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Abstract 

Structural health monitoring (SHM) has emerged as a critical aspect of aerospace engineering, aiming 

to ensure the safety and reliability of aircraft structures throughout their operational lifespan.  In 

aerospace engineering, structural health monitoring is one of the most important aspects of aerospace 

engineering. It aims to ensure that aircraft structures are safe and reliable over their entire service life. 

Polymer-based actuators and sensors have attracted a lot of attention because of their lightweight, 

flexibility, and low cost. The study will look at the current state of the art, as well as the emerging trends 

in aerospace SHM with polymer-based actuators. We will look at different types of polymers, 

fabrication methods, sensing mechanisms and integration strategies. We will also look at the 

capabilities and limitations of these technologies. In addition, we will also look at how machine 

learning algorithms can be integrated with data analytics to enable real-time tracking and predictive 

maintenance of aircraft structures. The goal of this review is to provide an overview of the state of the 

art and future directions in aerospace SHM that will benefit researchers and practitioners. 

 

Keywords: Structural health monitoring, aerospace, polymer-based sensors, polymer-based actuators, 

emerging trends, machine learning, predictive maintenance. 

 

 

INTRODUCTION 

The aerospace sector is known for its rigorous safety standards and the continuous monitoring and 

upkeep of aircraft structures to ensure they remain safe for passengers. Structural health monitoring 

(SHM) has become pivotal in aerospace engineering, focusing on real-time evaluation of structural 

integrity, early damage detection, and forecasting potential failures. Structural health monitoring (SHM) 

involves sensing, collecting, and analyzing data of a structure periodically to determine its conditions 

over times [7]. Traditional SHM methods often involve bulky and expensive equipment, which can 

increase the weight and complexity of aircraft, thereby affecting their efficiency and performance. 

Active ultrasonic SHM system typically makes use of multiple lead zirconate titanate (PZT) 

piezoelectric ultrasonic transducers for ultrasonic excitation and detection in the targeted structure [1]  

 

In recent times, there's been a surge in interest 

in developing lightweight, adaptable, and cost-

efficient sensor and actuator technologies for 

SHM in aerospace. Polymer-based materials have 

emerged as promising candidates due to their 

inherent characteristics like flexibility, lightweight 

nature, and easy fabrication. These materials offer 

distinct advantages for aerospace SHM, such as 

better adaptability to intricate geometries, 

enhanced durability, and compatibility with the 

lightweight composite materials widely used in 

modern aircraft construction. 
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The significance of polymer-based sensors and actuators in aerospace SHM lies in their capacity to 

deliver precise and dependable data on the structural health of aircraft components in real-time. This 

enables proactive maintenance strategies, minimizing downtime and repair expenses. By integrating 

sophisticated sensing and actuation capabilities directly into aircraft structures, these technologies have 

the potential to transform the approach to monitoring and maintaining structural integrity over an 

aircraft's lifespan. 

 

Moreover, the advancement of polymer-based SHM systems aligns with broader industry trends 

toward embracing smart and connected aircraft technologies, including the Internet of Things (IoT) and 

digital twins. Through leveraging progress in materials science, sensor technology, and data analytics, 

aerospace manufacturers and operators can elevate the safety, efficiency, and sustainability of air travel, 

thereby enhancing the passenger experience and mitigating the environmental footprint of aviation. 

 

Objectives of the Review 

Seeks to offer a thorough examination of recent breakthroughs and emerging patterns in polymer-

based sensors and actuators for aerospace structural health monitoring (SHM). By amalgamating the 

latest research findings and industry advancements, this paper aims to shed light on the potential of 

polymer-based technologies in tackling the evolving demands and hurdles of SHM in aerospace, paving 

the path for safer, more dependable, and more efficient aircraft systems. 

 

The primary aim of this review is to present an in-depth analysis of recent strides and emerging 

trajectories in polymer-based sensors and actuators for SHM in aerospace applications. To achieve this 

overarching objective, the review delineates specific aims as follows: 

• To explore the array of polymer materials currently being used or under investigation for SHM in 

aerospace, encompassing conductive polymers, piezoelectric polymers, electroactive polymers, 

shape memory polymers, dielectric elastomers, and ionic polymers. 

• To scrutinize the various fabrication techniques employed in crafting polymer-based sensors and 

actuators, encompassing additive manufacturing, microfabrication, deposition methods, and hybrid 

approaches, and to assess their applicability to aerospace SHM requisites. 

• To investigate into the sensing mechanisms enabled by polymer-based sensors, covering strain 

sensing, temperature sensing, damage detection, and chemical sensing, and to assess their efficacy 

in identifying and tracking structural health issues in aircraft components. 

• To pinpoint the primary challenges and constraints linked with the development and deployment of 

polymer-based sensors and actuators for aerospace SHM, including durability and reliability 

concerns, scalability and mass production challenges, standardization and certification 

prerequisites, and integration with next-generation aircraft platforms. 

• To propose forthcoming research pathways and technological innovations aimed at surmounting 

the aforementioned challenges and propelling the field of polymer-based SHM in aerospace 

forward, with a focus on enhancing sensor performance, optimizing integration methods, and 

harnessing emerging technologies like flexible electronics, nanomaterials, and 3D printing. 

 

By addressing these objectives, this review endeavors to equip researchers, engineers, and industry 

stakeholders with valuable insights into the present state-of-the-art and future prospects of polymer-

based sensors and actuators for aerospace SHM, thereby facilitating the development of safer, more 

dependable, and more efficient aircraft systems. 

 

POLYMER MATERIALS FOR STRUCTURAL HEALTH MONITORING (SHM) 

Polymer materials have garnered significant attention in aerospace structural health monitoring 

(SHM) due to their unique characteristics, including lightweight properties, flexibility, and ease of 

fabrication. Various types of polymers are being explored and utilized for SHM, each offering specific 

advantages and functionalities. Below, we outline several key categories of polymer materials 

commonly employed in SHM: 
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• Conductive Polymers: Polymers like polyaniline, polypyrrole, and polythiophene exhibit 

electrical conductivity properties useful for sensing. They can detect changes in electrical resistance 

in response to mechanical strain, temperature variations, or chemical exposure, functioning as 

strain, temperature, or chemical sensors. Conductive polymers are often integrated into composite 

materials or applied as coatings on structural surfaces to enable distributed sensing for SHM. 

• Piezoelectric Polymers: Examples include polyvinylidene fluoride (PVDF) and its copolymers, 

which generate electrical charges under mechanical deformation. They serve as both sensors and 

actuators, detecting structural vibrations, strain, and impact events, and inducing vibrations or 

deformations for structural health assessment or damage mitigation. 

• Electroactive Polymers (EAPs): Dielectric elastomers, ionic polymers, and conducting polymer 

composites fall under this category. They deform significantly in response to electrical stimulation, 

making them suitable for actuation in SHM. EAP actuators enable adaptive structures with self-

sensing and self-healing capabilities, enhancing structural performance and durability. 

• Shape Memory Polymers (SMPs): These materials undergo reversible changes in shape or 

stiffness due to external stimuli like temperature or light. SMPs are utilized for damage detection, 

structural repair, and morphing applications in aerospace structures, offering benefits in weight 

savings and operational efficiency. 

• Other Polymer Composites: Besides the mentioned categories, polymer composites and hybrid 

materials are being developed for SHM. These composites typically consist of polymer matrices 

reinforced with conductive fillers such as carbon nanotubes or graphene to impart sensing or 

actuation capabilities. Tailoring the composition and microstructure of these composites enhances 

sensitivity, durability, and multifunctionality for SHM. 

 

Polymer materials hold immense potential for advancing aerospace SHM, facilitating the 

development of lightweight, multifunctional, and cost-effective sensor and actuator systems. Ongoing 

research and innovation in polymer science and engineering are expected to drive further SHM 

technology advancements, ultimately enhancing aircraft structure safety, reliability, and efficiency. 

 

Polymers for Sensor Applications 

Polymers play a crucial role in sensor applications for structural health monitoring (SHM) in 

aerospace due to their versatility, lightweight nature, and adjustable properties. Different types of 

polymers are engineered or chosen based on their specific sensing mechanisms and compatibility with 

aerospace environments. Here are descriptions of key polymer categories commonly used for sensor 

applications in aerospace SHM: 

• Conductive Polymers: Polymers like polyaniline (PANI), polypyrrole (PPy), and poly(3,4-

ethylenedioxythiophene) (PEDOT) possess intrinsic electrical conductivity that can be altered by 

external stimuli. Incorporated into sensor devices, they exhibit changes in electrical resistance in 

response to mechanical strain, temperature shifts, or exposure to certain chemicals, making them 

suitable for strain, temperature, humidity, and gas sensors in aerospace SHM. They are often applied 

onto flexible substrates or integrated into composite materials for distributed sensing across aircraft 

structures. 

• Piezoelectric Polymers: Examples include polyvinylidene fluoride (PVDF), poly(vinylidene 

fluoride-trifluoroethylene) (PVDF-TrFE), and poly(vinylidene fluoride-chlorotrifluoroethylene) 

(PVDF-CTFE), which possess inherent piezoelectric properties, generating electric charge under 

mechanical deformation. Used in SHM sensors as film-based transducers or embedded within 

structural components, they detect strain, vibration, impact events, or acoustic emissions with high 

sensitivity, broad frequency response, and compatibility with flexible substrates, ideal for 

monitoring dynamic loads and structural integrity in aerospace. 

• Electroactive Polymers (EAPs): This class includes materials like dielectric elastomers, conducting 

polymer composites, and ionic polymers, all undergoing significant deformation under electrical 

stimulation. Dielectric elastomers offer large strains and high actuation forces, suitable for 

applications requiring extensive deformations, such as morphing structures or soft robotics. 
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Conducting polymer composites combine polymer mechanical properties with carbon nanotubes or 

graphene's electrical conductivity for multifunctional sensors detecting strain, pressure, or damage. 

Ionic polymers, like Nafion, change volume in response to ion migration, serving as humidity 

sensors or actuators in SHM systems. 

• Optical Polymers: This category includes polymeric optical fibers (POFs), polymer thin films, and 

polymer-based nanocomposites, offering advantages for sensing in aerospace SHM. POFs transmit 

light signals over long distances with minimal signal loss, suitable for distributed strain sensing or 

temperature monitoring in aircraft structures. Polymer thin films and nanocomposites exhibit 

optical property changes, like refractive index or luminescence, responding to mechanical strain, 

temperature shifts, or chemical exposure, enabling their use as optical sensors in SHM. 

 

These key polymer categories are instrumental in sensor applications for aerospace SHM. Leveraging 

their unique properties and functionalities, researchers and engineers can develop innovative sensor 

technologies for accurate, reliable, and real-time monitoring of aircraft structures, enhancing safety, 

efficiency, and reliability in aerospace operations. 

 

Conductive Polymers 

Conductive polymers, a class of materials displaying electrical conductivity modifiable by external 

stimuli like mechanical strain, temperature variations, or exposure to specific chemicals, have gained 

considerable attention for sensor applications in aerospace structural health monitoring (SHM). Their 

lightweight, flexible nature and adjustable electrical properties make them appealing for such 

applications. Here, we explore the attributes and uses of conductive polymers in aerospace SHM: 

• Polyaniline (PANI): PANI stands out among conductive polymers due to its straightforward 

synthesis, environmental stability, and customizable conductivity via doping. Doped PANI finds 

application in aerospace SHM sensors for detecting mechanical strain, temperature changes, and 

chemical substances, promising benefits in monitoring structural integrity and environmental 

factors in aircraft components. 

• Polypyrrole (PPy): PPy, with its high conductivity, chemical stability, and biocompatibility, is 

extensively studied for sensor applications in aerospace SHM. PPy sensors detect strain, corrosion, 

and gases, facilitating early detection of structural damage or degradation and supporting proactive 

maintenance strategies. 

• Poly(3,4-ethylenedioxythiophene) (PEDOT): Known for its high conductivity, optical 

transparency, and mechanical flexibility, PEDOT lends itself to fabrication into thin films or 

coatings for transparent or flexible substrate applications like touch sensors or wearable electronics. 

In aerospace SHM, PEDOT-based sensors monitor structural strain, temperature fluctuations, and 

chemical exposure, offering advantages in weight, conformability, and integration ease. 

• Aerospace SHM Applications: Conductive polymers serve varied purposes in aerospace SHM, from 
strain sensors within composite materials to surface-mounted sensors monitoring temperature 
fluctuations or detecting corrosive agents. Real-time data from these sensors enable early 
identification of issues like fatigue cracking, corrosion, or impact damage, supporting condition-
based maintenance strategies and enhancing operational efficiency and safety. 

 
Despite their promise, conductive polymer sensors encounter challenges concerning long-term 

stability, calibration, and environmental resilience in aerospace settings. Ongoing research addresses 
these challenges through material refinement, advanced fabrication methods, and integration with 
complementary sensor technologies. Exploration of multifunctional conductive polymer composites 
and hybrid sensor systems is gaining traction to boost sensing capabilities and reliability in aerospace 
SHM. 
 

Conductive polymers offer substantial potential for advancing aerospace structural health monitoring 
by delivering lightweight, flexible, and cost-effective sensor solutions. Persistent research and 
development efforts in this domain are anticipated to yield advanced conductive polymer sensors, 
enhancing aircraft operation safety, efficiency, and reliability. 
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Piezoelectric Polymers 

Piezoelectric polymers, capable of generating electric charge in response to mechanical deformation 

and vice versa, have garnered significant attention for sensor and actuator applications in aerospace 

structural health monitoring (SHM). Their high sensitivity, broad frequency response, and compatibility 

with flexible substrates make them particularly attractive. Here, we delve into the characteristics and 

applications of piezoelectric polymers in aerospace SHM: 

• Polyvinylidene Fluoride (PVDF): PVDF, renowned for its excellent piezoelectric properties, 

chemical stability, and mechanical flexibility, is widely utilized. PVDF-based sensors, fabricated 

as thin films, fibers, or coatings, detect mechanical strain, vibration, impact events, or acoustic 

emissions in aerospace structures. They offer benefits like high sensitivity, low power consumption, 

and resilience to harsh environmental conditions, ideal for long-term monitoring and damage 

detection. 

• PVDF Copolymers: Copolymers like poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE) 

and poly(vinylidene fluoride-chlorotrifluoroethylene) (PVDF-CTFE) exhibit enhanced 

piezoelectric properties compared to pure PVDF. Tailorable for specific performance 

characteristics, such as increased sensitivity or improved thermal stability, they're employed in 

aerospace SHM for monitoring, impact detection, and non-destructive testing in aircraft 

components, ensuring early damage or defect detection and operational safety. 

• Applications in Aerospace SHM: Piezoelectric polymer sensors find wide-ranging applications in 

aerospace SHM, from monitoring composite materials to non-destructive testing of metallic 

structures. Integrated into aircraft components like wings, fuselages, and engine mounts, they 

monitor mechanical loads, detect fatigue cracks, or assess impact damage. Lightweight, 

conformable, and low-profile, they seamlessly integrate into complex geometries and harsh 

environments. 

 

Despite their advantages, piezoelectric polymer sensors face challenges such as temperature 

sensitivity, cross-sensitivity to environmental factors, and signal processing complexity. Research 

focuses on addressing these issues through material optimization, sensor packaging, and advanced 

signal processing algorithms. Hybrid sensor systems, combining piezoelectric polymers with other 

modalities, are gaining traction to enhance overall performance and reliability in aerospace SHM. 

 

Polymers offer significant potential for advancing aerospace structural health monitoring, providing 

highly sensitive, robust, and versatile sensor solutions. Ongoing research and innovation are expected 

to yield next-generation piezoelectric polymer sensors, enhancing aircraft structure safety, efficiency, 

and reliability. 

 

Electroactive Polymers 

Electroactive polymers (EAPs) belong to a class of materials capable of undergoing significant 

deformation or shape changes when subjected to electrical stimulation. This behavior, termed 

electroactivity, enables them to reversibly alter their shape, size, or mechanical properties under an 

electric field. EAPs have garnered substantial interest for both actuator and sensor applications in 

aerospace structural health monitoring (SHM) due to their lightweight nature, ability to deform 

extensively, and adaptability to complex geometries. Below, we explore the characteristics and 

applications of electroactive polymers in aerospace SHM: 

• Dielectric Elastomers: These EAPs can undergo large deformations when exposed to an electric 

field. Typically comprising a compliant elastomer matrix between compliant electrodes, they 

deform under electrostatic forces, enabling actuation or sensing. Dielectric elastomer actuators have 

found use in morphing wing structures, active vibration control, and adaptive damping within 

aerospace systems. 

• Conducting Polymer Composites: Combining polymer mechanical properties with electrical 

conductivity from fillers like carbon nanotubes, graphene, or metallic nanoparticles, these 

composites display electroactive behavior due to piezoresistive or electromechanical coupling 
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effects. They serve as sensors for detecting mechanical strain, pressure, or impact events in 

aerospace structures, offering high sensitivity, cost-efficiency, and ease of fabrication. 

• Ionic Polymers: Ionic polymers, exemplified by Nafion, undergo volumetric changes via ion 

migration under an applied electric field. Combining traits of dielectric elastomers and conducting 

polymer composites, they suit actuation and sensing applications in aerospace SHM. Ionic polymer 

actuators have been studied for active vibration control, shape morphing, and adaptive optics in 

aerospace systems. 

• Applications in Aerospace SHM: EAPs find diverse uses in aerospace SHM, from controlling 

surfaces to sensing structural deformations or damage. Integrated into aircraft components like 

wings, flaps, and rudders, they provide adaptive control, structural health monitoring, or damage 

detection. Offering lightweight design, low power consumption, and high efficiency, electroactive 

polymer actuators and sensors are ideal for aerospace applications where weight and energy 

efficiency are paramount. 

• Challenges and Future Directions: Despite their promise, EAPs encounter challenges such as 

material degradation, electrical breakdown, and mechanical fatigue in aerospace conditions. Future 

research focuses on overcoming these obstacles through material refinement, encapsulation 

techniques, and system-level optimization. Moreover, hybrid actuator and sensor systems, 

combining EAPs with other modalities, aim to achieve multifunctionality and robustness in 

aerospace SHM applications. 

 

Electroactive polymers hold significant promise for advancing aerospace structural health monitoring 

by providing lightweight, adaptable, and energy-efficient solutions for actuation and sensing. Ongoing 

research and innovation are expected to yield next-generation electroactive polymer systems, enhancing 

the safety, efficiency, and reliability of aircraft structures. 

 

Polymers for Actuator Applications 

Polymers play a pivotal role in actuator applications for structural health monitoring (SHM) in 

aerospace, facilitating the creation of adaptive structures, morphing wings, and active vibration control 

systems. Actuator polymers offer benefits like lightweight construction, flexibility, and significant 

deformation capabilities, making them ideal for aerospace applications prioritizing weight savings and 

efficiency. Here, we delineate three key categories of polymers utilized for actuator applications in 

aerospace SHM: 

 

Shape Memory Polymers (SMPs) 

SMPs are materials capable of reversible changes in shape or stiffness triggered by external stimuli 

like temperature, light, or electric fields. These polymers possess two distinct states: a temporary shape, 

subject to deformation or molding, and a permanent shape ingrained within the material. When 

prompted by the appropriate stimulus, SMPs can revert to their original shape or properties, making 

them well-suited for actuator applications in aerospace SHM. Here are their key characteristics and 

applications: 

• Reversible shape change: SMPs can undergo substantial deformations and regain their initial shape 

upon external stimulus. 

• Tunable properties: The shape memory effect in SMPs can be adjusted by modifying material 

composition, processing conditions, or stimulus parameters. 

• Biocompatibility: Many SMP formulations exhibit biocompatibility, rendering them suitable for 

medical and aerospace applications necessitating interaction with biological tissues. 

 

Applications: 

• Morphing wing structures: SMP actuators integrate into aircraft wings, facilitating adaptive wing 

morphing for optimized aerodynamics and fuel efficiency. 

• Deployable structures: SMP-based actuators enable deployment or retraction of components like 

antennas, solar panels, or landing gear in aerospace systems. 
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• Active camouflage: SMP materials can be engineered to alter color or pattern in response to external 

stimuli, offering active camouflage capabilities for military aircraft. 

 

Dielectric Elastomers 

Dielectric elastomers, a type of electroactive polymer, undergo significant deformation under an 

electric field. Comprising a compliant elastomer matrix sandwiched between compliant electrodes, they 

deform due to electrostatic forces upon exposure to an electric field, enabling actuation or sensing 

capabilities. Dielectric elastomers boast advantages such as high energy density, low power 

consumption, and rapid response times, making them suitable for aerospace actuator applications. Here 

are their key characteristics and applications: 

• Large deformation capabilities: Dielectric elastomers achieve strains of up to several hundred 

percent, facilitating substantial actuation displacements. 

• Fast response times: With actuation occurring within milliseconds, dielectric elastomers suit 

dynamic control applications. 

• High energy density: These elastomers can store and release significant mechanical energy, 

enabling efficient actuation with minimal power consumption. 

 

Applications: 

• Active vibration control: Dielectric elastomer actuators integrate into aerospace structures to 

actively dampen vibrations and reduce structural fatigue. 

• Morphing wing structures: Employed to induce shape changes in aircraft wings, dielectric 

elastomer actuators enable adaptive aerodynamics and improved flight performance. 

• Soft robotics: Dielectric elastomers find use in soft robotic applications like grippers, manipulators, 

and locomotion systems due to their compliant and deformable nature. 

 

Ionic Polymers 

Ionic polymers, exemplified by Nafion, undergo volumetric changes upon ion migration under an 

applied electric field. Displaying traits of both dielectric elastomers and conducting polymer 

composites, they suit actuation and sensing applications in aerospace SHM. Ionic polymer actuators 

offer benefits like high mechanical compliance, low operating voltages, and environmental robustness, 

making them suitable for soft robotics and adaptive structures. Here are their key characteristics and 

applications: 

• High mechanical compliance: Ionic polymers are highly flexible materials that deform under low 

applied voltages, enabling soft and flexible actuation. 

• Low operating voltages: Ionic polymer actuators typically function at voltages on the order of volts, 

rendering them compatible with portable and low-power applications. 

• Environmental robustness: Resistant to moisture, chemicals, and radiation, ionic polymers 

withstand harsh operating environments. 

 

Applications: 

• Soft robotics: Ionic polymer actuators drive soft robotic applications such as artificial muscles, 

grippers, and tentacles, thanks to their compliant and biomimetic behavior. 

• Microfluidics: Employed to control fluid flow in microfluidic devices, ionic polymer actuators find 

applications in drug delivery, lab-on-a-chip systems, and biomedical diagnostics. 

• Biomimetic systems: Utilized in biomimetic systems resembling the movement and behavior of 

biological organisms, ionic polymer actuators power devices like fish-like robots or insect-inspired 

drones for exploration and surveillance tasks. 

 

Polymers play an essential role in actuator applications for structural health monitoring in aerospace, 

facilitating the development of adaptive structures, morphing wings, and active vibration control 

systems. Shape memory polymers, dielectric elastomers, and ionic polymers offer distinctive 
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advantages and capabilities for actuation in aerospace applications, contributing to enhanced 

performance, efficiency, and safety in aircraft systems. 

 

FABRICATION TECHNIQUES 

Fabrication techniques play a critical role in the development of polymer-based sensors and actuators 

for structural health monitoring (SHM) in aerospace applications. These techniques enable the precise 

fabrication of sensor components, integration into aircraft structures, and customization of sensor 

properties to meet specific performance requirements. Here, we describe several key fabrication 

techniques commonly employed in the production of polymer-based sensors and actuators for aerospace 

SHM: 

 

Additive Manufacturing 

Additive manufacturing, also known as 3D printing, is a versatile fabrication technique that allows 

for the layer-by-layer deposition of materials to create complex three-dimensional (3D) structures. 

Additive manufacturing offers several advantages for the fabrication of polymer-based sensors and 

actuators, including rapid prototyping, design flexibility, and customization capabilities. Here's how 

additive manufacturing is utilized in aerospace SHM: 

• Process: Additive manufacturing begins with the creation of a digital 3D model of the desired 

sensor or actuator component using computer-aided design (CAD) software. The CAD model is 

sliced into thin horizontal layers, and each layer is sequentially deposited or cured to build up the 

final 3D structure. Various additive manufacturing techniques can be employed, including fused 

deposition modeling (FDM), stereolithography (SLA), selective laser sintering (SLS), and inkjet 

printing, depending on the material properties and desired resolution of the final part. 

• Applications: Rapid prototyping: Additive manufacturing allows for the rapid fabrication of 

prototype sensor and actuator components, enabling iterative design improvements and validation 

of performance. 

• Complex geometries: Additive manufacturing enables the creation of complex, intricate geometries 

that are difficult or impossible to achieve using traditional manufacturing methods, allowing for the 

integration of sensors and actuators into unconventional aircraft structures. 

• Customization: Additive manufacturing enables the customization of sensor and actuator 

properties, such as material composition, shape, and size, to meet specific application requirements 

and performance objectives. 

 

Microfabrication 

Microfabrication is a fabrication technique used to create microscale structures and devices with high 

precision and resolution. Microfabrication techniques are particularly relevant for the production of 

miniaturized sensors and actuators for aerospace SHM, where size, weight, and power constraints are 

critical considerations. Here's how microfabrication is utilized in aerospace SHM: 

• Process: Microfabrication techniques typically involve photolithography, etching, and deposition 

processes to pattern and shape thin films or substrates at the microscale. Photolithography is used 

to transfer a pattern onto a photosensitive substrate using UV light and a photomask, defining the 

features of the sensor or actuator. Etching processes, such as wet etching or dry etching, are 

employed to selectively remove material from the substrate to create the desired structures. 

Deposition techniques, such as physical vapor deposition (PVD) or chemical vapor deposition 

(CVD), are used to deposit thin films of materials onto the substrate to create sensor electrodes or 

actuator layers. 

• Applications: It can be applied in the following cases- 

o Miniaturization: Microfabrication enables the production of miniaturized sensors and actuators 

with dimensions on the order of micrometers to millimeters, allowing for integration into compact 

aerospace systems and structures. 

o High-resolution patterning: Microfabrication offers high-resolution patterning capabilities, 

enabling the creation of intricate sensor arrays, microelectrodes, and microfluidic channels for 
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advanced SHM applications. 

o Batch fabrication: Microfabrication techniques can be scaled up for batch fabrication of sensor 

and actuator components, allowing for high-throughput production and cost-effective 

manufacturing of aerospace SHM systems. 

 

Deposition Techniques 

Deposition techniques involve the deposition of thin films or coatings onto substrates to create sensor 

electrodes, actuator layers, or protective coatings for aerospace SHM applications. These techniques 

offer precise control over film thickness, composition, and morphology, enabling the fabrication of 

functional sensor and actuator components with tailored properties. Here's how deposition techniques 

are utilized in aerospace SHM: 

• Process: Deposition techniques can be classified into physical vapor deposition (PVD), chemical 

vapor deposition (CVD), and solution-based deposition methods, such as spin coating, dip coating, 

and spray coating. PVD techniques, such as sputtering or evaporation, involve the physical 

vaporization of a solid material followed by its condensation onto a substrate to form a thin film. 

CVD techniques involve the chemical reaction of gaseous precursors on the substrate surface to 

deposit a thin film of the desired material. Solution-based deposition methods involve the 

deposition of a solution or suspension of the material onto the substrate surface, followed by solvent 

evaporation or chemical curing to form a thin film. 

• Applications: Thin-film sensors: Deposition techniques are used to fabricate thin-film sensors with 

precise control over film thickness, composition, and morphology, enabling the development of 

high-performance sensors for aerospace SHM applications. 

• Electrode fabrication: Deposition techniques are employed to create conductive electrode layers 

for sensor devices, enabling the integration of sensors into aircraft structures and components. 

• Protective coatings: Deposition techniques can be used to apply protective coatings onto sensor 

and actuator components to enhance their durability, corrosion resistance, and environmental 

stability in aerospace environments. 

 

Hybrid Approaches 

Hybrid approaches involve the combination of multiple fabrication techniques to achieve the desired 

properties and functionalities of sensor and actuator components for aerospace SHM applications. 

Hybrid approaches leverage the strengths of different fabrication techniques to overcome the limitations 

of individual methods and enable the production of advanced sensor and actuator systems. Here's how 

hybrid approaches are utilized in aerospace SHM: 

• Integration of additive manufacturing with microfabrication: Additive manufacturing techniques 

can be combined with microfabrication processes to create complex 3D structures with embedded 

microscale features, enabling the fabrication of integrated sensor and actuator systems for aerospace 

SHM. 

• Combination of deposition techniques with lithography: Deposition techniques, such as PVD or 

CVD, can be combined with photolithography to create patterned thin films or microelectrodes on 

substrates, enabling the fabrication of miniaturized sensor arrays or microactuator arrays for 

aerospace SHM. The fabrication techniques play a crucial role in the development of polymer-

based sensors and actuators for aerospace SHM, enabling the precise fabrication of sensor 

components, integration into aircraft structures, and customization of sensor properties to meet 

specific performance requirements. Additive manufacturing, microfabrication, deposition 

techniques, and hybrid approaches offer versatile and scalable fabrication solutions for aerospace 

SHM applications, driving advancements in sensor technology and enabling safer, more reliable 

aircraft systems. 

 

SENSING MECHANISMS 

Sensing mechanisms are pivotal for polymer-based sensors in aerospace structural health monitoring 

(SHM), allowing the detection and quantification of various physical and chemical parameters critical 
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for aircraft structure assessment. These mechanisms offer insights into the condition of aircraft 

structures and components. Here, we delineate several key sensing mechanisms employed in polymer-

based sensors for aerospace SHM. 

 

Strain Sensing 

Strain sensing involves measuring mechanical deformation or elongation experienced by a material 

under applied loads. In aerospace SHM, strain sensors are vital for monitoring structural integrity, 

fatigue crack detection, and load distribution assessment across aircraft components. Polymer-based 

strain sensors exploit piezoresistive, piezoelectric, or capacitive properties to detect changes in electrical 

resistance, voltage, or capacitance due to mechanical strain. Below are the strain sensing mechanisms 

in polymer-based sensors: 

• Piezoresistive strain sensing: Conductive polymers, like polyaniline or carbon nanotube 

composites, undergo changes in electrical resistance with mechanical strain. Deformation of the 

polymer alters the spacing between conductive particles, resulting in resistance variations correlated 

with applied strain. 

• Piezoelectric strain sensing: Piezoelectric polymers, such as polyvinylidene fluoride (PVDF), 
produce electric charge with mechanical deformation. Strain-induced polymer deformation causes 
polarization and voltage output changes, enabling strain measurement. 

• Capacitive strain sensing: These sensors utilize changes in capacitance from deformation of a 
polymer-based dielectric material between two electrodes. Variations in electrode distance due to 
applied strain lead to proportional capacitance changes, facilitating strain measurement. 

 
Applications include structural health monitoring and load monitoring, aiding in monitoring 

mechanical loads, fatigue crack detection, and structural integrity assessment during flight operations. 
 

Temperature Sensing 

Temperature sensing involves measuring thermal energy or temperature variations within an 
environment or material. In aerospace SHM, temperature sensors are crucial for monitoring thermal 
gradients, overheating detection, and ensuring proper aircraft system operation. Polymer-based 
temperature sensors exploit thermal expansion, electrical conductivity, or optical properties to detect 
temperature changes. Below are the temperature sensing mechanisms in polymer-based sensors: 

• Thermal expansion sensing: Thermally responsive polymers, such as shape memory polymers or 
elastomers, undergo dimensional changes with temperature variations. These changes are measured 
using strain-sensitive techniques or displacement sensors to infer temperature changes. 

• Conductive temperature sensing: Conductive polymers, such as carbon black-filled polymers or 
metal nanoparticle composites, experience changes in electrical conductivity with temperature 
variations. Changes in resistance or voltage output allow accurate temperature detection. 

• Optical temperature sensing: Polymer-based optical fibers or thin films exhibit changes in optical 
properties, like refractive index or luminescence, with temperature changes. Optical sensors use 
alterations in light transmission, absorption, or emission to measure temperature changes within 
aircraft components. 

 
Applications include engine monitoring and avionics cooling, facilitating efficient engine 

performance monitoring and preventing overheating, as well as maintaining proper cooling and thermal 
management in avionics compartments and cabin environments. 
 

Damage Detection 

Damage detection involves identifying and characterizing defects, cracks, or material degradation 
within aircraft structures or components. In aerospace SHM, damage sensors are crucial for early 
detection of structural anomalies, preventing catastrophic failures, and minimizing maintenance 
downtime. Polymer-based damage sensors utilize changes in mechanical, electrical, or optical 
properties to detect damage presence or progression. Below are the damage detection mechanisms in 
polymer-based sensors: 
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• Crack detection: Conductive polymer-based sensors detect crack formation or propagation within 

aircraft structures by monitoring changes in electrical resistance or voltage output at crack locations. 

• Delamination detection: Capacitive or impedance-based sensors detect delamination or debonding 

between composite layers by monitoring changes in capacitance or impedance resulting from layer 

separation. 

• Chemical sensing: Polymer-based chemical sensors detect corrosive agents, fuel leaks, or chemical 

contaminants within aircraft structures by selectively absorbing or reacting with target molecules. 

 

Applications include composite structure monitoring and corrosion monitoring, facilitating crack, 

delamination, or impact damage detection in composite aircraft structures, as well as corrosion level 

monitoring on metallic components. 

 

Sensing mechanisms are vital for polymer-based sensors in aerospace SHM, enabling detection and 

measurement of strain, temperature, damage, and chemical parameters within aircraft structures and 

components. Polymer-based sensors offer advantages like lightweight, flexibility, and customization, 

making them suitable for integration into complex aerospace systems and environments. Ongoing 

research and innovation in sensing technologies are expected to drive advancements in aerospace SHM, 

enhancing aircraft operations' safety and reliability. 

 

Integration strategies are pivotal for deploying and operating polymer-based sensors and actuators in 

structural health monitoring (SHM) for aerospace applications. These strategies dictate how sensors 

and actuators are integrated into aircraft structures, how data is gathered and analyzed, and how 

information is conveyed to operators or maintenance personnel. Here, we critically examine and 

describe several key integration strategies commonly utilized in aerospace SHM: 

 

EMBEDDED SENSORS AND ACTUATORS 

Embedded sensors and actuators are seamlessly incorporated into the structure of aircraft 

components, like wings, fuselages, or engine mounts, during manufacturing. These components become 

an intrinsic part of the structure, delivering continuous monitoring and feedback on structural health 

and performance. Here's a critical analysis of embedded integration strategies: 

 

Advantages 

• Seamless integration: Embedded sensors and actuators merge seamlessly into the structure of 

aircraft components, minimizing aerodynamic disruptions and ensuring optimal performance. 

• Long-term monitoring: These embedded components offer continuous monitoring of structural 

health throughout the aircraft's lifespan, facilitating early detection of damage or degradation. 

• Minimal maintenance: As they are safeguarded within the aircraft structure and shielded from 

external environmental factors, embedded sensors and actuators demand minimal maintenance and 

calibration. 

 

Challenges 

• Limited accessibility: Embedded sensors and actuators are challenging to access for inspection, 

maintenance, or replacement, necessitating specialized equipment or disassembly of aircraft 

components. 

• Retrofitting challenges: Retrofitting existing aircraft with embedded sensors and actuators can be 

complex and costly, often requiring modifications to the aircraft structure and certification 

procedures. 

• Limited flexibility: Embedded sensors and actuators are fixed within the structure of aircraft 

components, constraining flexibility for reconfiguration or upgrades to meet changing operational 

requirements. 
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SURFACE-MOUNTED SENSORS 

Surface-mounted sensors are affixed to the external surface of aircraft structures using adhesives, 

fasteners, or clamps, enabling non-intrusive monitoring of structural health and performance. Typically 

applied to critical areas of the aircraft, such as wing leading edges or fuselage joints, these sensors detect 

damage or abnormalities. Here's a critical analysis of surface-mounted integration strategies: 

 

Advantages 

• Non-intrusive installation: Surface-mounted sensors can be easily attached to the exterior surface 

of aircraft structures without altering the underlying structure, minimizing downtime and 

operational disruptions. 

• Accessibility: These sensors are readily accessible for inspection, maintenance, or replacement, 

facilitating quick and efficient servicing of sensor components. 

• Flexibility: Surface-mounted sensors can be repositioned or removed as necessary, offering 

flexibility for sensor placement and configuration based on evolving operational requirements. 

 

Challenges 

• Aerodynamic effects: Surface-mounted sensors may induce aerodynamic disturbances or drag, 

particularly on high-speed or high-performance aircraft, potentially impacting flight performance 

and fuel efficiency. 

• Vulnerability to damage: Exposed to environmental factors like weather, debris, or bird strikes, 

surface-mounted sensors face an increased risk of damage or degradation over time. 

• Limited coverage: Providing localized monitoring of specific areas, surface-mounted sensors may 

necessitate multiple sensors to effectively cover the entire structure, increasing complexity and cost. 

 

Distributed Sensing Networks 

Distributed sensing networks employ arrays of sensors distributed throughout the aircraft structure 

to deliver comprehensive monitoring of structural health and performance. Facilitating real-time data 

collection and analysis, these networks enable operators to assess the entire aircraft's condition and 

proactively identify potential issues. Here's a critical analysis of distributed sensing integration 

strategies: 

 

Advantages 

• Comprehensive monitoring: Distributed sensing networks offer thorough monitoring of structural 

health across the entire aircraft, facilitating early detection of damage, fatigue, or abnormalities. 

• Real-time data: These networks provide real-time data collection and analysis capabilities, 

empowering operators to make informed decisions and take timely corrective actions to ensure 

aircraft safety and reliability. 

• Redundancy: By utilizing multiple sensors and data acquisition points, distributed sensing networks 

enhance system reliability and fault tolerance. 

 

Challenges 

• Data overload: Generating large data volumes, distributed sensing networks necessitate 

sophisticated data processing and analysis algorithms to extract meaningful insights and actionable 

information. 

• Integration complexity: Involving the integration of multiple sensors, data acquisition systems, and 

communication interfaces, distributed sensing networks demand careful coordination and 

synchronization to ensure compatibility and interoperability. 

• Power and bandwidth constraints: Requiring power and bandwidth resources for sensor operation, 

data transmission, and communication, distributed sensing networks face challenges in energy-

efficient operation and wireless connectivity, especially in remote or inaccessible aircraft areas. 
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Wireless Sensor Networks 

Wireless sensor networks employ wireless communication protocols like Wi-Fi, Bluetooth, or Zigbee 

to wirelessly transmit sensor data from distributed sensors to a central data acquisition system or ground 

station. Offering flexibility, scalability, and mobility for aerospace SHM applications, these networks 

enable remote monitoring and data collection without physical wiring or infrastructure. Here's a critical 

analysis of wireless sensor network integration strategies: 

 

Advantages 

• Remote monitoring: Wireless sensor networks enable remote monitoring of aircraft structural health 

and performance from ground-based control centers or mobile devices, furnishing operators with 

real-time situational awareness and decision support. 

• Scalability: These networks can be readily scaled up or down by adding or removing sensors as 

needed, permitting flexible deployment and adaptation to evolving operational requirements. 

• Mobility: Supporting mobility for aircraft in flight or on the ground, wireless sensor networks 

facilitate continuous monitoring throughout all operational phases without the constraints of wired 

connections. 

 

Challenges 

• Communication reliability: Susceptible to interference, signal loss, or connectivity issues, wireless 

sensor networks may encounter challenges in data transmission and system reliability, particularly 

in complex electromagnetic environments or remote locations. 

• Power management: Relying on battery power for operation, wireless sensor nodes necessitate 

efficient power management strategies to maximize battery life and ensure prolonged deployment 

without frequent battery replacement or recharging. 

• Security and privacy: Vulnerable to cybersecurity threats like unauthorized access, data 

interception, or tampering, wireless sensor networks require robust encryption, authentication, and 

access control mechanisms to safeguard sensitive information and ensure data integrity. 

 
Integration strategies for polymer-based sensors and actuators in aerospace SHM entail trade-offs 

between installation complexity, accessibility, flexibility, and system performance. Embedded sensors 
and actuators offer seamless integration and long-term monitoring but face challenges with accessibility 
and retrofitting. Surface-mounted sensors provide non-intrusive installation and flexibility but may 
introduce aerodynamic effects and vulnerability to damage. Distributed sensing networks deliver 
comprehensive monitoring and real-time data but require sophisticated data processing and 
communication infrastructure. Wireless sensor networks enable remote monitoring and mobility but 
encounter challenges with communication reliability, power management, and cybersecurity. The 
selection of the most appropriate integration strategy hinges on the specific requirements, constraints, 
and operational objectives of the aerospace SHM application. Continued research and innovation in 
integration technologies are expected to propel advancements in aerospace SHM, enhancing the safety 
and reliability of aircraft operations. 
 
ADVANCED SIGNAL PROCESSING TECHNIQUES 

Advanced signal processing techniques play a vital role in extracting valuable insights from sensor 
data gathered in aerospace structural health monitoring (SHM) systems. These techniques facilitate 
anomaly detection, maintenance prediction, and aircraft performance optimization. Below, we critically 
analyze and describe several key advanced signal processing techniques commonly employed in 
aerospace SHM: 
 

Machine Learning Algorithms 

Machine learning algorithms utilize statistical techniques to enable computers to learn from data and 

make predictions or decisions without explicit programming. In aerospace SHM, these algorithms 

analyze sensor data to detect patterns and identify anomalies indicative of structural damage or 

degradation. Here's a critical analysis of machine learning algorithms in aerospace SHM: 
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Advantages 

• Pattern recognition: Machine learning algorithms excel at recognizing complex patterns within 

sensor data, aiding in the detection of subtle anomalies associated with structural damage or 

degradation. 

• Adaptability: These algorithms can adapt and learn from new data, continuously improving 

detection models over time as more data becomes available. 

• Automation: Machine learning algorithms automate data analysis and anomaly detection, reducing 

the need for manual intervention and enabling real-time structural health monitoring. 

 

Challenges 

• Data quality: Machine learning algorithms require high-quality, labeled training data, which may 

be challenging to obtain for aerospace SHM due to limited access to ground truth data and 

variability in operational conditions. 

• Interpretability: Complex machine learning models, particularly deep learning models, can be 

challenging to interpret, hindering understanding of decision-making processes and model 

performance evaluation. 

• Generalization: Machine learning models may struggle to generalize to new or unseen data, 

especially in aerospace SHM applications with varying operating conditions and environmental 

factors. 

 

Data Fusion Methods 

Data fusion methods involve combining information from multiple sensors or sources to enhance 

accuracy, reliability, and completeness of information. In aerospace SHM, these methods integrate data 

from different sensor modalities to provide a comprehensive view of structural health and performance. 

Here's a critical analysis of data fusion methods in aerospace SHM: 

 

Advantages 

• Improved reliability: Data fusion methods enhance reliability by combining information from 

multiple sensors, reducing the risk of false alarms or missed detections. 

• Enhanced information: These methods integrate complementary information from different sensor 
modalities, offering a more comprehensive understanding of structural health and performance. 

• Robustness: Data fusion methods are robust to sensor failures or anomalies, ensuring continuous 
monitoring capabilities. 

 
Challenges 

• Integration complexity: Data fusion methods require careful integration and synchronization of data 
from multiple sensors, as well as calibration and alignment to ensure consistency and accuracy. 

• Computational overhead: Processing and integrating multi-modal data involve additional 
computational complexity, necessitating sufficient resources and efficient algorithms for real-time 
processing. 

• Uncertainty management: Data fusion methods must account for uncertainties in sensor 
measurements to ensure accurate fusion of information and prevent error propagation. 

 
Predictive Maintenance Strategies 

Predictive maintenance strategies leverage sensor data, historical maintenance records, and advanced 
analytics to predict maintenance needs before failures occur. In aerospace SHM, these strategies aim to 
maximize aircraft availability, reduce maintenance costs, and minimize disruptions. Here's a critical 
analysis of predictive maintenance strategies in aerospace SHM: 

 

Advantages 

• Cost savings: Predictive maintenance strategies optimize maintenance activities based on actual 

condition monitoring data, reducing unnecessary maintenance and resource utilization. 
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• Increased reliability: These strategies identify potential issues before they lead to failures, 

minimizing downtime and improving aircraft reliability. 

• Condition-based maintenance: Predictive maintenance shifts from reactive to condition-based 

approaches, focusing resources on components requiring attention based on health status. 

 

Challenges 

• Data integration: Predictive maintenance requires integration of data from multiple sources, which 

may be challenging due to data silos or compatibility issues. 

• Model accuracy: Accurate predictive models rely on historical data and sensor measurements, 

influenced by variability in operating conditions and degradation mechanisms. 

• Implementation complexity: Transitioning to predictive maintenance involves complex analytics, 

organizational changes, and investment in infrastructure and training. 

 

Advanced signal processing techniques, such as machine learning algorithms, data fusion methods, 

and predictive maintenance strategies, are indispensable for deriving actionable insights from sensor 

data in aerospace SHM systems. While offering numerous benefits for aircraft safety and efficiency, 

these techniques also pose challenges related to data quality, interpretability, integration complexity, 

and implementation. Overcoming these challenges necessitates interdisciplinary collaboration, 

innovation, and continuous improvement to fully harness their potential in aerospace SHM. 

 

CHALLENGES AND FUTURE DIRECTIONS 

The field of polymer-based sensors and actuators for structural health monitoring (SHM) in aerospace 

has made significant strides in recent years, but several challenges persist, along with opportunities for 

future advancements. Here, we critically analyze the challenges and future directions in several key 

areas: 

 

Durability and Reliability 

One of the primary challenges facing polymer-based sensors and actuators in aerospace SHM is 

ensuring durability and reliability under harsh operating conditions. Aircraft structures are exposed to 

extreme temperatures, mechanical vibrations, moisture, and other environmental factors, which can 

degrade the performance of polymer-based sensors and actuators over time. Future advancements in 

materials science, manufacturing techniques, and protective coatings are needed to enhance the 

durability and reliability of polymer-based sensors and actuators for aerospace applications. 

Additionally, rigorous testing and validation procedures are essential to ensure that sensors and 

actuators meet stringent reliability standards and certification requirements for aerospace use. 

 

Scalability and Mass Production 

Scalability and mass production are critical challenges for the widespread adoption of polymer-based 

sensors and actuators in aerospace SHM. Current fabrication techniques, such as additive manufacturing 

and microfabrication, offer versatility and customization capabilities but may not be suitable for large-

scale production of sensor and actuator components. Future advancements in manufacturing processes, 

automation technologies, and materials processing techniques are needed to enable cost-effective, high-

volume production of polymer-based sensors and actuators for integration into next-generation aircraft 

platforms. Additionally, supply chain considerations, quality control measures, and regulatory 

compliance requirements must be addressed to ensure consistent and reliable performance of mass-

produced sensor and actuator systems. 

 

Standardization and Certification 

Standardization and certification present significant challenges for the integration of polymer-based 

sensors and actuators into next-generation aircraft platforms. Currently, there is a lack of standardized 

testing procedures, performance metrics, and certification protocols specifically tailored to polymer-

based sensors and actuators for aerospace SHM. Future efforts are needed to establish industry-wide 
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standards and guidelines for the design, fabrication, testing, and certification of polymer-based sensor 

and actuator systems, ensuring interoperability, reliability, and safety across different aircraft platforms 

and manufacturers. Collaboration between industry stakeholders, regulatory agencies, and research 

institutions is essential to develop consensus-based standards and certification processes that promote 

innovation while maintaining safety and reliability in aerospace applications. 

 

Integration with Next-Generation Aircraft Platforms 

Integrating polymer-based sensors and actuators with next-generation aircraft platforms presents both 

challenges and opportunities for advancing aerospace SHM capabilities. Next-generation aircraft 

platforms, such as unmanned aerial vehicles (UAVs), urban air mobility (UAM) vehicles, and 

supersonic aircraft, pose unique requirements and constraints for sensor and actuator integration, 

including lightweight design, compact form factor, and autonomous operation. Future advancements in 

sensor miniaturization, wireless communication technologies, and energy harvesting methods are 

needed to enable seamless integration of polymer-based sensors and actuators with next-generation 

aircraft platforms, providing real-time monitoring, adaptive control, and predictive maintenance 

capabilities. Additionally, interdisciplinary collaboration between aerospace engineers, materials 

scientists, electrical engineers, and computer scientists is essential to address the complex challenges 

associated with integrating polymer-based sensor and actuator technologies into evolving aircraft 

platforms. 

 

Addressing the challenges of durability and reliability, scalability and mass production, 

standardization and certification, and integration with next-generation aircraft platforms will require 

concerted efforts from industry, academia, and regulatory bodies. By overcoming these challenges and 

embracing future advancements, polymer-based sensors and actuators have the potential to 

revolutionize aerospace SHM, enabling safer, more reliable, and more efficient aircraft operations in 

the future. 

 

RESULTS & DISCUSSION 

The overarching goal of this review was to comprehensively explore the background of polymer-

based sensors and actuators for structural health monitoring (SHM) in aerospace applications. To 

achieve this goal, specific objectives were outlined and critically analyzed throughout the review. 

Active ultrasonic SHM is one of the most promising technologies to replace current manual inspection 

in many applications. This is attributed to its superior sensitivity to structural damages and increased 

monitoring range enabled by UGW [8]. However, several challenges unsolved have prevented the 

practical applications of active ultrasonic SHM for many years, particularly including large weight and 

cost of the ultrasonic transducers, cables, and instrumentations [3]. 

 

Instead of manually installing discrete bulky ultrasonic transducers, this study proposes lightweight 

and low-profile Direct Write Transducers (DWTs) that can be mass-produced using a scalable coating 

process. Additionally, the issue of heavy cabling is addressed by introducing direct-write conductive 

signal traces that connect to a low-profile customized Flexible Printed Circuit (FPC). Both the direct-

write transducers and signal traces are highly conformal and can be fabricated directly on surfaces with 

complex geometries. The flexible nature of the customized FPC allows it to be folded and bonded onto 

the surface of a structure. Furthermore, the use of wireless data transfer significantly reduces the weight 

associated with long cabling. 

 

To accurately gauge the potential advantages of Structural Health Monitoring (SHM), it's essential 

to thoroughly evaluate its influence on aircraft performance at a comprehensive level. Integrating 

sensors into aircraft structures permanently alters the mass of affected components. However, the 

ramifications of a mass change in a single component at the aircraft level are non-linear. assuming a 

constant payload. This phenomenon is often referred to as the "snowball effect." 
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Figure 1. Snow Ball Effect 

 

Another barrier for realizing WSN for active ultrasonic SHM is related to the massive amount of raw 

data acquired by the sensing nodes due to the high sampling frequency requirement for receiving the 

ultrasonic signals [2]. For instance, this study implements a sampling rate of 40 MSPS to capture the 

S2 mode at 3.2 MHz. Depending on the distance and velocity of ultrasonic wave propagation, the data 

size of the ultrasonic signal can be substantial. Monitoring large areas would result in longer data 

transfer times and higher energy consumption. Therefore, edge computing is crucial to process the raw 

data at the sensor node before transferring it to the base station. In this research, the DWT array is 

connected to a dedicated edge computing circuit designed for active ultrasonic Structural Health 

Monitoring (SHM). This setup allows ultrasonic signals to be processed by on-board edge computing 

processes before wirelessly transmitting them to a remote host device. Introducing edge computing 

processes to the sensor node has significantly reduced the amount of data transferred by 331 times. 

 

Energy consumption is a critical consideration for SHM systems. By reducing the data size of 

ultrasonic signals through edge-computing processes, the total energy required for a sequential 

ultrasonic scan has been significantly reduced by 224 times. Parameters such as the number of signal 

averages, ultrasonic signal duration, and FIR decimation can be further adjusted to decrease the total 

energy consumption per ultrasonic scan. 

 

The current prototype version utilizes commercial off-the-shelf integrated chips. For future 

development, the size, weight, and energy consumption of the active ultrasonic SHM edge system can 

be further minimized by adopting a system-on-chip (SoC) design. Once energy consumption is further 

decreased, autonomy of the active ultrasonic SHM edge device can be achieved by integrating energy 

harvesters into the system. 

 

STUDY OF OBJECTIVES 

Exploring Polymer Materials 

Polymer materials have gained significant attention in Structural Health Monitoring (SHM) 

applications within the aerospace industry due to their unique properties and versatility like Conductive 

Polymers, Piezoelectric Polymers, Electroactive Polymers, Shape Memory Polymers, Dielectric 

Elastomers and Ionic Polymers. While polymer materials offer several advantages such as lightweight, 

flexibility, and cost-effectiveness, they also face challenges such as limited durability, sensitivity to 
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environmental conditions, and performance trade-offs. Additionally, integrating these materials into 

complex aerospace structures requires careful consideration of factors such as compatibility, reliability, 

and scalability. Further research and development efforts are needed to overcome these challenges and 

fully exploit the potential of polymer-based SHM solutions in aerospace applications. 

 

Assessing Fabrication Techniques 

Each fabrication technique like Additive Manufacturing (AM), Microfabrication, Deposition 

Techniques and Hybrid Approaches offers distinct advantages for producing polymer-based sensors 

and actuators, they also pose specific challenges that need to be addressed for aerospace SHM 

applications. These challenges include material selection, scalability, resolution, compatibility with 

aerospace environments (such as temperature and pressure variations), and ensuring reliability over the 

operational lifetime of the aerospace structure. Therefore, the choice of fabrication technique depends 

on the specific requirements of the SHM application, considering factors such as performance, cost, 

scalability, and integration with existing aerospace manufacturing processes. Further research and 

development efforts are needed to advance fabrication techniques and overcome these challenges to 

realize the full potential of polymer-based sensors and actuators in aerospace SHM.Various fabrication 

techniques employed in the production of polymer-based sensors and actuators were scrutinized, 

including additive manufacturing, microfabrication, deposition techniques, and hybrid approaches. The 

review critically analyzed the advantages, limitations, and applicability of these techniques for 

aerospace SHM, considering factors such as scalability, precision, and material compatibility. 

 

Investigating Sensing Mechanisms 

Polymer-based sensors offer a wide range of sensing mechanisms that can be effectively utilized for 

detecting and monitoring structural health issues in aircraft components. Polymer-based sensors offer a 

wide range of sensing mechanisms that can be effectively utilized for detecting and monitoring 

structural health issues in aircraft components.Let's critically analyze these sensing mechanisms: 

 

Strain Sensing 

Polymer-based sensors can detect mechanical deformation or strain in aircraft components, providing 

valuable information about structural integrity. Various techniques such as piezoresistive, capacitive, 

and optical sensing can be employed. Piezoresistive sensors, for instance, utilize changes in electrical 

resistance in response to strain, while capacitive sensors measure changes in capacitance. Optical fibers 

embedded in polymers can also detect strain through changes in light propagation. These sensors offer 

high sensitivity and can detect small deformations, but challenges include calibration requirements, 

temperature effects, and susceptibility to environmental factors such as moisture and electromagnetic 

interference. 

 

Temperature Sensing 

Polymer-based sensors can also serve as temperature sensors, providing data on thermal conditions 

within aircraft components. Thermally responsive polymers undergo changes in properties such as 

electrical resistance or optical characteristics with temperature variations. For example, thermistors 

made from conductive polymers exhibit changes in resistance with temperature. While polymer-based 

temperature sensors offer advantages such as fast response times and low cost, challenges include 

accuracy, calibration, and stability over a wide temperature range. 

 

Damage Detection 

Polymer-based sensors can detect various types of structural damage, including cracks, delamination, 

and impact damage. Techniques such as acoustic emission sensing, where sensors detect transient stress 

waves generated by damage events, and embedded fiber optic sensors for monitoring strain and 

deformation patterns can be employed. However, challenges include distinguishing damage signals 

from noise, localization of damage, and integration into complex aircraft structures without 

compromising structural integrity. 
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Chemical Sensing 

Polymer-based sensors can be tailored to detect specific chemical substances, such as fuel leaks or 

corrosive agents, within aircraft components. Functionalized polymers can selectively absorb or react 

with target molecules, leading to changes in properties such as electrical conductivity or fluorescence. 

For example, conducting polymers can undergo doping or dedoping in the presence of specific gases, 

altering their conductivity. Challenges include sensor selectivity, cross-sensitivity to other substances, 

and environmental factors affecting sensor performance. 

 

In critical analysis, while polymer-based sensors offer versatility and adaptability for detecting 

various structural health issues in aircraft components, they also face challenges related to reliability, 

accuracy, and environmental robustness. Calibration and validation of sensor data, integration into 

aircraft structures without compromising performance, and long-term stability are critical factors for 

ensuring effective SHM in aerospace applications. Additionally, interdisciplinary collaboration 

between materials scientists, engineers, and aerospace experts is essential for advancing polymer-based 

sensor technology and addressing these challenges. 

 

Identifying Key Challenges 

The key challenges and limitations associated with the development and implementation of polymer-

based sensors and actuators for aerospace Structural Health Monitoring (SHM): 

 

Durability and Reliability Concerns 

Polymer-based sensors and actuators must withstand harsh aerospace environments, including 
temperature extremes, humidity, vibrations, and mechanical loads. Ensuring long-term durability and 
reliability of these devices remains a significant challenge. Polymers may degrade over time due to 
factors such as UV exposure, chemical exposure, and fatigue, compromising their sensing and actuation 
capabilities. Addressing material degradation and developing robust encapsulation or protective 
coatings are critical for enhancing device reliability. 
 
Scalability and Mass Production Issues 

Scaling up production of polymer-based sensors and actuators to meet the demands of aerospace 
applications poses challenges. Fabrication techniques must be scalable while maintaining consistency 
and quality across large production volumes. Additive manufacturing processes, although promising, 
may face limitations in terms of throughput, material selection, and resolution. Developing efficient 
manufacturing processes and supply chains to support mass production is essential for cost-effective 
deployment of these devices in aerospace systems. 
 
Standardization and Certification Requirements 

Aerospace industry standards and certification processes play a crucial role in ensuring the safety and 
reliability of aircraft systems. However, the lack of standardized testing protocols and certification 
frameworks specifically tailored to polymer-based sensors and actuators complicates their integration 
into aircraft platforms. Establishing industry-wide standards for performance, reliability, and 
environmental testing is essential for gaining regulatory approval and ensuring interoperability with 
existing aircraft systems. 
 
Integration with Next-Generation Aircraft Platforms 

Next-generation aircraft platforms, characterized by advanced materials, complex geometries, and 
interconnected systems, pose integration challenges for polymer-based sensors and actuators. Ensuring 
compatibility and seamless integration with existing aircraft structures and electronic systems without 
compromising performance or adding excessive weight is critical. Furthermore, accommodating future 
advancements in aircraft design and technology requires flexible and adaptable sensor architectures. 

 

Polymer-based sensors and actuators offer numerous advantages such as lightweight, flexibility, and 

cost-effectiveness, addressing the aforementioned challenges is crucial for their successful 
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implementation in aerospace SHM applications. Overcoming durability and reliability concerns, 

optimizing manufacturing processes for scalability, establishing industry standards, and ensuring 

seamless integration with next-generation aircraft platforms are key priorities for advancing the field. 

Collaboration between industry stakeholders, academia, and regulatory bodies is essential for 

overcoming these challenges and unlocking the full potential of polymer-based sensor technology in 

enhancing the safety and efficiency of aerospace systems. 

 

Proposing Future Directions 

Potential future directions for advancing polymer-based Structural Health Monitoring (SHM) in 

aerospace are: 

• Enhancing Sensor Performance: Future research efforts should focus on improving the 

performance characteristics of polymer-based sensors to meet the stringent requirements of 

aerospace applications. This includes enhancing sensitivity, accuracy, and reliability while 

minimizing response time and power consumption. Advances in material science, such as the 

development of novel polymer composites with tailored properties, can enable sensors that are more 

robust and resilient to environmental factors. Additionally, exploring new sensing mechanisms and 

signal processing techniques can enhance the detection and diagnosis of structural damage in real-

time. 

• Optimizing Integration Methods: Integrating polymer-based sensors seamlessly into aircraft 

structures remains a key challenge. Future research should explore innovative integration methods 

that minimize structural alteration and ensure compatibility with existing aerospace materials and 

systems. Techniques such as embedded sensing networks, where sensors are directly integrated into 

composite structures during manufacturing, can provide distributed sensing capabilities without 

compromising structural integrity. Moreover, developing flexible and conformable sensor arrays 

that can adapt to curved or irregular surfaces can expand the applicability of SHM in aerospace. 

• Leveraging Emerging Technologies: Emerging technologies such as flexible electronics, 

nanomaterials, and additive manufacturing hold promise for advancing polymer-based SHM in 

aerospace. Flexible electronics enable the fabrication of thin, lightweight sensor arrays that can 

conform to complex geometries and withstand mechanical strain. Nanomaterials, such as carbon 

nanotubes and graphene, offer unique properties such as high conductivity, mechanical strength, 

and sensitivity, making them ideal candidates for enhancing sensor performance. Additive 

manufacturing techniques, including 3D printing, enable rapid prototyping and customization of 

sensor designs, facilitating iterative development and optimization. 

• Integrating Data Analytics and AI: Leveraging data analytics and artificial intelligence (AI) can 

enhance the capabilities of polymer-based SHM systems by enabling real-time data interpretation, 

anomaly detection, and predictive maintenance. Machine learning algorithms can analyze large 

volumes of sensor data to identify patterns indicative of structural damage or degradation, enabling 

proactive maintenance strategies and reducing downtime. Additionally, AI-driven decision support 

systems can assist operators in prioritizing maintenance tasks and optimizing resource allocation 

based on the severity and location of detected anomalies. 

 

These proposed future directions hold significant potential for advancing polymer-based SHM in 

aerospace, several challenges and considerations must be addressed. These include validating the 

reliability and long-term performance of new sensor designs, ensuring regulatory compliance and 

certification for aerospace applications, and addressing ethical and security concerns related to data 

privacy and cybersecurity. Moreover, interdisciplinary collaboration between researchers, engineers, 

manufacturers, and regulatory bodies is essential for translating theoretical advancements into practical 

solutions that meet the complex requirements of the aerospace industry. 

 

Overall, the review provided a comprehensive overview of the current state-of-the-art in polymer-

based SHM for aerospace applications, while also identifying areas for improvement and future 

research. By critically analyzing the objectives outlined, the review aimed to stimulate further 
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discussion, collaboration, and innovation in this rapidly evolving field, ultimately contributing to safer, 

more reliable, and more efficient aircraft operations in the future. 
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