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Abstract: The production of thermoplastic polyurethanebased porous heterostructures combining physical foaming with fused deposition modeling is detailed in this
contribution. The choice of combining these two techniques lies in the possibility of creating objects endowed
with a dual-scale structure at millimeter scale by fused
deposition modeling and at microscopic scale by gas
foaming. Thermal stability and rheological properties of
the neat polymer were studied prior to foaming to design a
suitable processing protocol and three different combined
techniques are proposed: pressure quench, temperature
rise and direct 3D foam printing. Foam morphologies were
evaluated by SEM and foamed samples were characterized
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by thermal and mechanical analyses to highlight the differences among the combined processing techniques.
Samples foamed via pressure quench exhibit the highest
degree of crystallinity and a uniform cell morphology, also
resulting in the largest stiffness. The results presented in
this contribution open up the possibility of producing
objects with complex geometry and porosity architecture at
the dual scale.
Keywords: 3D printing; foam; heterostructure; pressure
quench; temperature rise; TPU.

1 Introduction
Porous heterostructures are structures composed of micro and macro pores, whose morphology can be tuned to
a specific application by manufacturing and synthesis.
Research in this field is mainly focused on multiple
materials structures and the most diffused and studied
porous heterostructures are layered structures containing an interphase between different materials. These
systems find applications in the energy industry as
semiconductors (Shi et al. 2015), supercapacitors (Hong
et al. 2017), electrocatalysts (Karthick et al. 2021), electromagnetic shielding material (Gao et al. 2021), microwave absorption (Huang et al. 2019; Qin et al. 2021) or in
the medical ﬁeld as drug delivery systems (Gârea et al.
2017). Focusing on a mono-material heterostructure, the
easy-tunable morphology of porous heterostructures
gives them favorable mechanical, thermal and acoustic
properties, with a considerable potential in the ﬁeld of
light structures (Drobny 2014).
Thermoplastic polyurethanes (TPUs) are a class of
linear block copolymers of soft and hard segments with no
covalent crosslinked structure (Bartolomé et al. 2013; Jia
et al. 2013; Qi and Boyce 2005). TPUs are a rich family of
polymers where additives, catalysts, stabilizers and ﬂame
retardants can modify the properties to reach speciﬁc
needs. Due to their versatility, excellent tensile strength
and wide elastic regions, TPUs signal a constantly growing
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consumption on a world scale since they are able to satisfy
a wide variety of application needs and are suitable for the
production of footwear (Zhang et al. 2019), gaskets, tubes
(Jamil et al. 2017) or ﬁlms (Wang et al. 2011).
With the spreading of additive manufacturing, TPUs
has also been successfully used in 3D printing; in particular, the qualities of TPU have become interesting for the
Fused Deposition Modeling (FDM) technology (Haryńska
et al. 2018; Xiao and Gao 2017).
Gas foaming of TPU has been the focus of several
research works and different blowing agents are used such
as butane (Hossieny et al. 2014), azodicarbonamide (Nema
et al. 2008), NaHCO3 (Nema et al. 2008) and carbon dioxide
(Kharbas et al. 2017). Using CO2 as a blowing agent has
many advantages, including environmental friendliness,
plasticization, and easy and complete separation from the
polymer (Ruiz et al. 2011). In addition to the environmental
aspects, foaming with CO2 has economic advantages,
including the reduced consumption of raw material and
reduced waste. In addition, foams produced with CO2 have
sufﬁciently low density, excellent quality and a uniform
cell structure (Wang et al. 2019; Zhao et al. 2021). Due to its
stochastic pore-formation mechanism, gas foaming is not
suitable when it is required to ﬁnely locate spatially the
porosity/voids. To enlarge the range of foams applications
(e.g., to increase their mechanical performance) coupling
physical foaming to a processing technique able to control
pore/void location is in order (Damanpack et al. 2021; Jung
et al. 2013; Yoo et al. 2017).
Additive manufacturing of polymers, has great potential
to reduce manufacturing costs and improve design flexibility, as it allows for fast and multiple prototyping without
using expensive instruments like in injection molding
(Conner et al. 2014; Horst et al. 2018; Popescu et al. 2018;
Wang et al. 2017). The 3D printing technology has been
widely used in various ﬁelds, such as biomedicine (Xiao and
Gao 2017), apparel design (Zhang et al. 2019) and aerospace
(Vashishtha et al. 2011), owing to its customization, rapid
prototyping of complex structures and low cost.
Among the 3D printing methods, FDM is a solvent free
method where the molten filament is extruded from a nozzle
and then stacked layer by layer according to predetermined
patterns. It is suitable for processing a large variety of thermoplastics and to achieve complex structures, on small and
large scales (Chen et al. 2018; de Leon et al. 2016). The limit of
FDM is the resolution, today ∼100 μm, not comparable to gas
foaming, when sub-micron pores are nowadays produced
(nanocellular foams).
Generally, porosity in structures produced via FDM is
undesirable, as it affects the mechanical properties of the
model. However, in specific cases such as the prototyping of

foamed structures, porosity is intentionally induced to produce porous heterostructures by combining additive
manufacturing with foaming. Various routes are reported in
the literature to achieve these results (Nofar et al. 2022) and,
among them, the use of syntactic foams to produce 3D
printing ﬁlaments (Bharath et al. 2020; Bonthu et al. 2020)
and foaming of 3D printed structures (Nofar et al. 2022; Park
et al. 2018) appear as promising. In particular, microcellular
TPU honeycomb with an ultra-low density has been produced by Hu et al. (2021) by coupling additive manufacturing
and solid state CO2 foaming.
In this work, a combination of two techniques, namely
3D printing by FDM (thereafter designated as 3D) and gas
foaming, is proposed to ﬁnely design the porosity architecture at dual scale, achieving TPU-based heterostructures.
Three combined methods are proposed: i) 3D + pressure
quench (PQ), thereafter collectively designated as 3P; ii) 3D +
temperature rise (TR), thereafter collectively designated as
3T; iii) and direct 3D Foam Printing, thereafter designated
as F3.

2 Materials and methods
2.1 Materials
A TPU filament with a diameter of 1.75 mm, produced by FILOALFA
(Torino, Italy), with shore hardness of 55D and a density of 1.25 g/cm³,
was used. CO2 (99.95% pure) was supplied by SOL (Naples, Italy).

2.2 Samples preparation
3D printed samples were obtained with the Original Prusa i3 MK3S
(Prusa Research a.s., Prague, Czech Republic) 3D printer at a printing
speed of 20 mm/s, a layer height of 0.3 mm, a temperature of 230 °C, as
suggested by the producer, and a nozzle of 0.4 mm. The printing plate
was heated to a temperature of 50 °C to ensure the adhesion of the
material to the plate. As an exemplary structure and as a tribute to
their contribution to the ﬁeld of foam structures, we worked on the
Gibson & Ashby cubic (G&A) structure (Gibson and Ashby 1999).
Speciﬁcally, we have 3D printed 8-unit cells G&A structures, whose
geometry is depicted in Figure 1.
High-pressure structure conditioning (CO2 sorption) and foaming
were conducted with an autoclave having a volume of 0.3 L (model
BC-1, High Pressure Equipment Co (HiP), Erie, PA, USA). It consists of a
thermoregulated cylinder with closed heating bands. The processing
parameters were controlled by means of a PID controller (model X1,
Ascon-New England Temperature Solutions, Attleboro, MA, USA) and
a syringe pump 500D (Teledyne Isco, Lincoln, NE, USA). The pressure
relief system consists of a discharge valve (model 15–71 NFB ball valve,
HiP), an electromechanical actuator (model 15–72 NFB TSR8, HiP)
and a solenoid valve. More details of the equipment are reported in
(Marrazzo et al. 2007).
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Figure 1: G&A structures, A) CAD model (t = 1.6 mm and a = 25 mm), B) optical picture of the printed model, C) details of the unit cell of the
model, D) SEM images of the vertical strut sections (transversal and longitudinal), E) SEM images of the horizontal strut sections (transversal
and longitudinal).

2.3 Characterization
Thermal and rheological analyses were conducted to fine tune the
processing conditions (e.g., processing temperature) and pretreatment requirements (e.g., the need of moisture removal before
processing).
A Perkin Elmer Diamond TGA was used for the thermogravimetric
analysis. Samples were prepared with a weight of approximately 5 mg.
A set of samples were dried prior to measurement under vacuum at
60 °C overnight to evaluate the inﬂuence of moisture on degradation.
The test was then carried out both in air and in nitrogen with a purge
ﬂow of 30 mL/min, with a ramp of 20 K/min from 30 °C to 800 °C.
A Perkin-Elmer Pyris Diamond DSC, equipped with an Intracooler
II as a cooling system, was adopted for differential scanning calorimetry tests on both the as received polymer and on the different
foams produced in this study. The instrument was calibrated in temperature and energy with a high purity indium standard, using dry
nitrogen as the purge gas at a rate of 30 mL/min. The samples were
heated from −50 °C to 240 °C at a rate of 100 K/min.
Rheological measurements were performed with an ARES rotational rheometer (TA Instruments, New Castle, DE, USA) equipped
with a parallel plate geometry of 25 mm and a convection oven for
thermal control. Sample discs for rheological measurements with
thickness equal to 1 mm were prepared by 3D printing. Dynamic
measurements were carried out at strain values within the linear
regime.
The density of the samples was measured by two different procedures, using an analytical balance (Mettler Toledo, Columbus, OH,
USA) as follows:
– ρstrut–at the millimeter scale, taking a piece of the structure
(strut), and measuring its density by the buoyancy method, according to ASTM D792 standard, ρstrut = mA /(mA − mH2 O), with
mAe mH2 O being the balance reading of the foamed piece in air and
water. This is the actual density of the foamed material forming
the G&A structure.
– ρapp–at the macroscopic scale, considering the G&A structure as a
uniform solid structure, as the ratio between the entire model
weight (m) and the macroscopic volume V = a3 (where a is the
edge of the G&A structure, see Figure 1), ρapp = m/V.
Compression properties of the foams were evaluated by testing the
material according to the ASTM D1621-00 standard. The cubic specimens were prepared using the three foaming techniques that will be
illustrated later. The tests were performed in displacement control,

using a universal electromechanical machine (model 43258y234,
Instron, AL, USA), with a head speed of 5 mm/min with a load cell of
0.1 kN, in three replicates.
The cellular structure of the foams was studied using a scanning
electron microscope (model TM3000 TableTop, Sec, Gyeonggi-do,
Korea). The samples were first sectioned with a blade and then sputtered with gold.

2.4 Processing methods
Three processing techniques, namely PQ, TR and 3D were combined
for producing foamed G&A structures, and three different combinations were adopted thereof, namely 3P, 3T and F3, as detailed below.
Process parameters for each were optimized after some pre-trials
speciﬁcally devoted to prevent polymer degradation and collapse of
the printed structure during foaming, and are summarized in Table 1.
A schematic illustration of the three combined processing methods are
reported in Figure 2.

2.4.1 Pressure quench (3P): The 3D printed G&A structure was
inserted into the autoclave, pre-heated at a temperature of about
175 °C. Vacuum is applied for 10 min and a temperature of 180 °C is
reached. The autoclave was then pressurized with CO2 at a pressure of
12 MPa and a saturation time of 10 min and eventually pressure
released at 10 MPa/s.

2.4.2 Temperature rise (3T): The 3D printed G&A structure was
inserted into the autoclave and the sorption step was conducted at
room temperature and a pressure of 4 MPa for about 1 h. Samples were
then foamed by immersion for 10 s in thermal oil (ThermoFischer
Scientiﬁc synth 260), pre-heated at a temperature of 120 °C. Foamed
samples were then air cooled.

2.4.3 3D foam printing (F3): Samples were foamed during the printing
phase, in a single process. The filament was saturated with CO2 before
printing with a pressure of 5 MPa at room temperature for 1 h. During
the impregnation step, a homogenous or inhomogeneous concentration of blowing agents can be obtained by adjusting the solubilization
conditions. When the ﬁlament is removed from the autoclave, CO2
desorbs from the ﬁlament. This process must be modeled and
controlled giving additional degree of freedom to obtain different gas
concentration proﬁles and corresponding different structures.
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Table : Process parameters for the combined foaming processing methods.
Single technique code

D printing

Foaming

D printing

Foaming

D printing

Foaming

D

PQ

D

TR

D

D

P

Combined method code
Conditions for the speciﬁc technique
Solubilization before printing
Printing
Heating
Solubilization after printing
Oil bath

T

F

T (°C)

P (MPa)

t (min)

T (°C)

P (MPa)

t (min)

T (°C)

P (MPa)

t (min)

–



–

–
–
–

–

–



–

–

–



–
–
–

–

–

–

.



–
–
–





–
–
–

Figure 2: Graphic illustration of the combined foaming processing
methods. Color codes: = polymer, = CO2, = polymer/CO2
solution.
In our case, ca. 10 min elapsed between removing the ﬁlament
from the autoclave and inserting the ﬁlament into the printer. The
foamed G&A structure was printed at a speed of 20 mm/s. With respect
to 3P and 3T, a printing temperature of 230 °C induced a severe
collapse of the foamed structure. Hence, lower temperatures were
explored to optimize the process. A printing temperature of 215 °C was
selected as the optimal nozzle temperature to induce simultaneous
melting, deposition and foaming without issues related to clogging or
collapse. Furthermore, a fan speed of 20% was used. By varying the
impregnation time, the impregnation pressure and the printing temperature, it was possible to obtain foams with different densities and
internal morphologies.

–
–
–

behaves as a viscous material. Figure 3 reports the complex
viscosity as a function of angular frequency at temperatures between 210 and 230 °C. At such temperatures, the
complex viscosity is nearly constant in the explored frequency range, indicating Newtonian behavior. We remark
that, in the Newtonian limit, the complex viscosity coincides with the steady viscosity (Ferry 1980). As expected,
the viscosity undergoes a strong decrease with increasing
temperature, dropping from approximately 300 Pa⋅s at
210 °C to nearly 20 Pa⋅s at 230 °C. This is a typical feature of
thermoplastic polymers.
At temperatures below 210 °C, the rheological response
of the material transitions from liquid-like to solid-like, as
demonstrated in Figure 4 which reports frequency sweep
data on the sample at 200 °C. The elastic modulus is larger
than the viscous one over the entire frequency range.
Furthermore, at low frequencies, the elastic modulus tends
to approach an equilibrium plateau, typical of a viscoelastic solid.

3 Results
3.1 Rheological properties
Dynamic rheological tests were carried out to investigate
the flow properties of the material at different temperatures. At temperatures higher than 210 °C, the TPU polymer

Figure 3: Complex viscosity as a function of angular frequency at
different temperatures.
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From this analysis it was deduced that the optimal
printing temperature is between 210 °C and 230 °C. Higher
temperatures would induce thermal degradation also
evidenced by the formation of bubbles, which would
negatively affect the printing process.

3.2 Thermogravimetry

To elucidate the transition from liquid to solid
behavior, we run a dynamic temperature ramp test from
190 °C to 230 °C and back, at a frequency of 5 rad/s and a
heating rate of 10 °C/min. Figure 5 depicts the viscoelastic
moduli as functions of temperature during the heating/
cooling cycle. At low temperatures the response of the
material is predominantly solid-like, with G′ larger than G″.
At a temperature of approximately 205 °C, a crossover between the viscoelastic moduli is observed. At temperatures
higher than 205 °C, the response of the material becomes
predominantly viscous, with G″ > G′.
At a temperature of approximately 215 °C, a drop of the
moduli is observed during heating. This could be possibly
ascribed to thermal degradation. The latter hypothesis
is further corroborated by the fact that, during cooling, the
transition from liquid to solid is not observed. Instead,
the viscous modulus is larger than the elastic one over the
entire temperature range.

Before processing, TGA was carried out to determine the
presence of water in the polymer and, therefore, if the
filament requires a drying pre-treatment to remove any
moisture and prevent degradation during the printing step.
Figure 6 shows the weight loss curves of the ﬁlament as
received and after drying in an oven at 60 °C overnight. The
analysis has been conducted under air atmosphere to reproduce the processing environment.
Both samples display the three-stage degradation
characteristic of TPU in oxidizing environment. The first
two steps located approximately at 300 °C and 350 °C are
related to the decomposition of the main TPU chain and the
degradation of polyols and isocyanates, while the third
step at around 500 °C can be explained by the degradation
of char resulting from the combustion occurring at temperatures below 500 °C (Wang et al. 2016, 2018). Worth to
be highlighted is the absence of weight loss at 100 °C,
commonly related to evaporation of water absorbed in the
polymer, suggesting that no moisture is present in the
ﬁlament as received.
Moreover, the onset of the first stage of degradation is
shifted to lower temperature after the drying treatment.
Therefore, it was not necessary to carry out a drying
treatment in the oven prior to printing.

Figure 5: Dynamic temperature ramp test performed on the TPU
polymer at 10 °C/min.

Figure 6: TGA of TPU samples in air atmosphere.

Figure 4: Frequency sweep test on TPU sample at 200 °C.
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3.3 Morphologies
The structures obtained from the three foaming processes
are shown in Figure 7.
The section morphologies were analyzed by SEM at
different magnifications (see Figures 8–10).
All the samples display a foamed morphology, which
is more evident if compared with the printed model showed
in Figure 1.
The morphology of the foams produced by 3P is the
most homogenous in size and distribution of bubbles.
Foams produced by 3T display smaller cells compared to
those obtained from 3P. In F3 (Figure 10), the distribution
of the bubbles is very uneven in quantity and size, and they
have a slightly elongated shape due to the stretching of the

expanded ﬁlament during the printing process. A substantial difference between this method and the others is
that the layers show a better adhesion between each other;
this is due to the phenomenon of expansion out of the
nozzle which favors the adhesion of the layers.

3.4 Density
Table 2 reports the densities of the material forming the
struts of the G&A model ( ρstrut) and the macroscopic
apparent density of the G&A model ( ρapp), as deﬁned in the
Characterization section.
It is noted that, apart from the neat TPU G&A structure
(unfoamed), densities are similar among the printed&foamed

Figure 7: Results obtained from the three
foaming processes, A) 3P, B) 3T, C) F3.

Figure 8: SEM of the structure obtained by 3P.

Figure 9: SEM of the structure obtained by 3T.
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Figure 10: SEM of the structure obtained by F3.

Table : Densities of the samples under investigation.
Model
Printed, neat TPU
(no foaming)
P
T
F

ρstrut (g/cm)

ρapp (g/cm)

.

.

.
.
.

.
.
.

samples, proving the good control of processing and making
the comparison of mechanical properties advantageous.

3.5 Differential scanning calorimetry
Thermal properties of the TPU filament as received and
processed samples were studied to investigate the influence of processing on the crystallization behavior of the
polymer.
Heat flow curves are shown in Figure 11. Upon heating
at 100 K/min, the ﬁlament displays the three endotherms
typical of untreated TPU. A low temperature endotherm
(I), located at around 85 °C is related to the hard-soft
segment short range interaction; the second endotherm
(II), located in the range 140–200 °C, refers to the
destruction of the long range order and the melting of
smaller and less packed crystals, while the hightemperature peak (III), above 200 °C, is due to the
melting of bigger and tightly packed crystalline regions
within hard segments (Koberstein and Russell 1986; Nofar
et al. 2019; Seymour and Cooper 1973).
Through processing, in all samples, the endotherms I
and II progressively shift to an upward temperature until
reaching the borderline case of sample 3P where I and II
merge with endotherm III.
This behavior of multiple melting endotherms of TPU is
well documented (Balko et al. 2017; Koberstein et al. 1992; Van
Bogart et al. 1981). Thermal annealing of the polymer induces

Figure 11: Heat flow curves of TPU neat and foamed samples.

morphological changes in segmental elastomers which, in
turn, inﬂuences the endotherms of TPU. In particular, it has
been demonstrated how the endotherm I shifts to higher
temperatures with annealing, until merging with endotherm
II. In turn, endotherm II shifts into the region of endotherm III
after severe annealing (Seymour and Cooper 1971, 1973).
Moreover, the use of CO2 as a blowing agent inﬂuences
the crystallization of the polymer by acting as a plasticizer.
It therefore favors the mobility of the chains, promoting the
formation of larger and better packed crystals. This effect,
coupled with the thermal treatment on endotherm shifting,
justiﬁes the results reported in Figure 11. Sample 3P shows
the synergic effect of pressure and temperature in favoring
the mobility of the chains and, therefore, the packing of the
crystals. The solubilization of CO2 at 180 °C favors the
growth and packing of crystals, inducing the formation of
uniform morphologies and of larger and better packed
crystals. Correspondingly, a shift in the Tm to 210 °C and an
increase in the ΔHm with the highest value of 20 J/g are
observed.
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3.6 Compression tests
Figure 12 shows the results of the compression test of neat
TPU G&A structures. In Figure 13 the different printed&foamed samples are compared.
An initial linear section is observed, before instability
occurs. Then, when the critical load value is reached, a
sudden reduction of the force is observed. With load
increasing, typical instability patterns of lattice structures
are observed. After the compression test, each model
regains its original shape almost completely, suggesting
that the samples were tested in the elastic region. The
detailed response of the structure in the large displacement
region will be the focus of a following investigation. We
will herein discuss the initial linear response. The results in
the linear region were subsequently analyzed with two
procedures: a microscopic and a macroscopic one.
The microscopic analysis was based on the analysis of
the stiffness of the single beam that is subjected to bending.
The relative local density of the material forming the
strut is calculated as ϕL = ρstrut/ρP, with ρP being the density
of the neat TPU. As the initial G&A model response is
mainly related to the bending of the horizontal struts
(beams), and as we count ﬁve vertically aligned of the
same, the stiffness of the model was divided by ﬁve and
compared to the theoretical stiffness of a foamed material
in view of the classical G&A model:
SeM = F/Δδ ⇒ SeB = 1/5SeM ,

(1)

where SeM is the experimental stiffness of the whole
structure (measured in the linear section of the force (F )

Figure 13: Exemplary result of the compression testing on the
printed&foamed G&A structures (green – 3P; blue – 3T; red – F3).

versus displacement (ΔL) curves of Figure 13), and SeB is the
experimental local stiffness of the beam.
From the beam theory, the displacement of a supported beam with a force in the middle is calculated from:
ΔL = (FL3 )/192 EI,

(2)

with I = t4/12 being the second moment of inertia, L the
length of the beam and t its thickness. The theoretical
stiffness of the beam is SThB = 16E ThB t4 /L3 , where E ThB is the
theoretical Young’s modulus (Gibson and Ashby 1999),

Figure 12: Exemplary result of the
compression testing on the neat TPU G&A
structure with images of the samples
showing the structural instabilities
corresponding to speciﬁc mechanical
response stages.
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E ThB = K 1B E Bulk Φ2L , with EBulk being the Young’s modulus of
the neat TPU and K 1B is a constant to be determined. The
experimental stiffness SeB and K 1B as well as the SeB /EBulk Φ2L
ratio are reported as a function of the foam density ( ρstrut)
in Figures 14 and 15, respectively.
From the analysis of Figure 14 it can be stated that no
relevant differences are observed among the different
processing methods, and from Figure 15 that the value of 1
for K 1B as predicted in the context of the Gibson and Ashby
model can be adopted.

The macroscopic analysis is based on the assumption
of the G&A structure as a homogenous material, with a
Young’s modulus of the macroscopic model, E eM , evaluated by the F versus ΔL curves of Figure 13. Again, the
theoretical Young’s modulus can be evaluated based on
the G&A model, this time with the use of the apparent
macroscopic density, ρapp, and the corresponding relative
density, Φapp = ρapp/ρP, as follows:
E ThM = K 1app E Bulk Φ2app .

(3)

The experimental Young’s modulus was compared
with the theoretical Young’s modulus and the respective
ratio to calculate K 1app . The results are reported in Figures 16
and 17.
Also in this case, given the same dimensions of the
G&A structures, minor differences among the processing
methods emerge (see Figure 16). Therefore, the ideal G&A
model can be successfully adopted to predict the structure
behavior given the apparent solid density and the Young’s
modulus of the material forming the heterostructure, irrespective of the details of the porous architecture at the
different scales.

Figure 14: Local stiffness of the foamed G&A structures as a
function of the strut density. Green = 3P; blue = 3T; red = F3. Open
symbols–theoretical stiffness, ST hB ; closed symbols–experimental
stiffness SeB.

Figure 15: Ratio of experimental and theoretical strut stiffness as a
function of the strut density. Green = 3P; blue = 3T; red = F3.

Figure 16: Apparent macroscopic Young’s moduli of the G&A
structures as a function of the apparent density. Green = 3P;
blue = 3T; red = F3. Open symbols–theoretical moduli, E T hM ; closed
symbols–experimental moduli, EeM. Continuous line–ideal
quadratic dependence of E T hM with apparent density; dashed line–
ﬁt of the experimental moduli, EeM.
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Figure 17: Ratio of experimental and theoretical apparent Young’s
moduli as a function of the apparent density. Green = 3P; blue = 3T;
red = F3.

4 Conclusions
In this work, different processing techniques have been
adopted to produce TPU heterostructures in terms of
porosity architecture at different scales. A macroscopic
porosity was achieved by 3D printing the iconic Gibson
and Ashby structure while the microscopic porosity was
achieved by different foaming techniques, namely,
temperature rise, pressure quench and direct 3D printing
and foaming. A thermal and rheological characterization
allowed properly designing the different processing
stages, avoiding polymer degradation. Microscopy and
mechanical characterization were performed on the final
structures, highlighting the morphological features of
the structures produced via the different techniques as
well as the main compressive properties. Treatment of
the mechanical response data in view of the classical
Gibson and Ashby approach proved its predictive ability
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