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ABSTRACT

Inspired by hedgehog spines, this study developed and investigated a new shape memory polymer composite
(SMPC) that mimics the hollow-woven architecture of hedgehog spines. The hedgehog spine-inspired hollow
woven SMPC exhibits high recovery force, superior energy absorption, and excellent thermal insulation per-
formance while maintaining an ultra-low density. The material possesses a density of merely 0.12 g/cm?, a char
yield of 73.56% at 800 °C, retaining the capacity to withstand compressive loads up to 1000 times its own
weight. The maximum specific recovery force reaches 72 N/g, and even after 10 cycles of thermomechanical
compression at 100 °C, the shape recovery ratio remains at 99.4%, demonstrating reliable shape memory effects
and mechanical performance. Across the investigated temperatures, the material shows nearly 100% energy
dissipation and excellent impact resistance. Additionally, the SMPC demonstrates outstanding thermal insulation

properties. Its robust recovery under compression, torsion, and bending suggests broad potential applications in
aerospace, construction, and smart textiles.

1. Introduction

Biomimetic strategies inspired by natural structures have emerged as
a pivotal approach for developing novel high-performance materials
[1-4]. Through millions of years of evolution, organisms have devel-
oped unique and efficient structures and mechanisms to cope with
complex, changing environments. The hedgehog spines not only effec-
tively protect hedgehogs from predators, but their lightweight, high-
toughness characteristics have also attracted substantial research in-
terest. Hedgehog spines feature a hollow, porous structure that provides
resistance to local buckling with minimal weight and also offers excel-
lent thermal insulation [5,6]. Such structural features can inherently
enable efficient energy dissipation mechanisms. Energy absorption can
reduce damage caused by structural vibration, making bio-inspired de-
signs such as hedgehog spines valuable for developing advanced engi-
neering materials [7-10]. Therefore, biological materials provide rich
inspiration for the design and optimization of engineering materials.

Shape memory polymers (SMPs) are smart materials that can change
shape under external stimuli and recover their original shapes via the
shape memory effect [11-14]. SMPs have been widely studied for var-
iable components and smart structures due to their shape recovery,
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tunable stiffness, and programmability [15-18]. Examples include
deployable space structures, implantable biomedical devices, and smart
textiles [19-22]. The development and application of SMPs have
significantly advanced traditional materials and products [23-25].
However, SMPs still face limitations in load-carrying capacity, impact
resistance, and thermal stability, which restrict their widespread use in
structural applications [26,27]. To overcome these limitations and
introduce additional functionalities, increasing attention has been paid
to combining SMPs with reinforcements to form composites [17,28,29].
Shape memory polymer composites (SMPCs) integrate multiple con-
stituents, leveraging complementary properties to achieve multifunc-
tional performance [30-32]. In particular, the anisotropic behavior and
constitutive modeling of woven fabric-reinforced SMPCs provide a
theoretical framework for predicting their complex mechanical re-
sponses [33,34].

In recent years, hollow-woven architectures have attracted attention
owing to their lightweight impact resistance and thermal insulation
properties [35-37]. Li et al. [38] revealed the relationship between
microstructural features and multifunctional properties of hedgehog
spines using qualitative three-dimensional characterization, biome-
chanical analysis, and parametric simulations. Their results confirmed
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that hedgehog spines are biofunctionally graded, fiber-reinforced com-
posites that can inspire lightweight, heterogeneous biomimetic designs
with enhanced impact and flexural resistance. Kennedy et al. [8]
investigated the effects of temperature, humidity, spine color, and their
interactions on the bending strength and modulus of hedgehog spines,
showing that the flexural response can be tuned by environmental
conditions. Drol et al. [7] reconstructed key internal features based on
the microstructure of hedgehog spines and used finite element analysis
(FEA) to simulate three-point bending behavior. In contrast to these
studies, this work integrates SMPs with three-dimensional hedgehog-
like architectures to fabricate biomimetic SMPCs, enabling multi-
functionality and high performance in a single composite structure.

This study was inspired by the microstructure of hedgehog spines,
and a hedgehog spine-inspired hollow-woven SMPC was fabricated
using vacuum-assisted resin transfer molding (RTM) and characterized
by electron microscopy and spectroscopic analysis. The mechanical
properties of the hollow-woven SMPC were evaluated via com-
pression-recovery tests, three-point bending tests, and impact tests. The
results show that the material delivers excellent driving capability and
energy absorption at extremely low mass. In addition, the thermal
insulation performance was assessed by examining insulation effects at
different compression heights and background temperatures. The re-
covery behavior under compression, torsion, and bending was also
evaluated, indicating potential applications in aerospace, construction,
protective equipment, and smart textiles.

2. Material fabrication

Inspired by the microstructure inside a hedgehog spine (as shown in
Fig. 1(a)), a three-dimensional hollow fabric was designed and manu-
factured. This fabric was woven by Nanjing Baipeng Textile Materials
Co., Ltd., ensuring good structural integrity and uniformity, which in
turn guarantees the overall performance of the material structure. The
fabric was made of glass fiber. To ensure uniform and complete resin
impregnation, the fabrication procedure was as follows. First, the epoxy
resin (diglycidyl ether of bisphenol A, DGEBA) and curing agent (poly-
etheramine) were mixed at a mass ratio of 4:1. Subsequently, a 3D
hollow interlayer glass fiber fabric was prepared as the reinforcement
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(as shown in Fig. 1(b)). The fabric was placed in a pre-prepared vacuum
bag, and a vacuum pump was used to promote uniform resin infiltration
throughout the architecture. After impregnation, the vacuum bag was
carefully punctured, allowing the resin-impregnated fabric to recover its
three-dimensional upright geometry under external pressure and elastic
restoring forces. The sample was then transferred to a temperature-
controlled oven for curing. The curing process is carried out according
to the following temperature program: The curing schedule was as fol-
lows: 80 °C for 3 h to initiate crosslinking, 100 °C for 3 h to further
develop mechanical properties, and 150 °C for 5 h to complete cross-
linking. After curing, the sample was removed from the oven and cooled
to ambient temperature. The cured 3D hollow interlayer woven com-
posite was then cut to the required dimensions using mechanical cutting
equipment, yielding hedgehog spine-inspired hollow-woven SMPC
specimens with a density of 0.12 g/cm®. The upper, middle, and lower
microstructures of the cross-section of the hedgehog spine-inspired
hollow woven SMPC are shown in Fig. 1(c). Microscopic examination
of multiple specimens confirmed consistent and uniform resin impreg-
nation within the 3D hollow-woven glass fiber fabric. Minor specimen-
to-specimen variations in local fiber architecture and density were
observed due to manufacturing and cutting. To ensure statistical reli-
ability, at least five specimens were tested for each condition, and the
reported mechanical, thermal, and shape memory properties represent
mean values from repeated measurements.

3. Experimental
3.1. Dynamic mechanical analysis

The dynamic mechanical and shape memory properties of epoxy-
based shape memory polymer under thermodynamic effects were eval-
uated using dynamic mechanical analysis (DMA) equipment in this
study. Additionally, static mechanical tensile testing was used to eval-
uate the mechanical performance of SMP at different temperatures, and
thermogravimetric analysis (TGA) was used to evaluate the thermal
properties of SMP and SMPC. The DMA specimens of SMP had di-
mensions of 60 mm x 3 mm x 1.2 mm and were subjected to tensile
mode with a fixed frequency of 2 Hz and sinusoidal strain applied. The
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Fig. 1. The manufacturing of hedgehog spine-inspired hollow woven SMPC: (a) the microstructure inside a hedgehog spine; (b) Preparation process of hedgehog
spine-inspired hollow woven SMPC; (c) Microscopic morphology of hedgehog spine-inspired hollow woven SMPC.
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testing was conducted in tensile mode at a frequency of 2 Hz and a
heating rate of 5 °C/min from 20 °C to 120 °C. Quantitative shape
memory cycles were conducted using a DMA in controlled-force tension
mode. The specimen was deformed to a maximum strain at 100 °C,
cooled to 30 °C under constant load to fix the temporary shape, and
subsequently unloaded. Shape recovery was triggered by reheating the
sample to 100 °C. The static tensile performance testing of SMP was
conducted using the ZwickRoell Z010 universal testing machine in
accordance with ASTM D638 (Type IV). TGA testing was carried out
using the Mettler-Toledo TGA 1 STARe model thermal gravimetric
analyzer, under a high-purity nitrogen atmosphere, with a testing tem-
perature range of 25-800 °C and a heating rate of 10 °C/min, to obtain
the relationship curve between sample mass and temperature. To further
study thermal stability, samples were heated at 800 °C for 5 h in a tube
furnace under a high-purity nitrogen atmosphere.

3.2. Compression testing

The thermomechanical properties of SMPs exhibit significant tem-
perature dependence. To comprehensively evaluate the dual functional
characteristics of the hedgehog spine-inspired hollow woven SMPC
across various application scenarios, compression tests were carried out
using a ZwickRoell Z010 universal testing machine equipped with a
temperature chamber. The specimen size was 60 mm x 60 mm x 20
mm. During the compression testing, a compression speed of 2 mm/min
was used, and temperatures of 20 °C, 40 °C, 60 °C, 80 °C, and 100 °C
were selected for testing. Samples were equilibrated at the target tem-
perature for 10 min prior to testing. To evaluate the recovery perfor-
mance at Ty, hollow woven SMPC with temporary shapes mimicking the
hedgehog spines were selected for recovery testing. The force-
—displacement response during recovery at Ty was recorded using the
force and displacement sensors. The recovery force test was conducted
under constrained recovery conditions. The test was performed using a
universal testing machine (Zwick Z010) equipped with a temperature
chamber. The temperature was set at 100 °C, and the crosshead was
raised at a constant rate of 2 mm/min to constrain the sample's recovery.
The force during this process was recorded as the recovery force. Reli-
ability was evaluated by performing 10 compression-recovery cycles
(15 mm compression) at both ambient temperature and T,.

3.3. Three-point bending testing

To comprehensively assess the bending performance and post-test
morphology of the hedgehog spine-inspired hollow woven SMPC at
different temperatures, three-point bending tests were conducted using
a standard fixture. The specimen dimensions were 200 mm X 6 mm X
20 mm with a span of 100 mm. Bending tests were carried out at tem-
peratures of 20 °C, 40 °C, 60 °C, 80 °C, and 100 °C with a loading speed
of 2 mm/min. We recorded the displacement of the samples under
gradually increasing loads and plotted the relationship curve between
displacement and load. After the test was completed, we carefully
observed the bending morphology of the samples, paying special
attention to the microstructural changes in the damaged area. Through
this evaluation, we gained a better understanding of the bending per-
formance of the material at different temperatures and its response to
external stress. Furthermore, observing the microstructural changes of
the samples can also help us evaluate the material's damage tolerance,
thereby better understanding its stability and durability in practical
applications.

3.4. Impact performance testing

To further investigate the impact response of the hedgehog spine-
inspired hollow woven SMPC under different temperatures, drop-
weight impact tests were conducted to elucidate the influence of tem-
perature on energy absorption and overall impact performance. These
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tests are crucial for accurately predicting the durability and safety of the
material in practical applications. Firstly, the hedgehog spine-inspired
hollow woven SMPC was cut into test samples of 60 mm x 60 mm X
20 mm according to standard dimensions, ensuring consistency in size
and weight of each sample to guarantee reproducibility of the test re-
sults. Subsequently, we conducted tests using the standard drop hammer
impact testing equipment (INSTRON 9250HV) to ensure that the energy
and impact velocity during testing were controlled within pre-
determined ranges. The drop hammer had a mass of 6.5 kg and a
hemispherical tup with a diameter of 12.7 mm. The impact energy of 10
J was achieved by adjusting the drop height. To investigate the effect of
temperature on the material's impact resistance, samples were tested
under different temperature conditions. Temperature control was ach-
ieved using an environmental chamber attached to the drop hammer
tester. The specimen was placed inside the chamber and allowed to
equilibrate at the target temperature (20 °C, 40 °C, 60 °C, 80 °C, or
100 °C) for 30 min prior to testing, as confirmed by a thermocouple
embedded in a control sample. Impact was then applied to the samples,
and important parameters during the impact process such as time,
impact force, energy absorption, and displacement were recorded.
Through these tests, we were able to comprehensively evaluate the in-
fluence of temperature variations on the material's impact resistance
performance, providing important references for its performance in
practical applications.

3.5. Insulation performance testing

To accurately assess the thermal insulation performance of the
hedgehog spine-inspired hollow woven SMPC, the thermal insulation
effect under different compression states and background temperatures
were tested. A thermal imaging camera was utilized in this study to
evaluate the material, aiming to simulate the thermal insulation per-
formance at different heights in practical applications. In the experi-
mental setup, samples were placed in a controllable temperature
environment with a size of 60 mm x 60 mm x 20 mm, and compression
heights were set at 0 mm, 5 mm, 10 mm, and 15 mm. To limit the
compression height of the samples due to shape recovery during heating,
polyimide tape was used for restraint. The temperature distribution on
the top of the material at steady state was recorded, and the changes in
temperature on the top side were observed over a certain period.
Additionally, heating plate temperatures were set at 100 °C, 150 °C, and
200 °C to assess the temperature difference between the top and bottom
surfaces of the material under different compression heights.
Throughout the testing process, the environmental temperature was
ensured to be stable at 20 °C, and measures were taken to avoid inter-
ference from other external heat sources on the experimental results.

3.6. Shape recovery testing

To systematically evaluate the macroscopic shape memory capa-
bility, recovery tests were conducted under compression, torsion, and
bending modes via a standard thermomechanical programming cycle.
The samples were initially heated to 100 °C and held for 10 min to
ensure uniform thermal equilibrium. Subsequently, external loads were
applied to induce specific deformations: vertical compression of 15 mm,
torsion of 30°, and bending of 90°. These temporary shapes were fixed
by cooling the specimens to ambient temperature 20 °C under constant
constraint to freeze the molecular chain segments. After unloading, the
samples were placed on a temperature chamber at 100 °C to trigger
shape recovery. The morphological evolution was recorded in real-time
using a digital camera to characterize the recovery process.
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4. Results and discussion
4.1. Dynamic mechanical and thermal properties

Fig. 2(a) and (b) present the DMA test curves and shape memory
cycling curves of the SMP at different temperatures. The results indicate
that the T; of the SMP is 100 °C. As the temperature increases, the
storage modulus decreases gradually, reflecting enhanced polymer
chain mobility. The shape fixity ratio (Rp) and recovery ratio (R;) were
95% and 94.7%, respectively. After three consecutive cycles, both ratios
remained above 90%. Fig. 2(c) presents the tensile test curves of the SMP
at different temperatures. In the glassy state, the material shows a tensile
strength of 51 MPa and a fracture strain of 8.6%. As the temperature
rises, the material enters the transition zone, the storage modulus
rapidly decreases, and the material gradually transitions into the
rubbery state. When the temperature reaches 80 °C, the fracture strain
increases to 81%, which is 8.6 times higher than at ambient tempera-
ture, while the strength at T, decreases to 1.35 MPa, only 2.64% of the
strength at ambient temperature.

Fig. 2(d) presents the TGA curves of the SMP and the hedgehog spine-
inspired hollow-woven SMPC under nitrogen. Pure SMP begins to
decompose at about 230 °C and leaves only 12.13% char at 800 °C,
indicating almost complete thermal degradation with limited carbona-
ceous residue. In contrast, the SMPC shows a much higher onset
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decomposition temperature of —350 °C, demonstrating markedly
improved thermal stability. Its char yield at 800 °C reaches 73.56%, far
exceeding that of neat SMP and revealing a high fraction of thermally
stable carbonaceous residue. This substantial char fraction allows the
composite to retain structural integrity under extreme temperatures.
Thus, the incorporation of glass fibers not only raises the decomposition
onset temperature but also promotes the formation and retention of
protective char, jointly enhancing the high-temperature stability and
residual load-bearing capacity of the hedgehog spine-inspired hollow-
woven SMPC. Fig. 2(e) and (f) depict the morphology of hedgehog spine-
inspired hollow woven SMPC samples after exposure to 800 °C and the
material's load-bearing demonstration. The color of the material surface
changes from transparent to black, indicating the possible molecular
chain breakage and carbon element accumulation to form carbides,
resulting in the black color on the surface. Despite the high temperature
exposure, the material maintains rigidity and strength, capable of
bearing a load of 3 kg which is 1000 times its own weight.

4.2. Compression performance

Fig. 3(a) illustrates the compressive load—displacement curves of the
hedgehog spine-inspired hollow woven SMPC under different tempera-
ture conditions. Across the range of 20-100 °C, all specimens exhibit a
similar mechanical response: the load rises rapidly to a peak with
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Fig. 2. Thermal analysis of shape memory materials: (a) DMA testing curve of SMP; (b) Shape memory cycle of SMP; (c) Static tensile testing curve of SMP at
different temperatures; (d) TGA curves of SMP and SMPC; (e) Morphology before and after thermal decomposition; (f) Schematic diagram of thermal decomposition

process of hedgehog spine-inspired hollow woven SMPC.
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Fig. 3. Compression and recovery tests on hedgehog spine-inspired hollow woven SMPC: (a) Compression load-displacement curves at different temperatures; (b)
Relationship between recovery force and recovery distance; (c) 10 cycles of compression-recovery curves at ambient temperature; (d) 10 cycles of compression-

recovery curves at Tg.

increasing displacement, followed by a sudden drop. The initial linear
region corresponds to elastic bending of the woven pillars, while the
abrupt load decrease is associated with collective buckling of the woven
fibers. As compression proceeds and the hollow architecture becomes
progressively compacted, the load increases again. A closer comparison
of the curves at different temperatures shows that the peak load de-
creases monotonically with increasing temperature. For instance, the
peak load is highest at 20 °C (approximately 2.1 kN) and lowest at
100 °C (about 0.38 kN), indicating a marked reduction in load-bearing
capacity at elevated temperatures due to the reduced modulus of the
SMP matrix. Although matrix softening substantially lowers the peak
load, the displacement at the onset of geometric buckling remains nearly
unchanged, apart from minor fluctuations. The post-peak behavior also
depends strongly on temperature. At lower temperatures, the load drops
more steeply and the subsequent rise is more pronounced, whereas at
higher temperatures, both the decline and recovery of the load are more
gradual. This trend suggests that the material possesses enhanced
deformability at elevated temperatures, possibly due to the decrease in
shear modulus with increasing temperature.

Fig. 3(b) shows the evolution of the recovery force for a specimen
compressed by 15 mm at 100 °C. The experimental results indicate that
the restorative force rapidly decreases with the increase in recovery
distance. When the recovery distance approaches 0 mm, the restorative
force reaches the maximum value of approximately 575 N, then rapidly
decreases to about 120 N as the recovery distance increases to about 1
mm, which may be related to the shape memory effect and internal
stress release of the material under high compression. Subsequently, the
restorative force decreases to about 60 N when the recovery distance
reaches about 2 mm, and remains relatively stable within this range,

until the restorative force decreases to 0 N at 15 mm. This behavior
confirms that the hedgehog spine-inspired hollow-woven SMPC exhibits
excellent shape recovery capability after compression near its Tg.

Fig. 3(c) and (d) compare the compression-recovery cycles at
ambient temperature and near T,. At ambient temperature, the initial
compression load is high, reflecting the stiffness of the structure in its
glassy state. However, the load level decreases rapidly with successive
cycles, which is indicative of internal damage such as fiber fracture or
microcracking of the matrix. After 10 cycles, the significant reduction in
load-bearing capacity suggests irreversible damage. In contrast, near Ty,
the material shows markedly different behavior. Owing to the shape
memory effect and rearrangement of internal molecular chains, the
load-displacement curve maintained good shape memory effect in 10
cycles, and the height recovery ratio is maintained at 99.4%. This
demonstrates that at T, the material retains its mechanical performance
without pronounced degradation. Comparing the behaviors under these
two conditions reveals the distinct dual-functional characteristics of the
hedgehog spine-inspired hollow woven SMPC. At ambient temperature
(glassy state), the material exhibits high stiffness and strength, serving
as a robust load-bearing structure, although its reusability is limited by
matrix brittleness. In contrast, near T, (rubbery state), the material
transitions into a highly recoverable. This contrast confirms that the
material can be switched between a rigid structural mode and a resilient
damping mode via temperature control, allowing it to adapt to diverse
engineering requirements. The excellent height recovery ratio and en-
ergy dissipation can be attributed to the synergistic effect between the
elastic 3D hollow woven fiber network and the viscoelastic SMP matrix.
This continuous porous gradient structure ensures efficient stress
transfer and energy distribution. While minor batch-to-batch variations
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in fiber architecture may affect absolute property values, this core
multifunctional synergy is inherently stable, ensuring consistent
performance.

4.3. Bending performance analysis

Fig. 4(a) and (b) show the three-point bending behavior of the
hedgehog spine-inspired hollow-woven SMPC at different temperatures.
As temperature increases, the maximum bending load decreases, while
the maximum mid-span displacement increases. This trend reflects the
reduction in matrix stiffness at elevated temperatures, allowing larger
deflections under lower loads. With continued loading, the load begins
to decrease as pronounced bending and damage of the hollow fiber
bundles occur, as illustrated in Fig. 4(c). Beyond this stage, the load rises
again due to compression and densification of the fiber bundles. At
20 °C, the maximum load reached 85 N at a 6 mm displacement, while
testing at the T, temperature resulted in a maximum load decrease to 30
N. However, the material exhibited good bending performance and a
high level of damage tolerance at this temperature, with no significant
structural damage observed, indicating excellent flexibility and recov-
erability under these conditions. In contrast, at low temperatures, frac-
ture of the central fiber bundles occurs at relatively small displacements,
revealing increased brittleness and reduced bending performance. At the
T, temperature, increased mobility of the polymer chains within the
material allows for better stress dispersion during loading, maintaining
structural integrity and demonstrating higher flexibility and damage
tolerance. This was confirmed by the observation of post-bending
morphology, with no significant fiber fracture or damage observed (as
shown in Fig. 4(c)). Conversely, at low temperatures, restricted mobility
of the polymer chains prevents effective stress dispersion under equiv-
alent bending forces, leading to localized stress concentration and
fracture. The results suggest that the material exhibits good bending
performance and damage tolerance near its T, temperature, while
showing increased brittleness under ambient temperature conditions.

4.4. Impact resistance analysis

Fig. 5(a)-(e) Show the impact load-displacement curves of the
hedgehog spine-inspired hollow-woven smpc at different temperatures.

() ()
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as the environmental temperature increases, the maximum impact load
first decreases and then increases, indicating excellent energy-
absorption capability over a broad temperature range. below 80 °C,
the force-displacement curves display similar trends at all temperatures.
the initial rising branch corresponds to elastic response under impact
loading. between impact displacements of approximately 2-12 mm, the
load decreases and fluctuates. The observed sudden load drop in the
impact curve signifies the onset of structural damage, characterized by
the fracture of the woven fiber reinforcement and the subsequent
cracking of the polymer matrix. As the impact displacement increases,
the load gradually approaches 0, indicating further curvature of the
hollow fiber section, possibly accompanied by material damage, but the
impactor did not fully penetrate the specimen. The energy-displacement
curve reflects that the impact energy is gradually absorbed by the ma-
terial, with no saturation point of energy absorption, indicating
continuous energy absorption by the material. At 100 °C, the impact
response differs markedly. Within a displacement range of 0-12 mm, the
load remains around 200 N, after which it abruptly increases to about
4800 N and then rapidly drops to zero. The experimental results reveal a
significant influence of high temperature on the material's impact per-
formance. Fig. 5(f) plots impact displacement as a function of time at
different temperatures. Below 80 °C, the rate of displacement increase
gradually decreases with time at each temperature, reflecting the pro-
gressive energy absorption and stiffness of the structure. At 100 °C, the
displacement-time curve is initially linear, followed by a reduction in
slope, which again indicates changing deformation mechanisms and the
complex interplay between the softened matrix and the hollow-woven
architecture under impact.

4.5. Thermal insulation performance

Fig. 6(a) depicts the evolution of the top-surface temperature of the
hedgehog spine-inspired hollow-woven SMPC at different compression
heights. For all four compression levels (0, 5, 10, and 15 mm), the sur-
face temperature increases over time, with the heating rate first accel-
erating and then slowing before reaching a steady state. As the
compression height increases, the steady-state temperature on the top
surface rises from 46 °C to 107 °C, indicating that the thermal insulation
performance deteriorates as the internal air layer is reduced. Since air is
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Fig. 4. Three-point bending test curves at different temperatures: (a) Load-displacement curve; (b) Maximum bending load and maximum displacement; (c)

Morphology after bending test.
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an excellent thermal insulator, decreasing its volume directly weakens
the overall thermal barrier. The steady-state temperatures of 46 °C and
107 °C correspond to the uncompressed sample (h = 0 mm) and the
sample compressed by 15 mm, respectively. Fig. 6(b) shows the tem-
perature difference between the top and bottom surfaces as a function of
both compression height and heating-platform temperature. The tem-
perature difference decreases with increasing compression height,
because the flattened structure conducts heat more efficiently when the
hollow space is diminished. In contrast, at a fixed compression level, the
temperature difference increases significantly with rising platform
temperature. For example, at a compression of 10 mm, the temperature
difference increases from about 68 °C at a platform temperature of
100 °C to approximately 154 °C at 200 °C. Fig. 6(c) presents the tem-
perature distribution on the top surface of the material with a platform
temperature of 200 °C. The infrared thermal imaging graph intuitively
presents the temperature distribution of samples with different
compression heights. The uncompressed sample (0 mm) exhibits a more
uniform and lower surface temperature, whereas the highly compressed
specimen (15 mm) shows higher overall temperatures and a wider dis-
tribution, with the color scale shifting toward red and yellow. These
observations confirm that the hollow architecture and entrapped air
volume play a crucial role in thermal insulation. Moreover, the shape
memory capability of the SMPC enables active tuning of thermal insu-
lation by reversible morphological changes. By controlling compression
and recovery, the effective thickness and porosity of the structure can be
adjusted, offering promising opportunities for intelligent building
components or wearable devices that require adaptive thermal
management.

4.6. Recovery performance

Fig. 7 illustrates the shape memory recovery behavior of the
hedgehog spine-inspired hollow-woven SMPC under three macroscopic
deformation modes: compression, torsion, and bending. Shape memory
materials can typically return from a deformed temporary configuration
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to their original shape when exposed to an external stimulus such as
heat, and the present SMPC demonstrates this capability consistently
across all three modes. Fig. 7(a) shows the recovery process after
compressive deformation. In this test, the specimen was compressed by
15 mm below Tg and subsequently cooled to fix the deformation. Upon
reheating and applying a 2 kg load, the specimen recovered its original
height within 100 s, corresponding to a height recovery of 15 mm and
confirming outstanding shape memory performance in compression.
Fig. 7(b) displays the recovery process under torsional deformation
mode. The sample was twisted by 30° below T, and cooled to lock the
twisted configuration. After removing the applied torque and heating,
the specimen gradually returned to its initial untwisted state, demon-
strating reliable shape memory behavior under torsional loading. Fig. 7
(c) displays the bending recovery process. The specimen was bent to 90°
below T, and cooled to fix the bent shape. Upon reheating and releasing
the bending moment, the sample progressively straightened and finally
returned to its original configuration. The consistent recovery in all
three deformation modes highlights the uniformity and integrity of the
internal woven architecture and its junctions. The material can accom-
modate large deformations and still recover its original geometry after
unloading and thermal activation. The underlying recovery mechanisms
involve both fiber reorientation within the woven network and coop-
erative movement of polymer chain segments in the SMP matrix. This
recovery behavior aligns with the anisotropic visco-hyperelastic char-
acteristics of woven SMPCs, where the interaction between the woven
architecture and the matrix plays a critical role in stress distribution and
shape restoration [39].

5. Conclusions

This study systematically investigated the multifunctional perfor-
mance of a bio-inspired hedgehog spine hollow woven SMPC. Fabricated
via the RTM process, the composite possesses a uniform density of 0.12
g/cm>. The material exhibited superior thermal stability; compared to
pure SMP, the onset decomposition temperature increased from 230 °C

Fig. 7. Recovery process of bionic SMPC under different deformation modes: (a) compression deformation recovery process; (b) torsional deformation recovery

process; (c) bending deformation recovery process.
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to 350 °C, and the char yield at 800 °C rose to 73.56%. Remarkably, the
carbonized structure retained sufficient integrity to withstand loads
1000 times its own weight. Mechanically, the SMPC demonstrated a
high specific recovery force of 72 N/g. It displayed stable shape memory
effects, maintaining a shape recovery ratio of 99.4% over 10 compres-
sion cycles at 100 °C. While the material exhibits high stiffness at
ambient temperature, it transitions to a highly tough and recoverable
state near Tg. Furthermore, the hollow architecture provided excellent
impact resistance and thermal insulation. Under a 200 °C heat source,
the uncompressed structure effectively mitigated heat transfer, high-
lighting its potential for intelligent thermal management. In conclusion,
this work validates the superior multifunctional performance of the
hedgehog spine-inspired SMPC, providing robust experimental evidence
for the design of next-generation adaptive biomimetic structures.
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