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A biomimetic anisotropic PI/rGOA was engineered to synergistically integrate thermal protection, infrared stealth, and wearable sensing. This
work provides an effective strategy for designing lightweight multifunctional aerogels for extreme-environment protection and next-
generation wearable electronics.
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ABSTRACT: High-performance aerogels featuring exceptional thermal insulation and integrated motion-sensing capabilities are pivotal for
the advancement of next-generation flexible electronics and protective systems in extreme environments. However, achieving a synergistic
balance between multi-functional integration within a single lightweight framework remains a significant challenge due to the structural
limitations of conventional isotropic materials. Inspired by the hierarchical porous structures of aquatic plants, we herein report an anisotropic
polyimide/reduced graphene oxide aerogel (PI/rfGOA) with a biomimetic architecture, fabricated via a synergistic strategy of directional
freezing and interfacial regulation. This approach combines directional freezing with hydrogen-bonding-assisted interfacial regulation
between polyimide nanofibers (PINF) and graphene oxide (GO), enabling the construction of highly ordered anisotropic channels. The
resulting PI/rGOA demonstrates superior thermal regulation, maintaining substantial temperature gradients at both -190 °C and 200 °C, while
exhibiting rapid self-extinguishing behavior and structural integrity under a 1300 °C flame. Furthermore, the simultaneous regulation of heat
conduction and infrared radiation enables effective stealth performance. The sensor encapsulated with polydimethylsiloxane (PDMS) provides
high sensitivity and stability over 500 cycles. Overall, this work provides a versatile paradigm for developing multifunctional, structurally

ordered materials, offering a promising solution for acrospace, defense, and wearable electronic devices.

KEYWORDS: anisotropic aerogels, Polyimide nanofibers, rGO, extreme thermal protection, infrared stealth, wearable motion sensing

1 Introduction

Against the backdrop of extreme cold and hot environments and
the rapid development of wearable electronic devices, there is an
urgent need for an integrated lightweight material that can
simultaneously provide human thermal protection and motion
sensing, enabling real-time monitoring of human vital activities
while maintaining efficient thermal protection [1-5].
Lightweight porous structures are widely found in nature, and
through long-term evolution these structures have achieved a
balance among low density, high strength, and high transport
efficiency. Aquatic plants such as lotus stems and water
hyacinth serve as representative examples, in which internally
aligned hollow channels along the growth direction ensure
structural stability while enabling rapid transport of gases and
energy, thereby providing essential support for survival in
complex environments. The lightweight, efficient, and
multifunctional synergistic characteristics [6-8] embodied by
such directionally constructed porous architectures offer
important biomimetic inspiration [9-11] for the design of
artificial porous materials integrating thermal protection and
sensing functionalities.

In recent years, a variety of strategies have been developed to

fabricate aerogels with biomimetic porous architectures,
including templating methods [12, 13], sol-gel method [14, 15],
3D printing [16, 17], and directional freezing [18, 19]. However,
conventional aerogels predominantly possess isotropic pore
structures, resulting in nearly identical thermal resistance in all
directions, which makes directional thermal regulation difficult
and limits their application in complex thermal environments
[20, 21]. In contrast, ice-templated directional freezing
techniques [22] enable the construction of highly aligned
anisotropic pore channels within aerogels by controlling the
growth direction of ice crystals, thereby achieving differentiated
thermal transport behaviors along different directions. This
approach not only realizes a biomimetic replication of naturally
occurring directionally porous, but also provides an effective
pathway for constructing functional aerogels that simultaneously
offer thermal protection and structural stability.

On the basis that the directional porous architecture endows
aerogels with anisotropic thermal protection capability, the
selection of the material system further determines their overall
performance [23, 24]. Existing aerogels mainly include
inorganic aerogels [25, 26], organic aerogels [27, 28], and
composite aerogels [29-31] incorporating functional fillers.
Inorganic aerogels exhibit ultralow thermal conductivity and
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excellent high-temperature resistance, but their high brittleness
and poor flexibility make them difficult to adapt to complex
deformation environments; Organic aerogels, relying on
polymeric backbones, demonstrate improved mechanical
toughness and structural stability, however, their electrical
inertness and limited capability for thermal radiation regulation
restrict multifunctional integration [32-34]. Among polymeric
matrices, PI is particularly attractive because of its outstanding
thermal stability, intrinsic flame retardancy, superior mechanical
properties, and lightweight fibrous framework, making it highly
suitable for aerogels operating in extreme environments [1, 2, 18,
24]. The introduction of functional fillers such as carbon
nanotubes (CNTs), graphene, or MXene can effectively enhance
electrical conductivity and thermal radiation regulation, but is
often accompanied by pore structure deterioration, increased
density, and degraded flexibility, issues that are particularly
pronounced in anisotropic architectures [35-38]. Of these
functional fillers, GO is particularly advantageous because its
oxygen-containing functional groups facilitate hydrogen-
bonding-assisted interfacial interactions with PI, promoting the
uniform distribution of GO throughout the PINF framework [39,
40], while the reduced graphene oxide (rGO) network
establishes effective conductive pathways and infrared radiation
regulation [17, 21]. Therefore, how to construct a flexible
conductive composite aerogel with an anisotropic architecture
that balances compressive performance, thermal protection, and
sensing functionality remains an unresolved and critical
scientific challenge.

In this study, an anisotropic porous aerogel composed of
PINF and rGO was constructed. Through the synergistic
integration of directional freezing and hydrogen-bonding-
assisted interfacial regulation between PINF and GO, the spatial
confinement provided by the PINF framework, together with the
interfacial hydrogen bonding between PINF and GO, promotes
the uniform distribution of GO throughout the fibrous
framework during directional freezing, leading to the formation
of a highly ordered anisotropic porous architecture. In addition,
the PINF framework exerts a cooperative confinement effect on
ice crystal growth during unidirectional freezing, thereby
significantly enhancing the anisotropy of the aerogel pore
structure while maintaining the ordered arrangement of the
channels. Based on this biomimetic directional architecture,
steady-state thermal insulation tests over a wide temperature
range from -190 °C to 200 °C, as well as evaluations of flame
retardancy and structural stability under a 1300 °C butane flame,
were systematically conducted on the PI/rGOA. Meanwhile,
infrared thermal imaging was employed to visually characterize
the thermal radiation regulation behavior of the PI/rGOA under
continuous heating and human-related thermal source conditions,
thereby  systematically evaluating its infrared stealth
performance. Furthermore, a piezoresistive sensor was further
constructed through PDMS flexible encapsulation, and its
electrical response behavior was systematically tested to
evaluate the aerogel’s capability to sense human motions of
varying amplitudes and its response stability. The study
demonstrates that anisotropic PI/rGOA, constructed via an
organic—inorganic, achieve integrated in key functions including
thermal protection, infrared stealth, and flexible sensing, fully
validating their engineering feasibility and application potential
in extreme environment protection and wearable smart devices.

2 Experimental Section
2.1 Materials

Polyamic Acid solution (20 wt%, PAA/DMAc) was purchased
from Dongguan Ruiyu Plastic Raw Materials Co., Ltd.
(Guangzhou, China) and used as received. The preparation
procedures for the GO dispersion can be found in our group’s
previous studies [41-44] and in the Supplementary material.

2.2 Preparation of PINF aqueous dispersion

PINF was prepared through electrospinning PAA followed by
thermal imidization. The electrospinning was carried out under
ambient conditions with a temperature of 25-28 °C and a
relative humidity of 50-60%. A 20-gauge metal needle was used
as the spinneret, with a constant spinning voltage of 24.5 kV
applied, a solution feeding rate of 0.8 mL/h, and a spinneret-to-
collector distance of 23 cm. The resulting PAA nanofiber
membranes were vacuum-dried at 60 °C for 6 h, then subjected
to thermal imidization in a tubular furnace to obtain PINF. The
thermal imidization was carried out by heating in a tubular
furnace at a rate of 5 °C/min to 100 ‘C with a 30 min hold,
followed by heating to 160 °C with a 30 min hold, and finally to
280 °C with a 30 min hold. Finally, the obtained PINF was
dispersed in deionized water and homogenized by high-speed
shear to form a PINF aqueous suspension with a solid content of
approximately 1%.

2.3 Preparation of PPI/rGO aerogels

Aerogels were prepared by co-mixing PINF aqueous dispersion
and GO dispersion at predetermined ratios. Specifically, the
concentration of the PINF aqueous dispersion was ~1 wt%, and
that of the GO dispersion was ~1.5 wt%. The PINF aqueous
dispersion and GO dispersion were mixed at specific ratios and
poured into a freezing mold with a copper bottom and
polytetrafluoroethylene sidewalls, followed by freezing under
liquid nitrogen. Due to the imposed temperature gradient, rapid
cooling at the bottom of the container induced ice crystal
formation, guiding ice crystal growth from bottom to top, during
which GO sheets and PINF were expelled to the ice crystal
boundaries, forming dense vertically aligned pore channels [8,
45-47].

After freeze-drying for 48 h, PI/GO aerogels (PI/GOA) were
obtained. According to the different ratios of PI and GO, the
aerogels with PI:GO ratios of 7:3, 5:5, and 3:7 were designated
as PI/GO-1, PI/GO-2, and PI/GO-3, respectively. Thermal
reduction was conducted in a tubular furnace under a nitrogen
atmosphere at a heating rate of 5 °C/min, with isothermal
holding at 200 °C and 450 °C for 30 min at each temperature,
yielding PI/rGOA. The aerogels obtained after thermal reduction
were correspondingly designated as PI/rGO-1, PI/rGO-2, and
PI/rGO-3. After immersion in a PDMS solution suspension
followed by drying for 8 h, the resulting PI/rGOA were named
PPI/rGO-1, PPI/rGO-2, and PPI/rGO-3, respectively.

2.4 Fabrication of PPI/rGO PRS

The PPI/rGO pressure-resistive sensor (PPI/rGO PRS) was
fabricated in a sandwich configuration. The PI/rGO-3 was
immersed in a PDMS solution to endow the aerogel with
excellent elastic recovery, serving as the sensing layer.
Conductive silver tape was attached to the upper and lower
surfaces as electrodes, and a PI film was used as the outermost
encapsulation layer, yielding the PPI/rGO PRS.
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2.5 Characterization

The morphology of the materials was characterized using
scanning electron microscopy (SEM, Gemini360, ZEISS).
Fourier Transform Infrared Spectroscopy (FTIR, VERTEX-70,
Bruker) was used to determine the chemical structure of PAA,
PI, and composite aerogels in the wavelength range of 400—4000
cm™!. X-ray photoelectron spectroscopy (XPS, XSAMS00,
Kratos) was conducted to analyze surface composition, using an
Al Ka X-ray source (1486.6 ¢V photons) with a power of 180 W
(12 kV, 15 mA) under a vacuum of 2 x 1077 Pa. The thermal
weight loss properties were analyzed using a Thermogravimetric
Analyzer (TGA, Q50, TA), and the TGA curves were recorded
within the temperature range of 30 to 800 °C, with a heating rate
of 10 °C/min under N, atmosphere. while the electrical signals
of the sensors were recorded using a source meter (2450,
Keithley). Image] software was utilized for manual marking on
SEM images to determine the diameter of the nanofibers.

3 Results and discussion
3.1 Preparation and microstructural analysis of PPI/rGOA

Inspired by the tubular gas-chamber structures aligned along the
growth direction of lotus stems, this study constructed a bottom-
up oriented nanofibrous aerogel, and the fabrication pathway
and biomimetic structure of the PPI/rGOA are shown in Figure
la, b. For clarity, the Z-axis is defined as the freezing direction,
while the XY plane is perpendicular to the freezing direction.
Initially, PAA nanofiber membranes were synthesized via
electrospinning (Figure S1), manifesting a uniform diameter
distribution centered at ~0.47 pm with negligible Beaded fibers
(Figure S2). Subsequently, the PAA nanofiber membranes
underwent stepwise thermal imidization in a tubular furnace
(Figure S3). This dehydration and cyclization process
successfully converted the PAA nanofiber membranes into PINF
membranes (Figure 1c), accompanied by a distinctive color
transition from off-white to golden yellow (Figure S4). The
resulting PINF membranes were dispersed in deionized water
and fragmented via high-shear homogenization to yield ~1 wt%
PINF aqueous dispersion. Subsequently, GO dispersion with a
concentration of ~1.5 wt% was introduced into the PINF
aqueous dispersion, and after thorough stirring, the mixture was
poured into a freezing mold and subjected to freeze-drying and
high-temperature thermal reduction (Figure S5) to obtain
PI/rGOA. Finally, PI/tGOA was crosslinked with PDMS to
obtain PPI/rGOA.

The oriented pore-channel structure was realized through the
vertical growth of ice crystals [8, 45-47]. The copper bottom of
the mold, possessing high thermal conductivity, together with

the surrounding polytetrafluoroethylene walls with low thermal
conductivity, establishes a temperature-gradient environment,
allowing the cold flux to be rapidly transferred to the bottom of
the solution, Cold flux then propagates upward from the bottom,
inducing the stepwise bottom-up growth of ice crystals. During
freezing, the PINF framework provides spatial confinement
during directional ice growth, while hydrogen-bonding-assisted
interfacial interactions between GO and PINF promote the
uniform distribution of GO throughout the framework. Together,
these effects lead to the formation of a vertically interconnected
pore-channel architecture. After sublimation of the ice crystals,
PINF forms the skeleton, while GO adheres to the fiber surfaces.

PI/rGOA with different composition ratios all exhibit
pronounced directionally porous structural features on the
longitudinal cross-sections (XZ plane), as shown in Figure 1d-f.
In contrast, the corresponding SEM images of the XY plane
(Figure S6) show that no continuous aligned pore channels
comparable to those observed in the XZ plane are present,
further confirming the anisotropic porous architecture generated
by directional freezing. With the gradual increase in rGO
content, the internal pore morphology and orientation
characteristics of the aerogels undergo noticeable changes.
Compared with PI/rGO-1, PI/rGO-2 and PI/rGO-3 display
clearer longitudinal pore channels and more regularly arranged
rGO sheets, among which PI/rGO-3 exhibits the most prominent
directional architecture (Figure 1f and Figure S6c¢). Locally
magnified images further reveal the internal microstructural
construction of the PI/rGOA. It can be observed that the rGO
sheets are stacked along the X direction to form a lamellar
architecture with an interlayer spacing of 20—30 pum, and are
interwoven with PINF to form a stable three-dimensional porous
skeleton structure, exhibiting typical anisotropic porous
characteristics [48, 49].

Figure 1d'-f present the longitudinal cross-sectional (XZ
plane) morphologies of the PPI/rGOA after PDMS infiltration. It
is evident that the incorporation of PDMS leads to partial filling
of the pores, resulting in a reduction in overall pore size and an
increase in pore wall thickness. Nevertheless, the oriented
features of the longitudinal interconnected channels remain
well-preserved. This indicates that the PDMS encapsulation
process enhances structural stability and flexibility without
destroying the intrinsic anisotropic porous architecture of the
aerogels [50]. Therefore, the PPI/rGOA successfully construct
anisotropic porous structures with pronounced orientation
through directional freezing, providing an important structural
foundation for their subsequent mechanical response behaviors
and electrical sensing performance.
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Figure 1 Preparation and SEM images of the PPI/rGOA. (a) Schematic illustration of the fabrication process of the PPI/rGOA, where the Z-axis represents the
freezing direction and the XY plane is perpendicular to the freezing direction. (b) Photograph of a lotus stems. (¢) SEM image of PINF membrane. (d, e, f) SEM
images (XZ plane) of PI/rGO-1, PI/rGO-2, and PI/rGO-3, respectively. (d', €', ') SEM images (XZ plane) of PP/rGO-1, PPI/rGO-2, and PPI/rGO-3,
respectively. (g) Photograph of the PPI/rGOA. (h) Schematic diagram illustrating the compression and bending behavior of the aerogel, where the compressive
load is applied along the Z-axis. (i) PI/rGO-3 Compression tests before and after PDMS treatment, with the compressive load applied along the Z-axis.

Based on the analysis of the longitudinally anisotropic porous
skeleton of PPI/rGOA, to further evaluate the lightweight nature
and favorable rebound performance of this structure at the
macroscopic scale, Figure 1g-i present the photographs of
PPI/rtGOA placed on a leaf, the mechanical schematic
illustration, and the compression test results, with the
compressive load applied along the Z-axis. It can be observed
that the PDMS-encapsulated PPI/rGOA does not deform the leaf

even when placed on it. The rebound performance of PPI/rGOA
was further qualitatively evaluated through compression tests
(Figure 1i). The results show that PI/rGOA (initial thickness of
4.80 mm) exhibited a thickness of 2.34 mm after 100
compression cycles, corresponding to a deformation of 2.46 mm,
whereas PPI/rGOA (initial thickness of 4.63 mm) retained a
thickness of 4.4 mm after 100 compression cycles, with only
0.23 mm deformation. Therefore, PPI/rGOA maintains excellent
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shape recovery during 100 compression—release cycles,
indicating that the flexible crosslinked network formed by
PDMS among the fibrous skeleton effectively buffers external
stresses and suppresses pore-wall collapse. Such a structure,
synergistically constructed from an oriented porous skeleton and
an elastic polymer, provides an important guarantee for the
repeated deformation service of PPI/fGOA in applications such
as wearable sensing and flexible devices.

3.2 Chemical characterization and thermal property analysis
of the aerogels

Detailed chemical structure analysis and fiber diameter
characterization were performed on the PAA nanofiber
membranes and the thermally treated PINF membranes. The
FTIR spectra (Figure 2a) show that the absorption peak at 1654
cm! for the PAA nanofiber membrane is assigned to the C=0
stretching vibration of the amide group. After thermal treatment,
the PINF membrane exhibits distinct characteristic peaks at
1776 em™ (asymmetric C=0 stretching vibration), 1720 c¢cm™!
(symmetric C=0 stretching vibration), 1500 cm™' (C=C
stretching vibration), 1377 cm™' (C-N stretching vibration), and
725 ecm™! (imide ring deformation vibration), indicating the
successful dehydration and cyclization of PAA into PI [18, 24,
51], with an average PINF diameter of 0.66 um (Figure 2¢). To
further elucidate the structural evolution of the PI/rGOA, FTIR
analyses were performed before and after thermal treatment
(Figure 2b). Following thermal reduction, the infrared band at
~1600 cm™!, associated with aromatic C=C vibrations, becomes
more pronounced, signifying the partial restoration of the sp?
conjugated carbon network [52].

To further substantiate this structural evolution, XPS was
utilized to investigate the elemental composition and chemical
states of the PI/rGOA (Figure 2d—f). Upon thermal reduction, a
substantial enrichment in carbon content is observed within the
aerogel framework, accompanied by a pronounced depletion of
oxygen species. This evolution demonstrates that oxygenated
functional groups are efficiently eliminated during the thermal
reduction process, thereby re-establishing a more extensive sp?
conjugated carbon network. Specifically, In the high-resolution
C 1s spectra, the intensity of the peak at 284.8 eV (C-C) is
enhanced, whereas the component peaks associated with
oxygen-containing functional groups (such as C-O and C=0)
are weakened. These changes further corroborate the FTIR
results, demonstrating that thermal treatment not only restores
the sp? conjugated carbon network of graphene but also
effectively removes oxygen functional groups, thereby
enhancing the electrical conductivity and thermal stability of
graphene. In addition, XPS analysis reveals the persistent
presence of peaks at 286.9 eV (C=0) and 285.8 eV (C-N), as
well as a peak at 289.9 eV attributed to the aromatic ring,
indicating that the imide structure and aromatic main chain of PI
are largely preserved [53]. This confirms that the imide structure
of PI remains stable during thermal treatment without significant
thermal decomposition, which is consistent with the FTIR
results.

To further verify the overall structural stability of the aerogels
and their service potential in high-temperature environments,

TG and DTG were employed to systematically evaluate the
thermal stability and thermal decomposition behavior of the
PI/rGOA. As shown in Figure 2g and Figure S7, all samples
exhibit low mass loss below 500 °C, indicating good thermal
stability within this temperature range. For aerogels with higher
rGO contents, a relatively faster mass loss occurs below 500 °C.
This phenomenon is primarily ascribed to the thermal
decomposition of residual oxygenated functional groups and the
elimination of physisorbed species from the graphene [54]. The
main thermal decomposition process of the aerogels occurs
between 550 °C and 650 °C, and in the temperature range of
600-800 °C, the residual mass of PI/rGOA is significantly
higher than that of pure PI, with the residual mass increasing as
the rGO content increases. This phenomenon demonstrates that
rGO significantly bolsters the thermal stability of the aerogels
by establishing a resilient carbon skeleton and acting as a
physical barrier that retards the diffusion and volatilization of
volatile decomposition fragments. The corresponding DTG
profiles further substantiate the reinforced thermal resistance, as
evidenced by the noticeable shift of the temperature at
maximum decomposition rate (Tmax) toward higher regions
upon the incorporation of rGO. Specifically, pristine PI initiates
thermal decomposition at approximately 500 °C, with the Tmax
occurring at around 593 °C. In contrast, for the PI/rGOA, the
onset decomposition temperature is elevated to 537 °C, and the
Tmax is further shifted to 602 °C. The delayed thermal
degradation indicates the barrier effect between PI chains and
rGO, as well as strong interfacial interactions, which hinder heat
transfer and suppress chain scission [54, 55].

To evaluate the thermal protection performance of the
material under extreme environments, a temperature-testing
platform (Figure S8) was used to characterize the thermal
insulation performance of the PI/rGOA under high-temperature
(200 °C) and low-temperature (—190 °C) conditions (Figure 2h,
i). At low temperatures, the PI/rGOA exhibit superior thermal
insulation capacity, maintaining stable average temperature
differences of 184.71 °C, 186.60 °C, and 188.56 °C for PI/rGO-
1, PI/GO-2, and PI/rGO-3, respectively. Under high-
temperature conditions at 200 °C, these aerogels likewise
demonstrate exceptional thermal insulating performance; the
average temperature differences between the aerogel top
surfaces and the heating stage surface reach 128.54 °C,
132.40 °C, and 135.75 °C for the respective samples. To further
visualize the thermal insulation performance, an infrared thermal
imager was employed for real-time monitoring of the
temperature distribution across the aerogel cross-sections, as
depicted in Figure 2j. Consistent with the numerical, PI/rGO-3
demonstrates superior thermal insulation capabilities over
PI/tGO-1 and PI/rGO-2 under both low- and high-temperature
extremes. This phenomenon is primarily ascribed to its higher
rGO content; the increased rGO loading facilitates the
development of a more continuous and integrated pore
architecture during the ice-templating process. Such a structure
effectively traps air and heat within the voids, thereby
significantly hindering heat conduction and diffusion along the
vertical orientation of the pore channels.
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Figure 2 (a) FTIR spectra of PAA nanofiber membranes and PINF membranes. (b) FTIR spectra of PI/GO-3 before and after thermal treatment. (c) Diameter
distribution of PINF. (d—f) XPS spectra of PI/GO-3 before and after thermal treatment. (g) TG curves of PI/rGOA. (h, i) Thermal insulation performance of
PI/rGOA. (j) Side-view infrared thermal images of PI/rGOA after being held on a constant-temperature hot plate for 1 h.

Building upon the validated exceptional thermal insulation of
the aerogels, a butane blowtorch combustion test was further
carried out to systematically evaluate the high-temperature
flame-retardant behavior and the corresponding microstructural
evolution of PI/rGOA with varying rGO loadings (Figure 3).
During the combustion tests, the PI/rGO-1 . PI/rGO-2 and
PI/tGO-3 samples underwent rapid surface heating and
instantaneous carbonization upon direct impingement by a
~1300 °C butane flame. Notably, no sustained flaming, melting,
or dripping was observed throughout the process; all samples
exhibited rapid self-extinguishment immediately upon the
removal of the fire source (Figure 3a—c). These observations
collectively demonstrate the excellent intrinsic flame retardancy
of the composite materials.

Upon 10 s of flame impingement, the front surfaces of the
aerogels exhibited inward bending, with the most significant

shrinkage observed in PI/rGO-3, which possesses the highest
rGO loading (Figure 3d—f). Further SEM observations (Front)
reveal that the primary rGO pore channels in PI/rGO-3 are
retained, whereas significant sintering of the PINF occurs. This
results in a more pronounced contraction of the fibrous
framework, which serves as the primary driver for the observed
inward bending. In contrast, in samples with lower rGO loadings,
the discontinuous pore network fails to establish a coherent
carbonaceous barrier. The resultant heat diffusion facilitates the
structural collapse of the rGO pore architecture, leading to an
increased interfacial exposure between the flame and the PINF.
Consequently, the flame-retardant behavior in these instances is
primarily contingent upon the inherent thermal stability of the
PINF itself. These findings demonstrate that the incorporation of
rGO exerts a profound regulatory effect on the structural
response of the material during flame impingement.
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Additionally, SEM observations (Back) reveal that the surfaces
shielded from direct flame impingement retain an essentially
intact porous architecture without discernible damage,
highlighting the significantly enhanced resistance of the material
against flame penetration. Therefore, no through-thickness
damage is observed in any of the samples, and the flame-
affected regions are localized while the macroscopic structure
remains intact.

Elemental mapping results reveal a significant depletion of
oxygen (O) content alongside a moderate relative increase in
nitrogen (N) following combustion (Figure 3g), indicating
further carbonization of GO under flame exposure, while the
PINF are exposed and the N-containing structures in the
molecular backbone are not completely decomposed, which is
consistent with their excellent thermal stability. From a
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microscopic mechanism perspective, the rGO introduced on the
surface of the PINF framework effectively promotes the
formation of a dense carbonaceous protective layer during
combustion, which is consistent with a typical condensed-phase
flame-retardant mechanism [54-57]. The coherent carbonaceous
layer potently mitigates further heat diffusion during the
combustion process, thereby substantially bolstering the overall
flame retardancy of the material. Collectively, the flame
retardancy of the PI/rGOA stems from the synergistic interplay
between the intrinsic flame resistance of PINF and the rGO-
induced formation of a carbonaceous barrier. Among the
samples, PI/rGO-3, characterized by its higher rGO loading,
develops a more coherent carbon layer architecture, which
manifests as superior thermal protection and exceptional fire-
retardant performance.

3s 4s 7s

PI/rGO-3

Ii||||||||||||||

Figure 3 Flame-retardant behavior and microscopic morphology of PI/rGOA. (a—c) Photographs of PI/rGO-1, PI/rGO-2, and PI/rGO-3 with a thickness of 5
mm exposed to a butane flame at ~1300°C. (d—f) SEM images of the front and back surfaces of PI/rGO-1, PI/rGO-2, and PI/rGO-3 after flame exposure. (g)
EDS elemental mapping images of the front and back surfaces of PI/rGO-3.
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3.3 Infrared stealth performance of aerogels with anisotropic
pore architectures

In view of the structural integrity and heat transfer suppression
capability exhibited by PI/rGOA under flame exposure, infrared
(IR) thermal imaging technology was further employed to
systematically evaluate their infrared stealth performance and
related application potential from the perspective of infrared
radiation regulation. Under continuous heating conditions, the
external surface temperatures of the PI/rGOA were maintained
at a consistently low level throughout a prolonged 60 min
duration, with no discernible escalation (Figure 4a). This
observation demonstrates that the material can effectively
impede heat propagation from the thermal source to the outer
surface. A comparative analysis across samples with varying
rGO loadings reveals that the surface temperature distribution
becomes increasingly homogeneous as the rGO content rises,
with localized hot-spot phenomena being markedly suppressed.

The infrared stealth capabilities of the PI/rGO-3 were
subsequently visually validated through human-related practical
trials (Figure 4b). The baseline apparent temperature of the
human hand was measured at approximately 28.8 °C. When the
PI/rGO-3 sample was interposed between the human hand and
the infrared thermal imager, its external surface registered an
initial apparent temperature of only 17.8 °C. This value
underwent a subtle elevation to 18.9 °C and 20.5 °C after 30 s
and 60 s of continuous monitoring, respectively. Under
sustained thermal loading from the human heat source, the
external surface temperature of the PI/rGO-3 remains
significantly lower than that of the human body and closely
approximates the ambient background level. This thermal
characteristic effectively masks the covered regions, rendering
them virtually indistinguishable in the infrared thermal profile.
These results demonstrate that the PI/rGOA can potently shield
human-originated thermal radiation, thereby realizing a robust
and stable infrared stealth effect under practical heat-source

conditions. To further underscore the superiority of PI/rGOA in
infrared stealth, commercial expanded polyethylene (EPE) foam
with an identical thickness (5 mm) was utilized as a benchmark
for comparative testing against the vertically aligned PI/rGO-3
(Figure 4c and Figure S9). In contrast to PI/rGO-3 (average
temperature 53.8 °C), the 5 mm-thick EPE foam underwent a
rapid escalation in external surface temperature under identical
conditions, reaching an average of 67.5 °C. Furthermore, the
foam exhibited a markedly non-uniform spatial thermal profile,
suggesting that its insulation mechanism is predominantly
governed by the passive thermal blocking intrinsic to its low-
density cellular structure. Consequently, it possesses a
constrained capacity for mitigating radiative heat transfer.

Ultimately, correlating the infrared stealth performance with
the intrinsic architectural attributes of the aerogels (Figure 4d)
reveals that the infrared stealth capabilities of the PI/rGOA stem
from the synergistic modulation of both heat conduction and
thermal radiation [58, 59]. The vertically aligned channel
architecture, tailored via directional freezing, substantially
extends the heat transfer pathways across the solid framework.
Concurrently, the air immobilized within these micro-channels
effectively suppresses both solid-phase and gaseous heat
transport, thereby significantly mitigating the temperature
elevation of the external surface. Concurrently, the rGO
facilitate a cascade of multiple scattering, reflection, and partial
absorption of thermal radiation within the mid-to-far infrared
spectra. This synergistic mechanism further attenuates the
intensity of infrared radiation emitted from the internal heat
source to the surrounding environment [58-60]. Driven by the
synergistic integration of suppressed thermal conduction and
modulated infrared radiation, the PI/rGOA achieve robust
infrared stealth capabilities—even at a constrained thickness of a
mere 5 mm—under heating and human-related scenarios,
thereby demonstrating a comprehensive superiority that far
surpasses that of conventional polymer foam materials (EPE).
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Figure 4 Infrared stealth performance of PI/rGOA. (a) Infrared thermal images of PI/rGOA on a constant-temperature hot plate. (b) Infrared thermal images of

PI/rGO-3 placed on a human hand. (c) Comparative infrared thermal images of PI/rGO-3 and commercial EPE material on a constant-temperature hot plate. (d)

Schematic illustration of the infrared stealth mechanism.

3.4 Construction of wearable flexible sensors and monitoring
of human motion

Following the demonstration of the excellent thermal
management and infrared stealth performance of the PI/rGOA,
its potential for applications in flexible electronics and wearable
sensing was further explored. As shown in Figure S5a, the
PPI/rGO PRS was attached to different regions of the human
body to evaluate its motion-monitoring capability. The sensor
exhibited excellent pressure-sensing performance and
operational stability. When mounted on the inner side of a finger,
touching or pressing induced compression of the aerogel, giving
rise to a low-resistance response with a AR/R¢ value of
approximately -37.5% (Figure 5b). Moreover, the electrical
response remained highly reproducible throughout 500
consecutive loading—unloading cycles (Figure 5c), indicating the

excellent structural integrity and stable electromechanical
performance of the device.

Beyond pressure sensing, the PPI/rGO PRS is also well suited
for wearable human motion monitoring. Owing to the prestress
introduced during the encapsulation process, the sensor exhibits
distinct resistance responses to different motion amplitudes
when attached to the forearm. During low-amplitude forearm
lifting, the partial release of the prestress permits limited elastic
recovery of the aerogel skeleton, producing a relative resistance
change (AR/Ro) of approximately 100-200% (Figure 5d). In
comparison, high-amplitude forearm lifting almost completely
releases the prestress, allowing more pronounced structural
recovery of the aerogel and consequently a substantially larger
AR/Ry variation of approximately 200-350% (Figure 5e). The
sensor also exhibits excellent capability for monitoring joint
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motions. When attached to the antecubital region (inner elbow),
the compressive deformation generated during elbow flexion
reduces the relative resistance to approximately -30% (Figure
5f). Similarly, when mounted on the knee joint, bending induces
a AR/Ry variation of approximately -10% (Figure 5g). These
results demonstrate the capability of the PPI/rGO PRS to capture
complex human motions with high sensitivity and repeatability.

The fabrication process and working mechanism of the
PPI/rGO PRS are illustrated in Figure Sh, i. The PPI/rGO-3 was

sequentially assembled with copper wires, conductive silver tape,

and silicone, followed by encapsulation within a PI film to
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ensure mechanical robustness and stable electrical pathways.
Owing to the intrinsic compressibility of the PDMS-cured
aerogel, external mechanical deformation induces reversible
changes in the internal conductive pathways (Figure S10). Upon
compression, the densification of the aerogel framework
augments the population of rGO contact sites and diminishes the
tunneling distance between adjacent conductive domains,
thereby precipitating a significant reduction in electrical
resistance [61, 62]. Conversely, the unloading of external stress
triggers elastic recovery of the structure, resulting in a
concomitant increase in resistance (Figure 51).
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Figure 5 Flexible aerogel-based electrical sensor and its wearable motion-sensing performance. (a) Schematic illustration of the application of the PPI/rGO
PRS for human motion monitoring. (b) AR/R¢ under finger pressing. (c) Cycling stability test over 500 repeated loading—unloading cycles under finger pressing.
(d) AR/R¢ during low-amplitude forearm lifting. (¢) AR/Ro during high-amplitude arm lifting. (f) AR/R¢ during inner-elbow bending. (g) AR/R¢ during knee
bending. (h) Schematic illustration of the encapsulation of the PPI/rGO PRS. (i) Schematic illustration of the evolution of conductive pathways in the PPI/rGO

PRS during compression and recovery.

4. Conclusions

In summary, we have successfully engineered an anisotropic
PI/rtGOA with vertically aligned pore channels by integrating
directional freezing with hydrogen-bonding-assisted interfacial
regulation between PINF and GO. This biomimetic architecture
enables the optimized PI/rGO-3 to exhibit exceptional thermal
insulation along the transverse direction, maintaining substantial
temperature gradients of 188.56 °C at -190 °C and 135.75 °C at
200 °C. Beyond thermal management, the material demonstrates
robust flame retardancy; a sample (5 mm) withstands a 1300 °C

butane flame with only superficial carbonization, preserving its
structural integrity through rapid self-extinction. In addition, the
aerogel demonstrates excellent infrared stealth performance
through the combined regulation of heat conduction and infrared
radiation, effectively minimizing thermal signatures under both
continuous heating and human-related thermal source conditions.
When integrated into PPI/rGO PRS sensor, the system maintains
high cyclic stability over 500 cycles, delivering sensitive
resistance changes across varying motion amplitudes.
Collectively, these findings highlight that the anisotropic
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PI/rtGOA offers a lightweight, structurally stable, and
multifunctional platform, providing an engineering-feasible
solution for advanced thermal protection and next-generation
wearable electronics.

Electronic Supplementary Material: Supplementary material
(please provide the brief detail of the ESM) is available in the online
version of this article at
https://doi.org/10.26599/NR.2026.94909056.

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
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1. Required chemicals and raw materials preparation
1.1 Chemicals

Potassium permanganate (KMnO, , analytical reagent grade, AR) was purchased from Huzhou Shuanglin Chemical Technology Co.,
Ltd. (Zhejiang, China). Hydrogen peroxide (Hz O: , analytical reagent grade, AR, 30.0 wt%) was purchased from Shanghai Lingfeng
Chemical Reagent Co., Ltd. (Shanghai, China). Sodium nitrate (NaNOj , analytical reagent grade, AR) was purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Concentrated sulfuric acid (H. SO, , analytical reagent grade, AR,
>98.0%) was purchased from Zhejiang Zhongxing Chemical Reagent Co., Ltd. (Zhejiang, China). Graphite powder (325 mesh) was
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).

1.2 Preparation of graphene oxide (GO)

Atotal of 0.6 g NaNO3s and 22.5 mL H. SO, were reacted in an ice—water bath at 0 °C for 2.5 h, followed by the addition of 1.1 g
graphite powder (325 mesh). After 50 min, 3.6 g of KMnO, was slowly added over 1.5 h, and the reaction was continued for an
additional 1 h. The temperature was then raised to 45 °C and maintained for 1 h, followed by the addition of 65 mL deionized water.
Subsequently, the temperature was increased to 70 °C and maintained for 30 min, and 150 mL deionized water was added. Thereafter,
12 mL of H, O: (30%) was added, and the mixture was allowed to react for 15 min. Finally, the precipitate was washed with
hydrochloric acid (3%), followed by repeated washing with deionized water.

1.3 Preparation of polydimethylsiloxane (PDMS) solution

PDMS and the curing agent were mixed at a mass ratio of 10:1, diluted with n-hexane at a mass ratio of 1:6, and stirred at room
temperature for 1 h to obtain the PDMS solution.
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Figure S1 PAA nanofibrous membrane
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Figure S2 Diameter distribution of PAA nanofibers
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Figure S3 Thermal imidization treatment of PAA



Figure S4 PAA nanofibrous membrane (left) and PINF membrane (right)
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Figure S5 Reduction of PI/GOA
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Figure S6 (a, b, ¢) SEM images (XY plane) of PI/rGO-1, PI/rGO-2, and PI/rGO-3 at x2000 magnification, respectively. (a', b', c')
SEM images (XY plane) of PI/rGO-1, PI/rGO-2, and PI/rGO-3 at x300 magnification, respectively.
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Figure S9 Surface temperatures of PI/rGO-3 and EPE



Figure S10 SEM images (XZ plane) of the PPI/rGO PRS after 500 compression cycles. (a) Uncompressed state. (b) Compressed state.
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