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The widespread adoption of foam additive manufacturing (FAM) in industries ranging from biomedical to
aerospace hinges on the precise control of foam morphology, a capability not fully realized with current
technologies. This study explores the potential of the FAM process, employing polylactic acid (PLA) and carbon
dioxide (CO,) as a blowing agent, to finely tune the microstructural characteristics of foamed materials through
controlled manipulation of process parameters. By systematically varying the pressure of the blowing agent, the
time of absorption and desorption, extrusion temperature, speed, and nozzle diameter, we provide a detailed
analysis of their individual and collective impact on foam morphology at both macroscopic and microscopic
levels. Our findings reveal how specific parameter adjustments can significantly influence the density, diameter,
and bubble size distribution within the foamed strands. These insights not only bridge a critical knowledge
gap in FAM process optimization but also empower designers and engineers across various sectors to engineer
foams with tailored properties for enhanced performance in lightweighting, insulation, and shock absorption
applications. This research serves as a foundational guide for advancing the practical utility and scientific
understanding of FAM technologies in producing next-generation foamed materials.

1. Introduction Conventional foaming technologies, like extrusion [6] and batch
foaming [7], do not allow to control foam morphology locally. Ac-
cording to the available literature, limited attempts have been made to
control the local density of foams. Efforts have been made to 3D print
polymers into cellular or mesh structures resembling natural cellular
materials by stacking extruded strands, where macroscale pores are
generated by computer-designed spacing between filamentary struts

(inter-strand porosity) [8,9]. However, in those cases, the extruded

Polymeric cellular materials find many applications, e.g., in the
biomedical, engineering, aerospace, nautical, sports, and leisure fields.
They possess unique characteristics derived from their morphology, in
terms of pore dimensions, orientation, and density [1]. The Nature
itself utilizes optimized cellular structures, such as foams, to achieve
high performance with minimal material cost [2]. Indeed, natural
cellular materials, as, for example, the echinoid and beeswax hon-

eycomb [3], exhibit complex foamed structures that perform specific
tasks or optimize particular properties, like the stiffness-to-weight ratio,
crash energy absorption, fire resistance, incombustibility, non-toxicity,
thermal conductivity, magnetic permeability, and density compared to
counterparts without pores. In human bones, the design of cell size
and orientation confers them high mechanical properties with minimal
weight [4]. Butterfly wings employ foamed structures to optimize
energy reflection, again minimizing weight. Scientists often draw inspi-
ration from natural cellular materials for engineering applications, such
as lightweight construction, crash energy absorption, noise control,
heat exchange, purification, decoration, and arts [5].
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strands remain densely packed, and achieving cellular structures with
micrometric and submicrometric pores is challenging due to the limi-
tations imposed by the nozzle size. Reducing the latter is an inefficient
solution for printing cellular materials with submicrometric pores, since
it increases the printing time and process costs [5]. Some existing
solutions [10,11] to produce foams in additive manufacturing with
high inter- and intra-strand porosities involve a two-stage approach:
structures with inter-strand macro-porosity are printed in the first
step, followed by the production of intra-strand micro-porosity through
freeze-drying [12], batch foaming with physical blowing agents [13],
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Table 1
Comparison of foam additive manufacturing technologies.
Technology Developer Method Material used Key benefits
Direct Foam Writing Visser et al. Depositing bubbles one ~ Thermoset polymers Precise control of foam structure
by one
Vat Wirth et al. Post-printing foaming Photopolymers Consistent morphology after
Photopolymerization with CBA post-processing
Large-Scale Gantry Paquet et al. Layer deposition of Polyurethane Capable of producing large parts

System

polyurethane foam

quickly

MEX System (FAM) Tammaro et al.

and extrusion

Two-stage solubilization

PLA with CO, as PBA Precise PBA integration,
adjustable microstructure,
enhanced control over mechanical

properties

2022/05/30

15:34 H D88 x80 1mm

Fig. 1. Example of SEM image of the cross section of a foamed PLA strand with the
identification of regions with different foam morphology.

or temperature rise [14]. The two-stage approach necessitates the
incorporation of blowing agents directly into the filament, either chem-
ical (CBA) or physical (PBA). While examples employing CBAs for
material extrusion foaming exist, as demonstrated by [15,16], such
methods often struggle with uneven pore distribution and limited con-
trol over pore size and morphology. In the biomedical applications,
physical foaming techniques, like gas foaming, are preferred due to
their solvent-free nature, absence of chemical reactions, and reduced
toxicity when incorporating bioactive species. A recent proposal in-
volves filament foaming in a one-step process using a physical blowing
agent into which the filaments are solubilized inline [13]. Although
there has been extensive research and interest, the precise relationship
between strand cellular morphologies and process parameters in addi-
tive manufacturing with foaming remains undefined [17]. Therefore,
there is a high demand for intelligent design and control of foam ex-
trusion during 3D printing to address these limitations and establish the
relationship between pore structures and process parameters, allowing
full use of the design space provided by additive manufacturing of cel-
lular structures [18]. In this paper, the production and characterization
of foamed polymeric strands is investigated. The exploration of the
parameter space provides informative maps of bubble morphology and
distribution in the cross section of the produced foamed strands as a
function of the process parameters, such as the blowing agent pressure
the time of absorption and desorption the extrusion temperature and
speed. As an example, Fig. 1 reports the SEM image of the cross section
of a foamed stand, which is characterized by four concentric zones with
distinct morphologies. The foam strands considered in this study were
produced using polylactic acid (PLA), a biodegradable and biobased
polymer that makes the production process sustainable. Carbon dioxide
(CO,) was used as the blowing agent. The established relationships
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between the process parameters and the foam morphology offer the op-
portunity to control and optimize cellular distribution and mechanical
properties in foam additive manufacturing process.

2. The foam additive manufacturing (FAM) process

In the additive manufacturing field, several technologies have
emerged for producing foams. Visser et al. [19] introduced direct
foam writing, a technique that enables the creation of thermoset foam
structures by depositing bubbles one by one. This method requires
precise control over the gas flow and the resin to tailor the foam
morphology. In a different approach, Wirth et al. [20] utilized vat
photopolymerization printing to manufacture foamed parts, using a
liquid photopolymer mixed with a chemical blowing agent (CBA).
Their method consists of a post-printing foaming, where the already
printed part is placed in an oven and the CBA degrades upon heat-
ing, generating gas that forms bubbles, thus resulting in a foam of
consistent morphology. Paquet et al. [21] demonstrated the feasibility
of depositing layers of polyurethane foam using a large-scale gantry
system. This method allows for the rapid production of large parts;
however, it results in very rough surface finishes and is limited to the
use of a single material. Table 1 provides a summary of alternative
technologies for the production of foam in AM.

The foam additive manufacturing (FAM) technique introduced by
Tammaro et al. [22] is divided into two main stages, i.e., solubilization
and extrusion, as schematized in Fig. 2. During the solubilization, a
polymeric filament is positioned within a pressurized vessel, where
the physical blowing agent (PBA) is inflated, with precise regulation
of the pressure of absorption (P,) and time of absorption (,). This
process enables the PBA to dissolve within the polymer, resulting in a
polymer/PBA solution. Subsequently, the desorption stage takes place,
entailing the storage of the polymeric filament at room pressure and
temperature for a defined time of desorption (z4) before initiating the
printing process. In the final stage, namely, extrusion, bubble nucle-
ation occurs, leading to the foam formation. Here, the polymer/PBA
solution is pushed into an extruder and experiences rapid pressure drop
and temperature rise as it travels through the nozzle, causing the PBA to
expand and the polymer to foam. The quick temperature increase and
material expansion concurrently aid the crystallization of the foamed
polymer.

3. Materials and methods

The process considered in this study is composed of the following
phases:

» microbeads selection: this phase involves the selection of suitable
PLA microbeads to obtain a filament enhancing foam production;

« filament production: the chosen microbeads are processed through
an extruder to create a filament with a diameter ¢ = 1.75 mm;

» solubilization of the blowing agent: during this phase, the blowing
agent (CO,) is dissolved and distributes into the thermoplastic
filament;
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Fig. 2. Outline of the FAM process phases. On the left hand side, a filament spool is positioned inside a pressurized vessel. On the right hand side, the polymer and PBA solution

are fed to an extruder, allowing the foaming of the polymer in its nozzle.

Fig. 3. Photo of the custom made MEX system for producing foam strands using a
commercial extruder.

« strand extrusion: the solubilized filament is fed to the nozzle of
a 3D printer, where it is extruded and the blowing agent foams,
thus creating a foamed strand.

Every foamed strand was analyzed both microscopically, employ-
ing microscopy and image processing, and macroscopically, through
density and diameter measurements (see Fig. 3).

3.1. Filament production and preprocessing

To achieve high-quality foams, comparable with those obtained
in the literature [22], microbeads of PLA with grade 710 M from
BewiSynbra (The Netherlands) were used. The PBA chosen for this
study is CO, with a purity level of 99.95%, sourced from Sol Group
S.p.A. (Italy). PLA filaments with a diameter ¢ = 1.75 + 0.3 mm were
fabricated thanks to the filament maker ‘Composer 350’ from 3DEVO
(The Netherlands), using the extrusion parameters reported in Table 3.

The filaments produced using the aforementioned process were
placed in a specially designed vessel, known as a mini-batch [23].
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Carbon dioxide was then introduced into the vessel at room tem-
perature, and the pressure and duration of the solubilization process
were carefully controlled to ensure the desired quantity of PBA within
each filament. Once the required time had elapsed, the carbon dioxide
was safely evacuated using a valve. Subsequently, the filament was
extracted from the vessel and stored at room temperature, allowing
the carbon dioxide to dissipate from its outer surface. In this phase, the
three key process parameters impacting the morphology and properties
of the resulting foam are: (i) the pressure of absorption (P,), namely,
the pressure of the PBA during the solubilization process, controlled
by an electronic pressure sensor and a pressure regulator; (ii) the time
of absorption (¢,), namely, the duration of the solubilization process
at pressure P,; and (iii) the time of desorption (#y), i.e., the extension
of the time during which the filament rests outside the vessel at room
pressure and temperature before being extruded.

3.2. Strand extrusion

The filaments containing the PBA were foamed in a MEX extruder
‘Titan V6 direct’ from E3D (United Kingdom), equipped with brass
nozzles of different diameter and controlled by an Arduino-based elec-
tronic board with an open-source firmware known as ‘Marlin’. The
temperature of the extruder was regulated by a proportional-integral—
derivative (PID) controller [24], whose parameters are listed in Table 4.
An illustration of the MEX setup is provided in Fig. 3, which offers a
visual representation of the system’s components. The image clearly
labels key elements, including the Nema 17 motor that powers the
filament drive, the cold end that facilitates filament feeding, and the hot
end. Additionally, the electronic control box, which houses the board
and the PID controller, is shown.

In particular, the proportional gain (K;) determines how much the
controller responds proportionally to the current error, the integral
gain (K;) determines the controller response based on the accumulation
of past errors, and the derivative gain (Ky) predicts the future error
and determines the controller response based on its rate of change.
The combined effect of these parameters allow to bring the process
to its desired set point. The extrusion commands were fed to the
apparatus using a host interface program called ‘Pronterface’. In this
phase, the three key process parameters impacting the morphology
and properties of the resulting foam are: (i) the extrusion temperature
(T,), monitored by a sensor located on the hot end of the extruder;
(ii) the extrusion speed (S,.), namely, the speed of the filament moving
along the extruder, set through the gears that feed the filament to the
extruder, and (iii) the nozzle diameter (D,), namely, the diameter of
the final section of the nozzle.
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Fig. 4. SEM images of the cross section of strands obtained at 7, =71 h, 14 =24 h, T, = 180 °C, S, = 500 mmmin~!, D, =0.8 mm, and P, =20 (a), 40 (b), and 55 (c) bar. d: Strand
density (blue symbols, see the vertical axis on the left) and diameter (red symbols, see the vertical axis on the right) as a function of the absorption pressure. e: Average bubble
dimension along the radius of the strand at the three values of the pressure of absorption considered in the experiments (see legend). In panels d—e, each point is obtained as the
average of three measurements; the lines have the scope of guiding the eye. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Table 2
Process parameters and foam property with label and l'.lnit of measurement.
Variable  Process parameter Unit ) Symbol = Measured property Unit
P, Pressure of absorption bar | P Density gem™
t, Time of absorption h |
1y Time of desorption h | d Strand diameter mm
T, Temperature of extrusion  °C
Se Speed of extrusion mm min~! : ABD Average bubble dimension =~ mm
D, Nozzle diameter mm )
Table 3 3.3. Analysis
Extrusion parameters for filament production.
Description Value Unit Each foamed strand was examined to assess the microscopic foam
Temperature 1 170 °C morphology and to measure quantities such as the strand density and
Temperature 2 180 °C diameter, cell distribution, and the individual cell dimensions. For this
;::g::x:: i ;zg g analysis, the TM3000 scanning electron microscope (SEM) from Hitachi
Extrusion speed 9 rpm High-Technologies Corporation (Japan) was utilized, which allows the
Fan speed 100 % observation of the distribution of bubbles in the cross section of the
strands. The specimens were extracted from the strands, preventively
frozen with liquid nitrogen, by cutting them thanks to an Astra Plat-
Table 4 inum blade. All the analyzed strands were coated with gold by a K650X
PID parameters. Sputter Coater from Quorum Technologies (United States) to make
Description Value Unit them conductive for the SEM analysis. The density of all the strands
Temperature 200 °C was measured through the density function of the Gibertini Eternity
K, 22.2 - Scale 300CAL (Italy).
I’ii }1048 - To compute the average bubble dimension (ABD) as a function of
¢ _
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the radial coordinate (r) within the cross-section of a strand, an hori-
zontal (or vertical) radius extending from the center to the boundary
of the section is considered. This radius is then divided into four equal
segments, as illustrated in Fig. 1. Subsequently, the number of bubble
walls (N,,) intersecting each segment is calculated. The ratio between
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Fig. 5. SEM images of the cross section of strands obtained at P, = 35.5 bar, tq =24 h, T, = 180 °C, .S, = 500 mmmin~!, D, = 0.8 mm, and #, = 0.5 (a), 7 (b), and 71.5 (c) h. d:
Strand density (blue symbols, see the vertical axis on the left) and diameter (red symbols, see the vertical axis on the right) as a function of the time of absorption. e: Average
bubble dimension along the radius of the strand at the three values of the absorption time considered in the experiments (see legend). In panels d-e, each point is obtained as
the average of three measurements; the lines have the scope of guiding the eye. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

the value of N,, corresponding to a certain segment and the length of
the segment (i.e., one fourth of the radius of the strand cross section)
yields the average bubble dimension in the annular region to which the
segment belongs.

4. Influence of the process parameters

A systematic approach was adopted to investigate the impact of the
process parameters on foam morphology and properties. Experiments
were conducted by fixing the values of five out of the six parameters
and varying the sixth. In what follows, we will show and discuss cross-
sectional images that illustrate the impact of each process parameter
on foam morphology, in terms of cell size and distribution. Addition-
ally, quantitative data on strand density and diameter and average
bubble dimension will be presented, enabling a comprehensive under-
standing of how the process parameters impact the foam properties.
Table 2 presents a comprehensive summary of the process parameters,
previously described in the Materials and Methods section and their
variables, on the right-hand side of the Table 2, the measured properties
of the strands are presented.

4.1. Pressure of absorption (P,)

The PLA filaments are placed in a vessel with CO, at pressure P,.
Since the temperature is kept constant, the quantity of PBA diffusing
into the filaments is proportional to P, [25,26]. Figs. 4a—c show the
SEM images of the cross section of strands obtained at P, = 20 (a), 40
(b), and 55 (c) bar (and at the values of the other process parameters
reported in the legend). At the lowest P,-value, the strand is patently
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smaller than in the other two cases, where almost the same diameter
is observed (see also the red symbols in Fig. 4d). On the other hand,
the density of the strand monotonically decreases with P, (see the
blue symbols in Fig. 4d). This phenomenon can be attributed to the
desorption of CO,. This trend can be attributed to variable desorption
dynamics. Although the desorption conditions and time are consistent
across the samples, the absolute quantity of PBA desorbed is higher for
samples subjected to greater pressures due to their increased initial sol-
ubility. Consequently, samples saturated at higher pressures experience
a relatively larger loss of PBA, which results in a proportionally greater
reduction in strand density. This interpretation aligns with the fact that
desorption begins at the periphery of the strand, leading to smaller and
more densely packed bubbles near the center, while average bubble size
(ABS) increases toward the periphery of the strand, as observed across
all P, values in Fig. 4e.

4.2. Time of absorption (t,)

In the pressurized vessel, the PLA filaments are put in contact with
CO, for a time equal to 7,. The PBA penetrates the filaments due to
mass diffusion [27]. As such transport phenomenon is directed from
the periphery to the center of the filaments, their outer regions become
saturated with CO, more rapidly. If ¢, is increased, a deeper diffusion of
PBA within the polymer filament occurs. Consequently, ¢, determines
the amount and the distribution of the PBA solubilized throughout the
filaments, which, in turn, influence the growth of the bubbles in the
different regions of the cross section of the strands, as displayed in
Fig. 5. In particular, Fig. 5a shows that a short 7, = 0.5 h results in the
presence of bubbles solely close to the outer surface of the filament,
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Fig. 6. SEM images of the cross section of strands obtained at P, = 32.5 bar, f, = 33 h, T, = 180 °C, S, = 500 mmmin~', D, = 0.8 mm, and t4 = 25 (a), 138 (b), 340 (c), and 721(d)
h. e: Strand density (blue symbols, see the vertical axis on the left) and diameter (red symbols, see the vertical axis on the right) as a function of the time of desorption. f: Average
bubble dimension along the radius of the strand at the four values of the desorption time considered in the experiments (see legend). In panels e—f, each point is obtained as the
average of three measurements; the lines have the scope of guiding the eye. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

corresponding to an ABD value of O in the inner region of the cross
section (see Fig. 5e), whereas Fig. 5d reports that the foam density of
the filament with the lowest 7, is comparable to that of bulk PLA (~ 1.25
gem™3). As t, increases to 7 h, the PBA completely permeates the cross
section of the filament, leading, after the extrusion, to the formation of
a cohesive foam structure with a consistently lower density (see Fig. 5b
and the blue symbols in Fig. 5d). At the same time, the expansion of
CO, contributes to an increase in the diameter of the strand (see the red
symbols in Fig. 5d). Further increasing ¢, to 71.5 h leads to a strand with
comparable density, diameter, and ABD profile, as it can be observed
by looking at Figs. 5b and 5e. This suggests that, above 7, = 7 h, the
polymer has reached a state of saturation where, given the temperature,
it has absorbed the maximum possible quantity of PBA, thus, increasing
t, has no effect on the foam properties.

4.3. Time of desorption (t4)

The parameter ¢4 represents the time between the opening of the
pressurized vessel and the start of the printing process, corresponding
to a period during which the polymer is stored under ambient condi-
tions. At the beginning of such period, the concentration of the PBA
in the strand is higher than that of the surrounding environment, the
amount of PBA within the polymer depending on P, and t,, as discussed
above. As the system returns to ambient conditions, the PBA gradually
desorbs from the polymer matrix and diffuses out of it under the action
of the concentration gradient, as stated by the Fick’s law [27]. Figs. 6a—
d show that, as the time of desorption increases, the concentration
gradient of the PBA in the cross section of the strand correspondingly
increases, leading to a bubble size radial gradient. Also, increasing

Time of desorption

Time of absorption

Fig. 7. SEM images of the cross section of strands resuming the overall combined effect
of 1, and 7, (given the same values of the other parameters) on foam morphology.

tq results in a decrease in the overall PBA concentration within the
filament, which, from a macroscopic point of view, leads to an increase
in the strand density and a reduction in the strand diameter (see
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Fig. 6e). By looking at the ABD profiles, it is noteworthy that, at ¢4
= 340 and 721 h, the ABD in the strand peripheral region exceeds 0.1
mm, which is one order of magnitude larger than the ABD in the core.
Fig. 7 resumes the combined influence of the absorption and des-
orption times on foam morphology. In particular, 7, plays a critical
role in controlling bubble formation in the central region of the strand
cross section: increasing r, promotes a more uniform distribution of
the bubbles throughout the strand cross section. On the other hand, 74
governs bubble formation in the outer part of the strand cross section:
by extending it, the peripheral region of the strand cross section can
empty of the PBA, thus resulting unfoamed after the extrusion. There-
fore, properly tuning ¢, and 74 offers opportunities for tailoring the
strand surface properties to meet specific application requirements, for
example in terms of mechanical strength and bonding characteristics.

4.4. Temperature of extrusion (T,)

The extrusion phase is the part of the foaming process where the
nucleation of the PBA takes place in the polymer melt [28] and bubbles
are generated, thus T, plays a crucial role in the FAM technology.
Given the other parameters, an increase in the extrusion temperature
leads to a decrease in the polymer viscosity, so the nozzle pressure
decreases [29]. Obtaining a low-density foam does not merely require
maximizing the pressure difference between the inside and outside
of the nozzle by reducing 7, to the lowest possible value. While a
lower T, can increase this pressure difference, it can also significantly
increase the polymer viscosity of the polymer. This heightened vis-
cosity may inhibit the growth of cells by hindering their expansion
and coalescence, potentially leading to a denser foam rather than a
lighter one. Consequently, while a low Te can be advantageous up
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to a certain point, it is of the utmost importance to optimize T,
rather than minimize it, in order to balance the effects of viscosity
and pressure difference for the optimal foam density. This is similar
to what happens in screw extruders for polymer foams [30,31]. The
extrusion temperature has also a direct effect on the PBA expansion,
as a higher temperature promotes a larger expansion, yet the inverse
effect of T, on the pressure difference is predominant on the direct one
on the PBA expansion (see the blue symbols in 8d). It is also worth
remarking that overcoming the melting temperature of the polymer
can cause its degradation. On the other hand, the smaller T, the larger
the strand diameter, as shown by the SEM images in Figs. 8a—c and
the red symbols in Fig. 8d. However, an extremely low 7, may lead
to undesirable nozzle clogging. In addition, when 7, decreases, the
polymer viscosity increases significantly: especially when coupled with
a high extrusion speed, this can lead to adverse effects such as filament
buckling or gear slippage, ultimately impeding the smooth flow of the
material through the nozzle [32]. Finally, Fig. 8e shows the ABD radial
distributions at the three T,-values considered in the experiments. At
the lowest T, = 120 °C, the ABD is almost constant along the radius of
the strand, however at larger T, the bubble size significantly increases
towards the strand boundary. This is due to the fact that the outer
part of the filament is in contact with the extruder hot wall, thus, the
larger such temperature the more the peripheral bubbles are pushed to
grow [33-35].

4.5. Speed of extrusion (S,)
In the FAM technology, as well as in the MEX, the polymer filament

flows through the hot end of the extruder with a velocity equal to
S.: since the PLA viscosity depends on the shear rate, the rheological



A.L.H.S. Detry et al.

2021112114 1282 H D81 250 300 um

a.200 (mm/min)

2021/12/14 1255 H

D79 x80

b. 500 (mm/min)

1mm

20211214 1257 H

D8.3 x80

C. 800(mm /min)

1 mm

Journal of Manufacturing Processes 125 (2024) 64-74

2021/12/14 1300 H D80 x80

d. 1000 (mm /min)

12 - - - : - - - — 2
s o\ {18 f. 007 ® Se 4
1 N e i ———-200 (mm/min)
¥ g 16 I —==-500 (mm/min)
2" 006 { 800(mm/min)
.
08 ' E 14 H —==-1000 (mm/min)
&) \\ ST —~ Eoosf i 1
\ o B =
g | \ o 12§ g I )
< 06 N o g = | 47
= k 11 — R ooat ! ¥ &
Souer \\ 2 I4 ~= m {3 ‘d
S 'a? < e-o-9 s/
04 @ 08 ¢
. 003 | 7 E
« 7
2 74
L’ . o - 06 /,
02rr . - el el (5] 002 | - D !
%’ 104 %7:‘__’__ ool
o . . : i i i i | P 001 i . . . . . .
200 300 400 500 600 700 800 900 1000 0 0.1 02 03 04 05 06 07 08
r(mm)

Se (mm/min)

Fig. 9. SEM images of the cross section of strands obtained at P, = 55 bar, t, = 65 h, t =24 h, T,

=180 °C, D, = 0.6 mm, and S, = 200 (a), 500 (b), 800 (c), and 1000 (d)

mmmin~!. e: Strand density (blue symbols, see the vertical axis on the left) and diameter (red symbols, see the vertical axis on the right) as a function of the speed of extrusion. f:
Average bubble dimension along the radius of the strand at the four values of the extrusion speed considered in the experiments (see legend). In panels e-f, each point is obtained
as the average of three measurements; the lines have the scope of guiding the eye. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

behavior of the polymer in the nozzle depends on S, [6]. Given the
geometry of the nozzle and the extrusion temperature, the pressure
of the polymer in the nozzle increases with S, [36], thus, as the
pressure drop between inside and outside of the nozzle increases, the
PBA expansion increases, so the polymer foaming is promoted [1].
From a macroscopic point of view, increasing S, makes the diameter
of the strand increase and the density decrease, as it can be observed
by looking at the SEM images in Figs. 9a—d and the plots in Fig. 9e. In
particular, at S, = 200 mm min~!, the strand density is 1.1 gcm™ (close
to that of pure PLA, equal to 1.25 gcm—2) and the diameter of the strand
is 0.4 mm, thus equal to 2/3D,, whereas, at S, = 500 mmmin~!, the
density drops to 0.2 gem™; as .S, is further increased to 800 and 1000
mmmin~!, the density almost do not change, whereas the diameter
increases until reaching 1.8 mm, corresponding to 3D,. Regrading the
ABD, Figs. 9a and 9f show that, at S, = 200 mmmin~!, the strand
has few bubbles with an average size of 0.04 mm, whereas, when S,
is increased to 500 mmmin~!, the ABD substantially halves, with no
relevant changes if S, is further increased (except in the very outer
part of the strand). This is a relevant result: indeed, if, for instance, the
ABD corresponding to S, = 1000 mm min~! is desired, but such printing
speed cannot be technologically reached, a comparable foam structure
can be effectively produced even by operating at a reduced printing

speed of 800 mm min~'.

4.6. Nozzle diameter (D)

Given the extrusion speed, the diameter of the nozzle affects the
flow rate of the polymer in the printer, thereby impacting the foam
morphology. A larger D, allows for a higher flow rate, leading to
faster foam formation, larger cell size, yet lower foam quality. Con-
versely, a smaller nozzle diameter enables a finer control over the

material flow, allowing for the production of foams with smaller cell
size and improved resolution [37]. In addition, increasing D, makes
the pressure of the polymer in the nozzle decrease, thus hindering the
strand expansion. Figs. 10a—c and 10d show that the strand diameter
monotonically increases with the nozzle diameter (quite obviously),
yet the density has a non-monotonic trend, attaining a minimum at
D, = 0.6 mm. On the other hand, if the expansion of the strand is
evaluated relatively to the nozzle diameter, the strand diameter is equal
to 3.5D, at D, = 0.4 mm, whereas it lowers to 2.75D,, at D, = 0.8 mm.
Finally, Fig. 10e shows that D, does not have a significant quantitative
influence on the ABD.

5. Discussion

The results presented in this work elucidate the nuanced effects of
the process parameters on the foam morphology during the additive
manufacturing process. This discussion aims to distil these findings
into actionable insights that can directly inform those interested in
producing foam products via MEX. The following section presents a list
of parameters and a summary of their influence on foam morphology:

+ Pressure of Absorption (P,): Increasing the absorption pres-
sure generally decreases the foam density and influences the
concentration of blowing agents in the polymer.

» Time of Absorption (7,): Longer absorption times allow for a
more uniform distribution of bubbles, while shorter times create
bubbles only in the outer area of the filaments.

» Time of Desorption (¢4): Extended desorption times can cause
larger cells to form towards the external skin of the strand while
maintaining smaller bubbles in the core, as it affects the concen-
tration gradient of the blowing agent.
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+ Extrusion Temperature (7,): The temperature during extrusion
plays a critical role in determining the viscosity of the polymer
and the nucleation of bubbles, which are crucial for achieving
desired foam expansion and density.

Extrusion Speed (S,): Faster extrusion speeds increase the shear
rate and pressure drop, which can enhance the rate of cell nucle-
ation and foam expansion, although excessively high speeds can
lead to adverse effects such as filament buckling or gear slippage.
Nozzle Diameter (D,): The nozzle diameter mainly influences
the final diameter of the filament, which during the printing
process affects the resolution of the product.

The hexagonal plot presented in Fig. 11 offers a visualization of the
influence of various process parameters on density and the diameter.
Each vertex of the circle represents a distinct process parameter. The
triangular points in red denote the minimum achievable values of each
parameter when other parameters are held constant, providing insights
into the lower bounds of material characteristics under specific condi-
tions. The blue dotted line delineates the upper bounds of achievable
outcomes, serving as a reference for maximum potential. The detailed
analysis of process parameters presented in this study represents a
significant advance in the field of additive manufacturing, particularly
in the fabrication of bio-inspired structures. The capacity to tailor foam
morphology through precise parameter control makes MEX systems es-
pecially well-suited for replicating the complex, hierarchical structures
found in nature, such as bone matrices which require a delicate balance
of strength and porosity. The study from Stano et al. [38], demonstrates
the potential of MEX technology in the fabrication of rigid materials
and silicone for applications that mimic biological tissues. The findings
of this study contribute to the advancement of this emerging field

by offering a systematic approach to fine-tune material properties for
specific functionalities. This approach is instrumental for researchers
and practitioners aiming to replicate the unique properties of biological
structures in synthetic materials.

6. Conclusions

The research presented in this work sheds light on the effects
of various process parameters on the outcomes of a foam additive
manufacturing (FAM) process, in terms of foam morphology, average
bubble dimension (ABD) distribution, and strand density and diameter.

This study identifies the speed of extrusion as a primary factor
influencing the foam density. It also indicates that a high pressure of
absorption (40 to 60 bar) does not significantly alter the foam density.
A short time of absorption enables the bubbles to nucleate exclusively
close to the external surface of the strands. The inverse influence of
the time of desorption on bubble positioning within the strand cross
section is also highlighted. The temperature of extrusion emerges as
a pivotal factor affecting the foam properties, offering control over
density and ABD. Finally, the nozzle diameter influences the strand
diameter, although not directly affecting bubble size and distribution.
This understanding enables informed process parameter selection and
improves the possibility of predicting and engineering the final foam
morphology to meet specific design requirements. Notably, a minimum
density of 12.5% of the PLA bulk density was successfully attained.

The complexity of the relationships among the process parameters
remains evident, underscoring the need for further research. Future
investigations should delve deeper and possibly map interactions and
cross-relations among those variables, to achieve even finer control
over foam properties.
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