order to
deliver the indented function. In future, polymers along
with fibers and other fillers can be explored in order to
enhance the part strength.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12008-022-01097-4.
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