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Abstract: Additive manufacturing (AM) has become a key element of Industry 4.0, particu-
larly the extrusion AM (EAM) of thermoplastic materials, which is recognized as the most
widely used technology. Fused Filament Fabrication (FFF), however, depends on expensive
commercially available filaments, making pellet extruder-based EAM techniques more
desirable. Large-format EAM systems could benefit from printing lightweight objects with
reduced material use and lower power consumption by utilizing hollow rather than solid
extrudates. In this study, a custom extruder head was designed and an EAM system capable
of extruding inflatable hollow extrudates from a variety of materials was developed. By
integrating a co-axial nozzle-needle system, a thermoplastic shell was extruded while creat-
ing a hollow core using pressurized nitrogen gas. This method allows for the production
of objects with gradient part density and varied mechanical properties by controlling the
inflation of the hollow extrudates. The effects of process parameters— such as extrusion
temperature, extrusion speed, and gas pressure were investigated—using poly-lactic acid
(PLA) and styrene-ethylene-butylene-styrene (SEBS) pellets. The preliminary tests identi-
fied the optimal range of these parameters for consistent hollow extrudates. We then varied
the parameters to determine their impact on the dimensions of the extrudates, supported by
analyses of microscopic images taken with an optical microscope. Our findings reveal that
pressure is the most influential factor affecting extrudate dimensions. In contrast, variations
in temperature and extrusion speed had a relatively minor impact, whereas changes in
pressure led to significant alterations in the extrudate’s size and shape.

Keywords: additive manufacturing (AM); extrusion AM (EAM); Co-axial extrusion; inflatable
extrudates; pellet extrusion; gradient part density

1. Introduction
Additive Manufacturing (AM), also known as 3D printing, has transformed the pro-

duction environment into several sectors by enabling quick prototyping, customization,
and the creation of complicated geometries that are not possible with traditional manufac-
turing processes [1–3]. The progression of additive manufacturing technologies has been
characterized by ongoing innovation to surpass the constraints of conventional production
processes. Historically, additive manufacturing has employed a variety of materials, such
as polymers, metals, and ceramics, each possessing distinct characteristics that make them
suited for certain uses. Thermoplastics have become prominent because of their flexibility,
durability, and ease of usage [4]. They preferred materials in additive manufacturing
because of their thermal properties, which enable them to be melted, molded, and solidified
several times without substantial deterioration. This characteristic renders them well-suited
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for methods like fused deposition modeling (FDM), in which the material is extruded via a
heated nozzle to construct structures incrementally [5]. One of the key advantages of FDM
technology is its flexibility, allowing users to modify the hot end and adjust the bed size to
suit their specific printing needs [6–8].

The present trends in additive manufacturing are mostly centered around increasing
the amount of output, attaining greater printing speeds through enhanced flow rates, and
progressing toward large-scale additive manufacturing [9–11]. These trends create compo-
nents that possess uniform structural integrity over their entire length. Pellet extruders are
being used instead of filament extruders to attain higher speeds. Using pellet extruders in
additive manufacturing offers advantages over traditional filament-based 3D printing. Pel-
let extruders use raw thermoplastic pellets, which are cheaper and more widely available,
reducing material costs and allowing for a broader range of materials. This method also
supports sustainable manufacturing by minimizing waste and energy use, making it ideal
for scaling up industrial production with a smaller environmental footprint [12,13]. Never-
theless, new difficulties have occurred in the manufacturing process with the advancement
of extruders. The manufacturing time is now limited by the cooling time of the material
before the next layer can be printed, rather than the extrusion rate (kg/h) [14]. Moreover,
larger bead sizes result in higher material usage, which might significantly affect the en-
vironmental effect of the printed objects. Hence, it is important to investigate alternate
methodologies for large-scale 3D printing to mitigate its ecological repercussions. On the
other hand, the inflatable hollow structures have filled the gap regarding the weight of the
product and the time needed to process the production of aerospace and space exploration
for deployable space habitats, communication balloons, lightweight fuel tanks, automotive
and transport for airbags, adaptive aerodynamic components, and portable shelters for
emergency responses. It may serve in architecture and buildings as a temporary shelter,
formwork of concrete, event domes, and other related purposes [15]. Some examples of
medical uses are rehabilitation, isolation units, and portable medical facilities, while for
defense and military, this technology is employed for inflatable decoys, portable command
centers, and rapid deployment shelters. Further applications include sport and recreation
inflatable kayaks, stadium covers, playground structures, and much more. Applications
involve life rafts, submerged research structures, oil spill barriers in marine, and consumer
products comprising inflated furniture and packaging for protection and portable storage.
It is also applied in robotics, which has soft robotic grippers, biomedical applications,
and artificial muscles operated by compressed air [15]. These wide-ranging applications
epitomize and signify how inflatable, hollow structures present State-of-the-Art solutions
to various fields economically. However, the integration between pellet extrusion and
inflatable hollow extrudates is limited in the literature.

This study aims to address several research questions related to optimizing 3D printing
processes. First, explore whether hollow extrudates made of thermoplastics can be used to
conserve material and expedite printing. Second, investigate the potential for adjusting the
level of inflation during printing to customize the mechanical characteristics of components.
Additionally, it will examine whether varying density levels can be achieved through 3D
printing and assess the feasibility of using pellets instead of filaments to increase printing
speed. These questions guide the inquiry into enhancing the efficiency and versatility of
3D printing technologies.

To fill this void, this research aims to design and develop a co-axial nozzle system for
inflatable extrudates, integrate this custom nozzle system with a pellet extruder for 3D
printing by modifying the existing printer, understand the effect of process parameters on
the degree of inflation of the extrudates, and demonstrate proof-of-concept for 3D printing
using inflated extrudates.
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2. Materials and Methods
2.1. Material Selection

PLA and SEBS, two different polymers, were used in this experiment. Thermoplastic
elastomer SEBS (styrene-ethylene-butylene-styrene) is renowned for its resilience to ozone
and UV rays as well as its flexibility and durability [16]. Conversely, PLA, or polylactic
acid, is a thermoplastic that degrades naturally and is environmentally friendly and easily
processed. It comes from renewable resources [17,18]. The purpose of employing two
distinct types of material is to test the versatility and effectiveness of the created approach
to both materials and validate how each material would respond to different process
settings and whether the outcomes would be the same for both kinds of polymers.

2.2. System Design
2.2.1. Extruder Head

A special hot-end extruder was designed and prepared from aluminum (Al) that met
the requirements to extrude inflated thermoplastic rather than solid material. Because of
the needle passing through the nozzle, the extrudate could be hollowed out by a regulated
flow of nitrogen gas. A heater (120 V, 50 W) was mounted on the extruder to keep the
temperature at the required level for this operation. Through the use of a soft PVC pipe,
the needle was attached to an air pressure regulator, allowing it to adjust the gas pressure
precisely and monitor the results at different gas pressure settings. The extruder head
details are shown in Figure 1.
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Figure 1. Extrusion nozzle: (a) Microscopic observation from top; (b) Cross-section of nozzles;
(c) Microscopic observation from bottom; (d) Three-dimensional printed nozzle; (e) Transverse
section view of Hot-end assembly; (f) Manufactured extruder head.

2.2.2. Nozzle Design

The nozzle and needle must remain concentric to guarantee exact control over the
inflation and extrusion operations. Thus, selective laser melting (SLM) 3D printing technol-
ogy was used to create a customized aluminum nozzle with four ribs to retain the needle at
the center of the nozzle orifice.

A microscopic inspection of the samples was carried out using an OMAX optical
microscope (OMAX Microscopes, https://omaxmicroscope.com/ to accurately assess sur-
face characteristics and identify potential defects. A systematic inspection process was
followed to ensure high-quality image analysis. To begin, the samples were thoroughly

https://omaxmicroscope.com/
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cleaned to eliminate any dust, debris, or contaminants that might interfere with the inspec-
tion. Once cleaned, they were carefully placed on the microscope stage and positioned
for optimal focus. The OMAX optical microscope, capable of magnifications up to ×100
using visible light and lenses, was used to conduct basic surface inspections and detect any
defects. External lighting was adjusted as needed to improve image clarity and contrast.
Magnification and focus settings were fine-tuned to capture images at different depths
within the sample layers, allowing for the detailed observation of features such as cracks,
voids, surface roughness, and other imperfections. Multiple images were taken at varying
magnifications by using ToupView and later superimposed to provide a comprehensive
analysis of the sample’s structure.

2.2.3. Hopper Design

The experiment required the alignment of the Mahor pellet extruder 30 degrees with
the horizontal axis, as the needle, carrying nitrogen gas to be kept vertical, made the current
hopper inappropriate for the setup (see Supplementary Figure S1). The hopper needs to
stay upright to guarantee that the pellets flow naturally because of gravity. Therefore, the
pellet extruder was coupled with a hopper that was printed in 3D in our lab.

2.2.4. Bracket Design

The extrusion mechanism of the used 3D printer (Creality Ender-5 S1) was disassembled
and a bracket system was created to securely attach the pellet extruder to the machine. This
system was made up of two separate components: one was meant to keep the extruder firmly
in place, while the other was meant to be attached to the 3D printer (Supplementary Figure S2).
After that, screws were used to secure these two parts together, and the extruder was positioned
at an exact 30-degree angle to the horizontal axis.

2.2.5. Mahor Pellet Extruder

The Mahor pellet extruder uses plastic pellets or granules as raw material, as opposed
to conventional filament-based 3D printers that use plastic filament. Pellets are heated
and melted in the extruder after being fed into it through a hopper at the start of the
operation. After that, the melted material is pushed into the extruder nozzle, which follows
a predetermined route and deposits the material layer by layer to create the desired item.
An image of the Mahor pellet extruder is shown (Supplementary Figure S3).

2.3. Methodology
2.3.1. Process Flow

To produce inflatable hollow extrudates, a setup incorporating several components
and modifications was designed to optimize the extrusion process, as shown in Figure 2.
Initially, nitrogen gas was introduced into the system to inflate the extrudates. A cylinder
was used to store nitrogen gas, with a digital air pressure sensor attached to the cylinder’s
outlet to precisely measure the gas flow. Pressure was controlled by a gas regulator. A
flexible PVC pipe was used to connect the digital air pressure regulator to the needle
and to transport the nitrogen gas from the cylinder to the nozzle orifice via the needle.
Additionally, a temperature controller was used to maintain the required temperature at
the hex extruder. The pellet was now fed into the Mahor through the hopper, melted inside,
and was pushed to the hex extruder. The extrudate then extruded out the nozzle orifice,
where it was inflated by the nitrogen gas carried by the needle.
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Figure 2. Experimental setup of the full extruder head mounted to the printer and the gas cylinder
with the pressure sensor and regulator.

2.3.2. G-Code Generation

An innovative open-source software called FullControl GCode Designer (GNU GPL
v3.0 open source license, https://fullcontrolgcode.com/ (accessed on 10 April 2024)) was
used to produce G-code for 3D printing. The best feature of this software is that every bit of
the print path can be controlled. In addition, no CAD file or any slicing software is required.
The software is an Excel-based interface. Within this interface, there is an option to add
features. By selecting this option, any necessary feature can be called, and one can define
its parameters and ultimately generate the required print path by clicking the “Generate
Gcode” button. To preview the print path, a slicing software called Repetier-Host was
utilized. If the preview appeared satisfactory, the G-code was saved onto a memory card,
which was then inserted into the printer for the printing process.

2.3.3. Sample Generation

Initially, several simple components were printed using both PLA and SEBS materials,
following the methodology described above. Initially, some spiral single-layer cylindrical
parts were produced, as shown in Figure 3, and examined whether they remained hollow
throughout the printing process by analyzing sample cross-sections.

Additionally, colored water was injected with a needle from one end of the cylindrical
sample and observed whether the colored water successfully reached the opposite end,
which it did. Following that, cylindrical samples with multiple layers in both vertical and
horizontal directions were printed.

One of the major objectives of this experiment was to produce parts with gradient part
density with tailored mechanical properties throughout the part by controlling the rate of
inflation of the hollow extrudates. To print the gradient density part, we came up with a
design with two different portions, with one portion looking like a C-shape printed with
solid layers (no inflation) with 1.0 mm of height. After printing 2 layers in this region, we
started printing the semicircular region with inflation, which had a height of 2.0 mm, and
then repeated the printing of the no-inflation zone, as shown in Figure 3.

Using this technique, four inflated layers in the semicircular half and a total of eight
solid layers in the C-shaped half were printed. The fundamental goal of the experiment was
effectively achieved by this method, which produced an item with two unique densities in
its respective sections. Nitrogen gas was passed, and the inflation was manually regulated.

https://fullcontrolgcode.com/
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3. Analytical Modeling
An analytical model was developed to analyze the behavior of the polymer inside

the nozzle. The system consists of two concentric cylinders, the needle and the nozzle,
where the polymer flows through the annular gap between these two stationary, vertically
aligned cylinders. This type of flow is known as an annular flow [19]. The outer radius of
the needle is denoted as Ri and the inner radius of the nozzle as Ro. A pressure difference
∆P drives the polymer, which has a certain viscosity µ, to flow downward. We aimed to
determine the velocity profile within the annular space V and calculate the total volumetric
flow rate Q using a cylindrical coordinate system.

To derive the velocity equation, the continuity equation and Navier–Stokes equation
for the z-component of velocity in cylindrical coordinates was used. With the help of a
few assumptions and boundary conditions following velocity, equation was derived. The
whole derivation is shown in Supplementary Section S4.

Vz =
1

4µ

(
−∂P

∂z
+ ρg

)[
R2

i − r2 +

(
R2

0 − R2
i
)

ln R0
Ri

ln
r

Ri

]

By integrating the velocity profile Vz(r) over the cross-sectional area A of the annulus,
we obtained the equation for the volumetric flow rate Q.

Q =
∫

Vz(r)dA
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In cylindrical coordinates, the differential area element dA is 2πrdr.

Q =
∫ Ro

Ri
Vz(r)2πrdr

Q =
π
(

R2
o − R2

i
)

8µ

(
−∂P

∂z
+ ρg

)R2
o + R2

i −

(
Ro

2 − Ri
2
)

ln
(

Ro
Ri

)


The driving force of the flow is explained by the expression
(
− ∂P

∂z + ρg
)

. It combines
the forces of gravity and the pressure gradient, which push and pull the fluid, respectively.
Because of the annular shape, the velocity profile fluctuates as a mixture of parabolic
and logarithmic components and is not constant across the radial direction as appears in
Figure 4a. The pressure gradient, gravity, viscosity, and annulus geometry all affect the
flow rate.

J. Manuf. Mater. Process. 2025, 9, x FOR PEER REVIEW 7 of 16 
 

 

𝑄 = ∫ 𝑉𝑧(𝑟)
𝑅𝑜

𝑅𝑖

2𝜋𝑟 𝑑𝑟  

𝑄 =
𝜋( 𝑅𝑜

2 − 𝑅𝑖
2)

8µ
 (−

𝜕𝑃

𝜕z
+ 𝜌𝑔 ) (𝑅𝑜

2 + 𝑅𝑖
2 −

( 𝑅𝑜
2 − 𝑅𝑖

2)

ln (
𝑅𝑜

𝑅𝑖
)

)  

The driving force of the flow is explained by the expression (−
𝜕𝑃

𝜕z
+ 𝜌𝑔 ). It combines 

the forces of gravity and the pressure gradient, which push and pull the fluid, respec-

tively. Because of the annular shape, the velocity profile fluctuates as a mixture of para-

bolic and logarithmic components and is not constant across the radial direction as ap-

pears in Figure 4a. The pressure gradient, gravity, viscosity, and annulus geometry all 

affect the flow rate. 

Few assumptions were made for computation purposes because measuring them 

was impossible. Since pressure could not be found directly, three different pressure gra-

dients were looked at, namely 
𝜕𝑃

𝜕z
= 1 MPa/mm, 2 MPa/mm, and 3 MPa/mm. Figure 4b was 

used to compute the PLA’s viscosity (µ). A viscosity of 70 Pa.s. was assumed, and the 

experiment was carried out at two different temperatures: 205 °C and 220° C. 

 

Figure 4. (a) Velocity profile for different pressure gradients; (b) Viscosity as a function of tempera-

ture and shear rate for Amorphous PLA. 

For three distinct pressure gradients, the velocity at the nozzle’s cylindrical section 

was computed. The cylindrical part of the nozzle had an inner diameter of 2.5 mm and an 

outer diameter of 0.70 mm. The velocity between the nozzle’s inner diameter and needle’s 

outer diameter was computed and recorded at each pressure and a distinct radial position, 

as shown in Table 1. These numbers were later put onto a graph (see Figure 5a). 
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and shear rate for Amorphous PLA.

Few assumptions were made for computation purposes because measuring them was
impossible. Since pressure could not be found directly, three different pressure gradients
were looked at, namely ∂P

∂z = 1 MPa/mm, 2 MPa/mm, and 3 MPa/mm. Figure 4b was
used to compute the PLA’s viscosity (µ). A viscosity of 70 Pa.s. was assumed, and the
experiment was carried out at two different temperatures: 205 ◦C and 220◦ C.

For three distinct pressure gradients, the velocity at the nozzle’s cylindrical section
was computed. The cylindrical part of the nozzle had an inner diameter of 2.5 mm and an
outer diameter of 0.70 mm. The velocity between the nozzle’s inner diameter and needle’s
outer diameter was computed and recorded at each pressure and a distinct radial position,
as shown in Table 1. These numbers were later put onto a graph (see Figure 5a).

Table 1. Velocity in the cylindrical zone for different assumed pressure gradient.

r (mm) r (Relative)
Vz (mm/s)

∂P
∂z = 1 MPa/mm ∂P

∂z =2 MPa/mm ∂P
∂z

0.35 −0.4 0.00 0.00 0.00

0.45 −0.3 0.63 1.27 1.91

0.55 −0.2 1.02 2.06 3.09
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Table 1. Cont.

r (mm) r (Relative)
Vz (mm/s)

∂P
∂z = 1 MPa/mm ∂P

∂z =2 MPa/mm ∂P
∂z

0.65 −0.1 1.24 2.49 3.74

0.75 0 1.30 2.62 3.94

0.85 0.1 1.25 2.51 3.77

0.95 0.2 1.08 2.17 3.27

1.05 0.3 0.81 1.63 2.45

1.15 0.4 0.45 0.91 1.36
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Figure 5. (a) Outer diameter of PLA extrudates as a function of temperature; (b) Outer diameter of SEBS
extrudates as a function of temperature; (c) Core diameter of PLA extrudates as a function of temperature;
(d) Core diameter of SEBS extrudates as a function of temperature; (e) Shell thickness of PLA extrudates as
a function of temperature; (f) Shell thickness of SEBS extrudates as a function of temperature.
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4. Results and Discussion
4.1. Process Parameters

Extrusion temperature, extrusion speed, and gas pressure were three process parame-
ters in our experiment. Two distinct temperatures were used for our experiment, namely
205 ◦C and 220 ◦C for PLA and 220 ◦C and 230 ◦C for SEBS. The lower limit represents
the minimum threshold required for sufficient material flow through the nozzle, while
the upper limit is just below the degradation point of the plastic, beyond which bubble
bursting and non-uniform extrusion occurs. The extrusion speed and gas pressure for
each temperature, while maintaining a fixed nozzle diameter, were changed to find the
maximum and lowest values of the extrudates for each parameter (extrusion speed and gas
pressure). The minimum pressure was selected, as values below this could not be accurately
detected, while the maximum was limited to prevent poor extrusion quality and bubble
bursting. While the extrusion speed was carefully chosen to ensure optimal inflation; lower
speeds resulted in inadequate extrusion, while higher speeds exceeded the motor’s capacity.
Five sets of samples were made for every combination of temperature, extrusion speed, and
gas pressure. The average outer diameter, core diameter, and shell thickness of each sample
were measured by microscopically examining their tiny cross-sections. The data for PLA
and SEBS are recorded under various process settings in Table 2 and Table 3, respectively.

Table 2. Data Collection for Different Extrusion Parameters (PLA).

Nozzle
Diameter

Extrusion
Temperature (◦C)

Extrusion
Speed (mm/s)

Gas Pressure
(KPa)

Average
Outer

Diameter (D)
(mm)

Average Core
Diameter (d)

(mm)

Average Shell
Thickness (t)

(mm)

1.5 220 0.5
13.8 1.36 ± 0.05 0.72 ± 0.06 0.32 ± 0.055

17.2 1.39 ± 0.07 0.77 ± 0.07 0.31 ± 0.07

1.5 220 1.5
13.8 1.46 ± 0.06 0.82 ± 0.02 0.32 ± 0.04

24.1 1.64 ± 0.08 1.02 ± 0.02 0.31 ± 0.05

1.5 220 2.5
13.8 1.55 ± 0.07 0.85 ± 0.04 0.35 ± 0.055

27.6 1.79 ± 0.10 1.09 ± 0.03 0.35 ± 0.065

1.5 220 3
13.8 1.60 ± 0.07 0.87 ± 0.04 0.37 ± 0.055

27.6 1.95 ± 0.02 1.23 ± 0.02 0.36 ± 0.02

1.5 205 0.5
13.8 1.35 ± 0.06 0.68 ± 0.03 0.33 ± 0.045

27.6 1.56 ± 0.04 0.93 ± 0.07 0.31 ± 0.055

1.5 205 1.5
13.8 1.44 ± 0.09 0.74 ± 0.03 0.35 ± 0.06

27.6 1.59 ± 0.07 0.93 ± 0.04 0.33 ± 0.055

Table 3. Data Collection for different Extrusion Parameters (SEBS).

Nozzle
Diameter

Extrusion
Temperature (◦C)

Extrusion
Speed (mm/s)

Gas Pressure
(KPa)

Average
Outer

Diameter (D)
(mm)

Average Core
Diameter (d)

(mm)

Average Shell
Thickness (t)

(mm)

1.5 220 3
13.8 1.70 1.11 0.30

20.7 1.75 1.16 0.30

1.5 220 6
13.8 1.76 1.13 0.31

20.7 1.85 1.22 0.31

1.5 220 9
13.8 1.81 1.17 0.32

20.7 1.99 1.37 0.31

1.5 230 3
13.8 1.74 1.20 0.27

20.7

1.5 230 6
13.8 1.80 1.23 0.28

20.7 1.86 1.31 0.27

1.5 230 9
13.8 1.90 1.29 0.30

20.7 2.05 1.50 0.28
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4.2. Effect of Temperature

The experiment demonstrated that temperature had a significant impact on the dimen-
sions of the extrudates. As the extrusion temperature increased, noticeable trends emerged
in the dimensional characteristics of the extrudates for both PLA and SEBS materials. For
PLA, raising the temperature from 205 ◦C to 220 ◦C led to a significant expansion in both
the outer and inner diameters of the extrudates, while the shell thickness decreased. This
can be attributed to the lower viscosity at higher temperatures [20], which allows the
molten PLA to flow more easily and expand more under the influence of nitrogen gas
pressure. With reduced resistance to deformation, the applied pressure causes greater
radial expansion, resulting in larger diameters. At the same time, the decreased viscosity
enables greater stretching of the extruded walls, leading to a thinner shell.

A similar trend was observed in SEBS extrudates, where increasing the extrusion
temperature from 220 ◦C to 230 ◦C resulted in an expansion of both the outer and core
diameters, along with a reduction in shell thickness. Although SEBS, as a thermoplastic
elastomer, has different rheological properties compared to PLA, it also experiences a drop
in viscosity at higher temperatures. This reduction allows the material to be displaced
more easily under pressure, contributing to the observed expansion in diameter. The thin-
ning of the shell suggests that at elevated temperatures, the material undergoes increased
stretching and thinning during inflation, further influenced by the elastic nature of SEBS.
This relationship was consistent across two different conditions for PLA and four different
conditions for SEBS, indicating that temperature control is crucial for achieving the desired
dimensions and mechanical properties in the final extruded product. The results are sup-
ported by similar findings found in literature [20]. Figure 5 shows the effect of temperature
on extrudates dimensions for both PLA and SEBS.

4.3. Effect of Gas Pressure

Gas pressure was another important factor in defining the extrudates’ size. Increasing
gas pressure had a significant impact on the dimensional characteristics of the extrudates,
causing both the core and outer diameters to expand while simultaneously reducing the
shell thickness, assuming all other factors remained constant. This effect can be explained by
the greater force exerted by the nitrogen gas on the molten thermoplastic, which enhances
the inflation of the extrudate [21]. As the pressure increases, more gas is introduced into
the molten PLA, leading to a more pronounced expansion that results in larger core and
outer diameters. However, this expansion also stretches the extrudate walls, causing the
shell thickness to decrease as the material is redistributed over a larger volume.

A similar trend was observed with SEBS, where increasing the gas pressure from
13.8 KPa to 20.7 KPa across different process conditions produced the same effects, that
is, an increase in both outer and core diameters, accompanied by a thinner shell. The way
SEBS responds to higher pressure closely mirrors that of PLA, suggesting that the inflation
dynamics are primarily influenced by the interaction between internal gas pressure and
the material’s viscoelastic properties as reported in literature [21]. For both PLA and SEBS
materials, Figure 6 illustrates how variations in gas pressure affect the materials’ outer
diameter (OD), core diameter (CD), and shell thickness (ST), while maintaining constant
values for the other parameters.
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4.4. Effect of Extrusion Speed

The diameters of the extrudates were significantly influenced by the extrusion speed
as well. Increasing the extrusion speed while keeping the temperature and gas pressure
constant led to a proportional increase in the outer diameter, core diameter, and shell
thickness of the extrudates. This effect can be attributed to the higher volumetric flow rate,
which introduces more material into the system, allowing for greater expansion under
the same inflation conditions. As the extrusion speed increases, the additional material
provides more mass for the nitrogen gas to act upon, resulting in the formation of larger
and thicker extrudates [22]. The higher flow rate allows the thermoplastic to expand further
before solidifying, contributing to an overall increase in dimensional attributes.

This trend was consistently observed in both PLA and SEBS materials across different
temperature settings. For PLA, experiments conducted at 205 ◦C and 220 ◦C showed
similar responses to changes in extrusion speed, while SEBS exhibited comparable behavior
at 220 ◦C and 230 ◦C. These findings indicate that the expansion dynamics are primarily
driven by the relationship between extrusion speed and material flow, with both materials
responding predictably to variations in process parameters, as depicted in literature [22].
The impact of extrusion speed on extrudate dimensions for PLA and SEBS, respectively, is
depicted in Figure 7.
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4.5. Morphological Observation

Microscopic images were collected under varied settings for both PLA and SEBS, as
indicated below. In Figures 8 and 9, we have shown the effect of three different process
parameters over the dimension of extrudate. The notation ‘1.5_205_0.5_13.8’ means that
the sample was produced using a 1.5 mm diameter nozzle, at a temperature of 205 ◦C, with
an extrusion speed of 0.5 mm/s, and a gas pressure of 13.8 KPa.
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5. Conclusions
The development of additive manufacturing with inflatable thermoplastics faced

challenges in maintaining temperature, air pressure, and material flow consistency. Temper-
ature fluctuations affected thermoplastic viscosity and extrudate quality, while air pressure
variations led to inconsistencies in wall thickness and structure. Material flow issues caused
variability in part mass, twisting, and eccentric hollow structures, affecting precision. Man-
ual adjustments for nitrogen gas pressure introduced further inconsistencies, highlighting
the need for automated control. Nozzle clogging and wear over time also impacted qual-
ity. Despite these challenges, valuable insights were gained to improve process control,
automation, and material consistency for enhanced reliability and efficiency. The successful
establishment of a methodology for producing inflatable extrudates using a pellet extruder
provides a solid foundation for further research. However, improvements in process ac-
curacy and efficiency are needed. Upgrading equipment such as pressure regulators and
temperature controllers will enhance stability and precision. Comprehensive mechanical
testing, including tensile and impact assessments, is essential to evaluate properties and
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applications. Comparative studies on thermal and acoustic insulation will demonstrate
the advantages of hollow extrudates over solid materials. Optimizing adhesion and layer
bonding, scaling up with larger nozzles, and exploring real-world applications in the
aerospace, automotive, and construction sectors will support commercialization.

Additive manufacturing has advanced significantly since the 1980s, but challenges
persist in creating complex structures with varying densities. This study introduced a
novel method to control the expansion of thermoplastic extrudates by optimizing key
parameters such as extrusion temperature, gas pressure, and extrusion speed, using PLA
and SEBS. Results showed that increasing temperature and air pressure led to larger outer
and core diameters with reduced shell thickness, while higher extrusion speeds increased
all dimensions. Gas pressure had the most significant influence. A mathematical model
provided insights into polymer behavior within the nozzle. Inflated spiral cylindrical and
multi-layer cylindrical samples were successfully produced, enabling gradient density
structures by varying inflation rates. Existing studies on hollow extrudates primarily
focus on structural integrity and mechanical properties, which differ from this study’s
goal of optimizing process parameters. The findings highlight the potential of inflatable
extrudates for enhanced thermal insulation in applications such as packaging, construction,
and protective enclosures, while controlled density gradients offer opportunities for energy
absorption in impact-resistant components and cushioning materials.

In conclusion, this research establishes a foundation for controlled inflation of thermo-
plastic extrudates, offering promising opportunities for lightweight, durable, and customiz-
able structures in various industries.
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