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Abstract
High energy dissipation materials are crucial for impact protection gear. Additionally, if these
materials also have shape memory property, they can offer a better body fit and increase comfort
feeling. Herein, we present a novel auxetic composite foam with ultrahigh specific energy
dissipation (SED) and shape memory property, which was prepared by directly foaming with
low-melting-point alloy (LMPA) in polyurethane (PU) followed by thermal compression
process. Due to the synergetic action of LMPA and auxetic PU foam (APU), APU/LMPA foam
showed better energy dissipation than pristine PU foam. The compression test showed the
energy dissipation and SED of the APU/LMPA foam were 13.4 times and 4.8 times higher than
non-APU foam, respectively. Furthermore, the SED improvement of APU/LMPA foam was
much higher than other reported auxetic foams. The impact test demonstrated that APU/LMPA
foam with 30% thinner thickness could reduce transmitted peak force by 62.1% compared to
non-APU foam. Additionally, APU/LMPA foam exhibited shape memory effect due to the
phase transition of LMPA, allowing it to adapt to different body shapes through thermal process.
With its outstanding energy dissipation and shape memory properties, this composite foam is
highly promising for personal safety protection, offering excellent user experience.
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1. Introduction

High performance protective material used in impact protec-
tion gear should be able to dissipate larger amounts of energy
with equal or smaller mass when compared to other materials
[1–4]. This is crucial in protecting individuals from impact
and collision forces. To achieve a higher energy dissipation
per unit mass (specific energy dissipation, SED), mechanical
properties, interfaces between the different phases in a com-
posite material, and structural geometry of the material should
be carefully selected [5–9]. Moreover, for personal protect-
ive gear, there are usually only a few size options available.
Since everyone has a different body shape, it is difficult to
achieve a proper fit, leading to discomfort for the user. The
auxetic structure design is a promising method to improve
the SED and body fit performance of materials due to its
negative Poisson’s ratio (NPR). Unlike the traditional mater-
ials with positive Poisson’s ratio, materials with NPR struc-
tures form a concave surface when bending out-of-plane. This
unique property helps the materials conform to similarly con-
cave surfaces at human body areas, offering excellent body
fit if the concave shape can be fixed. For the SED improve-
ment of materials with auxetic structures, Fan et al repor-
ted an auxetic nylon foam with 2.7 times SED higher than
pristine nylon foam [10]. Zeng and Li found that the SED
of auxetic PU (APU) foam had SED 1.9 times higher than
non-APU foam [11]. However, in some cases, incorporating
auxetic structures into foam may result in a decrease in SED,
which is because the auxetic foam usually has a higher dens-
ity, resulting in a higher mass per unit volume. As a result,
the SED may decrease even though the overall energy dissip-
ation capabilities of the material have improved. For example,
Chen et al presented an auxetic LDPE foam with density of
120 kg m−3 having only around 75% SED of the non-auxetic
LDPEwith density of 29.7 kg m−3 [12]. Several attempts have
been made to improve the SED performance of auxetic foam
by adding fillers in thematerial. Oh et al studied the energy dis-
sipation of graphene oxide-wrapped auxetic foam. Compared
with pristine PU foam, the auxetic foam incorporated with
two-dimensional graphene oxide showed around 27% higher
in SED [13]. Kim et al tried to coat PLA film with a highly
ordered honeycomb concave micropattern on the surface of
auxetic foam and their results showed that SED of this multi-
dimension auxetic foamwas improved by 8.7% comparedwith
the pristine PU foam [14]. Shear thickening gel (STG) which
is a type of non-Newtonian materials is also an effective filler
to enhance the specific energy absorption of auxetic foam.
As reported in our previous work [15], APU foam with STG
showed 40% higher SED than the pristine PU foam. To date,

achieving high improvement in SED of auxetic foam is still
challenging. Therefore, it is crucial to develop new approaches
to manufacture high-specific-energy-dissipation auxetic foam.

The lowmelting point alloy (LMPA) is a promising class of
materials for a wide range of applications, including thermal
management, wearable electronics, biomedical devices, and
soft robotics [16–20]. This is due to their excellent thermal
and electrical conductivity, low phase transition temperat-
ure, reversible stiffness, biocompatibility, and other desirable
properties. However, the use of LMPA for energy dissipation
applications has not yet been fully explored. Recent studies
have shown that lattice materials made from LMPA using 3D
printing and vacuum casting possess high strength and energy
absorption capacity, owing to their intrinsic metallic features
[21]. In addition, hydrogel composites containing a hetero-
geneous rigid phase of LMPA within a soft hydrogel matrix
have been shown to dissipate more energy than pristine gels,
due to the higher fracture force of the macroscale LMPA skel-
eton in the composite [22]. The LMPA has also been added to
various polymer or polymer sponge, such as PDMS, polyester
polyol, PU, silicone elastomer, liquid crystal elastomer, epoxy,
and PDMS sponge, to create LMPA-polymer composites by
blending LMPA with polymer matrix or placing the polymer
sponge into LMPA liquid bath [23–30]. However, the incor-
poration of LMPA into a polymer matrix or polymer sponge
typically leads to an increased composite density, attributable
to the high density of LMPA (commonly exceeding 6 g cm−3),
resulting in most samples exhibiting a density greater than
1 g cm−3. So far, the development of lightweight auxetic foam
with LMPA for achieving high energy dissipation has not been
reported.

In this study, we introduced a novel APU/LMPA compos-
ite foam with high SED property. The manufacturing process
of this APU/LMPA composite foam consisted of incorporat-
ing LMPA particles into a PU matrix and directly foaming
the LMPA/PU composite to obtain PU/LMPA foam, which
was then subjected to the triaxial thermal compression tech-
nique. The lightweight APU/LMPA foam, with a density of
0.47 g cm−3, exhibited 13.4 times higher energy dissipation
and 4.8 times higher SED compared to non-APU foam. The
SED improvement achieved by the developed APU/LMPA
foam surpassed that of previously reported auxetic foams
in the literature. Finite element analysis (FEA) models have
been developed to study the mechanism of energy dissip-
ation improvement by examining the deformation process
and stress distribution of APU and APU/LMPA under vari-
ous compression strains. Impact testing using a drop weight
apparatus revealed that the APU/LMPA foam, when 30%
thinner, reduced transmitted force by 62.1% in comparison
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to non-APU foam. Increasing the LMPA particle content
enhanced the stiffness of the APU/LMPA foam, thereby fur-
ther reducing transmitted force. Dynamic mechanical analysis
(DMA) results showed that the loss modulus of APU/LMPA
foam was greater than that of APU and PU foam, reflecting a
higher viscous response and greater dissipation of energy. It
was also found that the storage modulus difference between
APU/LMPA and APU foam became more pronounced at
higher frequencies, potentially due to the hardening effect
of LMPA. Furthermore, the as-produced APU/LMPA foam
possessed a shape memory effect, which is helpful for the
ergonomic design of the protective gear, allowing it to adjust
and conform more closely to the user’s body contours when
heated. The thermo-mechanical and thermal conductive prop-
erties of the APU/LMPA composite foam have been stud-
ied to gain a deeper understanding of the shape memory
mechanism. Consequently, this multifunctional auxetic
composite foam holds promise for applications in impact
absorption.

2. Materials and methods

2.1. Materials

LMPA (Pb 25 wt%, Sn 12.5 wt%, Bi 50 wt%, Cd 12.5 wt%)
with melting point of ∼70 ◦C was purchased from Dongguan
Dingguan Metal Technology Co., Ltd, China. Tween-20 was
purchased from Sigma-Aldrich Chemical Company. PU foam-
ing solutions (part A and part B) were purchased fromHaibeisi
Materials Co., Ltd.

2.2. Preparation of LMPA particles

The synthesis schematic diagram of LMPA particles is shown
in figure 1(a). Firstly, LMPA and tween-20 as surfactant were
added into the hot water at 90 ◦C for a certain time to make
sure that LMPAwas completely melted. Then the mixture was
ultrasonicated at 1000 W for 20 min to form LMPA droplets.
The application of the high ultrasonic power of 1000 W
was essential to effectively break the molten LMPA into fine
droplets, ensuring an efficient droplet fabrication process that
was completed within a relatively short duration of 20 min.
Finally, the mixture was quickly cooled in ice water followed
by filtering and drying to obtain LMPA particles.

2.3. APU foam preparation

The original PU foam was made by mixing part A (polyol)
and part B (diisocyanate) at a weight ratio of 100:40 followed
by casting into a mold. The obtained PU foam had density of
around 0.19 g cm−3 and thickness of 20 mm. For the prepar-
ation of APU foam, firstly, the PU foam was put in a home-
made aluminum mold with a triaxial compression ratio of 2.1.
The mold was then put in an oven for heating at 200 ◦C for 1 h,
and finally cooled down to room temperature to obtain APU.
The obtained APU foam had density of around 0.41 g cm−3

and thickness of 14 mm.

2.4. Preparation of PU/LMPA and APU/LMPA composite
foam

Firstly, LMPA particles were mixed with part A (polyol) of
the PU foaming solution and stirred the mixture for 10 min
so that the LMPA particles could distribute uniformly in part
A. Then the mixture was blended with part B (diisocyanate)
with part A/part B weight ratio of 100/40 followed by cast-
ing into a mold to form PU/LMPA foam. PU/LMPA foams
had thickness of 20 mm. Two PU/LMPA foams with thick-
ness of 20 mm were prepared by adding 10 wt% and 20 wt%
LMPA particles, namely PU/10%LMPA and PU/20%LMPA,
respectively. PU/10%LMPA and PU/20%LMPA have densit-
ies of 0.21 g cm−3 and 0.24 g cm−3, respectively. Then two
types of PU/LMPA foamsweremade into APU/LMPA auxetic
foams (APU/10%LMPA and APU/20%LMPA) by using the
triaxial thermocompression method. APU/LMPA foams had
thickness of 14 mm. APU/10%LMPA and APU/20%LMPA
have densities of 0.43 g cm−3 and 0.47 g cm−3, respectively.

2.5. Characterizations

The microstructures of the LMPA, PU foam, PU/LMPA,
APU and APF/LMPA composite foams were investigated
by SEM (TM3030Plus, Hitachi). The element mapping of
LMPA was acquired using a XFlash660 energy-dispersive
EDX detector (Bruker, Germany). Before the SEM char-
acterization, the samples were coated with a thin layer of
gold using a gold sputtering coater for 1 min. A Fourier
transform infrared spectrometer (FT-IR, PerkinElmer) was
used to characterize the chemical bonding states of the PU
foam, PU/LMPA, APU and APF/LMPA composite foams
through an ATR mode from 4000 to 500 cm−1. Foam samples
with 2 cm in width and 2 cm in length were used for the
FTIR test to ensure complete coverage of the crystal sur-
face of the ATR accessory. Thermogravimetric results were
obtained by a thermogravimetric analyzer (TGA 1000, TA
instrument, USA). The x-ray diffraction (XRD, Analytical
AERIS) was utilized to characterize the phase structure of
PU foam, PU/LMPA, APU and APF/LMPA composite foams.
The foam samples were analyzed directly by placing them
into the XRD equipment without any additional preparation.
The transformation temperatures of foams were measured
by differential scanning calorimetry (DSC) on a TAQ2000
instrument. For the DSC analysis, the foam samples were
cut into small sizes with weight of around 5 mg. Hardness
was determined using a hand-held shore A hardness tester
(Guangzhou Lantai Instrument Co., China). Measurement
of Poisson’s ratio was based on video data acquired with
a high-speed camera (Qianyan Lang 5F01, Junda Hi-Tech
Co., Ltd) during the compression test performed in the MTS
Material Testing System (Model: E43.104). The hysteresis
stress−strain curves of the foams were measured by a uni-
versal testingmachine (LE3104, LiShi (Shanghai) Instruments
Co., Ltd.). The dynamic impact test was carried out by a drop
weight tester (L223, LiShi (Shanghai) Instruments Co., Ltd).
During the process, the drop hammerweighing 2.5 kg fell from
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Figure 1. (a) Fabrication schematics of APU/LMPA composite foam. (b)–(h) SEM images of LMPA particles (b), PU (c), PU/10%LMPA
(d), PU/20%LMPA (e), APU (f), APU/10%LMPA (g), APU/20%LMPA (h). (i) Photographs of PU, PU/10%LMPA, PU/20%LMPA, APU,
APU/10%LMPA and APU/20%LMPA.

height of 204 mm to strike the sample with impact energy
of 5 J. DMA (Q800, TA Instrument, USA) was performed
at a mechanical dynamic analysis frequency between 0.01
and 100Hz with 0.5% dynamic strain amplitudes at 25 ◦C.
Abaqus/Explicit solver was employed for calculation of the
deformation and stress distribution. The temperature of the
sample surface was recorded by a thermal camera (E50, FLIR,
USA).

3. Results and discussion

3.1. Microstructures, physicochemical and thermal
properties and auxeticity of APU/LMPA composite foam

The fabrication process of LMPA particles using the ultrasonic
method and APU/LMPA composite foam using a thermal
compression method were schematically shown in figure 1(a).
The ultrasonic method was chosen due to its simplicity
and high efficiency. The element mapping images of LMPA
particles were shown in figure S1, indicating that the LMPA
contains Sn, Bi, and Pb elements. The SEM image of LMPA
particles was displayed in figure 1(b), and it was observed
that most particles were spherical in shape and had particle
sizes of less than 100 µm. Figure 1(c) shows the open cell
structures that were typical of flexible PU foam. The cell
morphology of PU foam with 10 wt% and 20 wt% LMPA
were presented in figures 1(d) and (e), respectively. It was
observed that PU/10%LMPA and PU/20%LMPA foam had
similar pore sizes (figure S2) and cell morphology as pure
PU foam, and some LMPA particles were trapped in the

cell structures. Interestingly, it was found that the shape of
LMPA particles in PU/10%LMPA and PU/20%LMPA foam
changed from spherical to irregular, which was attributed to
the remelting of LMPA particles at higher temperatures dur-
ing the PU foaming process. The highest inner temperature
during the PU foaming process was observed to be around
95 ◦C, which was higher than the melting point (∼70 ◦C)
of LMPA, as indicated in figure S3. Attempts were made to
add more LMPA particles (30 wt% and 40 wt%) into the PU
foam, but it was found that a higher LMPA particle content
could interfere with the foaming process, resulting in the col-
lapse of the PU foam and significant distortion of the cell geo-
metry, as shown in figure S4. Therefore, this study focused
on the performance of PU foam with 10 wt% LMPA and
20 wt% LMPA. Figures 1(f)–(h) display the SEM images
of APU, APU/10%LMPA, and APU/20%LMPA obtained
from PU, PU/10%LMPA, and PU/20%LMPA foams using
the triaxial thermal compression process, respectively. It was
observed that the microstructures of APU, APU/10%LMPA,
and APU/20%LMPA exhibited inwardly buckled cell walls
and re-entrant auxetic structures. As shown in figure 1(h),
LMPA particles were also found to be trapped in the auxetic
pore structures. We further compared the hardness of PU,
PU/10%LMPA, PU/20%LMPA, APU, APU/10%LMPA and
APU/20%LMPA. The results revealed that the hardness of the
developed foams was influenced by their microstructures and
LMPA content. Figure 2(a) shows that the hardness of APU
(15.9 shore A) was significantly higher than that of pristine PU
foam (9.8 shore A), which was attributed to the auxetic struc-
tures and higher density of APU. Additionally, it was observed
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Figure 2. (a)–(e) Shore A hardness (a), x-ray diffraction (XRD) (b), FTIR-spectroscopy (c), differential scanning calorimetry (DSC) curves
(d), thermogravimetric analysis (TGA) (e) of PU, PU/10%LMPA, PU/20%LMPA, APU, APU/10%LMPA and APU/20%LMPA. (f)
Comparison of Poisson’s ratio of PU, PU/10%LMPA, PU/20%LMPA, APU, APU/10%LMPA and APU/20%LMPA under different
compression strains. (g) Schematic drawing for the deformation mechanism of APU and APU/LMPA composite foams.

that the hardness of the composite foams increases with an
increase in the LMPA content. APU foam with 20 wt% LMPA
had hardness (33.1 shore A) around 1.08 times higher than that
of APU foam (15.9 shore A). The XRD patterns (figure 2(b))
of the PU/20%LMPA and APU/20%LMPA showed charac-
teristic peaks at 27.2◦, 37.9◦, 39.7◦ of Bi and 30.6◦, 32.1◦

of Sn [31], indicating the presence of LMPA. Peaks corres-
ponding to Sn and Bi could not be seen in the XRD plots
of PU/10%LMPA and APU/10%LMPA foam due to the low
amount of LMPA in the foam and limited instrument sens-
itivity. The FTIR spectroscopy of PU, APU, PU/LMPA and
APU/LMPA composite foams, as presented in figure 2(c),
demonstrated that the absorbance peaks of PU/LMPA and
APU/LMPA composite foams were similar to those of PU
foam. This observation suggested that the presence of LMPA
did not lead to thermal oxidation of PU and the high temperat-
ure of 200 ◦C used in the triaxial compression to fabricate the
auxetic foam did not result in PU degradation. TheDSC curves
as shown in figure 2(d) indicated that the LMPA particles exis-
ted in PU/LMPA and APU/LMPA composite foams and the
LMPA started to melt at about 70 ◦C, which agreed with the

properties of the materials employed in this study. TGA is a
widely used technique for investigating the thermal behavior
of materials. The TGA analysis of PU/LMPA and APU/LMPA
composite foams, as depicted in figure 2(e), revealed that the
final weight of the LMPA/PU material was greater than that of
pure PU or APU. This observation suggested that LMPA had
a higher decomposition temperature than PU. Furthermore, it
was observed that the decomposition ratios of PU/LMPA and
APU/LMPA composite foams were similar to those of pure
PU and APU foam, indicating that the presence of LMPA
did not affect the thermal degradation of PU polymer mat-
rix. Figure 2(f) displays the Poisson’s ratio as a function of
compression strain for PU, APU, PU/LMPA, and APU/LMPA
composite foams. The APU andAPU/LMPA composite foams
exhibited a NPR, which increased with an increase in the com-
pression strain. This result was consistent with previous find-
ings on the strain-dependent Poisson’s ratio of auxetic foams
[10, 32]. Additionally, the Poisson’s ratio of APU/LMPA com-
posite foams was higher than that of pure APU foam. As the
LMPA content increased, the Poisson’s ratio of APU/LMPA
composite foam also increased. For instance, at a compression
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Figure 3. (a) Schematic of quasi-static compression hysteresis test and schematic representation of stress vs strain graph. Absorbed energy
is determined by the area under stress–strain curve. Dissipated energy is determined by the area between the loading and unloading
stress–strain curve. (b)–(d) Compressive stress–strain hysteresis curves of PU, PU/10%LMPA, PU/20%LMPA, APU, APU/10%LMPA and
APU/20%LMPA at compression strain of 0.25 (b), 0.50 (c) and 0.75 (d). (e) Energy dissipation of PU, PU/10%LMPA, PU/20%LMPA,
APU, APU/10%LMPA and APU/20%LMPA. (f) Comparison of specific energy dissipation improvement of auxetic materials made by
nylon [10], PU/STG [15], PU/LMPA, PU [8, 11], silicone [37], LDPE [12].

strain of 0.1, APU/20%LMPA exhibited a Poisson’s ratio
of −0.07, while APU/10%LMPA had a Poisson’s ratio of
−0.14. Figure 2(g) depicts a schematic drawing illustrating
the deformation mechanism of APU/LMPA composite foam
during compression testing, which explained the aforemen-
tioned change in Poisson’s ratio. In the case of pure APU
foam, the ribs moved inward upon compression, resulting in
the NPR effect. However, for APU/10%LMPA, the LMPA
particles present in the gap of the reentrant structures preven-
ted the ribs frommoving inward over a larger distance, thereby
reducing the lateral strain and increasing the Poisson’s ratio.
Similarly, for APU/20%LMPA, the greater number of LMPA
particles in the gap of the reentrant structures further restric-
ted the inward movement of the cell ribs, resulting in a larger
Poisson’s ratio for the composite foam.

3.2. Quasi-static compression response and energy
dissipation of APU/LMPA composite foam

The energy dissipation performance of APU/LMPA compos-
ite foam was investigated using quasi-static compression hys-
teresis testing as shown in figure 3(a). The dissipated energy
during compression hysteresis testing can be determined by
calculating the area enclosed between the loading and unload-
ing curves, while the SED is defined by dividing the dissip-
ated energy by the mass [33, 34]. In addition to energy dis-
sipation, the energy absorption performance of the compos-
ite foam was also discussed. Absorbed energy can be determ-
ined by calculating the area under the stress–strain curve dur-
ing compression (figure 3(a)). Figures 3(b)–(d) present the

stress–strain hysteresis curves of PU, APU, PU/10%LMPA,
PU/20%LMPA, APU/10%LMPA and APU/20%LMPA com-
posite foams at compression strains of 0.25, 0.50, and 0.75,
respectively. As shown in figure 3(d), the PU, PU/10%LMPA,
and PU/20%LMPA foams exhibited an initial region of high
stiffness, followed by a plateau region. In contrast, APU,
APU/10%LMPA, and APU/20%LMPA foams showed an
extended region of quasi-linear stiffness up to approximately
35% compression of the foams and did not exhibit a plat-
eau region. The loading curves observed during the quasi-
static compression hysteresis testing of the composite foams
exhibited a resemblance to those reported for conventional and
auxetic foam [35–37]. The Young’s modulus of the compos-
ite foams, which can be derived from the initial slopes of the
stress–strain curves, were also compared with the pristine PU
and APU foam as shown in figure S5. The average Young’s
modulus of APU foam (0.28 MPa) was found to be higher
than that of pristine PU foam (0.23 MPa), which was attrib-
uted to the presence of auxetic structures in APU foam. The
addition of LMPA was observed to increase the Young’s mod-
ulus of both PU and APU foam, with a higher LMPA content
resulting in a greater increase in Young’s modulus for the com-
posite foam. The Young’s modulus of APU/20%LMPA com-
posite foam was found to be 0.78 MPa, approximately three
times that of pristine PU foam. The high stiffness of PU/LMPA
and APU/LMPA foam was attributed to the jamming effect
of LMPA particles within the foam structures. Figures 3(b)–
(d) illustrate that the area of the hysteresis loop increases
with an increase in LMPA particle content in PU/LMPA and
APU/LMPA composite foam, indicating an improvement in
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energy dissipation capacity. The energy dissipation values
and energy absorption values of PU, APU, PU/LMPA, and
APU/LMPA composite foams at compression strains of 0.25,
0.50, and 0.75 were calculated summarized in figures 3(e)
and 6. As shown in figure S6, it showed that adding LMPA
enhanced the energy absorption performance, with higher
LMPA content (20%) leading to greater energy absorption
improvements compared to foam with 10% LMPA content.
Additionally, APU-based composite foams exhibited super-
ior energy absorption compared to PU-based ones under the
same LMPA content and strain conditions. This indicated that
both higher LMPA content and the use of APU as a base
material contributed to improved energy absorption, partic-
ularly at higher strain levels. The energy dissipation values
of APU/20%LMPA increased nonlinearly from 11.4 kJ m−3

to 63.0 kJ m−3 to 269 kJ m−3 as the compression strain
increases from 0.25 to 0.50–0.75, respectively. This suggested
that there was a nonlinear relationship between energy dissip-
ation and compression strain. The energy dissipation value of
APU (111 kJ m−3) was found to be 4.9 times higher than that
of pristine PU foam (18.7 kJ m−3), while the energy dissipa-
tion value of APU/20%LMPA (269 kJ m−3) was found to be
14.4 times that of pristine PU foam (18.7 kJ m−3). These res-
ults indicated that the incorporation of LMPA can significantly
improve the energy dissipation performance of APU. The SED
for APU/20%LMPA (0.57 kJ kg−1), which considered the
effect of foam density, was found to be 4.8 times greater
than that of pristine PU foam (0.098 kJ kg−1). Furthermore,
the SED improvement observed in the APU/LMPA composite
foam (4.8 times) was found to be higher than that reported for
other auxetic foams in the literature as shown in figure 3(f) and
table S1 [8, 10–12, 15, 37]. The highest improvement in SED
reported for auxetic foam from polymers such as Nylon, PU,
silicone rubber, LDPE, and PU/STG was only found to be 2.7
times.

To illustrate how LMPA particles in the APU/LMPA com-
posite foam contribute to the jamming effect in auxetic
foam structures, simplified FEAmodels were developed using
commercial software ABAQUS. FEA models of APU and
APU/LMPA structure as compressive examples were shown
in figure 4(a). Since it is challenging to replicate the exact
re-entrant auxetic model with identical geometries and micro-
structures as shown in figures 1(f)–(h), the FEA models for
APU and APU/LMPA were simplified using representative
re-entrant units to study the effect of LMPA particles on
the deformation process and stress distribution in auxetic
structures.

The two structures were positioned between two rigid
plates. The bottom plate was fixed, while the upper plate could
move along the compression direction. The friction coefficient
between the specimen and the loading platforms was set to
0.2 in the FEA simulation [38–40]. For APU/LMPA model,
the LMPA particles (hemispherical shape) were bonded with
APU skeletons using a tie constraint. To prevent penetration
during loading, the finite elementmodels were configuredwith
a ‘general contact’. The PU material property used in the FEA
was determined from the tensile test of three dumbbell samples

as shown in figure 4(b). Different hyperelastic material mod-
els such as Mooney–Rivlin, Polynomial, Ogden were used to
evaluate the PU mechanical experimental data. As shown in
figure 4(b), it is clear that Ogden with a strain energy func-
tion order of N = 3 was the most suitable and stable for the
PU material as the Ogden (N = 3) fitting curve agrees well
with experimental data. For the material property of LMPA,
it was assumed to be isotropic, with density of 9670 kg m−3,
Young’s modulus of 12 GPa, a Poisson’s ratio of 0.3 and an
initial yield stress of 26 MPa. Mesh convergence analysis con-
firmed that a size of 1 mm provided accurate and stable result
as shown in figures 4(c) and S7. The total kinetic energy of
the FEA models was much less than the total internal energy
throughout the loading process, thus the compression pro-
cesses of the simulation model could be considered as stable
quasi-static analysis. These finite element models examined
the deformation process and stress distribution of APU and
APU/LMPA under various compression strains (0.2, 0.4 and
0.6). As indicated in figure 4(d), it showed that the presence of
LMPA particles appeared to influence the bulking of ribs and
stress dispersion under compression. Upon compression with
large compression strain, the LMPA particles became jammed
together and enhanced the stress distribution by more evenly
dispersing stress across the ribs, resulting in an increase in
the stiffness and compression stress of the APU/LMPA. The
simulation results were supported by experimental outcomes,
where prototypes with identical dimensions to the simula-
tion models were tested under varying compression rates. For
the APU_model prototype, TPU filament was used. Since 3D
printing LMPA directly is challenging, the LMPA portion in
the APU/LMPA_model prototype was also printed using TPU
filament, despite the different material properties, to maintain
identical dimensions. As demonstrated in figure 4(d), it was
observed that the experimental results generate a response that
is analogous to that of the finite element models. As shown
in figure 4(e), the experimental stress–strain curves closely
resembled the stress–strain curves from the finite element sim-
ulations, demonstrating the simulation’s accuracy in predict-
ing compression behavior. However, the discrepancy between
the experimental and simulation results became more signific-
ant at higher strain levels. This difference was likely due to
defects in the 3D-printed samples, such as the lower strength
of TPU compared to LMPA in the actual material and poor
adhesion between the printed hemispherical sections and the
main structure. Based on the stress–strain curves, it was evid-
ent that the addition of LMPA significantly enhances the com-
pressive performance, as indicated by the steeper increase in
strength for the APU/LMPAmodel at higher strain levels. This
demonstrates that LMPA improves the material’s load-bearing
capacity and resistance to deformation under compression.

3.3. Anti-impact performance and dynamic mechanical
properties of APU/LMPA composite foam

To investigate the impact protection performance of
APU/LMPA composite foam, a dynamic impact test was con-
ducted using a drop-weight impact system with a striker of
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Figure 4. (a) The finite element models of the auxetic structure (APU_model) and LMPA particles in auxetic structure
(APU/LMPA_model). (b) The standard tensile specimens of 3D printed PU, experimental and fitted stress–strain curves of hyperelastic
models (Mooney–Rivlin, Polynomial, Ogden) for PU. (c) Mesh size convergence testing for the FEA models. (d) Deformation process and
stress distribution of APU_model and APU/LMPA_model at compression strains of 0, 0.2, 0.4 and 0.6. (e) The simulation stress–strain
curves and experimental stress–strain curves of APU_model and APU/LMPA_model under compression.

2.5 kg and impact energy of 5 J, corresponding to a drop
height of 204 mm, in accordance with the ANSI/ISEA 138
standard, which is commonly utilized to evaluate the anti-
impact performance of personal protective pads. The samples
were positioned on top of an anvil during the impact test, as

depicted in figure 5(a), and the transmitted force was meas-
ured by a force sensor located underneath. As illustrated in
figure 5(b), the peak force of pristine PU foam with a thick-
ness of 20 mm was found to be 2.9 kN. It was also found
that the addition of LMPA in PU foam resulted in a reduction
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Figure 5. (a) Drop weight impact test machine. (b) Transmitted force–time curves of PU, PU/10%LMPA, PU/20%LMPA, APU,
APU/10%LMPA and APU/20%LMPA under impact energy of 5 J. (c) Transmitted peak force and pulse width time of APU,
APU/10%LMPA and APU/20%LMPA under impact energy of 5 J. (d) Absorbed energy–displacement curves of APU, APU/10%LMPA and
APU/20%LMPA under impact energy of 5 J. (e) Storage modulus and (f) loss modulus for PU, PU/10%LMPA, PU/20%LMPA, APU,
APU/10%LMPA and APU/20%LMPA.

of the transmitted peak force. Specifically, the peak force of
PU/10%LMPA and PU/20%LMPA decreased to 2.7 kN and
1.7 kN, respectively. APU/20%LMPAwith a thinner thickness
(14 mm) than pristine PU foam was found to reduce the peak
force to 1.1 kN, which was only 27.9% of that of pristine PU
foam. These findings suggested that APU/20%LMPA had sig-
nificant potential for energy dissipation and could be an effect-
ive material for protection applications. The results also indic-
ate that an increase in LMPA content corresponds to a decrease
in peak force of the APU/LMPA foam, as demonstrated in
figure 5(c). The force–time curves of APU/10%LMPA and
APU/20%LMPA exhibited a noticeable shoulder peak, as
opposed to the narrow peak observed in APU. The broader
peaks of the force–time curves suggested that the materials
are capable of dissipating impact force over a more exten-
ded period, resulting in a lower peak force. As illustrated
in figure 5(c), the pulse width time of APU/10%LMPA and
APU/20%LMPA were 1.57 ms and 2.36 ms, respectively,
which was longer than that of APU (1.21 ms). Figure 5(d)
displays the absorbed energy–displacement curves of APU,
APU/10%LMPA, and APU/20%LMPA. The results demon-
strated that when absorbing the same impact energy, the
deformation of APU/20%LMPA foam was lower than that
of pure APU, suggesting that the incorporation of LMPA
particles in auxetic structures represented an effective struc-
tural design. This design allowed for the efficient dissipation
and distribution of impact forces, thereby reducing deform-
ation and enhancing the energy absorption capacity of the
material. Figures 5(e) and (f) depicte the storage modulus and
loss modulus of PU, APU, PU/LMPA and APU/LMPA foams
as a function of frequency, within the measuring range of

0.1–100 Hz. The results indicated that an increase in frequency
corresponded to an increase in both the storage modulus
and loss modulus of the aforementioned foams. It is noted
that the storage modulus difference between APU/LMPA
and APU foam, as well as the storage modulus difference
between PU/LMPA and PU foam, became more pronounced
at higher frequencies, potentially due to the hardening effect
of LMPA. Additionally, the loss modulus of APU/LMPA
foam was greater than that of APU and PU foam, reflecting
a higher viscous response and greater dissipation of energy.
These findings demonstrated that the incorporation of LMPA
in foam structures could enhance the energy dissipation per-
formance of composite foams, as supported by both dynamic
and quasi-static tests.

3.4. Shape memory effect of APU/LMPA composite foam

The developed APU/LMPA composite foam was found to
exhibit the shape memory effect. Figure 6(a) illustrates the
shape memory process of the APU/LMPA composite foam
with 20 wt% LMPA. The sequence demonstrated the compos-
ite foam’s ability to transition between configurations with dif-
ferent curvatures when heated to 120 ◦C for 5 min (above its
melting point of approximately 70 ◦C) followed by deform-
ation and cooling processes. This process highlighted the
APU/LMPA auxetic composite foam’s versatility and poten-
tial in adaptive protective equipment, accommodating indi-
viduals of diverse body shapes. It implied that a single-sized
protective pad using the developed composite foam could
provide a one-for-all solution. The thermo-mechanical and
thermal conductive properties of the APU/LMPA composite
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Figure 6. (a) Shape memory effect of APU/20%LMPA. (b) Compressive stress–strain curves of APU/20%LMPA at room temperature and
120 ◦C. (c) Stiffness variable ratios of PU, PU/10%LMPA, PU/20%LMPA, APU, APU/10%LMPA and APU/20%LMPA. (d) Schematic of
the setup for measuring the surface temperature of APU/20%LMPA and APU. (e) Temperature-time curves of APU/20%LMPA and APU.
Illustration of the phase change process for LMPA (inside the oval circle). (f) IR thermal images of APU/20%LMPA and APU at 50 s, 130 s
and 300 s. Point 1, point 2 and point 3 are on the surface of hot plate, APU/20%LMPA and APU, respectively. (g) Shape memory
mechanism of APU/LMPA composite foam and SEM images of APU/20%LMPA foam before and after the shape memory process.

foam have been studied to gain a deeper understanding of the
shape memory mechanism. The thermal mechanical charac-
teristics of APU/LMPA were evaluated through quantitative
analysis via compression testing at both room temperature and
high temperature. The stress–strain curves of APU/20%LMPA
at room temperature and 120 ◦C were presented in figure 6(b).
The results indicated that the stress–strain curves overlap
during low strain values (<0.3). However, the difference in
stress between the two conditions increases as the strain
increases. At a compression strain of 0.75, the stress values
for APU/20%LMPA at room temperature and 120 ◦C were
found to be 2.1 MPa and 0.92 MPa, respectively. We intro-
duced the stiffness variable ratio as the ratio between stress at

room temperature and stress at 120 ◦C. Figure 6(c) illustrates
the stiffness variable ratios of pristine PU and APU foam,
as well as PU/LMPA and APU/LMPA composite foams with
varying LMPA contents. The results indicated that the stiff-
ness variable ratios of pristine PU and APU foam are 1.20
and 1.19, respectively. However, the stiffness variable ratios
of PU/LMPA and APU/LMPA composite foams (10% and
20% LMPA content) were significantly higher, ranging from
1.81 to 2.28. These results indicated that stiffness variation
of APU/LMPA composite foams was attributed to the melt-
ing of LMPA particles at temperatures above their melting
point, instead of the polymer structure changes of PU matrix.
We further studied the thermal properties of the APU/LMPA
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composite foam to evaluate the effect of LMPA particles in
the composite foam. The experimental setup involved pla-
cing APU/20%LMPA and APU foam samples on a hot plate
and recording their surface temperatures using an infrared
thermal camera, as presented in figure 6(d). The temperat-
ure values and IR thermal images of the two samples were
recorded at different heating times, as shown in figures 6(e)
and (f). The results indicated that the surface temperature of
APU/20%LMPA was approximately 5 ◦C higher than that of
APU after heating for 50 s, which increased to 13 ◦C when
the heating time was 300s. This difference in thermal con-
ductivity was attributed to the higher thermal conductivity of
LMPA compared to APU. Interestingly, the surface temper-
ature of APU/20%LMPA was found to be lower than that of
APU during a certain heating period, as indicated in themiddle
figure of figure 6(f) and the area framed in red in figure 6(e),
when the heating time was 130 s. For example, at heating
time of 130 s, the surface temperature of APU/20%LMPA
was 71.5 ◦C, while that of APU was 72.3 ◦C. This anom-
alous temperature zone was found to occur near the melt-
ing point of LMPA (∼70 ◦C). This behavior was attributed
to the phase change behavior of LMPA, which allowed it to
absorb or release heat without a significant change in temper-
ature. As shown in the insert image in figure 6(e), when LMPA
was heated, it underwent a phase change from a solid to a
liquid state, absorbing heat in the process, because heat energy
was used to break the bonds between the metal atoms, rather
than increasing the temperature of the material. Based on the
above results, the mechanism of shape memory effect of the
developed APU/LMPA composite foam could be explained
by figure 6(g). Initially, some LMPA particles were dispersed
within the PU matrix of the APU/LMPA composite foam.
Upon heating, these LMPA particles were melted into a liquid
state. Under applied external force, the voids occupied by the
LMPA particles deformed as the liquid LMPA changed shape.
During cooling, these reshaped LMPA particles were solidi-
fied, fixing the sample into a form with a certain curvature.
From the SEM images of the APU/20%LMPA composite
foam in figure 6(g), it could be observed that the shape of
the LMPA particles changed from spherical to elongated. This
morphological transformation provided evidence supporting
the proposed shape memory mechanism. When the external
force was removed and the sample was reheated, the LMPA
returned to a liquid state, allowing the deformed voids to
revert to their original shape under the restoring force of the
PU matrix. Consequently, the sample returned to its initial
shape.

4. Conclusions

In conclusion, this study demonstrated a novel APU/LMPA
composite foam that exhibited exceptional SED improve-
ment and favorable shape memory effect. Comprehensive
characterization including SEM, XRD, FTIR, DSC, TGA,
compression test, drop weight impact test, DMA, high speed

camera, IR camera were conducted to analyze the microstruc-
tures, mechanical and thermal properties of the APU/LMPA
composite foam. The SED improvement (4.8 times) of the
APU/LMPA foam was significantly higher than other repor-
ted auxetic foams in the literature. The drop weight impact
test demonstrated that the APU/LMPA foam could signific-
antly reduce transmitted force compared to non-APU foam,
with a 30% thinner foam reducing transmitted force by 62.1%.
The superior energy dissipation of APU/LMPA foam com-
pared to pristine PU foam could be attributed to the syner-
gistic effect of LMPA and the NPR of APU, which was also
proven by the developed FEA. It was also found that the
transmitted peak force of the APU/LMPA foam was reduced
as the amount of LMPA increased owing to the higher stiff-
ness arising from LMPA particles in the auxetic structures.
The study also revealed that an increase in frequency resulted
in a corresponding increase in both the storage modulus and
loss modulus of the APU/LMPA foams. Of particular interest,
the difference in storage modulus between APU/LMPA and
APU foam became more pronounced at higher frequencies.
This observation may be attributed to the hardening effect of
LMPA. Moreover, the APU/LMPA composite foam displayed
the shape memory effect, which implied that a single-sized
protective pad made by the APU/LMPA composite foam can
provide a one-for-all solution. The shape memory perform-
ance of the APU/LMPA composite foam could aid in the ergo-
nomic design of protective gear, enabling it to adjust and con-
form more closely to the user’s body contours when heated.
These distinctive attributes rendered the developed multifunc-
tional auxetic composite foam a highly prospective mater-
ial for utilization in personal protection gear with good user
experience.
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