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1  Introduction
Composites represent high-tech materials applied in engineering, formed by the com-
bination of two or more materials with distinct physical and chemical properties. These 
materials typically consist of a matrix or structural material and a reinforcement mate-
rial that ensures the desired properties, generally related to strength, elasticity, and 
anisotropic characteristics. Among the composites that have gained prominence in 
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Abstract
Graphene aerogel is an ultralight material with outstanding thermal, electrical, and 
mechanical properties, which positions it as a promising candidate for advanced 
aerospace engineering applications. Recent advances in additive manufacturing, 
including three-dimensional printing and bio-inspired fabrication strategies, 
have enabled the design of architected graphene aerogel structures that draw 
on hierarchical and cellular architectures found in natural systems. By translating 
biological structural principles into engineered materials, bio-inspired design allows 
precise control over porosity, load transfer, and functional grading, thereby enhancing 
strength-to-weight ratios, energy dissipation, and multifunctional integration, all 
of which are critical requirements for aerospace structures. This review examines 
the convergence of graphene aerogel research with these advanced fabrication 
approaches, highlighting their implications for structural efficiency, weight reduction, 
and the integration of sensing and electromagnetic interference (EMI) shielding 
functionalities. Despite persistent challenges related to mechanical fragility under 
extreme loading conditions, energy-intensive production routes, and scalability 
constraints, reported properties such as ultra-low densities as low as 3.13 mg/cm3 
and EMI shielding effectiveness of up to 87 dB at a thickness of 2.0 mm underscore 
the technological relevance of graphene aerogels. By synthesizing current literature 
and identifying key knowledge gaps, this work outlines critical research pathways 
grounded in bio-inspired design principles to advance the application of graphene 
aerogels in future aerospace structures.

Keywords  Graphene aerogel, Additive manufacturing, Lightweight materials, 
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industry, particularly in aviation, are polymers reinforced with fiberglass combined 
with graphene. The results of this interaction were presented in studies conducted by 
[1] where material damage was predicted by measuring the deviation of piezo resistance 
from the elastic response line using statistical analysis, suggesting potential applications 
for fiberglass composites coated with graphene oxide, a material with promising indus-
trial applications [2].

Over the past five years, the use of graphene in polymer composition for manufac-
turing sports equipment, cars, and airplane wings and fuselages has been increasing, 
particularly in composites identified as carbon fiber-reinforced composites (CFRCs) [3, 
4].As demonstrated by [5] in their study through Fig.  1, which presents the graphene 
cycle over the years with predictions for the future, in this context graphene emerges as 
a promising additive due to its aromatic chemical structure; its two-dimensional form, 
characterized by high proportionality that ensures flexibility and strength, whether as 
a surface coating for the fiber or as a connection between the material’s different layers; 
and, finally, its ability to be produced on a large scale at room temperature without the 
need for metallic catalysts [6–8].

Although graphene-based technology has widespread applications ranging from the 
manufacturing of biomedical products, textiles, aerospace technologies, and printing 
technologies to the replacement of silicon in electrical systems, membranes, and energy 
storage devices, its relevance is primarily centered on spatial economy [9–14] demon-
strated by in the Fig. 2 [15]. As a single material, graphene is a carbon allotrope arranged 
in a hexagonal lattice, with atoms bonded in an Sp2 configuration, and it can be layered 
with interplanar spacing to form graphite [16, 17].

Even though it has become a structural strategy for devices and equipment, tradi-
tional approaches such as surface coating, structural immersion, and 3D printing fail to 

Fig. 1  The cycle of graphene along the years [5]
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adequately integrate the necessary combination for structuring and multifunctional per-
formance [18]. Previous research discussed about the use of additive manufacturing and 
bioprinting in aviation [19].

 	• 3D and bioprinting technologies are used for producing complex, multifunctional 
materials [20–23].

 	• Bioprinting principles like spatial control, layer-by-layer precision, and multi-
material integration are used for high-performance aerospace structures [24–26].

 	• Graphene-based materials, including aerogels, are suited due to their tunable 
morphology and compatibility with advanced deposition methods [27–29].

 	• Bioprinting-inspired approaches can integrate Graphene Aerogel into next-
generation aerospace systems [30, 31].

Therefore, a better understanding of process-dependent structural stability requires 
knowledge of electrical conductivity as well as the multifunctional characteristics of 
mechanical, electrical, piezoresistive, and anisotropic Electronic performance, in the 
study provided by [32], Fig. 3 shows the graphical summary of the overall structures pre-
sented by the Graphene material in different arrangements. In aviation, this serves to 
develop an intelligent aircraft wing model with sensors capable of identifying freezing 
risks, providing high-temperature warnings, flame retardancy, pressure and vibration 
monitoring, as well as Electronic shielding and stealth capabilities [33].

The search for environmentally sustainable alternatives to conventional fossil fuel 
based systems positions electric aviation as a key frontier in aerospace innovation. 
Recent advances in instrumentation technology and quantum mechanics have high-
lighted the importance of nanomaterials, particularly carbon based nanostructured 
materials, metal oxides, and conductive polymers, in enhancing aircraft energy storage 

Fig. 2  Examples of how the material can be used in multiple fields [15]
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and conversion systems [34, 35]. In addition to their role in batteries and electric pro-
pulsion systems, these materials are increasingly incorporated into aircraft components 
such as motors, pitot tubes, wings, fuselages, and windshields, where they can improve 
resistance to environmental exposure while contributing to drag reduction. Within this 
context, graphene aerogels have emerged as a promising class of materials due to their 
ultra-low density, high specific surface area, mechanical robustness, and electrical con-
ductivity. These characteristics enable efficient charge transport and energy storage 
while maintaining structural integrity, making Graphene Aerogels suitable not only for 
discrete components but also for lightweight, multifunctional structural frameworks. 
Such capabilities suggest their potential to support integrated energy storage and load-
bearing architectures in next-generation electric aircraft designs and aerospace models 
[36, 37].

Recognized as lightweight, high-performance materials, polymer composites with gra-
phene-based carbon fiber coatings remain at the forefront among all composite mate-
rials, not only due to their strength-to-weight ratio compared to metallic components 
but also for their contribution to increased aircraft longevity and fuel efficiency [38, 39]. 
Ice formation on aircraft surfaces poses significant safety risks, and current detection 
systems often struggle to provide accurate real-time predictions, representing consider-
able challenges in general aviation transport [40, 41]. Today, the combination of conven-
tional aircraft de-icing techniques has proven insufficient in ensuring safety and accident 
prevention. Experimental studies have shown that the incorporation of high-quality gra-
phene into aircraft structures results in surfaces that exhibit higher contact angles, lower 
energy consumption, and greater heating efficiency compared to the use of traditional 
electrically heated materials for anti-icing applications [34, 42].

Another notable aspect in the use of innovative materials incorporated with graphene 
is observed in the construction of sensors that can be configured as conductors, semi-
conductors, or as sensitive markers that respond to corrosion factors. These sensors can 
be deposited on rigid and flexible sensor surfaces and interfaces, such as optical fibers 
and microelectrode structures, serving as corrosion monitoring tools [43]. Aligned to 
minimize the environmental issues caused by traditional aviation industries, which 
are particularly severe, a variety of advanced battery technologies and graphene-based 
nanomaterials show considerable potential. They reduce the time for part disposal due 

Fig. 3  Graphical summary of the material’s internal structure, from 2D nanomaterial studies to functional applica-
tions, fabrication methods, and prospects for multifunctional devices [32]
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to battery thermal management and high power density, optimizing their recurrent use. 
However, the industry still faces deficiencies in the mass production process [44, 45].

Carbon materials have been used in the aerospace industry for a long period of time, 
and graphene composites are gaining prominence in the production of systems that 
include monitoring temperature transitions, thermal stability, chemical resistance, low 
physical deformation, longevity, among others [46–48], which was shown by [15] in his 
studies about the different properties presented by the materials tested in different tem-
peratures (as shown in Fig. 4). However, conventional production methods for graphene 
composites remain costly, and despite enhancing the longevity of components for the 
industry, it is necessary to consider future disposal processes, as these materials do not 
decompose easily [49].

Thus, the main contributions of the present literature review can be described through 
the following points: (1) a general presentation of the most attractive properties of 
Graphene Aerogel and its respective manufacturing processes aimed at improving air-
craft performance using this material; (2) identification of trends for the development 
of future works and products from an analytical perspective, focusing not only on the 
final result but also on the process to achieve it; (3) finally, a clear identification of how 
the use of Graphene Aerogel can significantly benefit aviation through the relationship 
between density and the relevance of the themes presented within the textual corpus.

This review primarily focuses on Graphene Aerogel as a core lightweight and multi-
functional material platform for aerospace and aviation applications. In addition to pure 
graphene aerogels, graphene-aerogel-based hybrid systems are included when graphene 
aerogel constitutes the continuous structural or functional framework and governs key 
performance metrics such as mechanical stability, thermal insulation, or electromag-
netic interference shielding. Aerogel systems that do not rely on graphene aerogel as 
the dominant phase are considered only for comparative and benchmarking purposes, 

Fig. 4  Behavior of the graphene composites in different temperatures [15]
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in order to contextualize performance trends, fabrication strategies, and application-
driven design requirements relevant to graphene aerogel development in aerospace 
engineering.

2  Materials and methods
To guide the initial phase of the research, descriptors in English such as "Aero Gra-
phene," and "Graphene Aerogel" were selected and employed both individually and in 
binary combinations with terms such as "Aviation," "Aerospace," "Aircraft," "Lightweight," 
"Structural," "Thermal," "Conductivity," and "Vehicle." These terms were applied to the 
Web of Science database and, when necessary, supplemented with access to journals to 
obtain complete citations. The study adopts a qualitative-quantitative approach, aligned 
with the methodology described by [50]. Based on the selection of relevant sources from 
specialized scientific literature, the collected data were structured into formative con-
tent, emphasizing practical application for solving concrete problems and seeking viable 
solutions in the field of Engineering.

Regarding the filtering criteria applied to the search results previously described, five 
factors were used to formulate the textual corpus:

1.	 Publication timeframe between 2019 and 2025;
2.	 Publication language identified as English;
3.	 Articles classified as Open Access and available online;
4.	 Research described in the content of the work focused on experimentation and 

solution development;
5.	 Direct connection to the theme explored in this literature review.

2.1  Material inclusion criteria

The selection of studies for the textual corpus was guided by the central role of graphene 
aerogel in the reported material systems. Pure graphene aerogels and graphene-aerogel-
based hybrids were included when graphene aerogel acted as the primary load-bearing, 
conductive, or insulating framework. Hybrid systems incorporating secondary phases, 
such as polymers, metal oxides, or ceramic components, were considered when these 
phases enhanced specific properties while preserving graphene aerogel as the dominant 
functional architecture. Aerogel materials not primarily based on graphene aerogel were 
included only as comparative references to benchmark aerospace-relevant properties 
and manufacturing approaches.

These filtering criteria are illustrated in the flowchart presented in Fig.  5, alongside 
the theme of the literature review and the guiding question for the development of the 
discussion.

Initially, 3,304 publications were retrieved using the search query on the Web of Sci-
ence platform. By applying filters 1, 2, and 3, this number was reduced to a total of 523 
articles published within the expected timeframe and available entirely in English online 
as Open Access. Further application of the filters, narrowing the research according to 
the type of publication and its content, reduced this number from 523 to 182 articles 
directly related to the central theme of the literature review. These 182 articles were ana-
lyzed in depth, as previously indicated in Fig. 5, resulting in a textual corpus of 22 arti-
cles. This progression in numbers and the adopted steps can be directly observed in the 
diagram presented in Fig. 6.
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After the filtering process and the formation of the textual corpus, the selected stud-
ies were organized in Table 1 and its continuations according to the reported proper-
ties (Properties) and (Aerospace Relevance), manufacturing techniques (Techniques), 
types of aviation applications (Application), performance metrics (Metrics), and, 
finally, reported resistance and durability (Durability). Above-mentioned specifics were 
selected based on the key engineering parameters deemed crucial for aviation applica-
tions. Moreover, the research methodology emphasizes Graphene Aerogel material with 
the potential impact on aircraft performance, particularly in terms of weight reduction 
and structural integrity. The dataset was organized into categories such as properties, 
manufacturing techniques, applications, metrics, and durability (as summarized in 
Table 1) as these are critical parameters for aerospace applications.

Through the textual corpus, two analyses were conducted. The first involved a qualita-
tive approach, exploring the capabilities of each reported material and how these trans-
late into efficient applications for aviation use, highlighting the strengths and weaknesses 

Fig. 5  Formation of the textual corpus explained via flowchart
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of each study and material presented. The second analysis adopted a quantitative 
approach, numerically estimating the distributions of each column, identifying usage 
patterns, and determining how common each factor is in material production, directly 
correlating these findings with the aviation impacts identified in the first analysis. To 
reinforce both analyses, a bibliometric approach was employed, providing thematic con-
nection graphs, word clouds, and term distribution charts, thereby enhancing visual-
ization and enriching the discussion with factors that are challenging to observe solely 
through text and tables.

3  Results and discussion
Based on the data presented in Table 1 and its continuations, each column was analyzed 
in depth following the qualitative-quantitative logic previously discussed in the sub-
sections of the results and discussion. Initially, the analysis aimed to demonstrate the 
peculiarities of each factor in the table and its impact on the problem’s context. This 
was followed by a numerical analysis of the included studies, highlighting how each 
discussed factor is distributed across the corpus and identifying potential connections 
between them and prospective solutions.

3.1  Material properties of graphene aerogel and manufacturing

Where hybrid or comparative aerogel systems are discussed, they are used to highlight 
material design trends, processing strategies, and performance benchmarks that directly 
inform the development and optimization of Graphene Aerogel-based materials for 
aerospace applications.

The column (Properties) from Table  1 and its continuations highlights the primary 
strengths and limitations of Graphene Aerogel for aerospace applications. The aerogel 
is an ultralight material, with a density as low as 3.13 mg/cm3 [59], and features high 
porosity, which enhances fuel efficiency and increases payload capacity. Additionally, it 
exhibits excellent thermal insulation properties, ranging from 0.018 to 0.041 W/(mK) 

Fig. 6  Number of papers in each step of the filter process
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Properties Aerospace 
Relevance

Techniques Application Performance 
Metrics

Mechanical 
Durability

Refer-
ences

Super-
compressible, 
mechani-
cally stable, 
low elastic 
modulus

Vibration 
tolerance, 
fatigue resis-
tance, and 
deformation 
recovery for 
lightweight 
aerospace 
components

Hydrothermal 
Synthesis, 
Chemical Re-
duction and
Freeze-drying

Wearable 
Devices

Sensitivity: 5.7
kPa−1, detection 
limit: ∼ 0.0055 kPa

98.7% stress 
retention, 98.1% 
height retention,
1000
compression 
cycles

[51]

Highly po-
rous, Aligned 
hollow chan-
nel structure, 
Thin annular 
aerogel wall

Mass 
reduction, 
directional 
transport, 
and thermal 
manage-
ment in 
aerospace 
systems

Chemical 
Reduction and 
Freeze Drying

Purification/ 
Filter Systems

Water evapora-
tion rate of 
∼ 3.29 kg m−2 h−1 
under 1 sun 
illumination

Excellent stabil-
ity and salt rejec-
tion for seawater 
desalination

[52]

Highly 
porous, Inte- 
grated 3D 
framework, 
low thermal 
conductivity

Thermal 
insulation 
and surface 
temperature 
protec-
tion for 
aerospace 
structures

Sol–gel 
Method

Thermal 
Application

Causes 1185 K 
temperature 
drop on structure 
surface
after 10 min heat
exposure

Weight
Loss only
∼10% in TGA, 
good thermal 
stability

[53]

Highly 
porous, Light-
weight, 3D
interconnect-
ed network
structure

Electromag-
netic shield-
ing and 
lightweight 
integration 
for avionics 
protection

Chemical 
Reduction

Electromagnet-
ic Application

9.2 GHz 
bandwidth 
with reflection 
coefficient < -10 dB

Excellent 
thermal stabil-
ity, negligible 
volume change 
after
heating

[54]

Highly 
porous, Inter- 
connected 
graphene net-
works, adjust-
able porous 
structures

Energy stor-
age capabil-
ity and EMI 
shielding in 
multi-
functional 
aerospace 
components

Chemical 
Reduction

Electromagnet-
ic Application

Specific capaci-
tance of 257.2 F 
g−1 for fructose-
graphene aerogel 
at 10 mVs1

Excellent stabil-
ity after 5000 
consecutive 
voltammogram 
cycles

[55]

Highly 
porous, Inter- 
connected 
graphene 
networks, 
Ultralight, 
Flexible

Strain 
sensing, 
vibration 
monitoring, 
and struc-
tural health 
monitoring 
in aircraft

Freeze-drying 
and Thermal 
Annealing

Wearable 
Devices

Strain sensing 
0.1–80%, pres-
sure sensitivity 
∼10 kPa−1, vibra-
tion sensing up to 
4000 Hz

Excellent stability 
after > 1,000,000 
vibration cycles, 
fire-resistant

[56]

Lightweight, 
Low thermal 
conductivity, 
High elastic-
ity, Low
thermal 
conductivity

Thermal in-
sulation and 
mechanical 
compli-
ance under 
aerospace 
operating 
conditions

Freeze-drying Thermal 
Application

Thermal conduc-
tivity is as low as 
0.026
W/mK

Fire-resistant, 
weight 
loss < 10% at 
1000 °C

[57]

Table 1  Organizing the literatures of the textual corpus according to their respective data collected 
during the in-depth analysis step
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Properties Aerospace 
Relevance

Techniques Application Performance 
Metrics

Mechanical 
Durability

Refer-
ences

Shape memo-
ry, Stimuli
responsive, 
Low density, 
Anti- fatigue/
wear, Anti-
corrosion, 
Low thermal 
conductivity, 
Self-healing

Adaptive 
structures, 
damage tol-
erance, and 
extended 
service life 
in aerospace 
systems

Hydrothermal 
Synthesis

Structural
Application

Shape recovery 
up to 98–99%, 
thermal activation 
at 120 °C, electro-
actuation at 6-40 V

High 
sustainability
impact 
resistance, 
thermal/shock/
impact damage 
prevention

[58]

Ultralight, 
elastic, Low 
density, Low 
thermal 
conductivity

Pressure 
sensing and 
thermal 
insulation for 
lightweight 
aerospace 
applications

Freeze-drying 
and Thermal 
Annealing

Thermal 
Application

Compressive 
strength up to 
4.98 kPa at 80% 
strain, pressure 
sensing range 
0.044–0.92
kPa

Only 2.8% plastic 
de- formation 
after 500 com-
pression cycles 
at 60% strain

[59]

Cross-linked 
lignin- based, 
Wood like
texture, 
Aligned
micro-sized 
pores, Low 
density
(non-GA 
aerogel; 
comparative 
reference)

Lightweight 
filtration and 
environmen-
tal control 
applications 
in aerospace 
platforms

Freeze-drying
and Thermal 
Annealing

Purification/
Filter Systems

Filtration 
efficiency
 > 99.9% for 
ultrafine particles, 
low pressure drop 
(45 Pa at 8 mm 
thickness)

Excellent me-
chanical stabil-
ity, 98.7% stress 
retention after 
1000 compres-
sion cycles

[60]

Ultralight, Po-
rous, Tunable 
CNF derived 
carbon nano-
structures
(non-GA 
aerogel; 
comparative 
reference)

Microwave 
absorption 
and EMI 
mitigation 
in aerospace 
environ-
ments

Freeze-drying 
and Thermal 
Reduction

Electromagnet-
ic Application

Effective absorp-
tion bandwidth 
of 6.16 GHz, mini-
mum reflection 
loss of 66.3 dB at 
2.14 mm thickness

High Chemical 
stability, excel-
lent structural 
integrity

[61]

Low density, 
High surface 
area, Concen-
trated pore 
diameter 
distribution

Lightweight 
structural 
efficiency 
and multi-
functional 
integration 
in aerospace 
design

Freeze-drying, 
Chemical 
Reduction

Electromagnet-
ic Application 
and Thermal 
Application

Electrical con-
ductivity of 1.49 
S cm−1, fracture 
strength of 
0.79 MPa

98.7% stress 
retention and 
98.1% height 
retention after 
1000 compres-
sion cycles at 
50% strain

[62]

Ultra porous, 
Interconnect-
ed hollow 
GaN micro 
tetrapod, Low 
wall thickness
(non-GA 
aerogel; 
comparative 
reference)

Pressure 
sensing and 
robust-
ness under 
extreme 
aerospace 
environ-
ments

Thermal 
Reduction

Structural
Application

Nearly linear con-
ductance vs pres-
sure up to 40 atm, 
stable signal after 
∼10 s

Robust under 
strong accelera-
tions, vibrations, 
radiation, 
aggressive 
chemicals,
vacuum

[63]

Table 1  (continued) 



Page 11 of 22Abdullah et al. Discover Mechanical Engineering            (2026) 5:26 

Properties Aerospace 
Relevance

Techniques Application Performance 
Metrics

Mechanical 
Durability

Refer-
ences

Ultralight, 
highly porous, 
mechani-
cally robust, 
Low thermal 
conductivity, 
High sound 
absorption

Combined 
thermal 
insulation, 
acoustic 
damp-
ing, and 
lightweight 
structural 
performance

Freeze-drying Electromagnet-
ic Application 
and Thermal 
Application

Sound absorption 
coefficient of 0.72 
(500–1500 Hz), 
thermal conduc-
tivity 0.0424 W/
mK,
density 6.51 kg/m3

Energy loss 
coefficient of 
29%, com- pres-
sive strength 
of 5 kPa at 30% 
strain after 10 
compressions
cycles

[64]

Ultralight, 
highly porous, 
Face-to-face 
stacked 
structure, Low 
density

High-effi-
ciency EMI 
shielding 
with mini-
mal mass 
penalty 
in aircraft 
systems

Chemical 
Reduction 
and Thermal 
Annealing

Electromagnet-
ic Application

EMI shielding 
effectiveness 
of 64.1 dB at 
1 mm thickness, 
specific EMI SE 
of 173,243 dB 
cm2 g−1

Excellent 
stability under 
mechanical 
deformation, 
extreme tem-
peratures, flame, 
underwater
environments

[65]

Super 
compressible, 
mechanically 
stable, High 
porosity, 
Aligned hol-
low channel 
structure

Lightweight 
energy stor-
age archi-
tectures and 
mechanical 
resilience in 
aerospace

Hydrothermal 
Synthesis, 
Freeze-
drying and 
Nanoparticle 
Embedding

Structural
Application

Potential 
lightweight 
energy storage for 
air- craft

Stable perfor-
mance in ambi-
ent air for 500 
cycles

[66]

Super-
compressible, 
mechani-
cally stable, 
Lightweight

Impact re-
sistance and 
enhanced 
mechanical 
performance 
for aero-
structures

Hydrothermal 
Synthesis, 
Chemical 
Reduction, 
Freeze- dry-
ing and 
Nanoparticle 
Embedding

Structural
Application

37% increase in 
tensile strength, 
55% increase in 
flexural strength, 
56% increase in 
impact strength

98.7% stress 
retention, 98.1% 
height
retention after 
1000 compres-
sion cycles at 
50% strain

[67]

Highly 
porous, 3D in-
terconnected 
network, large 
surface area, 
Low density

Structural 
energy stor-
age and 
multi-
functional 
load-bearing 
components

Hydrothermal 
Synthesis, 
Chemical 
Reduction, 
Freeze- drying 
and Supercriti-
cal Drying

Structural
Application

High specific 
capacity (> 1000 
mAh/g), good rate 
capability, long 
cycle life

Excellent me-
chanical stability, 
ability to accom-
modate volume 
changes

[68]

Low density,
High com-
pression 
strength, 
Hydrophobic

Durable EMI 
shielding 
and envi-
ronmental 
resistance in 
aerospace 
conditions

Freeze-drying 
and Chemical 
Reduction

Electromagnet-
ic Application

EMI shielding ef-
fectiveness up to 
87 dB at 2.0 mm 
thickness

Excellent stabil-
ity and salt rejec-
tion for seawater 
desalination

[69]

Table 1  (continued) 
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[53], robust durability under repeated stress, and exceptional electromagnetic shielding 
capabilities, achieving values of up to 87 dB [69].

Graphene Aerogel, is a revolutionary material with transformative potential for avia-
tion, offering significant enhancements in aircraft performance through its unique 
properties.

3.1.1  Weight reduction and structural efficiency
3.1.1.1  Lightweight nature  As one of the lightest materials, Graphene Aerogel can dras-
tically reduce aircraft weight, leading to improved fuel efficiency, extended range, and 
increased payload capacity [72].

3.1.1.2  Strength-to-weight ratio  Its integration into composites could sur- pass tra-
ditional materials like carbon fiber, enabling lighter yet stronger airframes, wings, and 
fuselage components, potentially allowing innovative design modifications (e.g., larger 
windows) [73].

3.1.2  Thermal management

Despite graphene’s high thermal conductivity, aerogel’s porous structure offers insulat-
ing properties. This duality allows for tailored applications-managing heat in engines/
electronics or insulating cryogenic fuel systems (e.g., liquid hydrogen storage) [74].

3.1.3  Electrical conductivity and avionics

Graphene’s conductivity can improve avionics, sensors, and electromagnetic shielding, 
boosting communication reliability and reducing electrical system weight [5, 75].

Properties Aerospace 
Relevance

Techniques Application Performance 
Metrics

Mechanical 
Durability

Refer-
ences

Highly 
porous, Inte- 
grated 3D 
framework, 
Superior 
photonic ab- 
sorption, 
Low thermal 
conductivity

Solar-
thermal 
conversion 
and multi-
functional 
aerospace 
surface 
applications

Hydrothermal 
Synthesis, 
Chemical 
Reduction, 
Freeze-drying 
and Thermal 
Annealing

Structural
Application 
and Purifica-
tion/Filter 
System

Solar-thermal re-
sponse of 169.7 °C 
temperature 
increased within 
1 s, vapor genera-
tion efficiency of 
89.4% at 10 sun 
illumination

98.7% stress 
retention, 
98.1%height
retention after 
1000 compres-
sion cycles at 
50% strain

[70]

Highly 
porous, Inter-
connected 
3D net- work 
structure, 
Low density, 
electrically 
conductive

EMI shield-
ing and 
electrical 
function-
ality for 
aerospace 
electronics 
protection

Chemical 
Reduction and 
Nanoparticle 
Embedding

Electromagnet-
ic Application

EMI shielding 
effectiveness 
20–30 dB, specific 
shielding effec-
tiveness up to 
1700 dB cm3/g

98.7% stress 
retention, 98.1% 
height
retention after 
1000 compres-
sion cycles at 
50% strain

[71]

To enhance clarity, material properties summarized in Table 1 are accompanied by brief functional descriptors indicating 
their relevance to aerospace structural, thermal, and electromagnetic performance requirements. Pure Graphene 
Aerogels refer to materials in which Graphene Aerogel forms the primary structural network. Graphene Aerogel-based 
hybrid systems denote aerogels where Graphene Aerogel remains the dominant framework while secondary phases 
are introduced to enhance specific functionalities. Non-Graphene Aerogel systems are included solely for comparative 
benchmarking of aerospace-relevant performance metrics. All numerical values reported in Table 1 were verified against 
the original publications to ensure accurate representation of material properties, performance metrics, and durability 
characteristics. Application categories and durability descriptors were assigned based on the primary focus and testing 
framework of each cited study

Table 1  (continued) 



Page 13 of 22Abdullah et al. Discover Mechanical Engineering            (2026) 5:26 

3.1.4  Noise and vibration damping

The material’s porosity aids in sound absorption, reducing cabin noise. Its structure may 
also dampen vibrations, enhancing passenger comfort and structural longevity [76].

Graphene Aerogel holds promise to revolutionize aviation through weight savings, 
thermal and electrical enhancements, noise reduction, driving efficiency and sustain-
ability. However, realizing its full potential requires addressing production challenges, 
safety certification, and lifecycle sustainability. As research progresses, Graphene Aero-
gel could become a cornerstone of future aviation advancements [77].

These factors were confirmed through the quantitative analysis of the same column, 
with over 50% of the work reporting the reduced weight characteristic, either through 
direct weight measurements or density data. Specifically, 12 out of the 21 papers in the 
textual corpus provided such data. Regarding porosity and thermal conductivity, both 
are directly related and were identified as advantageous material properties in a total 
of 16 studies presented in Table 1 and its continuations, representing over 70% of the 
studies analyzed in this review. Observing Fig. 7, it is evident that there is a significant 
overlap between these two groups of reported properties, with 11 publications empha-
sizing both characteristics simultaneously. This accounts for exactly half of the textual 
corpus and, consequently, further reinforces the benefits of the material for the applica-
tion under investigation in this review.

Nevertheless, challenges remain, including its fragility under extreme mechani-
cal loads and scalability limitations due to complex manufacturing techniques, such as 
freeze-drying. These processes often involve significant environmental concerns, stem-
ming from energy-intensive operations or the use of non-renewable precursors. Despite 
these challenges, Graphene Aerogel holds considerable promise for advancing ultra-
light, efficient, and eco-friendly technologies in the aviation industry. According to the 
column (Techniques), which highlights the preferred manufacturing methods chosen 
in each study, processes such as freeze-drying, chemical reductions, and hydrothermal 
synthesis were identified as having significant potential for large-scale production in the 
aviation sector.

However, energy-intensive processes like freeze-drying or thermal annealing may con-
tribute to increased carbon emissions unless production methods are optimized for effi-
ciency. While hydrothermal synthesis produces strong and flexible aerogels suitable for 

Fig. 7  Distribution of reported Material Properties across the textual corpus
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structural components in aviation, thermal annealing enhances fireproofing and stabil-
ity, making it a critical process for developing advanced aviation technologies.

Through a numerical analysis of the presented data, the notable popularity of the 
Freeze-drying method becomes evident, as it was employed in 14 of the publications 
selected for this review, representing approximately 66.7% of them. This method was uti-
lized either as the sole technique or as part of a set of techniques to achieve the final 
result, thereby confirming the substantial production potential previously highlighted in 
this discussion. Reinforcing this potential, the data graphically presented in Fig. 8 illus-
trate the overwhelming popularity of the Freeze-drying method among the reported 
experiments. The remaining groups represent the primary focuses of manufacturing 
techniques employed when Freeze-drying was not utilized.

3.2  Performance metrics and impacts of graphene aerogel in aviation

Graphene Aerogel exhibits a remarkable potential to revolutionize the aviation industry 
by offering lightweight, resilient, and multifunctional materials tailored for diverse appli-
cations. Its extremely low weight and high porosity make it ideal for minimizing aircraft 
mass, directly enhancing fuel economy and payload capacities. Moreover, its thermal 
insulation properties enable it to meet the rigorous demands of high-temperature envi-
ronments, such as engine components or spacecraft exteriors, ensuring both safety and 
functionality under extreme conditions. The fabrication methods employed to produce 
Graphene Aerogel, including freeze-drying, chemical reduction, and hydrothermal syn-
thesis, significantly influence its properties and suitability for specific applications. For 
instance, chemically reduced aerogels with high electrical conductivity are particularly 
advantageous for electromagnetic interference (EMI) shielding, a critical requirement in 
modern aircraft to protect sensitive electronic systems [26, 78–80].

Graphene Aerogel metrics are typically calculated based on key material proper-
ties such as density, porosity, thermal conductivity, electrical conductivity, mechani-
cal strength, and electromagnetic interference (EMI) shielding. These metrics align 
with standard aerospace material measurements to ensure compatibility with industry 
benchmarks.

Density & Porosity Graphene Aerogel’s density is as low as 3.13 mg/cm3, making it one 
of the lightest materials ever developed. Standard aerospace materials, such as carbon 

Fig. 8  Distribution of reported Manufacturing Techniques across the textual corpus

 



Page 15 of 22Abdullah et al. Discover Mechanical Engineering            (2026) 5:26 

fiber composites, have significantly higher densities. The low density directly enhances 
fuel efficiency and increases payload capacity by reducing overall aircraft weight [59].

Thermal Conductivity Graphene Aerogel exhibits ultra-low thermal conductivity, 
ranging between 0.018 and 0.041 W/mK. This surpasses many conventional aerospace 
insulation materials, enabling better heat management in aircraft structures, engine 
compartments, and spacecraft exteriors [53].

Mechanical Strength Despite its low weight, Graphene Aerogel demonstrates high 
compressive strength retention (98.7%) and durability under repeated stress. This 
ensures longevity in aerospace applications while maintaining structural integrity.

Electromagnetic Shielding (EMI SE) With EMI shielding effectiveness reaching up 
to 87  dB at 2.0  mm thickness, Graphene Aerogel significantly outperforms traditional 
shielding materials. This is critical for protecting avionics and communication systems 
from electromagnetic interference, enhancing aircraft reliability [69].

By replacing conventional materials with Graphene Aerogel, aviation benefits from the 
following improvements:

 	• Increased Fuel Efficiency: Due to extreme lightweight properties.
 	• Enhanced Structural Durability: High mechanical strength and impact resistance.
 	• Better Thermal Insulation: Improved performance in high-temperature 

environments.
 	• Superior EMI Protection: Ensuring safety and functionality of electronic systems.

These improvements make Graphene Aerogel a game-changer in aviation, beyond its 
functional versatility, metrics such as durability underscores its suitability for long-
term use in demanding aviation environments, as highlighted in studies summarized 
in Table  1 and its continuations. Its resistance to mechanical stress, thermal cycling, 
and environmental degradation ensures reliability under harsh operating conditions. 
The material’s unique combination of lightweight design, multifunctionality, and per-
formance metrics, such as compressive strength, thermal stability, and EMI shielding 
effectiveness, positions it as a standout candidate for structural components, thermal 
protective layers, and avionics shielding. The interplay between these metrics and impact 
resistance is particularly significant, as advanced manufacturing techniques, such as 
freeze-drying and chemical reduction, enable precise control over the material’s proper-
ties to meet stringent performance requirements. Furthermore, optimizing fabrication 
processes to reduce energy consumption and environmental impact will be crucial for 
aligning Graphene Aerogel development with broader sustainability goals, ensuring its 
role as a transformative material in the aviation sector.

These factors are even more notable when observing the word cloud generated from 
the terms present in the keywords and titles of the papers that composed the textual 
corpus of this discussion. Figure 9 represents this cloud, and from it, it is possible to dis-
cern the significance of weight and conductivity characteristics in the field of Graphene 
Aerogel. This is particularly true in the context of aviation, where the extremely light 
weight characteristic, without compromising other physical properties, is of paramount 
importance for the overall efficiency of the vehicle’s operation.

Regarding the relevance of the topic in general, one can refer to Fig. 10, which orga-
nizes the main thematic groups present in the analyzed and discussed articles accord-
ing to the factors of "Density" and "Centrality." The former refers to the raw number of 



Page 16 of 22Abdullah et al. Discover Mechanical Engineering            (2026) 5:26 

publications from various sources, while the latter indicates the overall impact of the 
theme cluster based on the average of the publications included in that cluster. Through 
this mapping, it is once again possible to observe how the application of Graphene Aero-
gel, generally represented by the red cluster, is considered of significant importance, 
classified as a driving theme for the evaluated works.

Similarly, the purple cluster, which focuses on application performance, can be evalu-
ated. Although it has shown increasing density over the years under study, it still does 
not have as much impact as the main cluster. Exhibiting the same behavior, but with 
reversed factors, is the green cluster, which represents studies related to the material’s 
weight. Over the years, this theme has been gaining more impact in terms of publica-
tion influence; however, it still does not have sufficient volume to be considered a driving 
force like the red or purple clusters.

Fig. 10  Themes mapped and classified according to the number of papers published and the overall impact of 
the publications

 

Fig. 9  Word Cloud from the most important terms in keywords, titles and abstracts from textual corpus publications
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This distribution can also be observed by analyzing the thematic connection graph 
through clusters presented in Fig. 11, where each term is represented by a circle. The 
more relevant a term is to the overall set, the larger its representation. Its color is 
assigned based on the connections it has with other terms within its group, following the 
same color scheme as in Fig. 10 for clearer visualization.

Through this figure, the impact of the red group on the others is once again confirmed, 
with a clear visualization of how it connects with all the other groups. Additionally, it is 
evident that the green and purple clusters, previously discussed, have strong connec-
tions with the red group and also exhibit connections between each other. This allows 
for the inference that, for future works and the development of innovative solutions, a 
greater focus on the interaction and application of Graphene Aerogel for reducing vehi-
cle weight while maintaining thermal and structural properties, in favor of performance 
enhancement, could lead to potential new high-performance solutions.

In this context of thematic analysis, it became evident how European and Asian gov-
ernments are concerned with the overall theme of this review. The visual representation 
of the studies developed by the countries that formed the textual corpus can be observed 
in Fig. 12, where China’s leadership in this area is apparent, with the country addressing 
nearly all the major themes related to Graphene Aerogel be it directly or indirectly. This 
influence extends beyond the textual corpus; by analyzing the most cited countries in 
the 21 works reviewed, China’s dominance in the overall scenario is once again evident, 
as shown by Fig. 13.

4  Conclusions
This comprehensive review on the use of universal carbon molecule Graphene Aerogel 
in the aviation industry highlights the transformative potential. Through a detailed anal-
ysis of Graphene Aerogel’s properties, fabrication techniques, and applications, it has 

Fig. 11  Themes grouped and connected based on their interactions within the textual corpus
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become evident that this material offers significant advantages in terms of weight reduc-
tion, thermal insulation, and electromagnetic shielding. This structure allows the reader 
to have a clear and systematic comparison of different Graphene Aerogel in formula-
tions and their suitability for the aviation industry. However, current challenges related 

Fig. 13  Countries ranked by the number of citations from papers within the textual corpus

 

Fig.  12  Visualization of the impact of each major contributing country on the development of the graphene 
aerogel theme
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to large-scale production, durability, and environmental impact require continued atten-
tion from the scientific community and aviation industry.

The qualitative and quantitative analyses conducted in this study have revealed impor-
tant patterns in current Graphene Aerogel research, highlighting promising areas for 
future development. To advance the development and application of Graphene Aerogel 
in aviation, the following steps are recommended:

 	• Enhance Fabrication Techniques: Focus on refining manufacturing processes, such as 
freeze-drying methods, to improve scalability and cost-efficiency.

 	• Improve Material Strength: Prioritize research on enhancing the mechanical 
durability of Graphene Aerogel to ensure its reliability under extreme conditions.

 	• Reduce Environmental Impact: Minimize the ecological footprint of Graphene 
Aerogel production to align with sustainability goals in aviation.

 	• Foster Collaboration: Promote international and interdisciplinary partnerships to 
accelerate innovation and streamline the path to real-world applications.

With continued research, Graphene Aerogel has the potential to revolutionize the avia-
tion industry, paving the way for lighter, more efficient, and environmentally sustainable 
aircraft.

5  Future aspects
Future research on Graphene Aerogel for aerospace applications should focus on 
addressing the key limitations identified in this review through targeted and action-
able strategies. One critical direction involves enhancing the mechanical robustness of 
Graphene Aerogel under extreme loading and fatigue conditions. This can be achieved 
through the development of reinforced graphene aerogel architectures, hybridization 
with polymers or ceramic phases, and bio-inspired structural designs that improve load 
distribution while preserving low density.

Scaling-up production remains another major challenge for the adoption of Graphene 
Aerogel in aerospace systems. Future efforts should prioritize scalable and reproducible 
fabrication routes, such as extrusion-based additive manufacturing, ambient-pressure 
drying, and continuous processing techniques, to reduce reliance on energy-intensive 
methods like freeze-drying. Process standardization and quality control protocols will 
be essential to ensure consistency of material properties at industrial scale.

Environmental sustainability should also be a central focus of future research. The use 
of renewable precursors, water-based processing routes, and low-temperature synthe-
sis methods can significantly reduce the environmental footprint of Graphene Aerogel 
production. Life-cycle assessment studies are needed to evaluate environmental impacts 
from raw material sourcing to end-of-life disposal, particularly in the context of large-
scale aerospace deployment.

From an application perspective, advancing Graphene Aerogel toward higher technol-
ogy readiness levels will require comprehensive testing under realistic aerospace operat-
ing conditions, including thermal cycling, vibration, radiation exposure, and long-term 
mechanical fatigue. Integration of multifunctional capabilities, such as structural energy 
storage, embedded sensing, and electromagnetic shielding, should be pursued to maxi-
mize performance benefits without increasing structural mass.
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Overall, by combining mechanical reinforcement, scalable manufacturing, and sus-
tainability-driven design, Graphene Aerogel has the potential to evolve from a labora-
tory-scale material into a viable solution for next-generation aerospace structures.
Acknowledgements
This research was supported by the “University of Debrecen Program for Scientific Publication”. The authors gratefully 
acknowledge the Industry 5.0 (Avion-Robotics) Laboratory at the Vehicle Research Center, Faculty of Engineering, 
University of Debrecen, for providing institutional support that contributed to the preparation of this manuscript.

Author contributions
Masuk Abdullah: Conceptualization, Methodology, Formal analysis, Data Curation, Investigation, Data curation, Writing 
the original draft, Writing – review and editing, and visualization. João Vitor De Andrade Porto: Methodology, Validation, 
Formal analysis, Investigation, Data curation, Writing – review and editing. Husi Géza: Writing – review and editing, 
Formal analysis, Supervision, Funding acquisition.

Funding
Open access funding provided by University of Debrecen.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 26 October 2025 / Accepted: 5 February 2026

References
1.	 Balaji R, Sasikumar M. Graphene based strain and damage prediction system for polymer composites. Compos Part A Appl 

Sci Manuf. 2017;103:48–59.
2.	 de Armentia SL, Giménez R, del Real JC, Serrano B, Cabanelas JC, Paz E. Effect of graphene and graphene oxide addition in 

crosslinking and mechanical properties of photocurable resins for stereolithography. Int J Bioprinting. 2024. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​3​6​9​2​2​/​i​j​b​.​4​0​7​5​​​​​.​​​

3.	 Raghav R, Mulik RS. A study on machinability of high-strength CFRP composites: influence of coated cutting tools on 
cutting performance and surface quality. In: Polymer composites: from computational to experimental aspects. Springer; 
2024. p. 229–43.

4.	 de Armentia SL, Fernández-Villamarín S, Ballesteros Y, del Real JC, Dunne N, Paz E. 3D printing of a graphene-modified 
photopolymer using stereolithography for biomedical applications: a study of the polymerization reaction. Int J Bioprint-
ing. 2022;8(1):503. https://doi.org/10.18063/ijb.v8i1.503.

5.	 Wazalwar R, Sahu M, Raichur AM. Mechanical properties of aerospace epoxy composites reinforced with 2D nano-fillers: 
current status and road to industrialization. Nanoscale Adv. 2021;3(10):2741–76.

6.	 Valorosi F, et al. Graphene and related materials in hierarchical fiber composites: Production techniques and key industrial 
benefits. Compos Sci Technol. 2020;185:107848.

7.	 Bai S, et al. Laser-induced graphene: carbon precursors, fabrication mechanisms, material characteristics, and applications 
in energy storage. Chem Eng J. 2024;493:152805.

8.	 Zhang H, Horvat J, Lewis RA, Adelung R, Fiedler B, Mishra YK. Aerographite phonon density of states affects double reso-
nant Raman scattering. J Appl Phys. 2020;128(19):195101.

9.	 Islam MA, et al. Recent achievement of graphene in biomedicine: Advancements by integrated microfluidics system and 
conventional techniques. Sens Int. 2024;5:100293.

10.	 Shakil S, Akmal M, Zahid R, Azeem M, Bari A, Asghar R. Carbon-based multi-functional e-inks for full printed tattoo-like 
sensing systems. J Electrochem Soc. 2025;172:017514.

11.	 Enyan M, Bing Z, Amu-Darko JNO, Issaka E, Otoo SL, Agyemang MF. Advances in smart materials soft actuators on mecha-
nisms, fabrication, materials, and multifaceted applications: a review. J Thermoplast Compos Mater. 2025;38(1):302–70.

12.	 Ding M, Li C. Recent advances in simple preparation of 3D graphene aerogels based on 2D graphene materials. Front 
Chem. 2022. https://doi.org/10.3389/fchem.2022.815463.

13.	 Menyhart J. Electric vehicles and energy communities: vehicle-to-grid opportunities and a sustainable future. Energies. 
2025;18(4):854. https://doi.org/10.3390/en18040854.

14.	 Szabolcsi R, Menyhárt J, Husi G. Bidirectional use of the batteries in modern electric vehicles. Acta Polytech Hung. 
2024;21(11):49–71. https://doi.org/10.12700/APH.21.11.2024.11.3.

15.	 Hamzat AK, Murad MS, Adediran IA, Asmatulu E, Asmatulu R. Fiber-reinforced composites for aerospace, energy, and 
marine applications: an insight into failure mechanisms under chemical, thermal, oxidative, and mechanical load condi-
tions. Adv Compos Hybrid Mater. 2025;8(1):1–57.

https://doi.org/10.36922/ijb.4075
https://doi.org/10.36922/ijb.4075
https://doi.org/10.18063/ijb.v8i1.503
https://doi.org/10.3389/fchem.2022.815463
https://doi.org/10.3390/en18040854
https://doi.org/10.12700/APH.21.11.2024.11.3


Page 21 of 22Abdullah et al. Discover Mechanical Engineering            (2026) 5:26 

16.	 Scalia T, Bonventre L, Terranova ML. From protosolar space to space exploration: the role of graphene in space technology 
and economy. Nanomaterials. 2023;13(4):680.

17.	 Dhinakaran V, Lavanya M, Vigneswari K, Ravichandran M, Vijayakumar MD. Review on exploration of graphene in diverse 
applications and its future horizon. Mater Today Proc. 2020;27:824–8.

18.	 Yang Y, et al. Recent progress in biomimetic additive manufacturing technology: from materials to functional structures. 
Adv Mater. 2018;30(36):1706539.

19.	 Wegner M, et al. New trends in aviation and medical technology enabled by additive manufacturing. Front Manuf Tech-
nol. 2022. https://doi.org/10.3389/fmtec.2022.919738.

20.	 Ravanbakhsh H, Karamzadeh V, Bao G, Mongeau L, Juncker D, Zhang YS. Emerging technologies in multi‐material bio-
printing. Adv Mater. 2021. https://doi.org/10.1002/adma.202104730.

21.	 del P. Lavin-López M, et al. Development and characterization of graphene derivative-GelMA hybrid bioinks for the gen-
eration of bioartificial tissue substitutes via 3D bioprinting. Int J Bioprinting. 2025. https://doi.org/10.36922/ijb.7888.

22.	 Chen E, et al. 3D-printed poly(p-dioxanone)/graphene oxide composite bioresorbable stents for congenital heart disease 
treatment. Int J Bioprint. 2024. https://doi.org/10.36922/ijb.4530.

23.	 Ding M, et al. Multifunctional elastomeric composites based on 3D graphene porous materials. Exploration. 2024. ​h​t​t​p​s​:​/​/​
d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​E​X​P​.​2​0​2​3​0​0​5​7​​​​​.​​​

24.	 Bănică C-F, Sover A, Anghel D-C. Printing the future layer by layer: a comprehensive exploration of additive manufacturing 
in the era of Industry 4.0. Appl Sci. 2024;14(21):9919. https://doi.org/10.3390/app14219919.

25.	 Kühl J, et al. Nanomaterial-modified bioinks for DLP-based bioprinting of bone constructs: impact on mechanical proper-
ties and mesenchymal stem cell function. Int J Bioprint. 2024. https://doi.org/10.36922/ijb.4015.

26.	 Prakash P, Weerasinghe J, Levchenko I, Prasad K, Alexander K. Polyimide nanocomposites for next generation spacesuits. 
Mater Horiz. 2025. https://doi.org/10.1039/D4MH01816H.

27.	 Zhang X, Zhou J, Zheng Y, Wei H, Su Z. Graphene-based hybrid aerogels for energy and environmental applications. Chem 
Eng J. 2021;420:129700. https://doi.org/10.1016/j.cej.2021.129700.

28.	 Gorgolis G, Galiotis C. Graphene aerogels: a review. 2D Mater. 2017;4(3):032001. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​8​8​/​2​0​5​3​-​1​5​8​3​/​a​a​7​8​8​
3​​​​​.​​​

29.	 Ding M, et al. Superelastic 3D assembled clay/graphene aerogels for continuous solar desalination and oil/organic solvent 
absorption. Adv Sci. 2022. https://doi.org/10.1002/advs.202205202.

30.	 Choi J, Lee EJ, Jang WB, Kwon S-M. Development of biocompatible 3D-printed artificial blood vessels through multidi-
mensional approaches. J Funct Biomater. 2023;14(10):497. https://doi.org/10.3390/jfb14100497.

31.	 del Bosque A, Vergara D, Fernández-Arias P. An overview of smart composites for the aerospace sector. Appl Sci. 
2025;15(6):2986. https://doi.org/10.3390/app15062986.

32.	 He H, Guan L, Le Ferrand H. Controlled local orientation of 2D nanomaterials in 3D devices: methods and prospects for 
multifunctional designs and enhanced performance. J Mater Chem A. 2022;10(37):19129–68.

33.	 Gao Y, et al. Stackable and deployable laser-induced graphene layers toward the flexible manufacturing of smart 3D 
honeycombs with multifunctional performance. Adv Funct Mater. 2024. https://doi.org/10.1002/adfm.202316533.

34.	 Liu M, et al. Carbon nanotubes/graphene-skinned glass fiber fabric with 3D hierarchical electrically and thermally conduc-
tive network. Adv Funct Mater. 2024;34(49):2409379.

35.	 Hou Y, Wang W, Bártolo P. Investigating the effect of carbon nanomaterials reinforcing poly(ε-caprolactone) printed scaf-
folds for bone repair applications. Int J Bioprint. 2024;6(2):266. https://doi.org/10.18063/ijb.v6i2.266.

36.	 A. Masuk and H. Géza, “Uses of Aero Graphene and CNT in Modern Aircraft,” in AIP Conference Proceedings, 2023, p. 020029. 
https://doi.org/10.1063/5.0181354.

37.	 Masuk A, Géza H. Aero graphene in modern aircraft & UAV. Recent Innov Mechatron. 2022;9(1):1. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​7​6​6​7​/​
r​i​i​m​.​2​0​2​2​.​1​/​4​​​​​.​​​

38.	 Das P, Banerjee S, Das NC. Polymer-graphene composite in aerospace engineering. In: Polymer nanocomposites contain-
ing graphene. Elsevier; 2022. p. 683–711.

39.	 Dursun T, Soutis C. Recent developments in advanced aircraft aluminium alloys. Mater Des. 2014;56:862–71. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​1​0​1​6​/​j​.​m​a​t​d​e​s​.​2​0​1​3​.​1​2​.​0​0​2​​​​​.​​​

40.	 Farina D, Machrafi H, Queeckers P, Dongo PD, Iorio CS. Innovative AI-enhanced ice detection system using graphene-
based sensors for enhanced aviation safety and efficiency. Nanomaterials. 2024;14(13):1135.

41.	 Dong Y. Implementing deep learning for comprehensive aircraft icing and actuator/sensor fault detection/identification. 
Eng Appl Artif Intell. 2019;83:28–44. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​e​n​g​a​p​​p​a​i​.​2​0​​1​9​.​0​​4​.​0​1​0.

42.	 Rekuviene R, et al. A review on passive and active anti-icing and de-icing technologies. Appl Therm Eng. 2024;250:123474. ​
h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​a​p​p​l​t​​h​e​r​m​a​l​​e​n​g​.​​2​0​2​4​.​1​2​3​4​7​4.

43.	 Li L, Chakik M, Prakash R. A review of corrosion in aircraft structures and graphene-based sensors for advanced corrosion 
monitoring. Sensors. 2021;21(9):2908.

44.	 Zhong M, et al. One-step fabrication of composite hydrophobic electrically heated graphene surface. Coatings. 
2024;14(8):1052.

45.	 Phadtare VD, Lee K-Y, Parale VG, Choi H, Dhavale RP, Park H-H. Unveiling the thermal management and flame retardancy of 
polyimide nano-crosslinked aminosilane modified MXene aerogels. Polym Degrad Stab. 2025;234:111212. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​
1​​0​.​1​0​​1​6​/​j​.​​p​o​l​y​m​​d​e​g​r​a​d​​s​t​a​b​​.​2​0​2​5​.​1​1​1​2​1​2.

46.	 Fekiač JJ, et al. Comprehensive review: optimization of epoxy composites, mechanical properties, & technological trends. 
Polymers (Basel). 2025;17(3):271.

47.	 Rathod S, Snowdon M, Tino MP, Peng P. Laser writing of metal-oxide doped graphene films for tunable sensor applica-
tions. Nanoscale Adv. 2025. https://doi.org/10.1039/d4na00463a.

48.	 Bharti R, Butt MM, Dey A. Dynamic emissivity control in MXene-based materials for next-generation thermal camouflage. J 
Porous Mater. 2025;32(2):399–423. https://doi.org/10.1007/s10934-024-01738-x.

49.	 Adfar Q, Hussain S, Maktedar SS. Insights into energy and environmental sustainability through photoactive graphene-
based advanced materials: perspectives and promises. New J Chem. 2025. https://doi.org/10.1039/d4nj03693j.

50.	 de Andra Porto JV, Dorsa AC, de Moraes Weber VA, de Andra Porto KR, Pistori H. Usage of few-shot learning and meta-
learning in agriculture: a literature review. Smart Agric Technol. 2023. https://doi.org/10.1016/j.atech.2023.100307.

https://doi.org/10.3389/fmtec.2022.919738
https://doi.org/10.1002/adma.202104730
https://doi.org/10.36922/ijb.7888
https://doi.org/10.36922/ijb.4530
https://doi.org/10.1002/EXP.20230057
https://doi.org/10.1002/EXP.20230057
https://doi.org/10.3390/app14219919
https://doi.org/10.36922/ijb.4015
https://doi.org/10.1039/D4MH01816H
https://doi.org/10.1016/j.cej.2021.129700
https://doi.org/10.1088/2053-1583/aa7883
https://doi.org/10.1088/2053-1583/aa7883
https://doi.org/10.1002/advs.202205202
https://doi.org/10.3390/jfb14100497
https://doi.org/10.3390/app15062986
https://doi.org/10.1002/adfm.202316533
https://doi.org/10.18063/ijb.v6i2.266
https://doi.org/10.1063/5.0181354
https://doi.org/10.17667/riim.2022.1/4
https://doi.org/10.17667/riim.2022.1/4
https://doi.org/10.1016/j.matdes.2013.12.002
https://doi.org/10.1016/j.matdes.2013.12.002
https://doi.org/10.1016/j.engappai.2019.04.010
https://doi.org/10.1016/j.applthermaleng.2024.123474
https://doi.org/10.1016/j.applthermaleng.2024.123474
https://doi.org/10.1016/j.polymdegradstab.2025.111212
https://doi.org/10.1016/j.polymdegradstab.2025.111212
https://doi.org/10.1039/d4na00463a
https://doi.org/10.1007/s10934-024-01738-x
https://doi.org/10.1039/d4nj03693j
https://doi.org/10.1016/j.atech.2023.100307


Page 22 of 22Abdullah et al. Discover Mechanical Engineering            (2026) 5:26 

51.	 Rathi K, Kim D. Super-compressible and mechanically stable reduced graphene oxide aerogel for wearable functional 
devices. Sci Technol Adv Mater. 2023;24(1):2214854.

52.	 Li G, Fang D, Hong G, Eychmüller A, Zhang X, Song W. Assembling graphene aerogel hollow fibres for solar steam genera-
tion. Compos Commun. 2022;35:101302.

53.	 Lv Y, et al. Design of economical and achievable aluminum carbon composite aerogel for efficient thermal protection of 
aerospace. Gels. 2022;8(8):509.

54.	 Cheraghi Bidsorkhi H, et al. 3D porous graphene based aerogel for electromagnetic applications. Sci Rep. 2019;9(1):15719.
55.	 Mohammadian-Sarcheshmeh H, Mazloum-Ardakani M. Porous carbohydrate–graphene aerogels synthesized by green 

method as electroactive supercapacitor materials. Heliyon. 2024;10(8):e29852.
56.	 Zeng Z, et al. Sustainable-macromolecule-assisted preparation of cross-linked, ultralight, flexible graphene aerogel sen-

sors toward low-frequency strain/pressure to high-frequency vibration sensing. Small. 2022;18(24):2202047.
57.	 Zhang L, et al. Three-dimensional graphene hybrid SiO2 hierarchical dual-network aerogel with low thermal conductivity 

and high elasticity. Coatings. 2020;10(5):455.
58.	 Kausar A. Competence of carbonaceous fibers/nanofillers (graphene, carbon nanotube) reinforced shape memory com-

posites/nanocomposites towards aerospace—existent status and expansions. Adv Mater Sci. 2024;24(3):30–55.
59.	 Liu F, Jiang Y, Feng J, Li L, Feng J. Ultralight elastic Al 2 O 3 nanorod-graphene aerogel for pressure sensing and thermal 

superinsulation. RSC Adv. 2023;13(22):15190–8.
60.	 Zeng Z, et al. Robust lignin-based aerogel filters: high-efficiency capture of ultrafine airborne particulates and the mecha-

nism. ACS Sustain Chem Eng. 2019;7(7):6959–68.
61.	 Zhang R, et al. Scalable manufacturing of light, multifunctional cellulose nanofiber aerogel sphere with tunable micro-

structure for microwave absorption. Carbon. 2023;203:181–90.
62.	 Wang L, et al. Extrusion 3D printing of carbon nanotube-assembled carbon aerogel nanocomposites with high electrical 

conductivity. Nano Mater Sci. 2024;6(3):312–9.
63.	 Dragoman M, et al. Sensing up to 40 atm using pressure-sensitive Aero-GaN. Phys Status Solidi (RRL) – Rapid Res Lett. 

2019;13(6):1900012.
64.	 Rapisarda M, Meo M. Multifunctional thermal, acoustic, and piezoresistive properties of in situ-modified composite aero-

gels with graphene oxide as the main phase. ACS Appl Mater Interfaces. 2022;14(38):43646–55.
65.	 Zhu E, et al. Ultra-stable graphene aerogels for electromagnetic interference shielding. Sci China Mater. 

2023;66(3):1106–13.
66.	 Ergen O, Çiftci NO, İbiş Ö. Simple air blow to charge Li-air, rechargeable, solid-state batteries using nano-engineered 

aerogel structures. Electrochem commun. 2022;142:107379.
67.	 Hosseini A, Raji A. Improved double impact and flexural performance of hybridized glass basalt fiber reinforced composite 

with graphene nanofiller for lighter aerostructures. Polym Test. 2023;125:108107.
68.	 Sultanov F, Mentbayeva A, Kalybekkyzy S, Zhaisanova A, Myung S-T, Bakenov Z. Advances of graphene-based aerogels 

and their modifications in lithium-sulfur batteries. Carbon. 2023;201:679–702.
69.	 Li D, Wang S, Zhou Y, Jiang L. Lightweight and hydrophobic Ni/GO/PVA composite aerogels for ultrahigh performance 

electromagnetic interference shielding. Nanotechnol Rev. 2022;11(1):1722–32.
70.	 Wu S, et al. Scalable production of integrated graphene nanoarchitectures for ultrafast solar-thermal conversion and vapor 

generation. Matter. 2019;1(4):1017–32.
71.	 Pitkanen O, et al. Lightweight hierarchical carbon nanocomposites with highly efficient and tunable electromagnetic 

interference shielding properties. ACS Appl Mater Interfaces. 2019;11(21):19331–8.
72.	 De Nicola F, et al. Wetting properties of graphene aerogels. Sci Rep. 2020;10(1):1916.
73.	 Saraçyakupouglu T. Energy savings from new materials and processes in aviation. In: Sustainable materials and manufac-

turing techniques in aviation. Springer; 2024. p. 1–26.
74.	 Reimers et al. Graphene-based thermopneumatic generator for on-board pressure supply of soft robots. Soft Robot. 2024
75.	 Ye H, Liu Y, Zhao X. Recent research progress on graphene-based sound-absorbing materials. Mater Today Chem. 

2024;38:102139.
76.	 Florea M, Constantin V-S, Bucur A-C, Faur R, Predu D, Cazacu A. Materials and structures used in aeronautics: present and 

future perspectives. INCAS Bull. 2024. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​3​​1​1​1​/​2​​0​6​6​-​8​​2​0​1​.​2​0​​2​4​.​1​​6​.​4​.​6.
77.	 Chen J, Li Q. Research and application progress of aerogel materials in the field of batteries and supercapacitors. Energies. 

2024;17(19):4981.
78.	 Lou G, et al. Preparation of graphene oxide-loaded Nickel with excellent antibacterial property by magnetic field-assisted 

scanning jet electrodeposition. Int J Bioprint. 2021;8(1):432. https://doi.org/10.18063/ijb.v8i1.432.
79.	 Bakir M, Asmatulu R. Enhancing aviation safety: multifunctional graphene nanostructured foams for lightweight fire sup-

pression materials. J Mater Res Technol. 2024;33:6914–24. https://doi.org/10.1016/j.jmrt.2024.11.009.
80.	 Zheng S, et al. One‐hour ambient‐pressure‐dried, scalable, stretchable MXene/polyurea aerogel enables synergistic 

defense against high‐frequency mechanical shock and electromagnetic waves. Adv Funct Mater. 2024. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​
1​0​0​2​/​a​d​f​m​.​2​0​2​4​0​2​8​8​9​​​​​.​​​

Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.13111/2066-8201.2024.16.4.6
https://doi.org/10.18063/ijb.v8i1.432
https://doi.org/10.1016/j.jmrt.2024.11.009
https://doi.org/10.1002/adfm.202402889
https://doi.org/10.1002/adfm.202402889

	﻿Engineering integration of graphene aerogels in aerospace mechanics current state of research and future application
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and methods
	﻿2.1﻿ ﻿Material inclusion criteria

	﻿3﻿ ﻿Results and discussion
	﻿3.1﻿ ﻿Material properties of graphene aerogel and manufacturing
	﻿3.1.1﻿ ﻿Weight reduction and structural efficiency
	﻿3.1.1.1﻿ ﻿Lightweight nature
	﻿3.1.1.2﻿ ﻿Strength-to-weight ratio



	﻿3.1.2﻿ ﻿Thermal management
	﻿3.1.3﻿ ﻿Electrical conductivity and avionics
	﻿3.1.4﻿ ﻿Noise and vibration damping
	﻿3.2﻿ ﻿Performance metrics and impacts of graphene aerogel in aviation
	﻿4﻿ ﻿Conclusions
	﻿5﻿ ﻿Future aspects
	﻿References


