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Aerogel absorbers are attractive for lightweight electromagnetic wave attenuation, but their structural brittleness
and limited geometric stability remain major constraints for engineering use. Simultaneously improving me-
chanical robustness and broadband absorption remains challenging. Here, we present a metamaterial aerogel
composite that integrates mechanical reinforcement with broadband electromagnetic wave absorption. A
parametric unit-cell model, governed by four coupled geometric variables, was constructed to span a continuous
family of shapes from uniform slab through frustum to pyramid. A genetic algorithm searched this multi-
dimensional design space to maximize effective absorption bandwidth (EAB) over 2-18 GHz under a 10 mm
thickness constraint, converging on an optimized frustum configuration. The optimized geometry was fabricated
as a polyimide/multi-walled carbon nanotube metamaterial aerogel (PCMA) and further integrated with aramid
honeycomb to form the corresponding polyimide/multi-wall carbon nanotube (PI/CNT) metamaterial aerogel
composite (PCMAC) by in-situ infiltration, freeze-drying, and thermal imidization. Mechanical tests further show
that PCMAC-9.6 reaches compressive and nominal flexural strengths of 4.3 MPa and 0.80 MPa, respectively,
exceeding both the empty honeycomb and the pure PCMA control. Compared with pure PCMA, PCMAC-9.6
exhibits an approximately 70-80% higher compressive strength and more than fourfold higher nominal flex-
ural strength. These results demonstrate a practical route to multifunctional composites that combine broadband
absorption with load-bearing capability for aerospace applications.

1. Introduction and other compositional modulations (for example, graded filler loading

or multilayer laminates) have been explored [15-18]. However,

With the rapid development of electronic devices, electromagnetic
(EM) interference has become a growing concern for both device reli-
ability and information security [1-4]. High-performance microwave
absorption (MA) materials are therefore required to mitigate undesired
EM radiation. Conventional absorbers are commonly implemented as
coating layers [5-7], yet their relatively high density limits use in
weight-sensitive applications [8]. Aerogels are attractive alternatives
because their three-dimensional porous networks provide ultralow
density and abundant internal interfaces that promote multiple scat-
tering and attenuation of incident EM waves [9-11].

Although aerogels offer these structural advantages, most aerogel
absorbers are compositionally homogeneous, which often leads to
imperfect impedance matching and limited absorption bandwidth
[12-14]. To broaden the operating band, spatial concentration gradients
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generating controlled heterogeneous profiles typically relies on step-
wise, layer-by-layer processing of precursor solutions, which demands
tight control over local filler distribution and is vulnerable to interfacial
defects and batch-to-batch variability [19-23]. These practical con-
straints hinder translation from laboratory demonstrations to structur-
ally consistent engineering components.

Metamaterials provide an alternative design route in which broad-
band response is primarily engineered through geometry, reducing
dependence on intrinsic material dispersion [24-26]. In particular,
metamaterials can smooth the impedance transition from free space into
the absorber by varying unit-cell geometry along the thickness direction
[27-29]. Conventionally, the unit-cell geometry is determined by
sweeping one variable at a time while keeping the other fixed, or by
comparing a small number of predefined shapes [30-32]. Such
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single-variable approaches can identify locally favorable configurations
but are limited when the search space involves several strongly coupled
geometric parameters, since they do not explore the joint design space
globally. Hence, a parametric unit-cell model coupled with a genetic
algorithm (GA) [33] is used here to optimize the metamaterial geometry
within a constrained design space. The model spans a continuous range
of slab-to-pyramid configurations, and the simultaneous adjustment of
all geometric variables enables the multi-dimensional design space to be
searched for a structure that maximizes EAB across 2-18 GHz under
fixed-thickness and manufacturability constraints.

Although metamaterials can enhance electromagnetic performance,
aerogels remain mechanically fragile and prone to processing-induced
distortion, which restricts their use in load-bearing structures [34-36].
Aramid honeycomb (AH) is widely used as a lightweight reinforcement
due to its high specific stiffness and established aerospace manufactur-
ability. However, conventional AH-reinforced aerogel composites often
adopt uniform filling, where honeycomb cells are fully filled with a
homogeneous absorber [37-40]. This configuration improves mechan-
ical robustness but can reintroduce a sharp impedance discontinuity at
the air-material interface and reduce tunability, leading to strong sur-
face reflection and constrained bandwidth.

In this work, a parametric unit-cell model governed by four coupled
geometric variables is constructed and combined with a genetic algo-
rithm to optimize the metamaterial geometry through full-wave elec-
tromagnetic simulation (CST Microwave Studio). The GA searches a
continuous design space spanning slab-to-pyramid configurations and
converges on a frustum-based PI/CNT metamaterial aerogel, denoted as
PCMA, that maximizes EAB over 2-18 GHz under a fixed thickness of 10
mm. On this optimized basis, the PCMA structure is integrated with
aramid honeycomb to form the corresponding PI/CNT metamaterial
aerogel composite, denoted as PCMAC. The influence of AH cell size on
the electromagnetic response of PCMAC is systematically investigated.
Experimental measurements of both PCMA and PCMAC are conducted
to compare their broadband absorption performance and mechanical
load-bearing capacity. The results evaluate the influence of honeycomb
cell size on impedance matching and field/loss redistribution around the
GA-optimized frustum geometry, and demonstrate the load-bearing
improvement introduced by honeycomb-supported aerogel integration.

2. Experimental section
2.1. Materials

4,4-oxydianiline (ODA, 98%), pyromellitic dianhydride (PMDA,
99%), N,N-dimethylacetamide (DMAc, 99%), and 2-dimethylaminoe-
thanol (DMEA) were obtained from Shanghai Aladdin Biochemical
Technology Co., Ltd. Multi-walled carbon nanotubes (CNTs, 10-30 nm
in diameter, 10-30 pm in length, 98% purity) were purchased from
Chengdu Jiacai Technology Co., Ltd. Aramid honeycomb with a 9.6 mm
cell size (supplier-reported density of 0.048 g cm™~3; dielectric properties
¢ =~ 1.6 and ¢ ~ 0; non-magnetic behaviour ' ~ 1 and p’ ~ 0, as
specified by the supplier) was purchased from Beijing Avic Composite
Materials Technology Co., Ltd. and used as the reinforcement skeleton
for composite fabrication. Deionized (DI) water was produced by a
water purification system (UPH-IV-5TNP, ULUPURE, China). All
chemicals and reagents were of analytical grade and used as received
without further purification. The molds used for shaping PCMA and
PCMAC were composed of polytetrafluoroethylene (PTFE).

2.2. Synthesis of PI/CNT aerogel

According to a reported method [41], initially, ODA (31.52 g,
0.15741 mol) and DMAc (300 g) were added into a 500 mL three-neck
round-bottom flask fitted with a mechanical stirrer. Once the ODA
was completely dissolved, the PMDA (34.33 g, 0.15741 mol) was
introduced into the solution in ten equal increments at 30-min intervals.
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ODA and PMDA were polymerized under an inert atmosphere to yield a
viscous polyamide acid (PAA) solution after 8 h of mechanical stirring.
The resulting solution was poured into low-temperature deionized water
to induce precipitation. The precipitated PAA was washed repeatedly
and then freeze-dried to yield a solid PAA precursor. For PI/CNT aero-
gels, the PAA precursor and DMEA, at a mass ratio of 2:1, were mixed in
deionized water at 5 °C under mechanical stirring at 200 rpm for 8 h to
form poly(amic acid) salt (PAAs). CNTs were then dispersed in the PAAs
solution using a tip-horn ultrasonic processor (LC-1000A, Shanghai
Lichen Instrument Technology Co., Ltd., Shanghai, China) operated at
40% amplitude in pulse mode (5 s on/5 s off duty cycle) for a total
elapsed run time of 8 h, corresponding to a cumulative on-time of 4 h,
with the dispersion vessel held in an ice-water bath at approximately
5 °C to suppress sonication-induced heating. The ultrasonic processor
was equipped with temperature control; sonication was automatically
paused when the dispersion temperature exceeded 35 °C and resumed
after the temperature decreased below 35 °C. The resulting slurry was
cast into PTFE molds and subjected to vacuum defoaming at 5 Pa for 3
min to remove entrapped air bubbles. The samples were subsequently
frozen in liquid nitrogen and freeze-dried under approximately 5 Pa
using the following programmed temperature schedule: —30 °C for 12 h,
—20°Cfor12h, —10°Cfor 12h, 0°C for 12 h, 10 °C for 8 h, 20 °C for 8
h, and 30 °C for 8 h, giving a total freeze-drying time of 72 h. Thermal
imidization was conducted via a stepwise temperature program (100 °C
x 1h,150°C x 1 h, 200 °C x 0.5 h, 250 °C x 0.5 h) to convert PAAs to
PI. To adjust the filler ratio of PAAs/CNT composite dispersions, the
mass ratio of PAAs to CNT was adjusted, and the resulting samples were
denoted as PxCy. Specifically, P corresponds to PAAs, C to CNT, where x
and y denote the mass ratios of PAAs and CNT, respectively. Accord-
ingly, three sets of composite dispersions (P3C2, P1C1, and P2C3) were
fabricated. The prepared PI/CNT samples were tested for electromag-
netic performance by the coaxial method. All material ratios are listed in
Table S1.

2.3. Synthesis of PI/CNT metamaterial aerogel (PCMA) and PI/CNT
metamaterial aerogel composite (PCMAC)

The PAAs/CNT slurry with the best electromagnetic performance
(P2C3) was cast into a customized PTFE mold (Fig. S1(a and b)). The
slurry was frozen in liquid nitrogen and freeze-dried using the same
programmed pressure and temperature schedule described in Section
2.2, followed by the same stepwise thermal imidization protocol for
PCMA formation (Fig. S2). As illustrated in Fig. 1, the same P2C3 slurry
was cast into a customized PTFE mold (Fig. S1(c and d)). The AH was
then inserted and pressed into the slurry to achieve full infiltration of the
cell volume prior to freezing. For PCMAC fabrication, the infiltrated
slurry was likewise frozen in liquid nitrogen and freeze-dried using the
same programmed schedule described in Section 2.2, followed by the
same stepwise thermal imidization treatment.

2.4. Characterization

The morphology of the aerogels was observed by scanning electron
microscope (SEM SU-5000, Hitachi, Japan) at an accelerated voltage of
20 kV. A thermogravimetric analyzer (TGA, Mettler Toledo,
Switzerland) was employed to investigate the thermal stability of sam-
ples under an air atmosphere, with a heating rate of 10 °C/min from
25 °C to 800 °C. The functional groups of PI/CNT aerogels were
observed by using a Fourier transform infrared spectroscopy (FTIR,
Spectrum Two, PerkinElmer, UK). The relative complex permittivity (e;)
and permeability (y,) in the frequency range of 2-18 GHz were
measured using a vector network analyzer (E5071C, Agilent, USA) by
the coaxial method. For coaxial measurements, molten paraffin was
introduced into the PI/CNT aerogels at 100 °C to reinforce the fragile
aerogel skeleton during coaxial-ring preparation. Paraffin was used as a
low-loss, wave-transparent supporting medium to reduce damage
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Fig. 1. The fabrication process flowchart of PI/CNT metamaterial aerogel composite (PCMAC).

during cutting. After cooling and solidification, the aerogel/paraffin
composites were cut into coaxial rings with an outer diameter of 7 mm
and an inner diameter of 3.02 mm. The mass ratio of aerogel to paraffin
in the prepared coaxial specimens was approximately 7:93. All PI/CNT
aerogel formulations were prepared using the same paraffin-infiltration
procedure before coaxial testing. The reflection loss (RL) values of
samples were calculated by the transmission line theory. The arc method
(the same vector network analyzer as above) was applied to measure the
RL of 200 mm x 200 mm samples in the frequency range of 2-18 GHz.
For the free-space arch measurement, the specimen was prepared as an
integral 3 x 3 unit-cell panel using the customized PTFE mold described
in Fig. S1, rather than by post-fabrication splicing of smaller pieces.
Therefore, no internal splicing gap was present within the tested area.
For the metamaterial aerogels and their counterparts, measurements
were conducted at incident angles of 5°, 15°, 30°, and 45° to evaluate
the angular stability of microwave absorption. The measured electro-
magnetic parameters were imported into CST Microwave Studio 2023
for simulation. A genetic algorithm was coupled with CST to optimize
the structural dimensions for maximum EAB within 2-18 GHz. The
simulated RL was calculated using the finite integral method. For me-
chanical characterization, quasi-static three-point bending tests were
performed according to GB/T1456-2021 using a universal mechanical
tester (TY8000-A), with a loading rate of 2 mm/min and a support span
of 160 mm. Compression tests were conducted using an electronic uni-
versal testing machine (C44-104, MTS) at a compression rate of 5 mm/
min on 60 x 60 x 10 mm specimens.

3. Results and discussion
3.1. Fundamental properties of PI/CNT aerogels

To identify the most suitable PI/CNT aerogel composition for

subsequent metamaterial construction, the fundamental properties of
the three prepared formulations were systematically examined. Fig. 2
(a—c) shows the cross-sectional morphologies of P3C2, P1C1, and P2C3
at the cellular-network scale. All three samples exhibit interconnected
porous frameworks. The enlarged images in Fig. 2(al—c1) further show
the local pore-wall morphology of the corresponding aerogel skeletons.
P3C2 presents continuous sheet-like pore walls with comparatively
smooth local surfaces. In P1C1, the pore-wall surface becomes more
textured, and isolated CNT-like fibrous features can be observed along
the folded wall regions. In P2C3, fibrous features are more frequently
observed on the pore-wall surface and around skeletal junctions. The
higher-magnification images in Fig. 2(a2-c2) provide a closer view of
these local surface features, showing the transition from comparatively
smooth pore-wall surfaces in P3C2 to fiber-containing pore-wall surfaces
in P1C1 and P2C3.

The thermal processing window and chemical conversion behavior
were further examined by TGA and FTIR. As shown in Fig. 3(a), both the
neat PI aerogel and the PI/CNT aerogel retain more than 90 wt% of their
initial mass up to approximately 500 °C in air. The aramid honeycomb
begins to show noticeable mass loss near 420 °C. Since the maximum
temperature used for stepwise thermal imidization is 250 °C, the
selected thermal schedule remains below the apparent mass-loss region
of all constituents and is therefore compatible with both the aerogel
skeleton and the honeycomb reinforcement.

As shown in Fig. 3(b), the FTIR spectra of the neat PI and PI/CNT
aerogels exhibit characteristic imide absorption bands, including
asymmetric and symmetric C=0 stretching near 1776 and 1720 cm !,
C-N stretching near 1375 cm ™, and imide ring deformation near 725
em™!. The amide-related C=O stretching band near 1660 cm™*, char-
acteristic of the poly(amic acid) precursor, is not resolved in either
spectrum. This result indicates that the precursor has been substantially
converted into the imide structure within the sensitivity of the FTIR
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Fig. 2. SEM images of PI/CNT aerogels with different PI/CNT mass ratios. (a to c) Cross-sectional cellular morphologies of P3C2, P1C1, and P2C3, respectively.
(al to c1) Enlarged views of selected pore-wall regions. (a2 to c2) Higher-magnification images of local pore-wall surface features.

measurement. The close spectral similarity between the neat PI and PI/
CNT aerogels further indicates that CNT incorporation does not
noticeably alter the imidization chemistry of the PI backbone [42].
Taken together, the TGA and FTIR results indicate that the thermal
schedule is sufficient to achieve substantial imidization while remaining
thermally compatible with the subsequent honeycomb-integrated
fabrication process. The high residual mass retained by the PI and
PI/CNT aerogels up to approximately 500 °C further confirms the
thermal stability of the imidized aerogel framework under the present
processing conditions.

The complex permittivity (er = ¢ — je") and complex permeability
(ur = p' — ju") were used to evaluate the electromagnetic response of the
PI/CNT aerogels. As shown in Fig. S3, ' remains close to 1 and p” re-
mains close to 0 over 2-18 GHz, confirming that the present PI/CNT
aerogels are dominated by dielectric loss. Therefore, the following
analysis focuses on the complex permittivity. The complex permittivity
spectra (Fig. 3(c—e)) provide the basis for selecting the matrix compo-
sition used in the subsequent metamaterial design. P2C3 exhibits the
highest ¢ over 2-15 GHz, indicating stronger polarization storage
associated with the higher CNT fraction and the resulting PI/CNT
interfacial structure [43-45]. Between 15 and 18 GHz, ¢ decreases
markedly, while ¢” shows a pronounced peak near 14 GHz (reaching
~8), which is characteristic of a Debye-type relaxation process [46,47].
The corresponding loss tangent of P2C3 peaks at approximately 1.3 at
16 GHz, exceeding those of P3C2 and P1C1, which remain below 0.4
throughout the measured band. This elevated dielectric loss is attributed
to the combined contribution of CNT-induced conductive dissipation
and interfacial polarization at PI-CNT boundaries [41,48]. Together
with its higher ¢ and ¢’ over most of the measured band, P2C3 was
selected as the base composition for subsequent metamaterial optimi-
zation and composite fabrication.

3.2. Structural size optimization of PCMA for electromagnetic
performance based on GA

Metamaterial absorbers are commonly optimized by varying one
geometric parameter at a time while keeping the other parameters fixed
[25,49]. Such decoupled sweeps are insufficient for the present PI/CNT
metamaterial aerogel because its broadband response is governed by
several coupled geometric factors, including the front-surface filling
fraction, the tapering ratio, the substrate thickness, and the available
lossy volume. Therefore, a genetic-algorithm-assisted full-wave simu-
lation strategy was adopted to search the coupled structural design space
and identify a broadband absorber under a fixed total thickness of 10
mm.

As shown in Fig. 4(a), the parametric unit-cell model was governed
by four continuous variables: base side length L1, substrate thickness t,
and two length ratios Ry = Ly/L; and Ry = L3/Ly, with the total height
fixed at H=h + t = 10 mm. When R; = Ry = 1, the unit cell reduces to a
uniform slab. Decreasing R; and Ry generates a family of stepped ge-
ometries, including a square stepped structure, a frustum, and finally a
pyramid-like structure as the upper side length is strongly reduced.
Thus, the slab, square, pyramid, and optimized PCMA used in Fig. 5
were derived from the same parametric design framework.

The initial population was generated by Latin Hypercube Sampling,
and the population was evolved through selection, crossover, and mu-
tation operators while geometrically invalid candidates were excluded
(Fig. 4(b)). The primary objective is to maximize the EAB across the full
spectrum (2-18 GHz). The fitness function F(X) is defined as the integral
of the valid absorption frequency range as follows:

F(X) = /f " s (E,X)df @

min
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Fig. 3. Thermal, chemical, and dielectric characterization of PI/CNT aerogels. (a) TGA curves of aramid paper, neat PI aerogel, and PI/CNT aerogel under air
atmosphere. The dashed line marks 90 wt% residual mass. (b) FTIR spectra of neat PI and PI/CNT aerogels. (c to e) Frequency-dependent ¢, ¢’, and tand of P3C2,
P1C1, and P2C3 measured over 2 to 18 GHz by the coaxial method.
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1,if RL(f, X)< — 10dB
0, otherwise

a7, { @

where RL(f,X) = 20*1og|S11 (f, X)| represents the simulated reflection
loss at frequency f, 5(f, X) represents a logical gate that equals 1 when
the 90% absorption criterion is satisfied and 0 otherwise. To ensure
engineering feasibility, the total thickness (H) was imposed as a rigid
constraint, and the design variables were bounded within manufactur-
able limits.

Because the optimization target was broadband EAB, the selected
structure was determined by absorption-band coverage rather than by
the deepest RLyin. The GA converged to a frustum-type PCMA with L; =
66.37 mm, Ly = 48.45 mm, L3 = 45.54 mm, h = 7.25 mm, and t = 2.75
mm. This geometry lies between the limiting slab and pyramid cases,
providing a compromise between front-surface impedance transition
and internal lossy volume. Ly, t, R, and Ry jointly define the entrance
impedance transition, effective dielectric loading, geometric transition,
and available lossy volume. The resulting frustum geometry therefore
represents a coupled optimum under the EAB objective, fixed-thickness

constraint, and manufacturability considerations.

The optimized PCMA was then compared with three representative
geometries from the same framework, namely the uniform slab, square
stepped structure, and pyramid-like structure. The electromagnetic
performance of the optimized PCMA and the three representative
comparison geometries is shown in Fig. 5(a and b). The monolithic slab
exhibits an EAB of only 1.89 GHz because the planar air-aerogel inter-
face causes severe impedance mismatch and limits wave penetration
[50]. The square stepped structure improves the EAB to approximately
7.35 GHz owing to its larger cross-sectional area and increased lossy
volume, but the abrupt orthogonal boundary at the top surface still in-
duces interfacial reflection. The pyramid configuration provides a
smoother impedance transition from free space, but its sharp apex and
progressively reduced cross-section limit the available lossy volume,
resulting in an EAB of only 2.4 GHz. By comparison, the optimized
PCMA achieves the widest simulated EAB because it balances gradual
impedance transition with sufficient internal lossy volume under the
fixed 10 mm thickness constraint.

The field and power-loss distributions in Fig. 5(c and d) further
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support the structural comparison. In the slab, the electric field and
power loss are mainly confined near the incident surface, indicating
limited wave penetration caused by the abrupt planar interface. In the
square stepped structure, the field extends further into the absorber, but
pronounced field concentration remains near the orthogonal top
boundaries. In the pyramid, the tapered profile improves the entrance
transition, while the reduced cross-section confines the loss region to a
narrower central volume. For the optimized PCMA, field penetration
and power-loss distribution are more spatially extended within the
frustum body. At 2.56 GHz, the electric field penetrates through a sub-
stantial portion of the frustum. At 4.39 and 7.10 GHz, enhanced fields
appear along the lateral transition regions while interior field penetra-
tion is retained. At 14.7 GHz, the loss region becomes more localized
near the upper transition regions and corners. These frequency-
dependent distributions indicate that the broadband response origi-
nates from the combined effects of impedance transition, accessible
lossy volume, and local field redistribution within the fixed 10 mm
thickness.

3.3. Electromagnetic simulation of honeycomb-reinforced PCMAC
structures

Composites Part B 323 (2026) 113777

PCMAC models were constructed to evaluate the influence of commer-
cial AH cell size on broadband absorption. Three AH cell sizes, 3.2, 6.4,
and 9.6 mm, were selected as practical commercial specifications, rep-
resenting relatively dense, intermediate, and sparse wall distributions
within the same metamaterial geometry. Since the optimization target
was EAB over 2-18 GHz, the cell-size effect was evaluated by combining
local absorption-peak evolution with broadband impedance-matched
bandwidth. In this broadband evaluation, the wavelength associated
with one absorption peak is treated as a local descriptor, while the
overall cell-size dependence is assessed from the full reflection-loss and
impedance responses.

As shown in Fig. 6(a and b), changing the honeycomb cell size affects
the reflection-loss peak position, peak depth, and EAB in a frequency-
dependent manner. Near 8 GHz, the local absorption peak becomes
deeper as the cell size decreases from 9.6 to 3.2 mm, indicating stronger
frequency-selective attenuation associated with the increased wall
density in this region. This local trend does not extend over the full 2-18
GHz band. Accordingly, no monotonic relationship is observed between
honeycomb cell size and the characteristic RLy,, peak over the 2-18
GHz range. PCMAC-3.2 exhibits the deepest RLy, within a limited
frequency range, whereas PCMAC-9.6 provides the widest EAB among
the honeycomb-integrated structures. The following analysis therefore

focuses on broadband impedance matching [51], field/loss
Based on the GA-optimized PCMA geometry, honeycomb-reinforced
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and PCMAC-9.6 over 2-18 GHz.
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redistribution, and preservation of the impedance response of the
GA-optimized PCMA geometry.

The microwave attenuation of PCMAC involves both microscopic
dielectric-loss pathways and macroscopic impedance regulation. In the
P2C3 aerogel, CNT-induced conductive dissipation and PI/CNT inter-
facial polarization provide the primary dielectric-loss contribution
[52-54]. Honeycomb integration further introduces AH/aerogel contact
regions and aramid-fiber/resin interfaces within the honeycomb walls,
which may serve as auxiliary polarization sites and local
field-redistribution regions. The broadband absorption of PCMAC is
therefore associated with dielectric attenuation in the aerogel phase,
interfacial effects introduced by the honeycomb skeleton, and the
impedance-transition pathway established by the GA-optimized frustum
geometry.

Decreasing the cell size increases the number of honeycomb walls
and AH/aerogel contact regions within the same projected area. The
increased wall density in the smaller-cell configurations can enhance
local frequency-selective attenuation, as reflected by the local peak
evolution in Fig. 6(a and b). Over the broadband range, however, it also
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modifies the continuity of the designed impedance-transition pathway.
By comparison, PCMAC-9.6 better preserves the impedance trajectory
and field-penetration characteristics of the optimized PCMA, which is
consistent with its wider impedance-matched bandwidth.

Fig. 6(c) further shows the electric-field and power-loss density dis-
tributions of PCMAC-9.6 at representative absorption frequencies.
PCMAC-9.6 maintains appreciable field penetration into the frustum
body and forms spatially distributed power-loss regions. Additional field
and power-loss maps for PCMAC-3.2 and PCMAC-6.4 are provided in
Fig. S5. Compared with PCMAC-9.6, the smaller-cell configurations
show less spatially continuous high-frequency loss regions within the
frustum body, indicating that the increased wall density modifies the
internal field distribution of the optimized metamaterial geometry.
These field maps are consistent with the wider EAB of PCMAC-9.6 and
support the view that the 9.6 mm honeycomb better preserves the field-
penetration and volumetric-dissipation characteristics of the GA-
optimized PCMA.

This field-distribution result is consistent with the Smith-chart tra-
jectories in Fig. 6(d) and the normalized input impedance spectra in

RL (dB)
@ © ®) f 2 (946 P
= 40 S u
2-204 > 10 4, 40
Z %10 <-10dB 1= e =
- -404 é ~ =m0 -30%
5 = 20 S ol I
= — Experiment(¥, EAB12.3 GHr) E‘O Az m »n B
% -601 — Experment(15°, EAB:111 GH) = - ] -20.2
S | — Experimen(30°, EAB12.69 GH) 2 30 W &
mm- ~— Exepriment(45°, EAB13 33 GHr) 10 -35 hs
s C X Ku 40 2
2 4 6 8 10 12 14 16 18 2 46 81012141618 e 0
Z 5 15 30 45
(d) . Frequency(GHz) (e) Frequency (GHz) RL @B) (0 Incident Angles (°)
. = 16 -30
& -104 40 14 25
3 20, % 10 12 -
s 30 10 203
= 304 150 =1
-] ~—E xperiment(5°, EAB 1408 GHz) - eS8 -15 =
£ 40| —Eweriment(lS EABLIL GHz) g 20 - 6 L
,g —Experiment(30°, EAB 1398 GHi) = 220 Wi -10p2
o 50| —Ewmperimestds’ EABLA2SGHy) | & 4
60 s C X Ku 10 R 25 2 S
2 4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18 0 0
I3 - (GH _ 5 15 30 45
( ) requency (GH2) Frequency (GHz) Incident Angles ()
g 3 (h) This work(PCMA)
This work(POMAC9.6) |l
137
= | (]
(53] (s —
0 |
(1 | [
156] E—]
57
2 & &% 30 & 36 I8

Frequency(GHz)

PCMAC-9.6

Fig. 7. Experimental electromagnetic performance and comparison of PCMA and PCMAC-9.6. (a) Measured RL spectra of PCMA at incident angles of 5°, 15°,
30°, and 45°. (b) RL contour map of PCMA versus frequency and incident angle. (¢c) EAB and RL,;, of PCMA at each angle. (d) Measured RL spectra of PCMAC-9.6 at
the same angles, compared with simulation. (e) RL contour map of PCMAC-9.6. (f) EAB and RL,;, of PCMAC-9.6 at each angle. (g) Experimental EAB of PCMA and
PCMAC-9.6 as a function of incident angle, illustrating the angular stability imparted by the honeycomb. (h) Comparison of EAB with reported aerogel-based and
metamaterial absorbers at comparable thickness (<10 mm). (i) Photographs of the PCMA sample and the PCMAC-9.6 sample.



Z. Lietal

Fig. S4. PCMAC-9.6 follows the PCMA trajectory most closely and forms
the most compact trajectory near the chart-center region, while main-
taining Re(Zin/Zo) closer to unity and Im(Z;,/Zo) closer to zero over a
broader frequency interval [55]. By comparison, PCMAC-3.2 and
PCMAC-6.4 show larger low-frequency impedance deviations, consis-
tent with their narrower EABs and less continuous field/loss distribu-
tions. Among the simulated commercial cell sizes, the 9.6 mm
honeycomb therefore provides the most favorable balance between
preserving the GA-optimized impedance response and maintaining field
penetration into the frustum body. Accordingly, PCMAC-9.6 was
selected for experimental fabrication and characterization.

3.4. Experimental electromagnetic performance of PCMA and PCMAC

The electromagnetic performance of the fabricated samples was
measured using a free-space arch system in an anechoic chamber
(Fig. S6). Fig. 7(a) presents the measured RL spectra of PCMA. The
contour map (Fig. 7(b)) shows that the absorption band narrows and
shifts with increasing incident angle. Quantitatively, the experimental
EAB varies between approximately 11.5 and 13.8 GHz depending on the
incident angle (Fig. 7(c)). Compared with the simulated EAB of the
PCMA geometry, the measured PCMA shows a reduced absorption
bandwidth and weaker angular stability.

This deviation between the simulated and measured PCMA responses
is mainly associated with the measurement condition and processing-
induced geometric deformation. The simulation was conducted using
the optimized geometry under normal incidence, whereas the experi-
mental free-space arch measurement started from 5° incidence, which
can contribute to spectral deviation. In addition, the free-standing PCMA
panel underwent shrinkage during freeze-drying and thermal imidiza-
tion. For the present stepped-frustum geometry, through-thickness
contraction of the thin base layer, local bending, edge rounding, and
dimensional contraction of the frustum body can alter the designed
impedance-transition pathway and affect the measured absorption
response. The dimensional measurements in Fig. S8 and Table S2 show
pronounced shrinkage and profile distortion in the free-standing PCMA
panel, providing direct evidence that geometric deformation is a major
observable contributor to the discrepancy between simulation and
experiment.

To quantify the geometric deformation, the key dimensions of the
fabricated PCMA and PCMAC-9.6 panels were measured at three posi-
tions on each panel using a stainless-steel ruler with 0.5 mm graduation
(Table S2; Fig. S8). The free-standing PCMA panel shows pronounced
contraction: L decreases from 199.1 mm to 188.8 4+ 0.5 mm, L3 from
45.5 mm to 40.8 + 0.5 mm, H from 10.0 mm to 8.6 + 0.5 mm, and t
from 2.75 mm to 1.8 £+ 0.5 mm.

By comparison, PCMAC-9.6 shows much smaller dimensional
changes after fabrication. The measured dimensions are L =199.1 & 0.5
mm, L3 = 45.1 £ 0.5 mm, H=9.9 + 0.5 mm, and t = 2.7 + 0.5 mm,
which are close to the corresponding design values of 199.1, 45.5, 10.0,
and 2.75 mm. These results indicate that the AH skeleton effectively
constrains processing-induced shrinkage, improves panel flatness, and
helps preserve the designed frustum profile during fabrication. The
closer agreement between the measured and simulated responses of
PCMAC-9.6 is therefore mainly associated with the improved geometric
preservation introduced by the honeycomb skeleton.

The role of the macrostructural design was further examined using
control samples measured under the same arch conditions. The 10 mm-
thick uniform P2C3 monolithic slab (Fig. S7(a)) exhibits an EAB of
approximately 1.35 GHz at 5° incidence, which is much narrower than
that of PCMA at the same angle. This comparison indicates that the EAB
improvement achieved by PCMA is mainly associated with the GA-
optimized macrostructural geometry. When the honeycomb cells are
uniformly filled with P2C3 (Fig. S7(b)), the EAB broadens compared
with the uniform P2C3 slab, indicating that the honeycomb skeleton
introduces additional impedance modulation. PCMAC-9.6 further
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provides a wider absorption band than the uniformly filled honeycomb
structure, indicating that the GA-optimized metamaterial geometry
plays the primary role in broadband absorption, while the AH skeleton
contributes through complementary impedance modulation and geo-
metric stabilization.

Fig. 7(h) benchmarks the measured EAB of PCMAC-9.6 against
representative aerogel-based and metamaterial absorbers reported in
the literature [35,56-61], with detailed parameters summarized in
Table S3. Among samples with comparable thickness (<10 mm),
PCMAC-9.6 achieves an EAB of 14.01 GHz, exceeding the rGO/BC
aerogel-filled honeycomb (12.1 GHz at 10 mm) [35], the CF/PIA6
metamaterial (12.4 GHz at 8 mm) [60], and the 3D-printed ABS/Carbon
and CB/PP metamaterials (8.1 and 6.6 GHz at 9.37 and 10 mm,
respectively) [57,58]. Monolithic aerogel absorbers such as
PI/PPC@CNC [56] and CNTs/cellulose@TPU [59] exhibit EABs of 9.8
and 4.2 GHz at thicknesses of 7.8 and 7.66 mm, respectively, without the
same macrostructural impedance-gradient design used in the present
PCMAC structure. The graphene/SiO; aerogel [61] attains a comparable
EAB of 14.04 GHz but requires a thickness of 20 mm, twice that of the
present design. The combination of GA-optimized metamaterial geom-
etry and honeycomb reinforcement indicates that PCMAC-9.6 achieves a
comparatively wide EAB among the representative aerogel-based and
metamaterial absorbers surveyed here under a 10 mm thickness
constraint.

3.5. Mechanical performance of the PCMAC and PCMA

For practical aerospace applications, mechanical robustness is
equally important. To clarify the mechanical contribution of the inte-
grated architecture, comparative tests were conducted on the empty
aramid honeycomb (AH), pure PCMA, and PCMAC-9.6 under both out-
of-plane compression and three-point bending. Fig. 8(a and b) presents
the compression test setup and representative stress—strain curves. The
empty AH exhibits a linear elastic rise followed by a sharp stress drop at
approximately 3.2 MPa, corresponding to plastic buckling of the thin
aramid cell walls, after which the stress enters a densification plateau.
The pure PCMA collapses earlier and reaches approximately 2.4-2.5
MPa, reflecting the limited compressive stability of the free-standing
aerogel architecture. By comparison, PCMAC-9.6 reaches a compres-
sive strength of 4.3 MPa, corresponding to a 34% increase relative to AH
and an approximately 70-80% increase relative to pure PCMA. This
higher compressive strength indicates that the honeycomb-supported
configuration provides a more stable load-bearing framework than the
free-standing PCMA under out-of-plane compression.

Three-point bending results are shown in Fig. 8(c and d). The empty
AH exhibits a nominal flexural strength of approximately 0.45 MPa,
whereas the pure PCMA shows lower bending resistance, with a nominal
flexural strength of approximately 0.17-0.20 MPa. PCMAC-9.6 reaches
approximately 0.80 MPa, which is 78% higher than that of AH and more
than four times that of pure PCMA. Together with the compression re-
sults, the bending data show that PCMAC-9.6 provides the highest load-
bearing response among the three tested configurations. This improve-
ment is associated with the integrated honeycomb-supported aerogel
architecture, in which the honeycomb skeleton provides structural
constraint and the filled aerogel phase helps maintain structural conti-
nuity under loading.

To assess repeatability, three parallel specimens were tested for each
condition. The individual results are summarized in Fig. 8(e), and the
limited data scatter is consistent with the observed ranking among the
three configurations. The bending failure process of PCMAC-9.6 is
captured in Fig. 8(f). In stage I, the composite deforms elastically. In
stage II, progressive yielding develops in the honeycomb core, while the
filled aerogel phase remains retained within the honeycomb cells and
helps maintain structural continuity during bending. Final failure (stage
III) occurs via core shear fracture near the loading nose. The specimen
remains integral after failure, suggesting that the honeycomb-supported
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Fig. 8. Mechanical performance of the empty aramid honeycomb (AH), pure PCMA, and PCMAC-9.6 under out-of-plane compression and three-point
bending. (a) Photograph of the out-of-plane compression test setup. (b) Representative compressive stress—strain curves of AH, pure PCMA, and PCMAC-9.6. (c)
Schematic of the three-point bending test configuration (span = 160 mm, loading rate = 2 mm/min). (d) Representative nominal flexural stress-strain curves of AH,
pure PCMA, and PCMAC-9.6. (e) Compressive yield strength and nominal flexural strength of AH, pure PCMA, and PCMAC-9.6 measured from three parallel
specimens for each condition; error bars indicate +1 standard deviation. (f) Photographs of the PCMAC-9.6 bending failure process: (f-I) elastic deformation, (f-II)
progressive core yielding while structural continuity is maintained, and (f-III) final core shear fracture near the loading nose.

configuration helps maintain structural continuity during bending.
4. Conclusions

This study presents a honeycomb-reinforced metamaterial aerogel
composite (PCMAC) designed to improve geometric stability, broadband
microwave absorption, and mechanical load-bearing capacity. A para-
metric unit-cell model spanning slab-to-pyramid geometries was
coupled with a genetic algorithm to optimize the absorber geometry
under a fixed thickness of 10 mm. The optimizer converged on a frustum
configuration (L1 = 66.37 mm, R1 = 0.73, R2 = 0.94, t = 2.75 mm),
which balances entrance impedance transition, accessible lossy volume,
and local field redistribution. Compared with the uniform slab, the
optimized frustum broadens the simulated EAB from 1.89 GHz to 14.2
GHz.

The aramid honeycomb skeleton reduces processing-induced geo-
metric deformation and helps preserve the GA-optimized frustum profile
during freeze-drying and thermal imidization. Among the investigated
commercial cell sizes, PCMAC-9.6 shows the closest impedance trajec-
tory to PCMA and maintains more continuous field penetration and
power-loss distribution within the frustum body, giving the widest
simulated EAB among the honeycomb-reinforced structures. The fabri-
cated PCMAC-9.6 achieves an experimental EAB of 13.9-14.3 GHz over
2-18 GHz and maintains stable absorption from 5° to 45° incidence.

Mechanically, PCMAC-9.6 reaches compressive and nominal flexural
strengths of 4.30 MPa and 0.80 MPa, respectively. These values are 34%
and 78% higher than those of the empty honeycomb, and are also
approximately 70-80% and more than fourfold higher than those of

10

pure PCMA, respectively. The compression, bending, and failure-process
observations indicate that the honeycomb-supported aerogel architec-
ture improves specimen-level load-bearing capacity while maintaining
structural continuity during deformation. These results demonstrate a
practical route for integrating gradient metamaterial aerogels with
aramid honeycomb frameworks to obtain lightweight multifunctional
absorbers with combined electromagnetic and mechanical performance.
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