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Summary

This study investigates the application of electrically conductive sandwich-structured composites
with an aramid honeycomb core for damage monitoring in unmanned aerial vehicles (UAVS).
Honeycomb cores are susceptible to failure modes such as buckling, wrinkling, and delamination,
which are difficult to detect using conventional damage detection methods. Various techniques have
been applied in the aerospace industry, including fibre optics, accelerometers, and piezoelectric
sensors. Although effective in some applications, these systems are often expensive, complex, and
have limited ability to detect internal damage within the honeycomb core. To address these
limitations, this study explores the use of electrically conductive nanoparticles for structural health
monitoring (SHM). When embedded into a composite, conductive networks exhibit a piezoresistive
effect — mechanical damage leads to an increase in electrical resistance, which can be measured.

Specimens consisted of an aramid honeycomb coated with MXene nanoparticles and six layers of
glass fibre, one of which was covered with carbon nanotubes. Additionally, carbon fibre threads and
unidirectional carbon fibre were integrated into the composite to measure local electrical resistance
using a multimeter. Following electrical measurements of the individual components (honeycomb
and glass fibre), an analytical model based on Ohm’s law was developed. The model demonstrated
that the sensitivity of the electrical resistance of the composite depends on the relative conductivity
of the individual layers. Composites were tested for compression, three-point bending, delamination,
and temperature. During compression testing, when a local indentation 4 mm deep was introduced,
the highest resistance change was recorded closer to the measurement channel due to defects in the
conductive nanoparticle network. The delamination tests showed that, as the upper glass fibre layer
was gradually separated from the honeycomb, the composite resistance increased exponentially.
Three-point bending tests revealed a correlation between resistance change and deflection size. As
the temperature varied from —14 °C to +70 °C, the relative resistance of the composite decreased by
50%. Furthermore, the study presents a 13 x 27 cm composite wing prototype equipped with six
measurement channels connected to an “Arduino Nano ESP32“ microcontroller. The system
measures electrical resistance in the channels in real-time and transmits the data wirelessly via Wi-Fi
to the “Arduino IoT Cloud Remote” mobile application, where damage initiation and propagation can
be graphically monitored. This technology enables the identification of honeycomb damage, fibre
delamination, local cracks, and indentations.
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Santrauka

Siame darbe nagrin¢jamas elektrai laidziy sumustinio tipo kompozity, su aramido korio tipo $erdimi,
taikymas pazeidimy stebésenai nepilotuojamuosiuose orlaiviuose (UAV). Korio tipo Serdis yra jautri
tam tikriems pazeidimy tipams, tokiems kaip gniuzdymas, bangavimas ir atsisluoksniavimas, kuriy
aptikimas taikant jprastus diagnostikos metodus yra sudétingas. Aviacijos pramongéje taikomi jvairis
pazeidimy aptikimo metodai, jskaitant optines skaidulas, akselerometrus bei pjezoelektrinius
jutiklius. Nors §ios sistemos veiksmingos tam tikrose srityse, jos daznai yra brangios, sudétingos ir
ribotai pajégios aptikti vidinius pazeidimus korinése struktiirose. Siekiant jveikti Siuos trikumus,
darbe tiriamas elektrai laidZiy nanodaleliy taikymas struktiirinés buiklés stebésenai (SHM). [terpus
tokias daleles j kompozitg, suformuojami laidis tinklai, pasizymintys piezorezistiniu efektu —
mechaniniai pazeidimai sukelia elektrinés varzos padidéjima, kurj galima iSmatuoti.

Bandiniai buvo sudaryti i§ aramido korio, padengto makseno nanodalelémis, ir $esiy stiklo pluosto
sluoksniy, i§ kuriy vienas — padengtas anglies nanovamzdeliais. Be to, kompozito struktiiroje buvo
integruoti anglies pluosto gijos ir vienakryptis anglies pluostas, skirti lokalios elektrinés varzos
matavimui multimetru. Atlikus atskiry komponenty (korio ir stiklo pluosto) elektrinius matavimus,
buvo sudarytas analitinis modelis, pagristas Omo désniu. Modelis parodé, kad kompozito varzos
jautrumas priklauso nuo atskiry sluoksniy santykinio elektrinio laidumo. Su kompozitais buvo atlikti
gniuzdymo, tritaskio lenkimo, atsisluoksniavimo ir temperatiiriniai bandymai. Gniuzdymo bandymo
metu, suformavus 4 mm gylio lokaly jspaudima, didziausias varzos pokytis buvo uzfiksuotas arc¢iau
matavimo kanalo dél laidZiy nanodaleliy tinklelio defekty. Atsisluoksniavimo bandymy rezultatai
pademonstravo, kad palaipsniui atsiskiriant virSutiniam stiklo pluosto sluoksniui nuo korio,
kompozito varza didéjo eksponentiSkai. Tritaskio lenkimo bandymai parodé varzos pokycio
priklausomybe nuo jlinkio dydZio. Kintant temperattrai nuo —14 °C iki +70 °C, kompozito santykiné
varza sumazéjo 50 %. Taip pat darbe pristatytas 13 x 27 cm dydZio kompozitinio sparno prototipas
su 6 matavimo kanalais, prijungtais prie ,,Arduino Nano ESP32*“ mikrovaldiklio. Sistema realiuoju
laiku matuoja elektring varza kanaluose ir belaidziu Wi-Fi rySiu perduoda duomenis j mobiligja
programe¢lg ,,Arduino IoT Cloud Remote®, kurioje galima grafiskai stebéti pazeidimy atsiradimg ir jy
plitima. Si technologija leidzia aptikti korio paZzeidimus, pluosty atsisluoksniavima, lokalius jtriikius
ir jspaudimus.
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Introduction

Due to their great weight and strength ratio, composites are used in drone structures. Despite the
significant advantages of composites, they are sensitive to defects such as cracks, debonding,
delamination, and fibre breakage. After numerous flight cycles, unnoticed weaknesses can lead to
structural integrity failure, ultimately affecting aircraft safety. It is crucial to identify these defects
early to prevent such failures [1]. The condition of the drone structure is periodically checked during
maintenance with the help of non-destructive (NDT) or structural health monitoring (SHM) methods
using sensors such as strain gauges and optical fibres. However, these methods are limited by time
and resources [2]. Another SHM technique is based on self-sensing composites. They include
electrically conductive additives, which create a piezoresistive effect and can indicate potential
structural damage. Therefore, such composites are a viable solution for drone structures where early-
stage damage monitoring is necessary [3].

This study aims to develop a self-sensing sandwich-structured composite for structural health
monitoring. The investigated composite consists of an electrically conductive honeycomb core dip-
coated with MXenes, a carbon nanotubes (CNT) spray-coated glass fibre interlayer, and a
unidirectional carbon fibre interlayer. The piezoresistive response of the composite was evaluated
through indentation, delamination, three-point bending, and temperature variation tests. A wing
prototype incorporating the sandwich-structured composite was also fabricated and equipped with a
real-time resistance monitoring system. The results demonstrated that nanoparticle-modified
sandwich composites enable complex damage detection, including core buckling, fibre cracking, and
interlaminar debonding making them highly suitable for real-time monitoring of aircraft structures.

The aim of this study is to develop a sandwich-structured composite with an integrated wireless self-
sensing system for structural health monitoring.

The tasks are:

1. Develop self-sensing sandwich-structured composites with an electrically conductive honeycomb
core.

2. Perform analytical electromechanical modelling to predict changes in electrical response under
mechanical loads and assess the composite's sensitivity to damage.

3. Perform tests on temperature fluctuations, localised compression, three-point bending, and
delamination to evaluate the composite's durability and self-diagnostic performance.

4. Manufacture a wing prototype with an integrated wireless self-diagnostic system and monitor the
composite structural integrity in real time.
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1. Literature review
1.1. Unmanned aerial vehicle (UAV)

The International Civil Aviation Organization (ICAQO) defines a drone, also known as an unmanned
aerial vehicle (UAV), as an aircraft that operates without a human pilot on board. In other words, a
drone is either remotely controlled by an operator on the ground or pre-programmed to follow specific
flight routes [4].

Drones can perform automated tasks and collect real-time data, making them highly desirable in
various industries, including agriculture, healthcare, construction, and the military. They can
undertake missions that are often unsuitable or too risky for manned aircraft. For instance, during dull
missions, drones can provide long-endurance surveillance or atmospheric monitoring; in dirty
missions, they can operate in hazardous environments such as those containing radiation, biological
agents, or chemical hazards; and in dangerous missions (such as aerial combat, target strikes, or
suppression of enemy air defences) they can minimise risk to human life. The wide range of drone
types allows them to be tailored to specific missions, each with unique strengths and limitations [5].

1.1.1. UAV types

There are three main types of drones: fixed-wing, rotary-wing, and hybrid drones (Fig. 1). One of the
most used UAV type is the multi-rotor drone, which is further divided based on the number of rotors:
tricopters, quadcopters, hexacopters, and octocopters. They can also be classified based on their size
and payload capacity. Multi-rotor drones are constructed with multiple rotors symmetrically arranged
around a lightweight frame. These rotors generate thrust and are controlled by electronic speed
controllers using pulse-width modulation. Flight direction is achieved by varying the speed of
individual rotors — a configuration that allows for excellent control, stability, and omnidirectional
movement. Their power source is typically a lithium polymer battery, offering a good power-to-
weight ratio. However, battery capacity limits their flight performance to approximately 5-20
minutes. Inertial measurement units (gyroscopes and accelerometers) are used to estimate orientation,
which is essential for stable flight, particularly for autonomous drones [6,7].

Fixed-wings Hybrid Drone
| ,_
N 3 Types of Drones | ™
= | | 2R
-‘ | 0
Rotary-wing
quadcopter hexacopter octocopter

A o> Ay

Fig. 1. Main types of drones: fixed-wing, rotary-wing, and hybrid UAVs [6]

Rotary-wing drones are known for their compact size, ease of control, and affordability, which makes
them popular not only in military use but also in civilian sectors. They offer excellent positional
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control and stability, making them ideal for tasks such as aerial photography, cinematography,
mapping, and infrastructure inspection. The quadcopter is the most popular variant due to its ability
to hover steadily and manoeuvre precisely, making it ideal for capturing both stable and dynamic
visuals. In agriculture, drones are employed for vegetation analysis, crop health monitoring, and
precision pesticide spraying, helping farmers increase efficiency, reduce chemical usage, and
minimise crop damage. Additionally, they can be used for monitoring the structural health of hard-
to-reach buildings, bridges, and other infrastructure. Furthermore, drones play a vital role in research
fields such as wildfire surveillance, air quality sampling, and search-and-rescue operations. Their
modularity and versatility enable customisation for different payloads and missions across various
industries [7].

Fixed-wing UAVs are similar in design to traditional airplanes, where lift is generated through
forward motion. Structurally, they consist of a fuselage, fixed wings, tail section, landing gears, and
one or more propulsion units (either electric or fuel-powered) mounted at the front or rear (Fig. 2a).
Unlike multi-rotor drones, they lack vertical lift mechanisms and are designed primarily for efficient,
long-range, and high-endurance missions. This is attributed to their aerodynamic structure, which
allows for significantly reduced power consumption during flight. Their glide capability also enables
continued flight during power failures, enhancing operational safety. Control surfaces, such as
ailerons, elevators, and rudders, allow for roll, pitch, and yaw control, improving manoeuvrability in
forward flight [8,9].

However, fixed-wing drones also have limitations. They require runways for take-off and landing,
cannot hover or perform vertical landings, and typically require more extensive pilot training. Their
structural complexity and material choices also contribute to higher manufacturing and maintenance
costs. Despite these challenges, their ability to carry heavier payloads, travel long distances, and
maintain flight for extended durations makes them indispensable for missions where endurance,
speed, and efficiency are paramount. Consequently, they are used across multiple sectors including
aerial mapping, border patrol, environmental monitoring, and military reconnaissance. They can also
be deployed in cooperative drone systems, where multiple UAVs operate under a coordinated control
strategy to perform complex tasks more efficiently than a single UAV could [8,9].

(a) (b)

RIGHT VERTICAL DUCTED FAN
—___ WING TIP STABILISER PROPULSION
o SYSTEM

/e

AFT WING =
e Lol

FRONT WING

FUSELAGE

"

P -

FRONT LEG OF MAIN LEG OF LEFT
THE LANDING THE LANDING WING TIP

Fig. 2. Fixed-wing UAV: (a) structure [10]; (b) “Bayraktar TB3* military drone [11]

Military drones have become a crucial tool for intelligence gathering, executing precise strikes, and
enhancing national security. Modern military UAVs are equipped with advanced cameras and
sensors, enabling real-time monitoring in hazardous areas. They are widely used for surveillance,
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spying on enemy activity, and launching accurate strikes while minimising risks to personnel. Figure
2b shows the “Bayraktar TB3“fixed-wing military drone, an advanced unmanned combat aerial
vehicle designed for long-endurance operations and equipped with cutting-edge surveillance,
reconnaissance, and strike capabilities. Developed by “Baykar*, the “TB3* features foldable wings
for naval operations and can carry precision-guided munitions, making it highly adaptable for both
land-based and aircraft carrier deployments [12].

Hybrid UAVs represent a drone class that combines the benefits of both fixed-wing and rotary-wing
aircraft — vertical take-off and landing (VTOL) capabilities along with efficient long-distance forward
flight. This integration allows for a broader flight envelope, covering vertical lift, cruise, and smooth
transitions between modes. This makes hybrid UAVs especially suitable for missions requiring both
long-range efficiency and high manoeuvrability. However, their design is more complex due to the
integration of components from both drone types. Their architecture typically includes rigid
airframes, lifting wings, rotors or propellers, tilting mechanisms, and reinforced landing structures
[13].

Hybrid UAVs can be categorised into two types: convertiplanes and tail-sitters (Fig. 3).
Convertiplanes include mechanisms that change the orientation of rotors or wings to enable
transitions between vertical and horizontal flight. These UAVs typically feature a fuselage that
contains the avionics, payload, and power systems, along with side-mounted wings and mechanically
tilting nacelles positioned at the wing tips. The nacelles allow the rotors to rotate between vertical
and horizontal configurations. These tilting components must be structurally reinforced to endure
aerodynamic and inertial loads during transition. In contrast, tail-sitter UAVSs eliminate the need for
tilt mechanisms, resulting in a simpler and more compact design. They have fixed wings and multiple
rotors arranged symmetrically along the airframe. These UAVs take off and land vertically on their
tails, transitioning into cruise flight by pitching the entire body forward. This configuration demands
a rigid and well-balanced fuselage capable of withstanding both gyroscopic forces and aerodynamic
stresses during the manoeuvre [13].

Convertiplanes

(a) Bell Eagle Eye (b) NUAA (c) AgustaWestland
Tail-sitter UAVs
M.‘Pi:‘!
!
I
(a) SkyTote (b) Flexrotor (c) V-Bat (d) Hybrid tail-sitter
UAV

Fig. 3. Hybrid UAVs: convertiplanes and tail-sitter [10]
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Hybrid UAV platforms are employed in military missions involving intelligence, surveillance,
reconnaissance, and precision strikes due to their ability to operate from unprepared sites and sustain
long-endurance flights. Civilian applications include parcel delivery, disaster response, infrastructure
inspection, search and rescue, and agricultural monitoring [13].

1.1.2. Materials used in UAVs

A key requirement for UAV materials is the combination of strength, stiffness, weight, cost, and
manufacturability. The three main classes of materials include metals, wood, and composites. Metals
such as aluminium, titanium, and steel are the most common structural materials in traditional aircraft
design. Aluminium alloys are favoured for their excellent strength-to-weight ratio, easy
manufacturing, corrosion resistance, and widespread availability. These properties make aluminium
suitable for spars, skin panels, and fuselage elements, especially in manned aircraft. However, in
UAVs, metals are often replaced by composites, which offer better weight savings for the same
strength, while modern UAVs typically do not require the extremely high structural robustness that
manned aircraft demand [5].

The most used fibre types in UAV applications are carbon fibre, aramid, and glass fibre. Their
mechanical properties are shown in Table 1. Carbon fibre offers the highest stiffness and strength
among these materials and is widely used in structural components such as wings, fuselages, and
control surfaces. It allows a reduction in structural weight by 25-30% compared to traditional metallic
constructions, which enables greater payload capacity or extended flight duration. Aramid fibres are
valued for their toughness and resistance to impact and ballistic threats. These are particularly useful
in UAVs that are subject to rough landings or crash scenarios. Aramid’s low density also contributes
to mass savings. Glass fibre is less strong than carbon or aramid but is cost-effective and sufficient
for components that do not experience high structural loads. It is commonly used in radomes, fairings,
and non-critical wing skins [5].

Table 1. Properties of fibre/epoxy plies [5]

Material Tensile Shear Strength | Young’s Shear Modulus | Density p,
Strength o, Tu, MPa Modulus E, G, GPa kg/m?
MPa GPa

Carbon-epoxy 1270 63 7 4.2 1530

Glass-epoxy 1250 63 12 4.5 2080

Aramid-epoxy 1410 45 5.6 2.1 1350

The wing is one of the most critical structural elements in any fixed-wing UAV, as it creates the
majority of aerodynamic forces during cruise, take-off, and landing. The wing structure has to
withstand these forces while minimising weight. Therefore, sandwich composites can be used to
improve bending stiffness without significantly increasing mass [14]. For instance, the “NRL
SENDER” UAV’s wing is fabricated as a moulded glass fiber sandwich wing with carbon
reinforcement [5].

1.2. Sandwich-structured composites

Sandwich-structured composites consist of a lightweight core material bonded between two thin, stiff
face sheets, also referred to as skins. Bonding is typically achieved using adhesive films or through
co-curing processes. The face sheets, commonly made from materials such as aluminium, carbon
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fibre, or glass fibre-reinforced polymers, are responsible for carrying the in-plane tensile and
compressive loads, as illustrated in Fig. 4. The core, which is thicker yet significantly lighter, plays a
critical role in resisting shear forces, preventing wrinkling of the face sheets, and distributing applied
loads and stresses. This design results in structures with high strength-to-weight and stiffness-to-
weight ratios [15,16].

Fig. 4. Load distribution in a sandwich-structured composite [17]

1.2.1. Core materials

Sandwich composites are often classified based on the type of core material employed. The most used
core types include foam, honeycomb, folded, and lattice structures. Each core design offers specific
mechanical and structural properties tailored to different applications. Honeycomb cores, whether
metallic or non-metallic, are widely recognised for their high strength-to-weight and stiffness-to-
weight ratios, as well as their ability to distribute loads efficiently. However, their open-cell geometry
provides limited bonding area with the face sheets, which may reduce interfacial strength.
Additionally, they tend to exhibit sensitivity to moisture absorption, corrosion and possess relatively
low lateral strength, making them vulnerable to collapse during forming or curing. Foam cores are
frequently used in the aerospace industry due to their low weight, good energy absorption capacity,
and relatively low manufacturing costs. They offer high specific bending strength and compressive
resistance, although their shear strength is lower compared to honeycomb cores. Furthermore, foams
may trap moisture and often display variability in their structure, necessitating conservative design
approaches. Folded cores are manufactured by folding flat sheets into predetermined patterns, which
allows for cost-effective, continuous production. Their open-cell structure enhances ventilation and
moisture resistance. Nonetheless, the manufacturing process demands high geometric accuracy, and
the complexity of the folded geometry makes mechanical modelling more difficult. Lattice cores are
made from a three-dimensional network of interconnected struts, forming a truss-like architecture.
These cores are notable for their tuneable geometry, which enables designers to optimise the structure
for specific loading scenarios. Although they provide outstanding strength and stiffness at minimal
weight, lattice cores are challenging to design and fabricate and are prone to defects resulting from
their intricate geometry [16,18]. In the aviation industry, the need to achieve high strength and
stiffness while minimising weight has led to the widespread use of Nomex honeycomb, aluminium
honeycomb, and foam cores. Although foam cores offer better moisture resistance and reduced
production costs, their mechanical strength remains lower than that of honeycomb variants, which
are used where performance is critical [19].

Nomex honeycomb cores are manufactured using the expansion method, illustrated in Fig. 5. This
process begins with aramid foil sheets being printed or coated with adhesive lines at precise intervals.
These sheets are then cut to the required length, stacked, and pressed together to form a block. After
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partial curing of the adhesive, the block is mechanically expanded, which creates the hexagonal cell
structure characteristic of honeycomb cores. The next step involves resin impregnation, which
significantly improves mechanical strength, thermal stability, fire retardancy, and resistance to
moisture. Following resin application, the core undergoes a controlled curing process in an oven,
ensuring that the desired structural properties are achieved. The final step involves slicing the cured
block into sheets of the required thickness [16,20].

Foil Print adhesive lines Cut and staple foil sheets,
press into bloc

Cure resin « Coat with resin Expansion ‘

Stabilisation

v

N

Cut bloc into Sheets

Fig. 5. Nomex honeycomb manufacturing process [21]

The honeycomb cell walls, as shown in Fig. 6, are composed of aramid paper bonded with phenolic
resin. Although phenolic resin provides good fire resistance and mechanical stability, it is porous and
hygroscopic, meaning it tends to absorb moisture over time. Moreover, the honeycomb structure itself
is rough, porous, and hydrophilic, further contributing to moisture absorption. [22].

Phenolic resin
- -

Phenollc resin

Fig. 6. Composition of the Nomex honeycomb structure [22]

This ability to absorb moisture can be used to add nanoparticles into the honeycomb. For example,
MXene nanosheets can be added by dipping the honeycomb into a water-based MXene solution. This

improves the honeycomb’s strength and makes it electrically conductive, which allows it to be used
in more advanced applications [23].
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1.2.2. Failures in honeycomb

When compared to traditional stiffened panels, sandwich composites offer several advantages,
including reduced weight, increased stiffness, and simpler, faster manufacturing processes. However,
they also have two key limitations: the core material is generally weaker than the face sheets, and the
adhesive bond between the core and skins is a common failure point. These weaknesses can lead to
damage such as localised crushing, cracking, delamination, and fibre breakage [17,24].

When a sandwich structure experiences localised loading such as from an impact or indentation the
damage typically initiates in the face sheets, which bend and transfer the load to the core. The
response of the structure largely depends on the type of core material. Metallic cores, due to their
higher stiffness, often result in permanent dents (Fig. 7a). A weak adhesive interface between a
metallic core and the face sheets may encourage debonding, leaving areas of the skin unsupported
(Fig. 7b). In contrast, non-metallic honeycomb cores are more compliant, tend to deform more under
load, and often cause the face sheet to wrinkle, as seen in Fig. 7c [13].

(a) Metallic honeycomb sandwich.

(c) Non-metallic honeycomb sandwich.

Fig. 7. Impact damage in different types of honeycomb sandwich structures [17]

If such damage remains undetected and the structure continues to operate under cyclic loading
conditions, the structural integrity can further degrade. As the core loses its load-supporting capacity,
the face sheets may begin to buckle. Simultaneously, adhesive layer failures such as debonding or
cracking can lead to delamination between the face sheets and the core, a failure pattern illustrated in
Fig. 8 [17,24].

e Facesheet Honeycomb
,7}—\ Facesheet
F[IIet1 Falue
Cohesive ‘L
Failure ke —l

Fig. 8. Common failure modes in sandwich-structured composites [24]

A particularly challenging form of damage in sandwich composites used in aerospace applications is
interlaminar damage. Unlike surface defects, which can often be identified visually, interlaminar
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damage, including delamination, matrix cracking, and fibre—matrix debonding, typically occurs
internally and is difficult to detect using traditional non-destructive inspection (NDT) methods. These
techniques are often ineffective due to the low density of the core materials. As these hidden defects
grow over time under cyclic loading, they reduce both structural stiffness and overall integrity. For
this reason, real-time structural health monitoring (SHM) systems are essential in identifying damage
before critical failure occurs [17].

In most composite structures, SHM is achieved by embedding sensors such as piezoelectric elements
or fibre optic cables. However, these sensors often lack the capability to detect damage deep within
the core. In foam-core composites, carbon Z-pins can be embedded in the core. When cracks develop
or compression occurs, changes in electrical resistance across the pins can be measured, enabling
real-time assessment of structural integrity [25]. Another approach involves stitching the foam core
with a carbon fibre grid and incorporating CNT-modified glass fibre face sheets. When damage is
present, the conductive network between the carbon fibres and CNTs is disrupted, leading to
increased electrical resistance and signalling structural degradation [26].

However, these monitoring strategies are generally not applicable to honeycomb core structures due
to geometric constraints and the difficulty of integrating conductive pathways into their open-cell
architecture. Therefore, there is a growing need to develop new SHM approaches that are specifically
adapted to the unique structure and limitations of honeycomb cores.

1.3. Structural Health Monitoring (SHM)

Structural Health Monitoring (SHM) is a non-invasive method used to continuously or periodically
monitor the condition of a structure. The primary goal of SHM is to provide real-time information
about the structural state that enables early detection of potential damage [27]. Figure 9 illustrates the
SHM process, which consists of multiple stages. It begins with sensors embedded in the structure that
collect critical data on factors such as vibration, strain, and temperature. These sensors continuously
monitor structural behaviour and detect any deviations from normal operating conditions. The
information is then sent to a data acquisition system, which gathers and records the data for further
analysis. The next stage involves data management, where the information is processed and organised
for efficient use in structural assessments. The final step is data analysis and diagnosis, where the
information is examined to detect any structural issues. This includes identifying potential damage,
updating structural models, assessing the condition of the structure, and predicting its remaining
service life [28].

The aim of SHM is not only to detect structural failure but also to identify physical damage at the
earliest possible stage. This allows to immediately take actions before structural failure. In doing so,
this method enhances safety, extends the lifespan of structures, and optimises maintenance time and
costs. The successful adoption of SHM will shift maintenance practices from conventional schedule-
driven inspections to condition-based maintenance, this will improve operational safety and reduce
life-cycle costs [27].
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Fig. 9. Structural health monitoring concept [28]

There are two types of SHM: passive sensing and active sensing. Passive sensing SHM relies on
accelerometers, piezoelectric sensors, and fibre optics to monitor structural conditions. Changes in
sensor measurements occur due to external loads, damage, or environmental factors such as
temperature or humidity.

Figure 10 illustrates how passive sensing SHM detects damage using piezoelectric transducers. When
an impact occurs, stress waves propagate through the structure. These waves are captured by
piezoelectric transducers, which convert them into electrical signals. The data acquisition system then
records and analyses these signals. The graph on the right shows that when damage occurs, the signal
amplitude increases, indicating an event in the structure [28].

Impactor ‘ Piezoelectric transducers —— _a Event
Window

Impact Location
pac Data Acquisition

= System =

(Passive Sensing)

Signal Amplitude

Stress waves

Fig. 10. Passive sensing SHM [28]

One of the key advantages of passive sensing is that it does not require additional actuators, as it relies
solely on ambient vibrations and operational loads. This makes it a cost-effective method for
monitoring structural health. Advanced passive sensing techniques can provide global structural
information, helping to identify the presence, approximate location, and severity of damage.
However, while passive sensing is effective for detecting local failures, accurately pinpointing the
exact location of damage can be challenging. To improve detection reliability, sensors typically need
to be placed near potential failure points [28].

In an active sensing system, transducers function both as sensors and actuators. This system uses
piezoelectric sensors-actuators, which can act both as transmitters and receivers. As shown in figure
11, defects are detected by injecting controlled diagnostic signals (Lamb waves) into the structure. If
the structure is undamaged, these waves travel smoothly through the material. However, when
damage occurs, the waves scatter, reflect, or change in velocity and amplitude, altering the received
signal. Once damage appears, local sensor measurements differ from the initial input signals. As
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illustrated in Figure 11, the graph shows a clear difference between the pristine (blue) and damaged
(red) signals, indicating structural damage. After detecting damage, the next step is to determine its
location. By comparing the time differences of wave arrivals at different sensors (at least three sensors
are needed), the exact location of the damage can be estimated [28].
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Fig. 11. Active sensing SHM [28]

While this method is highly effective, it often requires additional hardware and a power supply to
operate the system. Furthermore, installing sensor networks across an entire structure may not always
be feasible, so SHM is typically applied to critical hot-spot areas where damage is most likely to
occur [28].

1.4. SHM sensors

As previously mentioned, SHM systems utilise accelerometers, piezoelectric sensors, or fibre optics
to monitor structural conditions. These sensors must meet specific performance requirements,
including the ability to detect only actual structural damage while remaining unaffected by
environmental variations. Additionally, they should transmit acquired signals reliably, minimise any
negative impact on the host structure, and be easy to install, integrate, and operate. For aerospace
applications, sensors should also possess small dimensions, lightweight construction, durability
against aging, resistance to noise, and low power consumption. Moreover, they should feature
compact wiring or wireless capabilities while maintaining cost-effectiveness [29].

1.4.1. Fibre optics

Optical fibres are composed of a silica core at the centre, surrounded by a silica cladding and a
polymer coating for protection. The core is the central region where light travels, designed with a
high refractive index to keep the light contained inside. Depending on the core diameter, optical fibres
can be single-mode or multimode. Single-mode fibres have a core diameter of approximately 10 um
and carry only one light mode, which results in higher accuracy and sensitivity. In contrast,
multimode fibres have a wider core diameter of about 50-100 um and can carry multiple light modes,
allowing for longer sensing ranges but with lower accuracy and requiring higher light intensity.
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The cladding surrounds the core and has a lower refractive index, ensuring total internal reflection,
which keeps the light signals trapped inside. The outer polymer coating serves as a protective layer,
shielding the fibre from physical damage and environmental effects. Any damage to the fibre optic
structure can be detected by observing changes in its optical properties, such as intensity, wavelength,
and phase of polarisation [29].

The aerospace industry favours fibre optics due to their ability to be embedded in composite materials.
Their tiny size and lightweight nature make them ideal for integration into aircraft structures such as
wings, stringers, cockpits, landing gear, and fuselage. These sensors provide high resolution and
bandwidth for precise measurements, immunity to electromagnetic interference, simple
instrumentation and multiplexing, which reduces wiring complexity, and the ability to monitor
difficult-to-reach components, such as engines and structural hot spots [30].

Figure 12 presents an example of an SHM system in an aircraft utilising fibre optics. Sensors are
integrated into critical aircraft structures to monitor strain, temperature, and pressure. Damage is
detected by analysing changes in the reflected light spectrum. When the aircraft undergoes stress or
temperature fluctuations, the wavelength of the reflected light shifts, corresponding to the intensity
of the change. The interrogator unit collects the reflected light and analyses the spectral shifts,
allowing the system to determine the structural condition in real time [30].

FIII—IIII*

Periodics

Fig. 12. Aircraft fibre optics scheme [30]

Despite the good application of fibre optics in aerospace, they also have some limitations. One of the
biggest challenges is their sensitivity to temperature changes, which can affect measurement
accuracy. Moreover, their installation is more complex compared to traditional sensors, requiring
precise bonding techniques. While the fibres themselves are lightweight, the necessary interrogation
units and processing hardware add extra weight, which is not ideal for aircraft applications. Lastly,
their high costs and the need for specialised equipment make them a more expensive alternative to
traditional sensors [31].
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1.4.2. Piezoelectric sensors

Piezoelectric sensors convert mechanical stress into electrical voltage by relying on the piezoelectric
effect. These sensors are made of piezoelectric materials that generate an electrical charge when
subjected to mechanical force, strain, or pressure. This results in an electric potential difference
(voltage) on the sensor’s surface. The generated charge is then converted into a measurable voltage
or current, which can be analysed as an electrical signal. The magnitude of the voltage is proportional
to the applied mechanical stress. Damage detection is based on monitoring changes in the electrical
signal of the sensor. In a healthy structure, the electrical response remains stable, whereas in a
damaged structure, such as one with cracks, delamination, or corrosion, the mechanical properties
change, altering the sensor's impedance or voltage output. By comparing the sensor’s signal before
and after stress, structural damage can be identified [32].

These sensors offer high sensitivity and can detect even minor variations in mechanical stress. Their
compact and lightweight design makes them suitable for space-limited applications, while their
durability allows them to withstand harsh environments. They also have a fast response time, making
them ideal for real-time monitoring. However, their performance can be affected by humidity and
extreme temperatures, which may lead to inaccuracies. Additionally, high-performance piezoelectric
materials can be expensive, and the sensors require careful tuning and baseline measurements to
ensure accurate damage detection [30].

1.4.3. Accelerometers

Accelerometers measure how structures vibrate over time. When a structure is in good condition, it
vibrates in a predictable pattern, but when damage occurs, such as cracks, loosening or impact, the
vibration pattern changes. By analysing these changes, accelerometers can help detect structural
defects [30].

There are two main types of accelerometers: capacitive and piezoresistive. Capacitive accelerometers
work by detecting changes in capacitance. Inside the sensor, there are two capacitor plates, with a
small mass attached to one of them. When the structure moves, this mass also moves, altering the
distance between the plates and changing the capacitance. This change is measured by an electrical
circuit, which converts it into a readable signal [30].

On the other hand, piezoresistive accelerometers rely on changes in electrical resistance. These
sensors contain a small proof mass that moves when the structure vibrates. This movement
compresses a piezoelectric material, altering its electrical resistance. By analysing the resistance
change, the force or displacement can be calculated [30].

These sensors have high sensitivity and can detect even small changes in vibration patterns, leading
to early damage detection. Their small size and lightweight design allow them to be installed in tight
spaces. Compared to other sensors, such as fibre optics, they are cost-effective. However, they are
sensitive to environmental factors such as extreme temperatures, humidity, and electromagnetic
interference, which can affect signal accuracy. To detect damage precisely, calibration with the
measurement of an undamaged structure is needed. Additionally, accelerometers are prone to noise,
which may require signal processing to filter out unwanted disturbances [30].
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1.5. Smart composites materials

Fibre optics, piezoelectric sensors, and accelerometers, combined with machine learning and data
analytics, have improved structural monitoring capabilities. However, they still face challenges such
as measurement limitations, integration applicability, adhesion durability, and external system
complexity [33]. Another type of SHM involves advanced composite materials embedded with
nanoparticles, which significantly enhance the physical, mechanical, thermal, and electrical
properties of composites. By incorporating electrically conductive nanoparticles into the composite
structure, the material itself can function as a sensor for damage detection. The most common
nanofillers used for this purpose are carbon nanotubes (CNTs), MXenes, and graphene [34].

1.5.1. Carbon nanotubes

Carbon nanotubes (CNTs) are elongated nanoparticles with nanometre-scale diameters and
micrometre-scale lengths. They are formed by rolling up graphene sheets, and due to their unique
geometric structure and strong carbon-carbon bonds, they exhibit exceptional mechanical, electrical,
and thermal properties [35].

CNTs are categorised into two primary types: single-walled carbon nanotubes (SWCNTSs) and multi-
walled carbon nanotubes (MWCNTS). Figure 13 illustrates their structural formation from graphene.
SWCNTSs consist of a single graphene layer rolled into a cylindrical shape, with external diameters
ranging from 0.4 nm to 3 nm and lengths typically between 0.5 to 50 pm. In contrast, MWCNTs are
composed of multiple graphene layers, resembling graphite, with external diameters between 2 nm
and 100 nm and lengths extending up to several millimetres [36,37].
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Fig. 13. Derivation of SWCNTs and MWCNTSs from Graphene [35]
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The small size and symmetrical structure of CNTs give them remarkable electrical properties. Their
conductivity depends on how the graphene sheet is rolled. Graphene is a zero-bandgap
semiconductor, meaning it does not have an energy gap between its conduction and valence bands,
allowing electrons to move freely as in metals. However, when graphene is rolled into a nanotube, it
can behave as either a metal or a semiconductor, depending on its chirality (n, m indices) and diameter
[38].

When graphene is rolled into a nanotube, the electrons are constrained to move along the nanotube’s
length and around its circumference. This constraint introduces energy band folding, which
determines whether the CNT behaves as a metal or a semiconductor. Additionally, the nanotube’s
diameter influences its bandgap: larger diameters result in smaller bandgaps due to curvature effects.
For example, nanotubes around 1 nm in diameter typically have a bandgap between 0.7 eV and 0.9
eV. Moreover, the strong carbon-carbon bonding in CNTs enables them to carry high current
densities, with conductivities ranging from 10° to 107 S/m [38,39].

CNTs exhibit exceptional mechanical properties due to their strong sp? carbon-carbon bonds. They
have a high Young’s modulus, outstanding tensile strength, and low density [38]. The mechanical
properties of CNTs are summarised in table 2. It can be observed that multi-walled carbon nanotubes
(MWCNTs) have the highest Young’s modulus at 1200 GPa, making them 477% stiffer than steel,
which has a Young’s modulus of 208 GPa. Their tensile strength (150 GPa) is 37400% higher than
steel (0.4 GPa), meaning they can withstand significantly greater stretching forces before breaking.
Additionally, MWCNTSs have a 67% lower density than steel (2.6 g/cm3 vs. 7.8 g/cm3), resulting in
an excellent strength-to-weight ratio. When comparing MWCNTs to SWCNTs, it is evident that
MWCNTSs are stronger but also have a higher density [39].

Table 2. Mechanical properties of CNT [39]

Young’s modulus, GPa Tensile strength, GPa Density, g/cm?
MWCNT 1200 150 2.6
SWCNT 1054 75 1.3
Graphite 350 25 2.6
Steel 208 0.4 7.8

These mechanical properties position CNTs highly promising for advanced applications, particularly
in high-performance composites, aerospace structures, and lightweight materials where strength and
low weight are critical [38].

However, the dispersion of CNTSs is a major challenge due to their tendency to agglomerate. This
occurs because CNTs naturally attract each other, forming clumps, and their long, thin structure
makes achieving uniform distribution difficult. If CNTs are not evenly dispersed, their electrical
conductivity, mechanical reinforcement, and sensing capabilities are significantly reduced. Poor
dispersion leads to inhomogeneous conductive networks, diminishing the composite's self-sensing
ability.

1.5.2. Carbon nanotubes in SHM

Carbon nanotubes (CNTSs) have emerged as a promising material for SHM due to their outstanding
mechanical, electrical, and sensing properties. Their integration into composite structures enables
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real-time monitoring of infrastructure integrity through electrical resistance changes in response to
mechanical stress. When pressure is applied, CNTs move closer together, enhancing conductivity and
reducing resistance. Conversely, crack formation disrupts the conductive network, leading to a
measurable increase in resistance [40,41].

The electrical conductivity of CNT-enhanced materials is governed by two main mechanisms: direct
contact between CNTs and quantum electron tunnelling. In a well-dispersed CNT network,
conduction occurs both through physical connections and tunnelling across nanometre-scale gaps.
This self-sensing capability is based on the piezoresistive effect, where mechanical strain alters the
material’s electrical resistance, making CNT-reinforced composites highly effective for SHM
applications [42].

1.5.3. MXenes

MXenes are a relatively new group of 2D nanomaterials with atomic-scale thickness and high aspect
ratios. Their general formula is M,+1X,Ax, where M represents transition metals such as Sc, Ti, Y, Hf,
V, Nb, and Mo, X is carbon and/or nitrogen, and A is an active terminal group derived from elements
of groups 13 or 14 (Fig. 14). In some cases, MXenes include termination groups denoted as T, which
may consist of -OH, -F, =0, or -CI. Due to the wide variety of available M, X, and A elements, more
than 150 different MXene compositions have been identified so far [43,44].
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Fig. 14. Composition of MXenes [45]

MXenes are produced through a selective etching and exfoliation process, which involves the removal
of A elements from the MAX phase, a process that is illustrated in Figure 15. During synthesis,
hydrofluoric acid (HF) is commonly used to selectively remove the A-layer, leading to the formation
of exfoliated MXene sheets. The etching process disrupts the bonding between layers, reducing their
structural integrity. However, after etching, the M and X layers remain stacked together. To separate
these layers into individual nanosheets, sonication is applied, producing two-dimensional MXene
flakes [46,47].
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Fig. 15. Synthesis of MXenes [47]

MXene flakes have lateral sizes of up to approximately 10 um and thicknesses ranging from a few
nanometres to several micrometres. Their thickness is influenced by several factors, including the
structure of the parent MAX phase, etching conditions, and post-processing modifications. The
number of layers in MXenes depends on their chemical formula M,+1X,A«. For instance, M2X results
in three atomic layers, MsX. consists of five atomic layers, and M4Xs forms seven atomic layers. The
structural characteristics of these materials dictate their thickness. Additionally, the etching method
significantly affects both the thickness and the quality of the MXenes produced. Strong acids, such
as hydrofluoric acid, tend to yield multilayered MXenes, whereas milder etching techniques allow
for better control over thickness and structural integrity. To further reduce thickness, delamination
techniques such as sonication and chemical intercalation are employed. Sonication utilises high-
frequency sound waves to break apart MXene layers. Ultrasonic waves generate rapid vibrations and
microscopic bubbles, which contribute to the separation of layers in solution. This method can
produce few-layer or even single-layer MXenes, but the duration and intensity of sonication must be
carefully controlled to prevent structural damage. Chemical intercalation involves the introduction of
chemicals such as tetrabutylammonium hydroxide, hydrazine, or lithium ions to expand the interlayer
spacing, facilitating easier exfoliation. These two methods can be used simultaneously to optimise
exfoliation efficiency [47].

MXenes exhibit excellent electrical, magnetic, mechanical, and thermal properties, making them
highly valuable in sensor applications. Most MXenes are metallic or semi-metallic, allowing for high
electrical conductivity. Their electronic structure is determined by the combination of metal (M) and
carbon/nitrogen (X) elements, as well as surface terminations such as fluorine, oxygen, and hydroxyl
groups. Metallic bonding between transition metal atoms ensures efficient electron transport across
the material. Table 3 presents a comparison of electrical conductivity among various MXenes and
other materials. Ti:C.Tx MXene demonstrates the highest conductivity, ranging from 5000 to 15000
S/cm, indicating its superior ability to transport charge with minimal resistance. Carbon nanotubes
also display high conductivity, reaching 10000 S/cm, which is approximately ten times greater than
that of other MXenes such as Ti2CTx, V2CTy, and NbaCs Ty [45,48].
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Table 3. MXenes conductivity [45]

Material TizC2 Ty Ti2CTy V2CTy Nb4CsTy Graphene CNT Copper
Conductivity, | 5000 — 1000 1000 1024 2000 10000 5960
S/cm 15000

MXenes inherit their mechanical properties from their parent MAX phase, which combines the
toughness of metals with the rigidity of ceramics. When incorporated into different polymer matrices,
MXenes can enhance tensile strength, impact resistance, flexibility, and wear resistance. Figure 16
illustrates the changes in the mechanical properties of composites when TisCN MXene is introduced
into the structure. The stress-strain graph in Figure 16a demonstrates how MXene concentration
influences composite strength and strain. The black curve, representing pure polyurethane (PU),
exhibits the lowest tensile strength of 14 MPa and strain at break. As MXene concentration increases
from 0.125 to 0.5 wt.%, the composite becomes stronger, with the highest tensile strength of
approximately 20 MPa observed at 0.5 wt.% MXene. However, when the concentration is further
increased to 1.0 wt.%, the maximum tensile strength decreases due to MXene aggregation, which
reduces the efficiency of load transfer within the composite [49].
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Fig. 16. Mechanical properties of TisCN/epoxy composites: (a) stress—strain, (b) load—displacement [49]

The load-displacement graph in Figure 16b shows how the mechanical response changes as TisCN
concentration increases. Composites containing pure epoxy exhibit the highest load-bearing capacity
before failure but have the lowest displacement, indicating limited flexibility. As the MXene
concentration increases, the maximum load decreases, but the displacement at failure increases,
suggesting improved flexibility. The concentration of MXenes within the composite plays a crucial
role in either enhancing or reducing mechanical properties, depending on the dispersion and
interactions of MXene within the polymer matrix [49].

1.5.4. MXenesin SHM

Due to their physical properties and chemical stability, MXenes can be used as sensing elements for
quasi-static and dynamic loading. MXene-based strain sensing is enabled by the engagement and
disengagement of contact between nanosheets during deformation. When an impact force is applied
to the structure, cracks appear between MXene nanosheets, causing changes in electrical resistance.
The increase in strain is proportional to the change in resistance. Incorporating MXenes into a
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composite structure enables real-time detection of damage, including microcracks. This behaviour
allows continuous monitoring of various types of defects using resistance mapping techniques [50].

MXene-based strain sensors outperform other sensing materials, such as graphene and CNTSs, in terms
of gauge factor, flexibility, and conductivity. Carbon-based materials suffer from lower strain
sensitivity and slower response times. Meanwhile, MXene-based sensors demonstrate a higher gauge
factor, allowing them to detect even minor defects. On the other hand, CNTs are more effective for
large-area strain sensing due to their ability to form conductive networks within composite materials.
Additionally, CNTs offer advantages in terms of lower manufacturing costs, faster production, and
easier integration into composite structures. A comparison of MXenes and CNTs for damage
detection in SHM is shown in table 4 [50,51].

Table 4. Comparison of MXenes and CNTs in SHM [51]

Property MXenes (TisC:T) CNTs

Conductivity, S/cm 5000-15000 ~10,000

Gauge Factor 80-7400 ~6.4

Flexibility High Very High

Sensitivity to Strain Excellent Moderate

Impact & Fatigue Sensing Effective Highly Effective

Embedding in Composites Easy (good polymer interaction) Moderate (requires dispersion
control)

Manufacturing Scalability Mod_era)te (vacuum filtration, dip High (spray coating, CVD)

coating

Overall, both MXenes and CNTs exhibit high damage sensitivity due to the piezoresistive effect.
Their integration into the sensor sector can enhance structural safety, extend the lifespan of materials,
and reduce maintenance time [51].

1.6. Summary of literature review

Nowadays, UAVs are increasingly adopted across various industries such as agriculture, construction,
photography, logistics, and the military. They are particularly suitable for missions that are dangerous,
repetitive, or difficult for humans to perform. UAVs can be classified into three main types: rotary-
wing, fixed-wing, and hybrid drones. Rotary-wing UAVSs offer excellent manoeuvrability and vertical
take-off and landing (VTOL), making them ideal for short-range applications such as inspection,
cinematography, and precision farming. Fixed-wing UAVSs are more efficient for long-duration, long-
distance missions such as mapping, surveillance, and reconnaissance. Hybrid UAVs combine the
advantages of both, allowing vertical take-off along with energy-efficient horizontal flight, and are
therefore suitable for diverse and flexible operations.

To meet the demands of flight, UAV structures must withstand significant aerodynamic loads while
remaining lightweight. This has led to the widespread use of composite materials, which offer high
strength-to-weight ratios. In particular, UAV wings are often constructed using sandwich-structured
composites due to their superior bending stiffness. These structures typically consist of two thin face
sheets bonded to a thicker lightweight core. The face sheets bear tensile and compressive loads, while
the core resists shear and helps distribute bending stresses. One of the most used core materials in
aerospace applications is aramid honeycomb, which is lightweight and has high stiffness. However,
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its hexagonal cell structure results in a limited bonding area with the face sheets and renders it
susceptible to moisture absorption, crushing, and wrinkling under impact. If damage remains
undetected, especially under cyclic loading, it can propagate and lead to face sheet buckling, core
collapse, and delamination — ultimately compromising structural integrity.

Early detection of such damage is critical. Structural health monitoring (SHM) technologies such as
strain gauges, piezoelectric transducers, fibre optics, and accelerometers are commonly used for real-
time damage tracking. However, these systems face limitations: they often require complex
installation, additional power sources, and may not effectively capture internal or subsurface damage
in composite or honeycomb cores. Furthermore, traditional sensors may degrade over time or lose
effectiveness in harsh environmental conditions.

To overcome these challenges, smart composites with embedded nanomaterials have emerged as a
promising solution. By integrating electrically conductive nanoparticles such as carbon nanotubes
(CNTs) and MXenes into the composite structure, the material itself becomes capable of damage
sensing. These nanomaterials form conductive networks that respond to mechanical stress or damage
by altering electrical resistance. This piezoresistive behaviour enables continuous, distributed sensing
throughout the structure without the need for bulky external sensors.

The goal of this research is to develop an advanced sandwich-structured incorporating CNT and
MXene particles for real-time damage detection and localisation in UAVSs. This approach aims to
improve structural reliability, enable proactive maintenance, extend the operational lifespan of UAVS,
and enhance mission safety in demanding environments.
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2. Materials and methods
2.1. Materials

In this work, MXene and CNT nanoparticles were used to enhance the electrical conductivity of the
composite.

2.1.1. Honeycomb dip-coated MXenes

To fabricate a conductive honeycomb core, Ti:C.Tz MXenes were synthesised from Ti:AlC: MAX
phase with a particle size of less than 40 um and a purity of 98 wt.%. The etching process employed
a mixture of hydrochloric acid (HCI) and lithium fluoride (LiF), which generated hydrogen fluoride
(HF) in situ to selectively remove the Al layer from the MAX phase. The MAX powder was gradually
introduced into the etching solution and stirred continuously for 24 hours to ensure complete reaction.

After etching, multilayer MXenes were delaminated using 99 wt.% lithium chloride (LiCl). The
resulting suspension underwent centrifugation twelve times at 3500 rpm and was repeatedly washed
until the supernatant achieved a pH higher than 6, ensuring minimal acidic residues. The final
concentration of delaminated MXenes in the supernatant was approximately 3.3 mg/mL.

To increase the concentration of MXenes, a rotary evaporator was used (Fig. 17). During this process,
the suspension was placed in a rotating flask (containing the black MXene supernatant) and spun at
90 RPM. The flask was partially submerged in a water bath heated to 63 °C. Simultaneously, a
vacuum pump was used to lower the pressure, allowing the solvent to evaporate at a reduced
temperature. The rotation of the flask distributed the liquid into a thin film along the inner surface,
significantly enhancing the evaporation rate. The evaporated solvent was condensed in a water-cooled
condenser and collected in a receiving flask. This process left behind a concentrated MXene solution,
which after 120 minutes reached a final concentration of 0.54 mg/mL.

Vacuum pump inlet
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Heating bath

Fig. 17. Rotary evaporator setup for concentration of MXene supernatant

To impart conductivity, a 5 mm thick aramid honeycomb core with dimensions of 10 x 10 cm was
dip-coated in the prepared MXene solution (Fig. 18a). The honeycomb was subjected to up to three
consecutive dip-coating cycles. After each cycle, the sample was dried in an oven at 100 °C for 10
minutes, and the overall electrical resistance of the honeycomb was measured. After the first dip, the
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resistance was approximately 10.5 kQ. Following the second dip, resistance dropped to around 0.7
kQ (a 93% reduction), and after the third dip, it was further reduced by approximately 50% (Fig.
18b). These results confirmed the successful tuning of conductivity through multiple coating cycles.
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Fig. 18. (a) — honeycomb dip-coating in MXene water solution; (b) — resistance dependence on the number
of dipping times

To evaluate the spatial distribution of conductivity, a separate 6 x 6 cm aramid honeycomb sample
was dip-coated twice in the same MXene solution. After drying, the sample was cut into 1 x 1 cm?
segments. The resistance of each individual square was measured to assess uniformity across the
honeycomb surface. This evaluation ensured consistent performance and verified the effectiveness of
the dip-coating process. For final composite fabrication, the honeycomb was coated twice.

2.1.2. Glass fibre spray-coated CNT

To prepare conductive glass fibre layers, a PEDOT/(CNT+SOsH) aqueous paste was diluted with
distilled water in a 1:1 ratio and subsequently reconcentrated to 0.35 mg/mL to improve sprayability.
The dispersion was homogenised using a vibrating ultrasonic probe, which provided localised
ultrasonic energy and helped reduce CNT agglomeration by enhancing dispersion.

A 10 x 10 cm glass fibre (GF) fabric was used for preliminary spray-coating trials (Fig. 19a). The
fabric was spray-coated with the prepared PEDOT-CNT solution and dried in an oven at 100 °C for
10 minutes after each of the three coating cycles. After the first spray, the resistance was measured to
be approximately 80 kQ. Following the second spray, resistance decreased to approximately 15 k€.
After a third spray, it further dropped to around 7 kQ, demonstrating improved conductive coverage
with each layer (Fig. 19b).
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Fig. 19. (a) — GF spray-coated with CNT; (b) — resistance dependence on the number of spray coatings
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To assess the coating uniformity, a second 6 x 6 cm GF sample was prepared and spray-coated twice
using the same PEDOT-CNT solution. This sample was then cut into 1 cm wide stripes, and each
stripe was segmented into 1 x 1 cm? pieces. Silver paste was applied to two opposite edges of each
square in the X-direction (Fig. 19a) to serve as electrical contacts. Resistance was measured
individually for each segment, allowing evaluation of coating consistency across the surface. For the
fabrication of the final sandwich composite, the GF was spray-coated twice.

2.1.3. Scanning electron microscopy

The morphologies of the MAX phase, MXenes, and PEDOT-CNT were examined using scanning
electron microscopy (SEM). The analyses were performed with a ZEISS EVO 40HV microscope.
Samples, including the honeycomb dip-coated in a water-based MXenes solution and the glass fibre
spray-coated with PEDOT-CNT, were carefully prepared and scanned to observe their structural
characteristics.

2.1.4. Composite structure

A sandwich-structured glass fibre-reinforced polymer (GFRP) composite was created with three
layers, each having different electrical conductivities. The composite model is shown in Fig. 20. The
top interlayer is glass fibre (GF), with one side spray-coated with PEDOT-CNTSs, while the other side
remains non-conductive. The coated side faces the honeycomb to facilitate electrical current transfer.
A 3K carbon fibre thread was manually stitched into this layer using a needle, ensuring 1 cm contact
with the honeycomb for local electrical resistance measurement. The stitching was oriented
perpendicularly to the unidirectional carbon fibre (UCF) layer. The middle layer consists of a
conductive aramid honeycomb, dip-coated in an MXene water solution. The bottom interlayer is
composed of UCF, which serves as a current collector. The face sheets of the composite consist of
two layers of GF.

Carbon fibre

’ :‘I'“IL‘ Glass fibre
CNT spray-coated glass
fibre

Fig. 20. Composite’s model

The composites were fabricated using hand lay-up and vacuum bagging methods. The layers were
bonded with a thermosetting epoxy resin (Bisphenol F-epichlorohydrin) mixed with an amine curing
agent in a 10:3 ratio. After an initial curing period at room temperature for 24 hours, specimens were
post-cured in a convection oven at 100 °C for four hours. To achieve specific surface textures, a peel-
ply fabric (polyamide 6.6) was used for rough surfaces, while a polyethylene film created glossy
surfaces.
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2.2. Analytical model

As previously described, the developed self-sensing composite structure consisted of three distinct
electrically conductive layers: CNT-spray-coated GF, MXene-coated aramid honeycomb, and
unidirectional carbon fibre. Each layer exhibited significantly different electrical resistance values.
The resistance of the UCF layer was measured to be approximately 1 Q, the MXene-coated
honeycomb exhibited the resistance of around 500 kQ, and the PEDOT-CNT spray-coated GF layer
showed the resistance of approximately 10 kQ. Due to these considerable differences in conductivity,
electrical current preferentially flowed through the path of least resistance starting from the most
conductive layer (GF coated with PEDOT-CNT), passing through the intermediate honeycomb layer,
and finally reaching the bottom UCF layer (Fig. 21).
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Fig. 21. Resistances of different layers

In the presence of mechanical damage, the conductive networks within the composite structure are
disrupted, leading to an increase in electrical resistance. The magnitude of this increase depends on
the proximity of the damage to the conductive channel: resistance increases more significantly when
damage is closer to the current path and less when it is farther away. This phenomenon enables the
detection and localisation of both the position and propagation of damage within the composite.

To model this behaviour, an analytical simulation was developed in “Microsoft Excel, using
resistance measurements obtained from both the GF layer spray-coated with CNTs and the
honeycomb dip-coated in MXene solution. Resistance data was gathered from 1 x 1 cm?2 surface
segments of each material. These values were used to construct two separate resistance matrices
corresponding to the top (CNT spray-coated GF) and middle (MXene-coated honeycomb) layers of
the composite. Each matrix represented a 5 x 10 cm area, with individual nodes corresponding to
measurement points across the surface.

For the honeycomb resistance matrix, values were randomised within a range of 7500 Q to 125000
Q, reflecting measured variations. In contrast, for the CNT spray-coated GF matrix, a constant linear
resistivity of 1000 QQ/mm was assumed, and the resistance at each point was calculated based on its
X-coordinate position (distance along the current path).

The total resistance at each coordinate was obtained by summing the local values from the CNT and
MXene matrices. This resulted in the creation of a third matrix referred to as the bottom point current
matrix. A circuit voltage of 5 V was applied, and Ohm’s law was used to calculate the resulting
current at each point by dividing the applied voltage by the total resistance. The current values were
then summed along each vertical column, allowing a clear visualisation of current distribution across
the composite surface.
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To study the influence of CNT concentration on performance, the analytical model was repeated for
five different CNT resistivity levels. This enabled the evaluation of current flow along the length of
the composite and the identification of optimal CNT loading for maximum conductivity and
sensitivity.

Furthermore, the model was designed to simulate mechanical damage by modifying the resistance of
selected nodes. Damage was introduced by setting the resistance at specific points to 10 Q,
effectively simulating a damaged conductive path. The approach allowed simulation of various
damage types, including indentation and delamination, and the resulting current distributions were
later compared with experimental results for validation. Delamination test matrix size was made 20
x 50 mm to be equivalent to the experimental sample.

2.3. Experiments

The prepared self-sensing composite was subjected to a series of mechanical and environmental tests,
including three-point bending, delamination, and temperature variation tests. Additionally, localised
indentation tests were conducted on individual layers to evaluate how different conductive materials
respond to mechanical damage. These tests were carried out separately on three distinct
configurations: a honeycomb structure dip-coated in a water-based MXene solution, a glass fibre
layer spray-coated with CNTSs, and the fully assembled sandwich-structured composite.

The first sample tested was a sandwich-structured composite consisting of a non-conductive aramid
honeycomb core positioned between four layers of GF. Among the four GF layers, one was spray-
coated with CNTSs twice to impart conductivity. This conductive layer was placed such that the coated
side faced the honeycomb core. The total dimensions of the sample were 100 x 50 mm. Two carbon
fibre threads were integrated into the structure as sensing elements to enable real-time resistance
monitoring. The sample was subjected to two consecutive indentation events at its centre: first using
a 15 mm diameter spherical indenter, followed by a second indentation at the same location with a
50 mm diameter indenter to assess the response under increased compressive loading. Electrical
resistance was continuously measured during the entire test using a digital multimeter (Fig. 22a).

The second tested configuration consisted of a 50 x 50 mm honeycomb structure that had been dip-
coated twice in the MXene solution. To facilitate resistance measurements, aluminium foil was
applied to its surface. The sample was compressed at its centre using a 15 mm spherical indenter,
while changes in resistance were recorded to assess damage sensitivity (Fig. 22b).

The third sample was a complete sandwich-structured self-sensing composite, measuring 100 x 50
mm, as shown earlier in Fig. 20. This composite included two embedded monitoring channels,
labelled A and B. Localised damage was introduced by applying compressive force using a 15 mm
diameter spherical indenter at intervals of 2 cm along the length of the sample, progressing from
channel A to channel B. Each indentation was approximately 4 mm deep. Following each indentation,
the resistance was measured in both channels to assess the impact of localised damage on the
composite's electrical behaviour (Fig. 22c).

36



(a) (b) (c)

Indenter

Honeycomb dip-
coated with

MXenes Indentation marks Aluminium

foil  AnalogA
CNT spray-

CF thread coated GF

Sample length (cm)

Fig. 22. Indentation test on: (a) GF spray-coated CNT; (b) honeycomb dip-coated with MXenes; (c) self-
sensing composite

For the three-point bending test, a 100 x 20 mm self-sensing composite sample was prepared. The
test was conducted using a Tinius Olsen H25 KT universal testing machine in accordance with the
ISO 178 standard. During testing, the CNT coated GF layer was oriented upward, positioning it on
the compressive side of the bending setup. The unidirectional carbon fibre (UCF) layer was located
at the bottom, on the tensile side. Bending was performed at a constant crosshead speed of 2 mm/min,
and electrical resistance was continuously recorded throughout the loading process to monitor the
structural response (Fig. 23).

CNT spray-
coated GF

Fig. 23. Three-point bending test

The delamination test was performed in accordance with ASTM D1781, which specifies the drum
peel test procedure. The purpose of this test was to monitor how electrical resistance changes as the
delamination length increases between the CNT-coated glass fibre (GF) layer and the MXene-coated
honeycomb core (Fig. 24). The size of the sample is 100 x 20 mm and the delamination length is 50
mm. A drum with a diameter of 5 cm was manually rolled along the surface of the sample to gradually
extend the delaminated area. Although the applied force was not measured, the drum was advanced
in approximately 1 cm increments, and electrical resistance was continuously recorded throughout
the process. Based on the distance covered and the timing of resistance measurements, the
delamination length was estimated, allowing resistance data to be correlated with the growth of the
delaminated region.

37




Honeycomb dip-
coated with
MXenes

Fig. 24. Delamination test

Lastly, the composite was tested under varying temperature conditions to evaluate its electrical
response in extreme environments. The samples were exposed to temperatures ranging from —14 °C
to 70 °C by placing them alternately in a freezer and an oven. Electrical resistance was measured in
real time at every 1 °C increment throughout the temperature change. This allowed for a detailed
assessment of how thermal variations influenced the composite’s conductivity and overall structural
stability.

2.4. Wing section prototype

Using the developed method, a multifunctional composite wing was fabricated for structural health
monitoring. The wing structure consists of four GF face sheets, a conductive honeycomb core coated
with MXenes, and a UCF layer that serves as the electrical ground. Among the four GF layers, one
was specially modified to act as the sensing interface by being spray-coated twice with a conductive
CNT-PEDOT solution. This modified GF layer was manually stitched with six carbon fibre (CF)
threads, which serve as resistive channels for damage detection. The layout of these stitched threads
is shown in Figure 25.
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Fig. 25. Layout of carbon fibre thread sensors stitched onto a CNT-coated GF layer. Red dashed lines
indicate contact zones with the honeycomb; yellow dashed lines represent overlapping sensing areas
(dimensions in mm)

The CF threads were arranged in two rows — three on the top side and three on the bottom —
symmetrically across the wing structure. Each CF thread overlaps with the honeycomb core by 10
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mm (highlighted in red dashed lines), with a 5 mm spacing between adjacent threads. Together, these
channels define six elliptical sensing zones (outlined by yellow dashed lines), which partially overlap.
This overlapping design enables redundancy and damage localisation, as damage occurring in one
zone can influence readings in adjacent channels, thereby allowing for more robust detection of
damage growth and propagation.

It is important to note that the side shown in Figure 25 is the uncoated surface of the GF layer, which
does not face or contact the honeycomb. The opposite side of this same layer coated with CNTSs is
the one that interfaces with the conductive honeycomb core.

To enable real-time wireless monitoring, the six CF thread channels were connected to an “Arduino
Nano ESP32 Wi-Fi“ microcontroller (Figure 26). This compact device, measuring 45 x 18 mm,
features 14 digital 1/0O pins and 8 analog input channels, making it ideal for multi-channel sensor
integration. It supports both Wi-Fi and Bluetooth communication, allowing data to be transmitted
wirelessly and monitored remotely. During testing, six analog channels (A0O—-A5) were assigned to
the CF threads, and the shared UCF layer was connected to the “ESP32’s* ground. The system was
powered using a compact Li-ion battery, offering portable operation. The ESP32 supports an input
voltage range of 6-21 V, which suits most small-scale battery packs [52].

4,56
analog
channels

ARDUINO ESP 32 Wi-Fi

microcontroller

Li-ion battery Ground

1,2,3
analog
channels

Fig. 26. Wing section prototype (top side)

The program that was used to read the resistances was written on the “Arduino Cloud* platform,
which offers wireless visualisation. The code used in this project is provided in Appendix 1. Each
channel was connected in series with a known reference resistor (100 ), forming a voltage divider.
This approach allows the microcontroller to determine the resistance of each stitched CF thread by
reading voltage values and comparing them to the reference. The use of a 100 Q resistor ensures that
the system is sensitive enough to detect subtle resistance changes caused by damage, while remaining
within the voltage resolution limits of the “ESP32's* analog-to-digital converter.

The output from the composite wing is a real-time stream of resistance values from all six channels,
enabling continuous structural health monitoring. These values can be visualised via the “Arduino
0T Cloud* dashboard on a web browser or through the “Arduino IoT Remote App* on a smartphone,
allowing remote observation of structural integrity without physical inspection.

39



3. Results
3.1. MXenes and PEDOT-CNT characterisation (SEM)

Scanning electron microscopy (SEM) was used to examine the surface morphology of composite
samples coated with PEDOT-CNT and MXene, as shown in Figure 27. PEDOT-CNT was sprayed
onto the GF surface, whereas MXene was applied to the aramid-based honeycomb structure by dip-
coating. The resulting micrographs illustrate how these nanomaterials adhere to different substrates
and form conductive networks, which are relevant for improving functional properties and enabling
structural health monitoring.

Images a, b, and c in Figure 27 depict the PEDOT-CNT distribution on glass fibre layers exposed
after delamination. In the low-magnification view (Figure 27a, x 50), the woven fibre structure is
clearly visible, with individual fibre bundles approximately 8 um wide. A yellow dashed line marks
the area where the honeycomb structure has delaminated. In Figure 27b (x 300 magnification), the
delaminated region reveals the interface between the polymer matrix and GF, where the PEDOT-
CNT coating remains attached to the fibre surface, suggesting good adhesion. At higher magnification
(Figure 27c, x 10,000), a dense network of carbon nanotubes becomes evident. These nanotubes,
approximately 5 um in length, overlap to form continuous, mesh-like pathways distributed across the
fibre surface. Their entanglement and coverage indicate the formation of a percolated conductive
network capable of responding to mechanical deformation or damage.

Fig. 27. SEM images of PEDOT-CNT (a, b, ¢) and MXenes (d, ¢, f)

The second set (d, e, and f in Figure 27) shows MXene flakes on the wall of the honeycomb, composed
of bonded aramid sheets. In Figure 27d (x 40), the coated wall displays the fibrous, uneven surface
of aramid, with visible splinters and rough microstructure. MXene particles are seen adhering to these
textured surfaces. At x 500 magnification (Figure 27e), the coating conforms to the contours of the
aramid fibres, forming tightly bonded regions. In Figure 27f (x 2,000), the morphology of the coating
reveals flakes of varying sizes (0.5-4 um) dispersed across the surface. The flakes overlap and stack
in multiple orientations, resulting in a dense, heterogeneous layer. This structure is expected to
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provide electrical conductivity while maintaining mechanical flexibility, allowing it to respond to
localised strain or cracking.

Overall, the SEM observations confirm that PEDOT-CNT and MXene form stable and well-
distributed coatings on GF and aramid substrates, respectively. These nanomaterials create
interconnected conductive networks on otherwise insulating materials, offering not only enhanced
electrical performance but also the potential for damage sensing. Their responsiveness to
microstructural changes via conductivity variations makes them suitable candidates for integration
into smart composite systems designed for real-time structural health monitoring.

3.2. Local areal resistance

To ensure the functionality of the self-sensing composite, it is essential to maintain uniform electrical
resistance throughout the material. Consistent resistance distribution indicates homogeneous
nanomaterial coverage, which is critical for reliable sensing performance. Therefore, the coating
uniformity in each layer was analysed.

Figure 28a presents the local areal resistance distribution of GF fabric spray-coated with CNTs. The
resistance values vary across the surface, ranging from approximately 6 k{2/cm in the central region
to a maximum of 14 kQ/cm near the corners. This increase in the corners suggests that the CNT
coating is more uniform in the middle and becomes less consistent toward the edges. This pattern
may result from the nature of the hand spray-coating process, where edge effects and reduced material
deposition can lead to coating inhomogeneity. Nonetheless, the central area exhibits relatively stable
resistance, indicating a reasonably even CNT distribution in the most critical region for sensing
applications.

(@

AN Y
\ x2d

0N

Fig. 28. Local areal resistance of: (a) GF spray-coated CNT; (b) honeycomb dip-coated with MXenes

Figure 28b shows the local resistance per thickness for a honeycomb structure that was dip-coated
with MXenes. In this case, the resistance distribution is more scattered and less uniform than in the
spray-coated CNT layer. The average resistance is around 150 kQ per unit thickness, but certain areas,
particularly the two red-coloured corner regions, show values as high as 280 kQ. These highly
localised peaks highlight potential coating inconsistencies during the dip-coating process, possibly
due to fluid dynamics, air bubble entrapment, or inadequate MXene infiltration in those zones.
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These resistance distribution patterns were taken into account when developing the analytical model
for the smart composite system. However, the non-uniform coating, especially in the honeycomb
core, could have contributed to the discrepancies observed between the experimental results and the
analytical predictions. Ensuring more homogeneous coating coverage in future iterations may help to
minimise these deviations and improve model accuracy.

3.3.  Analytical model

The composite’s sensing capability is primarily determined by the electrical properties of CNTs and
MXenes. The analytical model was used to examine how the sensing length of the composite depends
on the conductivity ratio between CNTs and MXenes. Figure 29 illustrates how the current behaves
along the length of the composite. In all cases, the current gradually decreases as the sample length
increases. This trend follows Ohm’s law, where resistance accumulates as the electrical path extends,
reducing the current flow.

When the CNT-to-MXene resistance ratio is 10:1 (black dots), the sensing length is limited to only
10 mm, meaning that any structural damage occurring beyond this point would remain undetected.
As the MXene content increases and the ratio reaches 1:1 (orange crosses), the sensing length extends
to around 20 mm. Further enhancement in conductivity is observed at a ratio of 1:5 (red squares),
with the sensing range increasing significantly to 80 mm. A similar sensing length is maintained for
the 1:10 ratio (red triangles). Finally, at a ratio of 1:20 (red circles), the sensing range spans the full
length of the 100 mm sample. However, the high conductivity at this ratio reduces the resolution and
sensitivity of local damage detection, making it more difficult to pinpoint the precise damage location.

These results indicate that the optimal CNT-to-MXene ratio for structural health monitoring lies
between 1:5 and 1:10. This range provides a balanced trade-off between signal propagation and
sensitivity, ensuring that damage is detectable over a substantial distance without compromising
resolution. It is evident that sensitivity is highest near the electrical channel, with diminishing current
response at further distances when the conductivity is insufficient.
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Fig. 29. Sensing length of the analytical composite model influenced by the conductivity ratio between
CNTs and MXenes

To further evaluate the sensing performance of the composite, impact damage was simulated using
the analytical model at a CNT-to-MXene ratio of 1:10. Figure 30 illustrates the simulation results,
where damage zones are modelled as circular regions (15 mm in diameter) with significantly
increased resistance, up to 10" Q, representing electrically non-conductive areas.

In Figure 30a, a single impact was introduced at the 20 mm position along the composite. At this
location, the current dropped sharply from approximately 1.2 mA to 0.4 mA, indicating a clear and
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localised detection of damage. The drop is nearly 2.5 times, reflecting a significant resistance increase
and effective disruption of the conductive pathway. In Figure 30b, additional impact zones were
introduced every 20 mm, simulating multiple damage events. As seen in the current profile, each
impact location corresponds to a distinct drop in current, confirming the ability of the composite to
detect multiple, spaced-out impact damages and enabling tracking of damage propagation.
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Fig. 30. Analytical composite model current drop at artificial impact zones: a — first impact at 20 mm; b —
four impacts

Further analysis was carried out on a delamination scenario, using the same CNT-to-MXene ratio of
1:10 as in the impact damage simulations. In this case, a smaller matrix of 50 x 20 mm was modelled.
Delamination was simulated by assigning a resistance of 10'* Q to entire rows of channels, beginning
from one edge and moving progressively closer to the main electrical channel. This setup imitates the
gradual separation of the glass fibre layer from the honeycomb core. As shown in Figure 31,
delaminating just 10 mm of the composite caused the current to drop sharply from 0.2 mA to zero.
This complete loss of current indicates that when a continuous row of conductive pathways is
disrupted, the electrical network becomes non-functional, entirely halting signal transmission.

Moreover, the initial current in this delamination matrix is 0.4 mA three times lower than in the matrix
used for impact simulations, which reached a peak current of 1.2 mA. This discrepancy highlights the
influence of sample size on baseline current. Larger matrices offer more extensive conductive paths,
resulting in lower resistance and higher current flow, whereas smaller samples are inherently more
resistive.

Delaminated zone

Sample length (mm)

Fig. 31. Current drop after delamination

This analytical model proves to be a valuable tool for predicting the sensing behaviour of the
composite. It allows for scalable simulation across various composite geometries and enables
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optimisation of the CNT-to-MXene ratio for maximum sensitivity and sensing coverage.
Furthermore, it provides crucial insight into how current propagates through the structure and how
different types of damage, whether impact-induced or interfacial delamination, affect the electrical
response. The ability to simulate damage scenarios and corresponding electrical behaviour can guide
both material design and sensor placement strategies in smart composite systems.

3.4. Experimental testing
3.4.1. Indentation test

As previously discussed, understanding how different layers of the composite respond to mechanical
damage is crucial for evaluating self-sensing behaviour. The first set of indentation tests was
performed on a honeycomb structure dip-coated with MXenes. Figure 32 illustrates the progressive
increase in resistance change (AR/Ro) as the indentation depth increases.

Figure 32a shows real-time monitoring of resistance during indentation. The slight fluctuations in the
data are attributed to aluminium foil wrinkling during the test, which momentarily disrupted contact
and caused signal instability. Figure 32b presents processed results, showing a clear and smooth
resistance increase curve. The resistance begins to rise immediately upon indentation, indicating that
the MXene-coated structure is responsive from the very onset of mechanical deformation. Ata 2 mm
indentation depth, the resistance change exceeds 130%, confirming a strong electromechanical
response. This suggests that MXene-coated honeycomb structures exhibit a strong self-sensing
capability, making them promising for structural health monitoring applications.
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Fig. 32. Indentation response of honeycomb dip-coated with MXenes: a — real-time monitoring; b —
processed and averaged results

The second experiment focused on a sandwich-structured composite where the GF was spray-coated
with CNTs. The goal was to observe how this material system responds to increasing damage severity
at the same location. As shown in Figure 33, two indenters of different diameters (1.5 cm and 5 cm)
were applied sequentially at the same spot to evaluate the ability of the composite to detect
progressive damage.

The 1.5 cm diameter indenter caused a resistance increase of up to approximately 2% after 4 mm of
indentation depth. When the larger 5 cm indenter was applied to the same area, the resistance change
rose to nearly 3% at the same depth, confirming that the material can detect increasing damage
severity. However, it is important to note that both resistance changes are relatively low compared to
the MXene-coated honeycomb structure, which reached a 130% resistance change under only 2 mm
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of indentation. This indicates that the MXene-coated sample is more sensitive to mechanical damage,
reacting immediately and with a significantly larger AR/Ro response. This difference in sensitivity is
likely due to the structural properties of the MXene coating, which forms a dense and brittle network
where conductive paths break more easily under stress. In contrast, the CNT network is more flexible,
so small damage has less impact on its resistance.

-+5cmindenter -+1.5cm indenter

Indentation depth (mm)

Fig. 33. Indentation response of GF spray-coated with CNT sandwich composite

To evaluate the performance of a composite system incorporating both CNT and MXene coatings,
indentation tests were carried out on a self-sensing sandwich-structured composite featuring two
independent sensing channels, A and B. Indentations were applied at 2 cm intervals along the length
of the sample, and resistance responses were recorded independently in both channels to assess their
localised sensing behaviour.

Figure 34 presents the resistance changes recorded by Channel A, which was positioned closer to the
0 cm end of the sample. The first indentation, located at 2 cm, resulted in a sharp resistance increase
of 22%, as it was nearest to the channel. The second indentation at 4 cm led to a further increase to
25%. A smaller increase to 26% followed after the third indentation at 6 cm, while the fourth
indentation at 8 cm which is outside the sensing range of Channel A did not produce any additional
change.
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Fig. 34. Resistance change in Channel A during indentation at 2, 4, 6, and 8 cm positions

The analytical model closely replicated this trend but slightly underestimated the resistance values: it
predicted increases of 19%, 21%, 23%, and 25% at the respective locations. The largest discrepancy
occurred after the first indentation (a 3% difference), and the gap narrowed with increasing distance
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from the channel. These deviations may be attributed to a non-uniform coating of nanomaterials,
which alters current paths in the physical sample but is not accounted for in the analytical model.

Figure 35 shows the response from Channel B, positioned near the 10 cm end of the sample. The first
indentation at 2 cm (farthest from Channel B) caused only a 2% resistance increase. The second
indentation at 4 cm added just 1%, while the third at 6 cm closer to the channel triggered a more
noticeable 8% rise. Finally, when the indentation was applied at 8 cm, directly adjacent to Channel
B, the resistance rose sharply to 22%. This trend confirms that resistance changes become
significantly larger as the damage approaches the sensing channel, with the response increasing in a
clearly exponential manner.

The analytical model mirrored this trend well, though it slightly overestimated some values: it
predicted increases of 2%, 3%, 6%, and 24%, respectively. The first result matched the experiment
precisely, while the others were each about 2% higher. These findings validate the ability of the model
to simulate the exponential growth in resistance as damage moves closer to the channel.
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Fig. 35. Resistance change in Channel B during indentation at 2, 4, 6, and 8 cm position

Overall, the results show that the sandwich-structured composite demonstrates localised sensing
behaviour: damage near a specific sensing channel causes a pronounced resistance increase, while
damage beyond the channel’s effective range has minimal effect. For example, at 2 cm, Channel A,
being closest, showed a 22% resistance increase, while Channel B responded with only 2%. The
analytical model successfully reflects this behaviour and can be used to predict spatial sensing
performance. Minor differences between experimental and simulated results likely stem from
practical factors such as non-uniform coating, material inconsistencies, or channel contact variations.

3.4.2. Delamination test

During the delamination test, the influence of GF layers spray-coated with CNTs detaching from the
MXene-coated honeycomb core was evaluated in terms of electrical resistance response. As the
delamination front progressed toward the sensing channel, the composite began to exhibit noticeable
resistance changes.

Figure 36 shows that resistance increases exponentially with delamination length. Initially, up to
about 20 mm, no significant change in resistance was observed, indicating that the delaminated region
was outside the effective sensing range. However, once the delamination reached 20 mm, the
resistance began to increase, reaching approximately 6%, as the damage entered the sensing field of
the channel. As delamination continued to expand, the resistance rose more sharply climbing to 135%
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at 45 mm. This substantial increase reflects the progressive disruption of the conductive pathways
formed by the CNT-MXene network. Eventually, as the delamination length approaches full
separation, the resistance tends toward a theoretical infinity, signalling a complete loss of electrical
continuity between the layers and confirming full structural detachment.
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Fig. 36. Delamination test results

To further validate the sensing performance, Figure 37 compares experimental results with
predictions from the analytical model. The model shows slightly higher sensitivity at early stages of
delamination. For example, at 1 cm, the analytical model predicts a 6% resistance increase, whereas
the experimental result is just 1%. At 2 cm, the model indicates a rise to 14%, while the experimental
value reaches only 6%. This discrepancy could be due to idealised assumptions in the model, such as
perfect nanoparticle distribution and full interfacial bonding, which are difficult to achieve in practice.
Nevertheless, as delamination increases, both the experiment and model results show a maximum
resistance at 5 cm, meaning the conductive networks are fully disconnected.
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Fig. 37. Delamination test results comparison with analytical model

These findings confirm that as the delaminated area increases, so does the electrical resistance of the
composite. The behaviour demonstrates a high degree of sensitivity to interfacial separation between
layers, making the CNT/MXene-based composite a promising candidate for real-time structural

health monitoring.
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3.4.3. Three-point bending test

Three-point bending tests were performed to evaluate the electromechanical response of the
composite under flexural loading. Figure 38 shows the relationship between the applied force and the
resistance change as a function of extension. At the early stage of bending, the resistance remained
nearly constant, with minimal change observed up to an extension of approximately 1.0 mm, when
the applied force reached 52 N. Beyond this point, the resistance began to increase. As the extension
reached 1.35 mm and the force rose to 65 N, the resistance change exceeded 10%, showing a rapid
and exponential growth. This sharp rise suggests that the composite structure experiences significant
internal changes, such as crack formation or interfacial stress transfer, which strongly affect the
conductive pathways. These results confirm that the composite is capable of detecting bending-
induced structural deformation in real-time.
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Fig. 38. Three-point bending test results
3.4.4. Temperature test

Aircraft operate in environments with highly variable temperatures, so it is essential to evaluate the
electrical behaviour of the composite under different thermal conditions. To assess this, the composite
was tested across a temperature range from —14 °C to +70 °C. As shown in Figure 39, the resistance
demonstrated a clear temperature-dependent trend, decreasing steadily as the temperature increased.

Measurements were taken relative to a baseline at room temperature (20 °C). At the lowest tested
temperature of —14 °C, the resistance increased by 27%. In contrast, at 70 °C, the resistance decreased
by approximately 19%. In total, the relative resistance dropped by nearly 46% across the full
temperature range.

Temperature (°C)

. 40 60 80

Fig. 39. Temperature test results
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These results demonstrate that the electrical properties of the composite are highly sensitive to
temperature. Temperature compensation or calibration may be necessary to ensure reliable
performance in real-world conditions.

All conducted tests confirm that the sandwich-structured composite incorporating CNT and MXene
nanoparticles is highly suitable for structural health monitoring (SHM) applications. The composite
demonstrated the ability to detect and quantify various types of damage, including delamination,
three-point bending, and indentation, as well as to track the progressive growth of such damage over
time. Notably, the system also showed sensitivity to localised damage within the honeycomb core,
such as debonding, buckling, and crack formation — failure modes that are often challenging to
identify using conventional SHM techniques such as strain gauges or acoustic emission.

However, it should be noted that variations in nanoparticle distribution, caused by factors such as
agglomeration and inconsistencies in the spray-coating or dip-coating processes, may affect the
uniformity of the sensing layer. As a result, analytical model predictions may not always perfectly
match experimental results, particularly in areas with uneven coating or disrupted conductive
pathways. Future improvements in coating techniques and model calibration could help minimise
these discrepancies and enhance prediction accuracy.

3.5. Real-time monitoring of a wing prototype

To evaluate the real-world applicability of the sandwich-structured composite, a wing prototype
integrating six sensing channels was manufactured. Each has their sensing field in the composite
structure. The electrical resistance of all six channels was continuously monitored using the “Arduino
Cloud* platform, which enabled real-time data visualisation.

Figure 40 presents the resistance behaviour of three bottom sensing channels, recorded immediately
before and after one of the signal wires was intentionally disconnected. In the undamaged state
(Figure 40a), all three channels showed stable and consistent resistance values, with only minor
fluctuations. The yellow channel maintained a resistance of approximately 125 €, the orange channel
around 150 Q, and the red channel near 175 Q.

After the intentional disconnection of the wire connected to the yellow channel (Figure 40b), its
resistance instantly spiked toward infinity, indicating a complete loss of electrical continuity. At the
same moment, a slight drop in resistance was observed in the orange and red channels. This could be
related to sensing circuit rebalancing. However, the changes in these two channels were minimal
compared to the yellow one, confirming that the event was localised and limited to a single electrical
connection, not caused by mechanical damage in the structure.
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(a) Before damage (b) After damage

Fig. 40. Real-time resistance monitoring of the composite wing

This real-time resistance monitoring experiment demonstrated that the self-sensing sandwich-
structured composite is effective and reliable in detecting localised structural damage. By
continuously tracking the resistance of multiple sensing channels, the system can accurately identify
which specific area is affected. This is especially valuable in aerospace applications, where early
detection of defects is essential for flight safety and cost-efficient maintenance. The setup also
provided clear insight into how the wing structure responds to electrical disruptions, showing that the
system can dynamically monitor structural integrity during operation. Its ability to detect localised
failure and provide real-time data makes it a promising solution for future smart aircraft components
with built-in health monitoring capabilities.
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Conclusions

Self-sensing composite was developed using honeycomb dip-coated MXene and PEDOT-CNT
spray-coated glass fibre. Material characterisation using SEM showed the morphology of
delaminated MXene with flake size reaching up to 5 pm, and single-walled CNT coatings.
Electrical characterisation of MXenes showed that more dips lead to lower resistance. CNT
average square centimetre resistance is 6 kQ while honeycomb average values are 150 kQ through
the thickness.

The analytical model shows that the resistance sensitivity of the composite depends on the relative
electrical conductivity of layers. Electrical resistance tends to increase slightly when the
composite is damaged. The value of resistance increase is greater when the damage is closer to
the channel, whereas damage further from the channel results in a lesser increase in resistance.
During the three-point bending test, after making 1.35 mm bend, a 20% resistance change was
obtained. The delamination test showed that the resistance of the composite increases
exponentially when the top glass fibre layer is gradually removed from the honeycomb. When the
temperature changed from -14 °C to +70 °C, the relative resistance of the composite decreased by
50%.

The wireless self-diagnostic system created with the help of an “Arduino* microcontroller allows
real-time monitoring of the condition of the composite and the propagation of damage.
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Appendices

Appendix 1. Code for wing’s real-time monitoring

/I SENOSR 0
const int sensorPinA0 = AO; // Analog input pin that senses Vout

int sensorValueO = 0; /I sensorPin default value

float Vin0 = 3.3; /Il Input voltage

float Vout0 = 0; /l Vout default value

float Rref0 = 100; /I Reference resistor's value in ohms
float RO = 0; /I Tested resistors default value

/I SENOSR 1

const int sensorPinAl =A1;
int sensorValuel = 0;

float Vinl = 3.3;

float Voutl = 0;

float Rrefl = 100;

float R1 =0;

/I SENOSR 2

const int sensorPinA2 = A2;
int sensorValue2 = 0;

float Vin2 = 3.3;

float Vout2 = 0;

float Rref2 = 100;

float R2 = 0;

/I SENOSR 3

const int sensorPinA3 = A2+1;



int sensorValue3 = 0;
float Vin3 = 3.3;
float Vout3 = 0;
float Rref3 = 100;

float R3=0;

/I SENOSR 4

const int sensorPinA4 = A2+2;
int sensorValue4 = 0;

float Vin4 = 3.3;

float Vout4 = 0;

float Rref4 = 100;

float R4 = 0;

/I SENOSR 5

const int sensorPinA5 = A2+3;
int sensorValue5 = 0;

float Vin5 = 3.3;

float Vout5 = 0;

float Rref5 = 100;

float R5 = 0;

void setup ()

{
Serial.begin(115200);  // Initialize serial communications at 115200 bps

¥
void loop ()

{
Serial.print("A0:");
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Serial.print(A0Q);
Serial.printIin("");

delay(50);

/I SENOSR 0
sensorValueO = analogRead(sensorPinAQ); // Read Vout on analog input pin AO
Vout0 = (Vin0 * sensorValueQ) / 1023; // Convert VVout to volts

RO = -1*Rref0 *(1/((VinO0 / Vout0) - 1)); // Formula to calculate tested resistor's value

/I SENOSR 1
sensorValuel = analogRead(sensorPinAl);
Voutl = (Vinl * sensorValuel) / 1023;

R1=-1*Rrefl * (1/((Vinl/ Voutl) - 1));

/I SENOSR 2
sensorValue2 = analogRead(sensorPinA2);
Vout2 = (Vin2 * sensorValue2) / 1023;

R2 =-1*Rref2 * (1/ ((Vin2 / Vout2) - 1));

/I SENOSR 3
sensorValue3 = analogRead(sensorPinA3);
Vout3 = (Vin3 * sensorValue3) / 1023;

R3 =-1*Rref3 * (1 / ((Vin3/ Vout3) - 1));

/I SENOSR 4
sensorValue4 = analogRead(sensorPinA4);
Voutd = (Vin4d * sensorValue4) / 1023,

R4 =-1*Rref4 * (1 / ((Vind / Vout4) - 1));
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/[ SENOSR 5
sensorValue5 = analogRead(sensorPinAb);
Vout5 = (Vin5 * sensorValue5) / 1023;
R5 =-1*Rref5 * (1 / ((Vin5 / Voutb) - 1));
/I All channels Serial print: Give calculated resistance in Serial Monitor
Serial.print(RO); Serial.print(",");
Serial.print(R1); Serial.print(",");
Serial.print(R2); Serial.print(",");
Serial.print(R3); Serial.print(",");
Serial.print(R4); Serial.print(",");
Serial.printIin(R5); Serial.print(","); //
delay(50); // Delay in milliseconds between reeds

}
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