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ARTICLE INFO ABSTRACT
Keywords: Thermoplastic polyurethanes (TPUs) foams are valued for their low density, energy absorption, low thermal con-
Foam ductivity, and, in general, tunable properties. These features make them ideal for applications such as sportswear,
Thermoplastic flexible electronics, shape memory sensors, and soft robotics. Foaming of thermoplastic polymers is highly af-
Shrinkage fected by the state of the polymer in terms of molecular chain arrangement, crystallinity, and residual stresses,

Elastomer

3D printing which, in turn, are strongly influenced by the pre-processing history of the material. These complexities, together

with multiphase morphology, make TPU foaming particularly challenging for achieving high expansion ratios.
Preforms with different thermal and deformation histories are here selected to serve as models for exploring the
relationship between pre-processing and foaming, with and without the addition of fillers. We analyze the ex-
pansion ratio, foam morphology, microstructural features, and post-foaming shrinkage of neat TPU, 3D-printed
TPU structures, and TPU composites with multi-walled carbon nanotubes and aluminum nanoparticles using the
batch foaming technique under varying processing conditions. Results show the critical role of pre-processing (in
terms of printing parameters) and addition of fillers in influencing the foamability, and highlight microstructural
control through pre-processing as a key strategy to tailor TPU foams for advanced structural and functional ap-
plications. Building on this, we introduce foam-induced morphing, validating mold-free batch foaming as a tool
for designing lightweight systems with precisely tuned mechanics and morphing behaviors
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1. Introduction

Thermoplastic polyurethane (TPU) foams are lightweight, flexible,
and durable materials, striking a good balance between strength and
impact resistance. Their key properties, including high elastic deforma-
bility and resilience, excellent energy absorption, and customizable
structural and functional behavior, make them suitable for many ap-
plications such as sporting goods, flexible electronics, shape memory
sensors, and soft robotics [1-3]. These emerging applications increas-
ingly require foams with complex geometries, advanced structures,
non-uniform density, and functional properties [4,5].

When it comes to the production of foams with this level of complex-
ity, conventional molding technologies, such as foam injection molding,
steam chest molding, and foam compression molding, are not well
suited. Although these methods are well established for manufactur-
ing uniform, mono-material products [1], they inherently limit design
flexibility, scalability, and cost-effectiveness, particularly when dealing
with complex geometries, non-uniform properties, customized designs,
or small-batch production [6-9].

A promising alternative is the use of a mold-free foaming technology,
in which the final shape and functionality of the product can be imposed
prior to foaming through the design of a preform. The limitations im-
posed by rigid molds are thus bypassed, in favor of design flexibility
and ease of customization. However, to ensure that the shape integrity
of the preform is maintained, the foaming process must occur below the
polymer melting temperature [10]. Hence, the successful implementa-
tion of this strategy requires a coupled design of both the preform and
the mold-free foaming process.

Among the available techniques, batch foaming stands out as an
effective method for processing designed preforms into foamed parts,
without the need for melting or remolding. This process involves
solubilization of a physical blowing agent into the preform at high tem-
perature followed by rapid depressurization, promoting cell nucleation
and growth [11]. Provided the process occurs below the melting tem-
perature, the geometry of the initial shape is maintained, to a certain
extent.

Examples of such a combined approach have been proposed in liter-
ature, and they include batch foaming, or foam compression molding, of
complex-shaped preforms fabricated either with injection molding [12]
or with the 3D printing technology [13,14]. Nevertheless, the relation-
ship between preform design and the resulting foam properties has not
yet been investigated.

The production of TPU foams is not trivial, as TPU poses intrinsic
challenges during the foaming process. Its unique molecular architec-
ture, which is that of a block copolymer composed of alternating soft
segments (SSs) and hard segments (HSs) [15], introduces complexities
such as post-foaming shrinkage, low melt strength, and complex crystal-
lization behavior [1]. Indeed, the presence of SSs and HSs determines
the formation of a complex crystalline microstructure [16,17], which
influences the polymer properties in terms of rheological behavior [18],
sorption thermodynamics, and mass transport properties [19]. This, in
turn, directly impacts the foaming process, affecting bubble nucleation,
growth dynamics, and foam stability, as extensively reported in the lit-
erature for semi-crystalline homopolymers like polylactic acid (PLA) or
polypropylene (PP). In these cases, crystallinity follows a predictable de-
velopment path, resulting in a single dominant crystalline phase whose
presence significantly influences key factors, including the expansion
ratio [20], the efficiency of heterogeneous nucleation [21], and the re-
sulting cell morphology [22]. As a consequence, tuning the polymer
crystalline phase, either prior to, or during the foaming process, stands
out as an important additional parameter to control foamability.

For the complex case of TPUs, still few studies have analyzed the
link between microstructure and foamability, but some conclusions have
been reached demonstrating that the final foam characteristics are not
determined solely by the foaming conditions but also by the microstruc-
tural state of the preform [20,23,24]. Indeed, thermal, mechanical, or
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printing processing of the preform can affect segmental mobility, phase
separation, and crystallinity modifications, all of which influence foam
expansion and stability.

Choosing suitable printing parameters was identified as the key to
achieving high-quality 3D printed parts [25,26]. Many studies on man-
ufacturing parameters, such as printing speed, printing temperature,
build plate temperature, build orientation, layer thickness, raster angle,
infill pattern, and infill density, have been published in the literature
[25,27,28], and their effect on the mesostructure, mechanical proper-
ties, thermal profile and stress build-up of the 3D printed part has been
widely proven [28], thus confirming them as a powerful tool to improve
quality, mechanical strength and microstructure of prints [25].

Beyond microstructural effects, when functional properties are re-
quired, the incorporation of fillers or functional additives provides an
additional factor affecting TPU foamability. Fillers such as carbon nan-
otubes (CNTs), nano-clays, or silica particles can act as nucleating
agents, promoting heterogeneous cell nucleation, resulting in a more
uniform cell morphology [29]. Their presence can also stabilize cell
walls and mitigate common critical issues of TPU foaming, including
shrinkage and low melt strength [30]. On the other hand, additives often
reduce chain mobility, leading to a reduction in the maximum expan-
sion ratio compared to neat TPU [31]. As a result, fillers play a dual
role: while they may limit overall foam growth, they enable a more con-
trolled morphology and improved dimensional stability, which are key
for functional applications.

This study focuses on analyzing and leveraging the effect of pre-
processing on TPU foamability under various foaming conditions. More
specifically, the 3D printing technology, specifically tuned by changing
key printing parameters, is used to produce preforms with defined geom-
etry, as well as thermal and deformation histories, with and without the
addition of multi-walled carbon nanotubes (MWCNTSs) and aluminum
nanoparticles (AINPs) as fillers, to serve as models for exploring the re-
lationships between pre-processing and the final foam properties. The
impact of different pre-processing routes is thus explored, specifically in
terms of density reduction, cell morphology, post-foaming dimensional
stability (i.e., shrinkage), and 3D printing geometry. Understanding how
the processing history of the preform influences the final foam properties
offers a powerful design tool for tailoring TPU foams.

Advantages associated with the combined use of pre-processing and
mold-free technology are also taken into account. The possibility of hav-
ing no constraints during foam expansion, together with the ability to
tailor both sample geometry and processing history, allows us to design
predefined shape transitions that can only be triggered by the foaming
process: new routes of polymer morphing are introduced and explored.

2. Materials and methods
2.1. Materials

Commercial TPU pellets (DIAPLEX MM3510, Ether Type), with a
density (pypy) of 1250 kg/m? were purchased from SMP Technologies
Inc, Tokyo, Japan; MWCNTs (outer diameter < 8 um, length 10-30
um, purity > 95 wt% and ash < 1.5 wt%) were purchased from
CHEAPTUBES.COM. AINPs (diameter 40-60 nm) were purchased from
US Research nanomaterials, Houston, Texas, United States. The products
were used as received, without any purification process. The blowing
agent (BA), CO, (purity 99.99%), was supplied by SOL S.p.A., Monza,
Italy.

2.2. Methods

2.2.1. Preforms preparation

TPU composites loaded with a mixture of MWCNT and AINP were
prepared using a Brabender Plastograph mixer (Anton Paar, Graz,
Austria) by melt-mixing TPU pellets with a total of 3 wt% of MWCNTs
and AINPs in a 5:1 ratio. Mixing was performed at 150 °C for a total of
10 min (3 min for the neat polymer and 7 min after filler addition) at
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a rotation speed of 50 rpm. Both neat TPU and the resulting composite
were extruded into filaments with a diameter of 1.75 + 0.1 mm using a
filament maker (Composer 450, 3DEVO, Utrecht, Netherlands). These
filaments were then used to fabricate square-shaped samples via 3D
printing using a commercial fused deposition modeling (FDM) printer
(Prusa i3 MK3S +, Prusa Research, Prague, Czech Republic), with a noz-
zle temperature (Tpy) ranging from 195 to 225 °C, a bed temperature
of 50 °C, and a printing speed (Vpyin) ranging from 10 to 40 mm/s.
Further details on the composite preparation and printing process are
provided elsewhere [32]. To evaluate the shape morphing, a two-layer
beam shaped structure measuring 1 cm in width and 5 cm in length,
with a thickness of 1 mm, was produced. The first layer was printed at
225 °C and 20 mm/s, while the second layer was printed at 195 °C and
20 mm/s.

2.2.2. Foaming experiments

Both the TPU pellets and the 3D printed samples were subjected to
a foaming process using batch foaming technology, employing custom
made batch foaming equipment described in detail elsewhere [33]. This
consists of a pressure vessel heated by thermoresistor elements, capable
of heating up to 350 °C, and equipped with a pressure control system
that allows for regulation of pressure up to 200 bar. The system enables
the use of several types of blowing agent and it allows for the control of
the pressure drop rate (PDR) up to 10’000 bar/s, enabling the applica-
tion of various foaming strategies. Moreover, the use of a sapphire glass
window enables in situ monitoring of the polymer sample expansion.

The samples were loaded into the pressure vessel at the set tempera-
ture under vacuum conditions for 15 min. The vessel was then filled with
CO, at the desired pressure (ranging from 120 to 170 bar). The pres-
sure was maintained constant for a saturation time (t,,) of 15 min, after
which it was rapidly released, with a PDR ranging from 50 to 933 bar/s
[33]. The tests were performed at various treatment temperatures, rang-
ing from 83 °C to 170 °C. Each experiment was repeated at least three
times to allow for statistical analysis.

2.2.3. Density measurement

The density of the foamed samples was measured immediately after
the foaming process using a density kit mounted on a laboratory balance
(MS104S/01, Mettler Toledo, Columbus, Ohio).

Considering the balance readings in air and in water (w;,. and w,,,4er»
respectively), the foam density (p,,,) was evaluated as:

— Wyir (1)

P foam W —w

air water

2.2.4. Differential scanning calorimetry

The influence of both pre-processing and foaming processes on the
thermal properties and microstructure of the material was evaluated
by differential scanning calorimetry (DSC) using a Discovery 250, TA
Instruments, New Castle, Delaware, United States. The samples were
heated from 20 °C to 220 °C at a rate of 10 °C/min, and the result-
ing peak positions and integrals were analyzed with the TRIOS software
(TA Instruments, New Castle, Delaware, United States). The crystal melt-
ing peaks and the heat enthalpy required to melt the crystals (6 H) were
thus identified and quantified.

2.2.5. Rheological characterization

The rheological characterization was performed using an ARES rota-
tional rheometer (TA Instruments, New Castle, Delaware, United States).
Disk shaped samples were loaded at ambient temperature and immedi-
ately brought to 100 °C, then a temperature sweep test was performed
at a constant strain of 0.1% (within the linear viscoelastic regime) and
at an angular frequency of 1 rad/s, with a temperature ranging from
100 °C to 190 °C. Afterward, to address the effect of pre-processing, dif-
ferent cooling ramps (from melt), namely at 1, 5, and 10 °C/min, were
performed. In between each cooling ramp, a heating ramp at 10 °C/min
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up to 190 °C was carried out to bring the sample back to the melt state.
Moreover, a frequency sweep test was carried out on both the neat and
loaded TPU at a constant temperature of 120 °C and a strain of 0.1%
with an angular frequency ranging from 0.1 to 100 rad/s. The rheologi-
cal behavior was evaluated by monitoring the storage modulus (G’) and
loss modulus (G”) as a function of temperature.

2.2.6. Morphology characterization

The morphology of the TPU foams was examined through Scanning
Electron Microscopy (SEM, TM3000, Hitachi High-Technologies
Corporation, Tokyo, Japan) after sputter-coating the samples with a
thin layer of platinum to enhance surface conductivity. Bubble average
size (¢) and bubble size distribution were determined using the software
ImageJ [34]. Bubble number density (N) was determined using the
following equation:

v-(2)"

where n is the number of cells and A is the total sample area visible in
the SEM image.

PrPU. )
pfoam

2.2.7. Shrinkage evaluation

The shrinkage behavior of the TPU foams was evaluated by mea-
suring the density of all the samples seven days after the foaming
process (py.ini), during which they were stored at room temperature.
The shrinkage % ratio (SR) was calculated as follows:

_ Pshrink — pfoam

SR % 100. 3

pfaam

2.2.8. Thermal shrinkage evaluation

The thermal shrinkage of the 3D-printed samples was evaluated by
measuring the length change of a 3D printed strand when heated from
room temperature to 134 °C at a rete of almost 5 °C/min. Two 3D
printed strands were produced at 195 °C and 225 °C, and then treated
in the aforementioned pressure vessel (Section 2.2.2) under vacuum. A
sapphire window and a high resolution CCD camera (BV-7105H, Appro
equipped with a modular zoom lens system, Zoom 6000, Navitar) were
used to in situ monitor the sample shape over time. A snapshot of the
filament was taken every 5 s and shrinkage was evaluated by measuring
the filament length over time using the ImageJ software. To compare the
behavior of the two filaments, we estimated the ratio (L—L,)/L,, where
Ly is the initial length of the 3D-printed strand and L the corresponding
length after the thermal treatment.

3. Results and discussion

We hereby explore the foaming behavior of 3D printed TPU, with
and without the addition of fillers, examining how the microstructural
modifications introduced before foaming can influence the final foam
density, morphology and shrinkage. Indeed, since the preform is not
brought to a molten state during the foaming process, the thermal and
mechanical history of the preform plays a crucial role in influencing
material processing and subsequent expansion. To assess this effect, we
performed experiments under identical foaming conditions on both TPU
pellets and 3D printed TPU preforms obtained (i) at varying printing
parameters (i.e., T}, and v,,) and (ii) with the addition of fillers, as
this proved to be an effective way to alter the thermal properties and
the morphology of the material.

3.1. Effect of filler addition

3.1.1. Thermal analysis

Analysis of the DSC curves of neat TPU (pellets and 3D printed pre-
forms) and loaded TPU (filaments and 3D printed preforms) reveals
differences in the scan of each preform type (Fig. 1a), confirming that
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Fig. 1. DSC curves of each preform type: (a) prior to foaming, and (b) after
foaming under the same processing conditions.

modifications introduced before foaming are effective in modulating the
microstructure.

All samples exhibit multiple endothermic peaks, characteristic of the
complex melting behavior of TPUs [35,36]. Despite the interpretation of
the origin of these peaks still being under debate for TPU [17], some con-
clusions about the microstructure can be drawn. The low-temperature
peak corresponds to the melting of the less ordered HS regions, result-
ing from the annealing process, whereas the high-temperature peaks
arise from the melting of the more ordered, para-crystalline or micro-
crystalline HS crystal phases [37,38].

As visible from Fig. 1(a), the neat TPU displays three well-defined
peaks, while the other preforms show a broader peak either at high (for
the neat 3D printed and the loaded preforms) or at low temperature (for
the loaded 3D printed preform), indicating the presence of different,
more polydisperse crystal domains [17].

This is evident from the DSC of the 3D printed preform (purple curve)
in which the merging and broadening of the high-temperature peaks
resemble partial annealing [37]. Something similar is observed in the
case of the loaded preform (red curve), but with areduced A H, reflecting
an overall reduced crystallinity. Finally, the loaded 3D printed preform
shows the highest AH value.

The differences in the microstructure are still visible after the
foaming process (Fig. 1b). Indeed, all the samples exhibit a compa-
rable DSC profile, with a sharper high-temperature peak, a broader
low-temperature peak, and an intermediate transition, consistent with
the development of a complex crystalline structure [39]. However,
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variations in peak position and enthalpy persist, demonstrating that
the foaming treatment does not fully erase the differences in preform
microstructure, differences that, in turn, severely affect the foam for-
mation, as they influence gas solubility, bubble nucleation and growth
processes, hence foam morphology, and structural stability [19-21].

3.1.2. Rheological analysis

The effect of different pre-processing treatments was explored
through rheology, via application of different cooling and heating ramps
on the neat material (Figure SI 1) and through frequency sweeps on the
neat and loaded samples. Fig. 2 shows the effect of fillers on TPU rhe-
ology. Here, the loaded sample presents higher moduli values, denoting
a higher complex viscosity, as typically occurs in the presence of fillers.
This result is apparently in contrast with the one from Fig. 1(a), which
indicates a lower overall crystallinity in the case of loaded samples. This
inconsistency suggests that the different microstructure, supported by
the DSC measurements, is not directly linked to the material rheology,
despite still having a significant impact on foamability as it severely
affects gas solubility and diffusivity [19].

3.1.3. Foaming window

The foamability of each preform type is evaluated by the density
measurements of the samples collected right after the foaming process
at different foaming temperatures (Fig. 3). Among all the preforms, the
neat TPU shows the largest density reduction and the broadest foam-
ing window, with a minimum density of 88 + 15 kg/m3 at 157 °C.
Conversely, the neat 3D printed preform shows a reduced foaming win-
dow (129-148 °C), and a higher minimum density of 329 + 14 kg/m3.
Regarding the loaded preforms, the foam density is always higher than
that of the neat counterparts at a fixed temperature. This is related to
the increase in the material viscosity shown in Fig. 2(c), which hinders
bubble growth. Also, the foaming window is shifted toward lower tem-
peratures, which is a non-trivial result, again linked to the high viscosity,
but also to the change in the microstructure.

From the density map, we can notice that changing the preform, i.e.,
using a TPU sample with a different pre-processing history, affects the
final foam density even when the foaming conditions remain unchanged.
As an example, when foaming the neat TPU and the 3D printed preform
at 160 °C, we obtain samples with two very different densities. This
result may be employed and exploited for the production of advanced
mono-material foam products (see Section 3.3).

frequency sweep
108

G G
—e——O—neat
—e— —0— |oaded

10 T T

o [rad/s]

Fig. 2. Superimposed storage modulus (G’, solid symbols), and loss modulus (G”,
open symbols), at a constant strain of 0.1% as a function of frequency, at 120
°C, for neat and loaded TPUs.
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Fig. 3. Effect of foaming temperature on density reduction for different pre-
forms processed by batch foaming at a pressure of 120 bar of CO, and a PDR of
933 bar/s.

The effect of pressure and PDR was also explored by performing
foaming experiments at 134 °C, i.e., the optimal foaming temperature
for the neat 3D printed sample.

Results of the pressure sweep are shown in Fig. 4(a) for three differ-
ent preforms. The neat TPU shows the best foamability across the entire
pressure range, with a negligible pressure dependence; conversely,
the neat 3D printed and loaded preforms show a lower foamability
compared to the neat TPU—as already evidenced by the temperature
sweep—with a similar dependence on pressure: in both cases, foam den-
sity increases as pressure increases, identifying the best foaming pressure
at 120 bar. This behavior is non-trivial, since higher pressures, typically,
either enhance gas solubility [40] and promote foam expansion [24,41],
or lead to negligible changes in foamability [33]. The present result may
be rationalized by considering that, at the given temperature, the higher
pressures can either be responsible for cell wall rupture during excessive
bubble growth, upon the rapid decompression, or cause a stronger plas-
ticization effect, due to the increasingly high gas uptake [40], possibly
leading to the premature collapse of the foam structure. Further investi-
gation is required to clarify this mechanism, which lies beyond the scope
of the present work.

The effect of PDR is shown in Fig. 4(b). The foaming temperature and
pressure were again selected based on the previously reported analysis
(134 °C and 120 bar), while the investigated PDR values ranged from
50 to 933 bar/s. Again, while the neat TPU is not significantly affected
by the PDR, the neat 3D printed and loaded preforms show a decreasing
foam density with increasing PDR, in agreement with literature reports
[42]. Overall, the results indicate that higher PDR values promote foam
expansion, with the best PDR being at the upper end of the investigated
range.

3.1.4. Foam morphology characterization

Fig. 5 shows the foam morphology of the TPU samples at different
foaming temperatures. Overall, at the lowest temperature, small and
well-defined bubbles are visible. As the foaming temperature increases,
the bubble average size gradually increases, while the overall bubble
number density decreases (see Supplementary, Figure SI 2), until the
structure eventually collapses. This morphological evolution is consis-
tent with the density reduction trends reported in Fig. 3, confirming
that temperature strongly governs the balance between bubble growth
and structural stability.

Despite the general behavior being similar, the evolution of the
morphology with temperature presents significant differences when
switching from one preform to another. Indeed, the presence of crys-
talline domains strongly influences the cell density and expansion ratio
of the foams [20,21,23]. As previously discussed, each preform exhibits
a distinct microstructure determined by its specific processing history,
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Fig. 4. Effect of foaming (a) pressure and (b) PDR on density reduction for differ-
ent preforms processed by batch foaming at 134 °C using 933 bar/s and 120 bar
of CO,.

and these features are not completely erased during foaming, which
explains the differences in foamability and foam morphology observed
among the different preforms (Figs. 3 and 5).

The neat preform exhibits the most ordered crystalline structure,
as indicated by the higher melting temperature in the DSC curves.
According to literature, this favors bubble formation at lower tempera-
tures due to a reduced nucleation barrier associated with heterogeneous
nucleation on well-developed crystalline surfaces [21,43]. This ordered
morphology is preserved during foaming at temperatures up to 134 °C,
as evidenced by the microphotographs of Fig. 5.

In contrast, the neat 3D printed preform displays a finer and less or-
dered crystalline morphology (Fig. 1), thus determining the production
of foams with smaller average bubble diameters [44] (Figure SI 2a), re-
duced expansion ratio (Fig. 3) and increased cell density (Figure SI 2b).
This morphology can also be attributed to differences in CO, solubil-
ity: the lower fraction of crystalline HSs during processing determines a
higher CO, solubility in the 3D printed preforms, as the gas molecules
dissolve less readily in crystalline domains [19]. This, in turn, increases
cell nucleation, contributing to the observed foam structures (Figure SI
2b) [24].

At high temperature, the process can be compared to an annealing
process, the crystalline HSs with lower degree of perfection dissociate
resulting in an enhanced polymer chain mobility that facilitates cell
growth [45], but also cell rupture and coalescence due to the absence of
unmelted HSs crystalline phase [23]. This explains the premature col-
lapse observed in the neat 3D printed preforms at 155 °C (Fig. 5), which
results in reduced foamability [20].
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170 °C

Fig. 5. SEM images of the cross section of the samples processed at diverse foaming temperatures. Scale bar 50 um.

Regarding the loaded preforms, when foamed at lower temperatures,
they exhibit a larger bubble number density (Figure SI 2b) with respect
to the non-loaded ones, likely due to the heterogeneous nucleating effect
of the fillers and the lower AH (i.e., lower overall crystallinity), while
the reduced expansion and bubble average diameter (Figure SI 2a) may
be related to the increase in the viscosity (Fig. 2).

The loaded 3D printed preforms’ foamability closely resembles that
of the loaded TPU, but with a narrower foaming window, as also ob-
served in the comparison between neat TPU and neat 3D printed TPU.
In this case, the higher fraction of crystalline phase (Fig. 1a) severely
reduces gas solubility, as also evidenced by the absence of bubbles at
107 °C.

Interestingly, at 134 °C, all samples show a similar overall density
reduction, but present different morphologies. The loaded preforms have
a higher bubble number density, again confirming the combined role of
the solubility change and the nucleating effect of the filler.

3.1.5. Foam shrinkage analysis

Foam shrinkage behavior was evaluated by measuring the density
reduction seven days after foaming, when the sample’s volume reached
equilibrium. As shown in Fig. 6, py,,, is always higher than p,,.

In the case of the neat sample, a significant shrinkage is reported,
especially at the lowest densities. A reduced shrinkage is reported in
the case of the neat 3D printed preforms, (Fig. 6b), even at densities
similar to those of the neat counterparts (which here occurs in the range
130-140 °C). This may be related to the different microstructures of
the two preforms that may affect mechanical properties [46] and gas
diffusivity, specifically reducing the effect of the counterpressure within
the bubbles [47]. The loaded preforms display a more stable structure
and the shrinkage appears to be non-proportional to the expansion ratio,
unlike the neat TPU case (Fig. 6¢). The loaded 3D printed preforms show
a similar behavior, but with an overall reduced shrinkage, as already
observed when comparing neat TPU and neat 3D printed TPU.

With the aim of quantifying the conditions at which minimum
shrinkage is obtained, and to better compare these results, the SR was
evaluated (Fig. 7). In all cases, a non-monotonic evolution of the SR is
visible, with a significant increase in the range 140-160°C for the neat
preform, i.e., when the foam has the lowest density [41]. The increase in
the SR is lower for the neat 3D printed preform, for which shrinkage is
never greater than 33%. The SR is even smaller for the loaded preforms:

at 135 °C, a minimum in the SR value is observed, despite a density re-
duction comparable to that observed at lower temperatures. However,
differently from the neat comparison, in the loaded case, the tempera-
ture dependence of the SR is quite similar in both the non-printed and
the printed preforms. This is not valid, as anticipated, in the neat case,
where a shift in the maximum SR is evident, probably reflecting the shift
in the temperature at which the minimum density is detected (Fig. 3).

Overall, the lowest after shrinkage density is obtained by the neat
TPU preforms, with values p,,,, as low as 308 + 85 kg/m?3; however,
from an application point of view, the after-shrinkage neat TPU cannot
be considered the best sample as the significant shrinkage (evidenced by
the high SR at the temperature where the minimum density is detected)
causes the deformation of the as foamed sample geometry. The neat 3D-
printed preforms, on the other hand, despite showing a higher minimum
density (418 + 31 kg/m?), demonstrate superior dimensional stability,
exhibiting very limited shrinkage. For functional applications where di-
mensional stability is critical, processing conditions where shrinkage is
negligible are to be adopted.

3.2. Effect of pre-processing conditions

The effect of the 3D printing process on the foamability of the
preforms is herein explored. 3D printing processing parameters in-
clude nozzle and filament size, printing temperature, printing speed,
layer orientation, layer thickness, infill density and infill pattern [48].
However, among these, only a few affect the state of the printed
polymer. Indeed, parameters like infill and layer thickness essentially
determine the geometry and internal architecture of the printed part
without directly affecting the thermal and deformation history of the
material. Accordingly, we will focus on only two printing parameters,
namely 7,,;,, and v,,,,,, as the primary variables influencing the residual
stresses and crystalline structure within the final piece [49-511, hence
bridging the gap between processing-induced thermal history and the
morphological characteristics of the foamed polymer.

3.2.1. Printing temperature

The printing temperature corresponds to the hot end temperature
during the printing process. From a materials perspective, varying the
printing temperature alters the thermal history experienced by both
the deposited and the underlying filaments, thereby affecting the crys-
tallinity buildup of the material [52], as evident from the rheological
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Fig. 7. Shrinkage ratio (SR) as a function of the foaming temperature for each
preform type, namely (a) neat TPU pellets, (b) neat TPU 3D printed samples, (c)
loaded TPU, (d) loaded TPU 3D printed samples; the lines are a guide to the eye.

study (Figure SI 1a) and the DSC curves collected prior to foaming
(Figure SI 3a).

These microstructural differences are reflected in the foamability of
the samples, as depicted in Fig. 8(a), where the density of the foamed
preforms printed at temperatures ranging from 195 °C to 225 °C is re-
ported. Notably, all samples were foamed under the previously identified
optimal conditions (134 °C, 120 bar CO,, and a PDR of 933 bar/s).

As the printing temperature increases, the foamability decreases, as
evidenced by the higher density of the resulting foams. Accordingly, the
most suitable printing temperature can be identified as 195 °C. Overall,
the influence of printing temperature is significant, leading to a density
variation of approximately 270 kg/m3, which confirms a strong sensi-
tivity of the foaming behavior to the thermal history imposed during the
printing stage.

3.2.2. Printing speed

The printing speed affects both the residence time of the filament
within the hot end and nozzle, as well as the shear stress to which the
molten polymer is subjected. Samples printed at velocities ranging from
10 mm/s to 30 mm/s were foamed under the previously identified opti-
mal conditions (134 °C, 120 bar CO,, and a PDR of 933 bar/s). For each
sample, the final foam density was measured, as reported in Fig. 8(b). A
slight decrease in density is observed with increasing printing speed, sug-
gesting a marginal improvement in foamability. However, considering
the experimental variability and reproducibility, this effect is negligible.
It can therefore be concluded that foamability is not significantly influ-
enced by printing speed, and the optimal printing speed may be selected
based on other processing considerations.

3.3. Toward advanced applications

When a material undergoes free and uniform expansion, the initial
geometry is faithfully reproduced on a large scale. However, when lo-
cal differences in expansion are induced, they can result in non-trivial
deformation effects, that, in turn, can determine a significant change in
the geometry of the final product. Exploiting the shape change can be
envisioned as morphing [53,54]. In the present paragraph, we explore
how the accurate design of the sample preform can be exploited as a
way to induce morphing in mold-free batch foaming.

Indeed, by tailoring the 3D printing parameters and/or combining
differently processed filaments (e.g., filaments printed at different Ty,
OT Vpine, OF neat and loaded filaments) in the printed geometry, we
can modulate the local expansion. In other words, the evolution of the
sample can be virtually predetermined within the preform prior to foam-
ing, enabling the exploitation of foaming itself as a morphing trigger
[49,51,55]. We will herein call this mechanism Foam Induced Morphing.

To explore and demonstrate the feasibility of this method, we first
present proof-of-concept structures designed to qualitatively demon-
strate morphing upon foaming. We processed two different scaled-up
3D printed architectures, which are shown in Fig. 9 . As visible, the first
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design preform

foaming

Fig. 9. Flow chart of foaming induced geometry morphing of neat 3D printed
samples by design. Comparison of two different preforms with the respective fi-
nal foam samples. The first design promotes the foaming induced bending (top),
and the second promotes torsion induced foaming (bottom). Scale bar 0.5 cm.

preform, consisting of lamellae connected to a vertical truss, undergoes
bending during foaming, as the expansion of the lamellae is constrained
by the vertical element. The second preform, on the other hand, is a
cylindrical element and undergoes torsional deformation upon foaming.

Materials & Design 265 (2026) 115852

To move beyond qualitative observation and toward a more design-
oriented strategy, we further demonstrate that foam-induced morphing
can be programmed by combining preforms with intrinsically dif-
ferent expansion behaviors. Indeed, one can thus exploit, through
foaming, their intrinsic ability to expand to a different extent un-
der identical foaming conditions (as presented in Section 3.1.3, Fig. 4
and Section 3.2), enabling production of non-trivial final foamed
shapes.

An example of this second approach is reported in Section 3.2, in
which a two layer preform produced by combining layers printed at 225
°C (bottom half) and layers printed at 195 °C (top half) is presented.
By exploiting the wide difference in foamability of the two halves, re-
ported in Section 3.2, possibility of obtaining foam induced morphing is
foreseen.

The problem is quite complex as the foaming process involves the
treatment of the polymer at high temperature for a sufficiently long time
to allow the solubilization of the blowing agent (7,,,) before the pressure
drop can be applied. As a consequence, the first effect of this process
is thermal shrinkage, which causes the filament to recover the strain
induced during the filament deposition. This effect is well reported in
the literature [49,51] and is enough to induce shape morphing when
combined with a precise printing pattern design [56,57].

To quantify heat-induced morphing during our process, we moni-
tored the length L of two filament pieces printed at T,,;,, = 195 °C and
Tyime = 225 °C, respectively, during heating from 20 to 134 °C (this be-
ing the optimal foaming temperature identified in Section 3.1.3 for a
neat 3D printed preform). The thermal shrinkage (L — L)/ L, as a func-
tion of time and temperature is presented in Fig. 10(a). As illustrated,
the filament length decreases with rising temperature, and the magni-
tude of this contraction is highly sensitive to pre-processing conditions,
again highlighting the possibility of exploiting pre-processing to induce
changes in the 3D printed parts, even without the need for complex
printing pattern design. Specifically, length reductions of 39.5% and
12% were observed for T),,,;,, values of 195 °C and 225 °C, respectively.
This behavior was also confirmed by foaming experiments conducted on
the two-layer preform. The primary morphing induced by heat caused
a retraction of the two layers which was found to be consistent with
the shrinkage data obtained from the individual filaments printed at
those respective temperatures (higher shrinkage when at lower 7,,;,,),
as evidenced in Fig. 10(b).

When the pressure is finally dropped, a secondary foam-induced
morphing occurs (Fig. 10c). Since expansion depends on the printing
temperatures, as detailed in Section 3.2.1, a non-isotropic expansion is
detected. This is confirmed by evaluating the ratio of the lengths of the
two parts, which is not maintained after foaming, as would have hap-
pened in an isotropic expansion. Before foaming, it is 2.14, while after
foaming, it decreases to 1.18; hence, it is reduced to half of its origi-
nal value. This is consistent with the results of Fig. 8, in which a lower
expansion of the layer printed at 225 °C is expected with respect to
that printed at 195 °C. The relative expansion ratio of almost 0.5 ul-
timately causes the material to bend in the opposite direction of the
heat-induced curvature. This change indicates that the foaming process
effectively ‘retrieves’ or compensates for the prior shrinkage through lo-
calized expansion. Precise calibration of this phenomenon, accounting
for the localized density variations in each component, offers a ro-
bust, unprecedented framework for a novel approach to programmable
morphing.

Although there is still much to explore and refine, these examples
demonstrate how preform design and material pre-processing, combined
with the freedom of a mold-free foaming process, can be effectively em-
ployed to encode and trigger shape transformations, introducing a new
paradigm of foam-induced morphing in polymeric systems.
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4. Conclusions

This work demonstrates that the foamability of thermoplastic
polyurethane processed by supercritical CO, is not solely governed by
foaming parameters but is strongly affected by the pre-processing his-
tory of the material. By systematically comparing neat, 3D printed,
loaded, and 3D printed loaded preforms, we establish a direct link be-
tween pre-processing, microstructural state, and subsequent expansion,
morphology, and shrinkage behavior. The results show that microstruc-
tural modifications introduced during 3D printing are not erased during
foaming but instead actively determine bubble nucleation, growth, and
structural stability.

Both neat and loaded 3D-printed samples showed limited density
reduction, attributed primarily to microstructural influences on gas
transport and bubble nucleation. Filler incorporation enhanced struc-
tural stability, mitigating shrinkage and shifting the foaming window to
lower temperatures (108-135 °C).

Regarding printing parameters, printing speed had a negligible ef-
fect, whereas elevated printing temperatures significantly reduced TPU
foamability.

Building on this understanding, we introduce and experimentally
validate the concept of foam-induced morphing. By integrating regions
printed under distinct thermal histories, non-isotropic growth is trig-
gered under uniform foaming conditions, enabling predictable non-
isotropic shape transformation. The decoupled analysis of heat-induced
shrinkage and subsequent foam-induced expansion confirms that shape
evolution can be encoded at the deposition stage and activated during
foaming. These findings position mold-free batch foaming as a design
tool for programmable, shape-transforming polymer architectures. The

combined control of 3D printing and supercritical CO, batch foaming
parameters opens new opportunities for tailored lightweight systems
with tunable mechanical responses and controlled morphing behavior,
toward applications in advanced fields like soft robotics.
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