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ABSTRACT

Shape memory foams (SMFs) have garnered significant attention as smart, sustainable solutions for
diverse applications, including environmental remediation and thermal insulation. However, their
practical utility has often been constrained by limited expansion ratios resulted poor porosity, which
hinder performance in key areas such as oil absorption and heat retention. In this study, we report the
fabrication of ultralight SMFs based on the environmentally friendly supercritical foaming method. The
exceptional miscibility of the polymer blends, validated by molecular dynamics analysis and thermo
behaviors, enables the formation of foams with an extraordinarily high expansion ratio. This process
yields microcellular structures with an ultralow density of 0.0265 g cm 3, significantly enhancing both
the porosity and surface area of the material. The high expansion ratio directly translates to superior oil
absorption capacity, as the increased pore volume and interconnected microstructure facilitate rapid
uptake and retention of oils. Simultaneously, the expanded cellular architecture imparts outstanding
thermal insulation properties, effectively minimizing heat transfer and energy loss. The excellent shape
memory behavior and recyclability, further underscoring their potential for sustainable applications.
This research introduces a robust and eco-friendly strategy for producing high-performance SMFs with
unprecedented expansion ratios, offering a versatile approach for environmental protection and energy

conservation.
© 2025 Kingfa Scientific and Technological Co. Ltd. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

external stimuli, such as heat, light, or electric. This unique func-
tionality, combined with their high porosity and large specific

In recent years, the development of shape memory foams
(SMFs) has garnered significant attention, driven by the growing
demand for sustainable, lightweight, and multifunctional mate-
rials across various industries [1-3]. SMFs exhibit the remarkable
ability to recover their original shape when exposed to specific
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surface area, makes them highly promising for a broad range of
applications [4-6]. For example, in environmental remediation,
their low density and exceptional absorption capabilities make
SMFs ideal candidates for efficient oil spill cleanup [7]. Similarly,
their potential as high-performance thermal insulation materials
is of great significance in both residential and industrial settings,
where energy-efficient solutions are essential for reducing heating
and cooling costs [8,9].

Many polymers exhibit intrinsic shape memory behavior due to
their long-chain molecular structures and tunable phase transition
temperatures. Consequently, they have been the subject of
extensive research in the field of shape memory materials [10-12].
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Polyurethanes, for instance, have been widely used in SMF appli-
cations because their shape memory characteristics can be tailored
by adjusting the chemical composition, such as the ratio of hard to
soft segments and the degree of cross-linking [12]. However, the
irreversible nature of these crosslinked networks often compro-
mises the recyclability of the materials, thereby limiting their
sustainability. In this regard, the concept of using polymer with
single broad phase transition is promising, for instance, a broad
glass transition achieved by fully miscible polymer blends [13-15].
When polymers with complementary properties are blended at
the molecular level, they can form a homogeneous matrix with
entangled long molecular chains. In the case of shape memory
applications, one polymer component often serves as the “switch”
segment, which responds to external stimuli, while the other acts
as the “network” or “permanent” segment, providing the struc-
tural integrity and memory of the original shape. Thereby, the
polymers remain their thermal plasticity that capable of producing
ultralight foams.

Despite notable progress, several critical challenges persist in
the development of high-performance SMFs. One of the primary
difficulties is achieving ultralow-density foams without compro-
mising structural integrity. Conventional chemical foaming tech-
niques, which rely on the decomposition of blowing agents, often
result in non-uniform foam structures due to premature or
inconsistent gas evolution [ 16-18]. These defects manifest as large
voids and uneven cell sizes, which undermine the mechanical
strength and functional properties of the foams. As an alternative,
physical foaming methods have gained considerable traction due
to their environmental sustainability and high product quality.
Particularly, supercritical carbon dioxide (scCO;) is widely used as
a blowing agent because of its high solubility in polymers, low
cost, non-flammability, and environmental friendliness [19-22].
This technique has demonstrated great potential for producing
foams with ultra-lightweight and uniform cell structures. A
consistent microcellular structure is critical for achieving reliable
thermal insulation, mechanical performance, and shape memory
functionality. However, in practice, variations in cell size, shape,
and distribution are common, which can lead to inconsistent
material behavior. In oil absorption applications, many existing
SMFs suffer from limited absorption capacity and poor recycla-
bility, falling short of the stringent requirements for sustainable
environmental remediation [23,24].

In this study, we address these challenges by synthesizing fully
miscible PLA/PMMA polymer blends and employing supercritical
CO, foaming to fabricate ultralight SMFs. The miscibility of PLA
and PMMA was confirmed by molecular dynamics simulations and
experimental analyses. Rheological investigations demonstrated
that the incorporation of PMMA into the PLA matrix significantly
enhanced the foamability of the blends, enabling the production of
ultralight foams with high expansion ratios and refined micro-
cellular structures. The homogeneous nature of the PLA/PMMA
blends endowed the resulting foams with excellent shape memory
behavior, characterized by large recoverable deformations and
high shape recovery efficiency. Moreover, the combined hydro-
phobic and lipophilic properties of the foams resulted in highly
efficient and sustainable oil absorption. The foams could be easily
regenerated through simple mechanical squeezing, offering a
practical and environmentally friendly solution for repeated oil-
spill remediation. In addition, the high expansion ratio and
open-cell structure contributed to the superior thermal insulation
performance of the foams. Theoretical calculations and simula-
tions further elucidated the heat transfer mechanisms within the
foams, emphasizing the importance of minimizing solid-phase
conduction to optimize insulation efficiency. The ultralight PLA/
PMMA SMFs developed in this study represent a highly versatile
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material platform with great potential for diverse industrial ap-
plications. Notably, their outstanding shape memory properties
position them as smart, multifunctional materials suitable for a
wide range of advanced applications, including thermal insulation,
environmental remediation, shock absorption, and acoustic
damping.

2. Experimental section
2.1. Supercritical foaming of shape memory foams

The raw materials of PLA (Ingeo 4032D, NatureWorks, USA) and
PMMA (CM207, ChiMei, Taiwan, China) were dried in a vacuum
oven at 90 °C for 2 h to eliminate residual moisture. Pure PLA and
PLA/PMMA blends were prepared using a micro twin-screw
extruder (SJZS-10B, Ruiming, China) operated at a screw speed of
50 rpm with a processing temperature of 180 °C. The weight ratios
of PLA to PMMA in the blends were 75/25 and 50/50, respectively.
The extruded cylindrical strands, approximately 3 mm in diameter,
were cooled to room temperature prior to foaming.

A batch foaming method was employed using a temperature-
controlled high-pressure vessel. The extruded samples were
placed in the sealed vessel, heated to 180 °C (above the melting
temperature of the polymers), and saturated with supercritical
carbon dioxide (scCO,). The scCO, dissolved into the polymer
melts, forming a homogeneous polymer/gas solution after a
specified saturation time. In this study, a CO, pressure of 10 MPa
was used as the saturation temperature, and the saturation time
was set as 40 min. Subsequently, the vessel was cooled to the
designated foaming temperature, followed by a rapid depressur-
ization (about 51 MPa-s~!) to induce cell nucleation and growth.
Finally, the foamed samples were quenched to room temperature
to stabilize the cellular structures. The detailed mechanism of this
supercritical foaming is illustrated in the supplementary
materials.

2.2. Characterizations of the shape memory foams

The optical transparency of the samples was evaluated using a
UV-vis-NIR spectrophotometer (Lambda 950, PerkinElmer, USA).
Thermal transitions were analyzed via differential scanning calo-
rimetry (DSC 3500, NETZSCH, Germany) with a heating rate of
10 °C/min from 20 °C to 200 °C under nitrogen atmosphere. Dy-
namic mechanical properties were assessed with a dynamic
thermo-mechanical analyzer (DMA, Discovery DMA-850, TA In-
struments, USA). Samples were heated from room temperature to
200 °C at 3 °C/min, under a constant frequency of 1 Hz and a
preload force of 0.01 N. Fourier transform infrared spectroscopy
(FTIR) spectroscopy was carried out using Nicolet 6700/NXR
spectrometer (Thermo Fisher) under ATR module. The wave-
number length was from 4000 cm™~! to 400 cm™!, with resolution
of 4 cm~. Creep-recovery tests were also performed using the
DMA, where samples were stretched at 80 °C under a fixed stress
of 100 kPa for 2 min, followed by free recovery recording for
another 2 min. Rheological properties were characterized using a
rotational rheometer (Mars 40, Haake, Germany) with parallel
plate geometry (diameter: 20 mm; gap: 1.2 mm) under nitrogen
atmosphere. Dynamic frequency sweep tests were conducted at
180 °C with a strain amplitude of 5 %, across an angular frequency
range from 0.1 to 100 rad/s. The complex dielectric permittivity
(e* = &' - ie") was measured using an LCR meter (E4980A, Agilent,
USA) over a frequency range of 10° to 10% Hz at 80 °C with an
applied AC voltage of 0.5 V. The densities of solid (ps) and foam (p)
samples were determined via the water displacement method. The
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expansion ratio (¢) of the foams was calculated using the
equation:

bt
Pf

The microcellular structures of the foams were observed using
a scanning electron microscope (SEM, JSM-7800F, JEOL, Japan).
Prior to imaging, the foams were cut with a sharp blade and
sputter-coated with a thin layer of platinum. Quantitative cellular
parameters including cell size and cell density were analyzed us-
ing ImagePy software. Cell density (Ng) was calculated according
to:

Moo )

where n is the number of cells in the SEM image, A is the imaged
area (mm?). The open-cell content (oc%) was measured using a
nitrogen pycnometer (AccuPyc I 1340, Micromeritics, USA), ac-
cording to the following equation:

(3)
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where Vopen, Virue, and Viorar represent the open-cell volume,
true volume (including closed cells and cell walls), and total vol-
ume of the foams, respectively. Compressive properties and
shape memory behavior were evaluated using a universal testing
machine (HDW-2000, Hengxu, China) equipped with a heating
system (Supplementary Section S1). Wettability was characterized
by measuring the contact angles of deionized water and cyclo-
hexane droplets (5 pL each) on the foam cross-sections using a
contact angle analyzer (JC2000D, Powereach, China). Oil absorp-
tion performance testing were conducted by soaking the foam into
oil and test their recycle absorption capacity (Supplementary
Section S2). Thermal insulation performance was evaluated
through both experimental measurements and theoretical calcu-
lations. The experimental thermal conductivity of foams was
measured by a TPS 2500 S thermal constant tester, and further
details about the calculation and simulation are provided in
supplementary Section S3.

3. Results and discussion
3.1. Fully miscibility of polymer blends

As illustrated in Fig. 1a, blends of PLA and PMMA were readily
prepared using a twin-screw extrusion process. During extrusion,
the applied shear force promotes a high degree of miscibility be-
tween PLA and PMMA. The complete miscibility of PLA and PMMA
is attributed to their similar molecular polarity, which enables
strong intermolecular interactions and enhanced compatibility.
This was verified using the Blends Module in Material Studio
software. Fig. 1b shows the lowest-energy conformational trajec-
tories of methyl methacrylate monomers surrounding lactic acid
monomers, based on van der Waals energy minimization. The
monomers are uniformly distributed on both sides of the PLA
chains. The corresponding binding energy distributions are pre-
sented in Fig. 1c, where PLA-PLA, PLA-PMMA, and PMMA-PMMA
interactions exhibit similar binding energies, suggesting highly
compatible blending structures [25]. Fig. 1d presents the temper-
ature dependence of the Flory-Huggins interaction parameter (y).
At the processing temperature of 200 °C, the y value approaches
zero, further confirming the excellent miscibility of PLA and PMMA
[26]. This high miscibility is also demonstrated in the
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experimentally prepared blends. As shown in Fig. 1e, PLA/PMMA
blend wafers with varying weight ratios display high optical
transparency at a thickness of 2 mm. According to the trans-
mittance spectra in Fig. 1f, all blends exhibit over 80 % trans-
mittance in the visible wavelength range, with a slight increase in
transmittance at higher PMMA contents. This increase may be due
to the suppression of PLA crystallization, as evidenced by the dif-
ferential scanning calorimetry (DSC) heating scans in Fig. 1g and
wide-angle X-ray diffraction in Supplementary Fig. S1. Pure PLA
exhibits a glass transition temperature (T) at 60 °C, followed by a
distinct cold crystallization exothermic peak and a melting endo-
thermic peak, reflecting its inherent crystallization behavior. In
contrast, the PLA/PMMA blends display a single T, without any
separate transitions, which also confirm their complete misci-
bility. As the PMMA content increases, the Tg shifts to higher
temperatures, and both crystallization and melting peaks disap-
pear, due to the rigid molecular chains of PMMA inhibiting PLA
crystallization [27]. Furthermore, the thermomechanical behavior
was evaluated by analyzing the evolution of the damping factor
(tan §), as shown in Fig. 1h. Pure PLA exhibits a sharp and narrow
tan § peak, indicating high chain mobility and a distinct glass
transition. In PLA/PMMA blends, the presence of a single tan 5 peak
further confirms their miscibility [28]. As PMMA content increases,
the tan & peak shifts to higher temperatures with broadened and
decreased peak, indicating that molecular mobility (a-relaxation)
is significantly reduced in the miscible PLA/PMMA blends. From
the FTIR spectra in Supplementary Fig. S2, a new peak at 842 cm™!
emerges, resulting from altered C-O bond vibrational frequencies
induced by hydrogen bonding between PLA's ester C-O groups and
PMMA's —OH. Additionally, the shift of PLA's C=0 peak from
1750 cm~! to 1730 cm™! indicates weakened C=0 bonds due to
hydrogen bonding. These observations confirm strong intermo-
lecular interactions between PLA and PMMA. Furthermore, SEM
images of the blends in Supplementary Fig. S3 reveal no second
phase on the fracture surface, reinforcing the complete miscibility
of the two polymers.

3.2. Foamability and cellular microstructures

Supercritical foaming technology was employed to fabricate
microcellular polymer foams. However, PLA typically exhibits poor
foamability due to its low melt strength, making it difficult to
produce lightweight PLA foams with ultralow densities [29]. In
contrast, PMMA demonstrates excellent foaming properties due to
its adequate melt viscoelasticity. Therefore, introducing highly
miscible PMMA molecular chains into the PLA matrix is expected
to significantly enhance the foamability of the blends, enabling the
production of super lightweight polymer foams. To investigate this
hypothesis, the melt properties of the PLA/PMMA blends were first
characterized using rotational shear rheology. As shown in Fig. 2a
and b, and Supplementary Fig. S4, the PLA/PMMA blends exhibit
typical viscoelastic responses, where both the storage modulus
(G") and loss modulus (G") increase with frequency. This behavior
reflects restricted polymer chain mobility, resulting in a transition
from viscous flow to more elastic, solid-like behavior. Notably, a
significant increase in both G' and G" with higher PMMA content
implies an enhanced ability to store elastic energy and increased
internal energy dissipation. This is attributed to stronger inter-
molecular interactions and reduced molecular mobility imparted
by the rigid PMMA chains. Furthermore, the blends display New-
tonian behavior at low frequencies, where the complex viscosity
(»*) remains nearly constant. As frequency increases, n* decreases,
demonstrating typical shear-thinning behavior. The presence of
higher PMMA content results in significantly higher »* values at
low frequencies due to the rigidity of PMMA chains. Additionally, a
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Fig. 1. Fully miscibility of the PLA/PMMA blends. (a) Molecular structures of PLA and PMMA. (b) Lowest-energy conformational trajectories of methyl methacrylate monomers
surrounding lactic acid monomers, based on van der Waals energy minimization. (c) Binding energy distributions for PLA-PLA, PLA-PMMA, and PMMA-PMMA interactions. (d)
Temperature dependence of the Flory-Huggins interaction parameter (y) at 200 °C. (e) Optical photograph shows the high transparency of PLA/PMMA blend wafers with various
weight ratios. (f) Light transmittance spectra of PLA/PMMA blends, exhibiting over 80 % transmittance across the visible wavelength range. (g) DSC thermograms from the first
heating scan. (h) Dynamic thermomechanical analysis (DMA) of PLA/PMMA blends, illustrating variations in the damping factor (tan ) as a function of temperature.

more pronounced shear-thinning behavior is observed at higher
frequencies, arising from molecular chain alignment under shear,
which reduces viscosity.

A Cole-Cole plot was used to further analyze the viscoelastic
properties of the miscible blend melts (Fig. 2c). All PLA/PMMA
blends exhibit single semicircular curves, indicating a single
relaxation time characteristic of homogeneously miscible systems.
The regular relationship between energy storage and dissipation
provides further evidence of complete miscibility [30]. Moreover,
the semicircle diameter increases with PMMA content, suggesting
greater molecular complexity and a broader distribution of
relaxation times. This phenomenon results from differences in
chain relaxation dynamics and molecular weight between PLA and
PMMA. The rigid PMMA chains introduce more molecular entan-
glements, requiring longer relaxation times and leading to a
broader relaxation time distribution. In such cases, the center of
the Cole-Cole plot may shift below the imaginary axis, reflecting a
wide distribution in the conformations and movements of the
glassy PLA/PMMA molecules.

To prepare ultralight polymer foams, batch foaming experi-
ments were conducted in a temperature-controlled high-pressure
vessel using supercritical carbon dioxide (scCO;) as the blowing
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agent (Fig. 2d). As illustrated in Fig. 2e, a melt foaming strategy
was applied, enabling the production of polymer foams with
exceptionally low density and tunable cellular microstructures.
This method ensures uniform polymer/gas systems
Supplementary Fig. S5 while preventing adverse crystallization
during foaming [31], thereby yielding high-quality PLA/PMMA
foams with ultralow densities (Fig. 2f, as low as 0.0295 g/cm?).
Fig. 3a presents the volume expansion ratios of PLA/PMMA
blends obtained through melt foaming. Here, the “foaming tem-
perature window” is defined as the temperature range in which
the foam expansion ratio exceeds 15. The results indicate that the
width of this window increases significantly with PMMA content:
from ~15 °C for pure PLA to ~27 °C and ~35 °C for blends with 25 wt
% and 50 wt% PMMA, respectively. Additionally, the maximum
expansion ratio (¢max) improves markedly. Pure PLA achieves an
¢max of 31 at a foaming temperature (Tfoaming) Of 115 °C, whereas
PLA/PMMA blends exhibit higher ¢max values of approximately
44 at elevated Tfoaming (120 °C for 25 wt% PMMA and 130 °C for
50 wt% PMMA). This corresponds to a 28.7 % further reduction in
foam density. The superior foamability of PLA/PMMA blends is
primarily attributed to the increased melt strength provided by
PMMA, as confirmed by rheological analysis. Enhanced melt
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strength supports cell growth and minimizes cell collapse and
coalescence as the polymer melt undergoes biaxial extensional
stress during foaming. Quantitative measurements of cell size and
cell density (Fig. 3b and c) further support these findings.
Compared to pure PLA foams, PLA/PMMA blends exhibit smaller
average cell sizes and higher cell densities, owing to a reduced
degree of cell coalescence. SEM images (Fig. 3d-f) of the foam
morphologies at ¢max further highlight the improved foamability
of the PLA/PMMA blends. While pure PLA foams display ruptured
and uneven cells (Fig. 3d), the PLA/PMMA foams demonstrate
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finer, more uniform cellular structures with thinner cell walls
(Fig. 3e and f). More SEM images of PLA/PMMA foam with different
weight ratio and Tfoaming are supplied in Supplementary Figs. S6
and S7. The incorporation of PMMA significantly enhances foam-
ability by increasing the chain rigidity of the system, as evidenced
by temperature-dependent rheological data (Supplementary
Fig. S8) showing a higher G', G", and tan é. A higher G’ improves
the melt's elastic recovery, enabling it to withstand internal
pressure from bubble expansion during foaming, thus reducing
cell wall rupture. Additionally, a lower tan & indicates reduced
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viscous dissipation, allowing the elasticity-dominated melt to
maintain bubble morphology and suppress cell coalescence. This
optimization of rheological properties, driven by enhanced chain
rigidity, directly contributes to improved foam stability. Further-
more, uniformly dispersed PMMA microdomains act as numerous
homogeneous nucleation sites, lowering the energy barrier for
bubble nucleation. This promotes uniform cell nucleation and
growth, minimizing variations in bubble size and enhancing
overall foam uniformity.

Given the excellent foamability of the PLA/PMMA blend with
a weight ratio of 50/50, further investigations into its
cellular structures were conducted. Fig. 4a—c presents SEM images
of PLA/PMMA foams prepared at three different foaming temper-
atures (125 °C, 130 °C, and 133 °C). Although these foams possess
similar expansion ratios (39, 44, and 41 that corresponding
to porosities of ~97.4 %, ~97.7 %, and ~97.6 % respectively),
their cellular morphologies vary. At lower Tfoaming (125 °C), the
foam primarily exhibits a closed-cell structure (Fig. 4a). In
contrast, at higher Tfoaming (130 °C and 133 °C), an open-cell
structure becomes more prominent (Fig. 4b and c). This trend is
quantitatively confirmed by measuring the open-cell content (oc%)
as a function of Tfoaming (Fig. 4d). The oc% increases significantly
from 13.3 % to over 93.1 % as the foaming temperature rises from
120 °C to 135 °C. The increase in open-cell content is attributed to
the reduced melt strength and viscosity of PLA/PMMA blends at
higher temperatures, making cell walls more susceptible to
rupture during expansion and promoting the interconnection of
adjacent cells.

Cellular structures strongly influence the mechanical proper-
ties of foams. To investigate the load bearing property, three foams
with similar expansion ratios (39, 44, and 41) but different open-
cell contents were selected for compression testing. These sam-
ples were labeled as x-y oc%, where x indicates the expansion ratio
and y denotes the open-cell content. As shown in Fig. 4e, the
compressive stress-strain curves under 60 % single compression
reveal distinct mechanical behavior. The foam 39-18 oc% exhibits a
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compressive strength of 0.13 MPa and an elastic modulus of
2.4 MPa. In comparison, foams 44-50 oc% and 41-88 oc% display
lower compressive strengths (0.079 MPa and 0.067 MPa) and
elastic moduli (1.5 MPa and 1.1 MPa), respectively (Fig. 4f). These
results clearly demonstrate that increasing open-cell content leads
to a decline in compressive strength and elastic modulus. Addi-
tionally, recovery performance deteriorates with higher open-cell
content. This is consistent with the general understanding that
closed-cell foams possess superior mechanical properties
compared to open-cell foams. In open-cell structures, broken cell
walls leave only thin struts to bear mechanical loads, and the
absence of enclosed gas reduces both load-bearing capacity and
recovery resilience. Besides, it is observed that the compressive
strength and modulus increase with lower expansion ratio
(Supplementary Fig. S9).

3.3. Evaluation of shape memory behaviors

Fully miscible polymer blends of PLA and PMMA have previ-
ously been reported to exhibit superior shape memory charac-
teristics, primarily due to their broad glass transition temperature
(Tg) range [28,32]. In this study, the shape memory effect of PLA/
PMMA blends was first verified through a creep-recovery test.
Specimens were subjected to a constant external stress of 100 kPa
at 80 °C for 120 s, followed by unloading and spontaneous re-
covery for an additional period. Throughout this process, the strain
evolution of each specimen was recorded, as shown in Fig. 5a. Pure
PLA exhibited larger deformation during the creep stage and
recovered only about 56 % of its initial deformation after unload-
ing. In contrast, increasing the PMMA content resulted in reduced
deformation during the creep phase and significantly improved
the recovery ratio. This demonstrates that the presence of PMMA
enhances both deformation resistance and shape recovery capa-
bility in the blends. When the temperature exceeds the T of PLA,
the PLA chains can deform under external stress through the
stretching and rotation of molecular bonds. This deformation
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Fig. 4. Tailoring cellular morphology and mechanical properties of PLA/PMMA (50/50 wt%) foams by adjusting foaming temperature. (a—c) SEM images of foams prepared at
different Tgoaming. (d) Open-cell content as a function of Tfoaming, highlighting the transition from closed-cell to open-cell structures with increasing temperature. (e) Compressive
stress-strain curves of foams with similar expansion ratios but different open-cell content. (f) Compressive strength and elastic modulus of the corresponding foams.
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first and tenth compression-recovery cycles.

reduces entropy and imparts entropy elasticity to the molecular
chains, contributing to PLA's inherent shape memory capability,
where the PLA chains serve as deformable “soft domains”. The
incorporation of miscible PMMA chains into the blends signifi-
cantly enhances chain entanglements due to their complete
miscibility. Additionally, the PMMA chains, with their higher T, act
as “hard domains” within the network, as shown in
Supplementary Fig. S10, stabilizing the permanent shape. The
shape memory mechanism is further supported by the relaxation
behavior of the blends in the glass transition region. The shape
memory mechanism can also be verified by the relaxation
behavior of the blends within the glass transition region. From the
investigation through dielectric loss spectroscopy at 80 °C, as
illustrated in Fig. 5c, pure PLA exhibited a dielectric loss peak at
frequencies of 10°-10° Hz, consistent with previous reports [28]. In
comparison, the PLA/PMMA blend exhibited a broadened dielec-
tric loss at lower frequencies, indicating increased o-relaxation
heterogeneity due to the distinct dynamics of the two polymer
chains [33].
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Based on their excellent creep-recovery performance, PLA/
PMMA foams with a 50/50 wt ratio were fabricated, which
exhibited outstanding shape memory properties. As demonstrated
in Fig. 5d and supplementary Video S1, one of the key advantages
of SMFs is their ability to undergo both bending and compressive
deformation. The shape memory effect was demonstrated in two
steps: shape fixation and shape recovery. During shape fixation,
the specimen was first heated to the deformation temperature
(Tgeform) and deformed under an external load. The deformed
shape was then fixed by cooling to room temperature. In the shape
recovery step, the specimen was reheated to Tqeform, allowing it to
recover its original shape spontaneously.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.aiepr.2025.08.002

In this study, compressive-recovery tests were conducted to
evaluate the strain at the fixed and recovered shapes. Ten-cycle
tests were also performed to assess the durability of the shape
memory effect, as shown in Fig. 5e. The corresponding shape fix-
ation and shape recovery ratios from the first and tenth cycles are
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Fig. 6. Sustainable oil absorption and recovery performance of PLA/IPMMA open-cell foams. (a) Photographs showing water and cyclohexane droplets on the foam surface
with distinct wettability. (b) Contact angle measurements of water (~130°) and oil (~0°), demonstrating hydrophobicity and lipophilicity. (c) Schematic illustration of the oil/water
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the foams for various oils, including low- and high-viscosity types, CCly* indicating the oil in saline water. (g) Schematic diagram of the sustainable oil absorption and recovery
process enabled by the shape memory effect. (h) Variation in oil absorption capacity during ten cyclic absorption-recovery tests.

summarized in Fig. 5f and g, respectively. To further explore the
influence of foam microstructure on shape memory behavior,
foams with varying open-cell contents (39-18 oc%, 44-50 oc%, and
41-88 oc%) were selected for testing. In the first cycle, it was
observed that as the open-cell content increased from 18 % to 88 %,
the shape fixation ratio improved from 81.7 % to 95.1 %. However,
the shape recovery ratio decreased from 84.8 % to 79.8 %. The
trade-off between shape fixation and recovery ratios with varying
open-cell content is closely linked to the presence of gas trapped
within microcells. At low open-cell content, where closed cells
predominate, a larger amount of gas is trapped within these cells.
During shape fixation, this trapped gas is readily compressed,
generating internal pressure that disrupts stable deformation fix-
ation, resulting in a lower fixation ratio. Conversely, during shape
recovery, the release of this compressed gas pressure aids material
rebound, leading to a higher recovery ratio. As open-cell content
increases, the proportion of closed cells and trapped gas decreases.
In the fixation stage, gas escapes rapidly through open cells,
reducing internal pressure interference and thereby improving the
fixation ratio. However, in the recovery stage, the absence of
auxiliary gas pressure and increased energy dissipation in open-
cell structures lead to a slight reduction in the recovery ratio.

607

Additionally, as shown in Fig. 5e, the foam exhibits a noticeable
decrease in shape recovery ratio during the first three cycles of a
ten-cycle test, stabilizing in the subsequent seven cycles. The
significant decline in the shape recovery ratio during the initial
three cycles is likely due to structural adjustments, such as poly-
mer chain relaxation and microstructural changes, which tempo-
rarily impair the foam's ability to return to its original shape. The
stabilization observed in the following seven cycles suggests that
the foam reaches a structural equilibrium, where these adjust-
ments are complete, enabling consistent shape recovery. In
conclusion, PLA/PMMA shape memory foams exhibit tunable
deformation and recovery behaviors, which are influenced by their
composition and microporous structure. However, there is an
inherent trade-off between shape fixation and recovery perfor-
mance in practical applications.

3.4. Sustainable oil absorption by shape memory foams

Polymer foams with open-cell microporous structures have
been extensively applied in oil absorption due to their high
porosity and surface area [23,34]. In this study, we investigated the
oil absorption capabilities of PLA/PMMA open-cell foams, with a
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particular focus on their sustainable recovery enabled by shape
memory behavior. The wettability of water and oil on the foam
surface was first characterized to assess their selectivity in oil/
water separation. As shown in Fig. 6a, a water droplet maintains a
spherical shape and rests on the foam surface, while a cyclohexane
droplet rapidly spreads and infiltrates the pores. This behavior
demonstrates the excellent hydrophobicity and lipophilicity of the
open-cell foams. Contact angle measurements in Fig. 6b further
confirm this phenomenon: a 5 pL droplet of cyclohexane is
completely absorbed by the foam within 1 s, while an equal vol-
ume of water maintains a high contact angle of approximately
130°. Notably, it is found that a higher expansion ratio results in
increased water contact angle (Supplementary Fig. S11). This
distinct difference in wettability arises from the combination of
the foam's microporous structure and its enhanced surface
roughness. According to the Young-Laplace equation [35]:
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AP— 2ycos o (1)
R

where AP is the additional Laplace pressure, y is the liquid's surface
tension, ¢ is the contact angle, and R is the pore radius. As illus-
trated in Fig. 6¢, an oil contact angle () less than 90° results in a
positive AP, promoting capillary-driven infiltration of oil into the
pores (Wenzel state). Conversely, for water, the contact angle ex-
ceeds 90°, producing a negative AP, which prevents water pene-
tration and retains it in a Cassie-Baxter state where water droplets
remain suspended on the surface. This remarkable wettability
selectivity allows the foams to efficiently absorb oil from aqueous
environments. Fig. 6d and supplementary Video S2 demonstrates
the removal of two types of oil (dyed red): cyclohexane floating on
the water surface and carbon tetrachloride (CCly) sinking in water.
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The foams rapidly absorb both oils, achieving efficient and selec-
tive oil collection. The adsorption capacity as a function of time for
both oils is presented in Supplementary Fig. S11, indicating a rapid
uptake that reaches equilibrium within 5 min. The adsorption ki-
netics were further analyzed using a pseudo-second-order kinetic
model [36]:

t t 1

e o @

(2)
where k is the adsorption rate constant, t is the adsorption time, Q;
is the adsorption capacity at time t, and Q. is the theoretical
equilibrium adsorption capacity. As shown in Fig. Ge, linear fitting
of the t/Q; data provides k values of 0.75 g g~ '-min~" for cyclo-
hexane and 0.20 g g~ I-min~! for CCls, demonstrating competitive
performance relative to previously reported polymer foams
[15,20,37,38]. Additionally, the foams exhibit high absorption ca-
pacities for a wide range of oils, including viscous oils such as
peanut oil and silicone oil. As presented in Fig. 6f, absorption ca-
pacities range from 10.1 to 30.9 g g, confirming the versatility of
the open-cell foams for different oil types. Additionally, we con-
ducted supplementary experiments on oil absorption in saline
water. As shown in Fig. 6e and f, and Supplementary Fig. S12, using
CCl4 in a 3.5 % NaCl solution as an example, the foam exhibits
comparable but slightly reduced oil absorption capacity and ki-
netics in saline water compared to deionized (DI) water. This
reduction may be attributed to the higher ionic content in saline
water, which weakens the foam's hydrophobicity by shielding
surface charges and increases surface tension.

3.5. Enhanced thermal insulation property by open-cell structure

To evaluate the thermal insulation performance of the prepared
PLA/PMMA foams with different microcellular structures, we
systematically investigated their thermal conductivity as a func-
tion of expansion ratio and open-cell content. As shown in Fig. 7a,
the thermal insulation behavior was first assessed by placing foam
samples on a hot stage maintained at 130 °C and recording their
upper surface temperatures via infrared thermal imaging. All foam
samples demonstrated significantly better thermal insulation
compared to the solid PLA/PMMA sample, as evidenced by the
lower surface temperatures. Among them, the foam with an
expansion ratio of 41 and open-cell content of 88 % exhibited the
best thermal insulation at a thermal conductivity as low as
31.7 mW m~! K-, outperforming the samples with 25-19 oc% and
44-40 oc% expansion ratio/open-cell contents, respectively. To
quantitatively confirm these observations, the effective thermal
conductivity (dexp) of the foams was measured using the transient
plane source (TPS) method (Fig. 7b). When comparing foams with
similar open-cell content (e.g., 13 % and 18 %), it was found that a
higher expansion ratio substantially decreased thermal conduc-
tivity due to the reduced solid-phase volume fraction. Conversely,
at similar expansion ratios of ~40, increasing the open-cell content
led to further reductions in thermal conductivity, suggesting the
beneficial effect of open-cell structures on thermal insulation. To
better understand the underlying mechanisms, we theoretically
calculated the contributions of the solid, gas, and radiative phases
to the total thermal conductivity based on the foams’ microcellular
structural parameters [39,40]. The calculated results (Fig. 7c)
showed a consistent trend with the experimental measurements.
Specifically, the contribution from the solid phase (4so]) decreased
significantly with increasing expansion ratio and open-cell con-
tent, while the contributions from the gas (4gas) and radiation (4;aq)
phases increased slightly. These results indicate that the reduced
solid-phase thermal conduction is primarily responsible for the
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improved thermal insulation in the foams. This is consistent with
the general understanding that higher expansion ratios lead to
lower foam density, reducing the proportion of the highly ther-
mally conductive solid phase and, therefore, lowering the overall
thermal conductivity. However, as foam density continues to
decrease, radiative heat transfer and convective effects within the
pores may become more significant and limit further improve-
ment. Under such conditions, open-cell structures can provide
additional benefits by disrupting heat transfer pathways, leading
to further reductions in thermal conduction. In open-cell foams,
heat transfer through the interconnected pore walls is more
restricted compared to closed-cell structures, which contributes to
superior thermal insulation. To visually demonstrate these effects,
three-dimensional models (Fig. S13) of closed-cell and open-cell
foam structures were developed and analyzed using COMSOL
Multiphysics software. In Fig. 7d and e, the simulation results
revealed that under the same heat source temperature of 100 °C,
the open-cell foam exhibited a lower upper surface temperature
than the closed-cell counterpart, indicating enhanced thermal
insulation.

4. Conclusion

In summary, this study demonstrates the development of ul-
tralight PLA/PMMA blend foams exhibiting outstanding compre-
hensive performance and a pronounced shape memory effect.
Compared to previously reported polymer foams, the PLA/PMMA
foams presented here offer superior properties, as illustrated in
Fig. 7f and Table S1 [20,37,41-43]. The seamless miscibility be-
tween PLA and PMMA, driven by their comparable molecular po-
larity and strong intermolecular interactions, was confirmed
through molecular dynamics simulations, differential scanning
calorimetry (DSC), and thermomechanical analysis. The incorpo-
ration of PMMA significantly improved the foamability of the PLA
matrix, as evidenced by enhanced rheological properties and the
successful fabrication of ultralight foams via supercritical CO;
foaming technology. Owing to the increased melt strength
imparted by PMMA, the PLA/PMMA blends outperformed pure
PLA in terms of foaming ability, achieving higher expansion ratios
and lower densities. The resultant foams exhibited highly refined
cellular structures, characterized by smaller cell sizes, higher cell
densities, and improved uniformity, which contributed to
enhanced structural integrity. In addition, the PLA/PMMA foams
demonstrated excellent shape memory behavior, enabling signif-
icant deformation and rapid recovery upon thermal triggering.
This shape recoverability, combined with their pronounced hy-
drophobicity and lipophilicity, facilitated efficient and sustainable
oil absorption and recovery. The absorbed oils could be easily
extracted through mechanical squeezing, allowing for multiple
reuse cycles with minimal performance degradation. Moreover,
the foams exhibited superior thermal insulation performance,
attributed to their optimized expansion ratio and open-cell con-
tent. Both theoretical calculations and COMSOL simulations
highlighted the critical role of reducing solid-phase heat transfer
in achieving lower thermal conductivity.

Overall, the ultralight PLA/PMMA foams emerge as a versatile
material platform with significant potential for a wide range of
industrial applications. Their shape memory effect not only en-
hances mechanical performance but also enables smart, multi-
functional functionalities across various scenarios. As illustrated in
Fig. 7g, the foams can be compressed into a compact form for
convenient transportation and exhibit excellent load-bearing ca-
pabilities in this state. Upon exposure to temperatures above their
deformation temperature (Tgeform), the foams can rapidly self-
expand into ultralight, low-density structures, unlocking
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potential applications in thermal insulation, shock absorption, and
acoustic damping.
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