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Abstract

:

Smart sensing for aeronautical applications is a multidisciplinary process that involves the development of various sensor elements and advancements in the nanomaterials field. The expansion of research has fueled the development of commercial and military aircrafts in the aeronautical field. Optical technology is one of the supporting pillars for this, as well as the fact that the unique high-tech qualities of aircrafts align with sustainability criteria. In this study, a multidisciplinary investigation of airplane monitoring systems employing optical technologies based on optical fiber and nanomaterials that are incorporated into essential systems is presented. This manuscript reports the multifunctional integration of optical fibers and nanomaterials for aircraft sector discussing topics, such as airframe monitoring, flight environment sensing (from temperature and humidity to pressure sensing), sensors for navigation (such as gyroscopes and displacement or position sensors), pilot vital health monitoring, and novel nanomaterials for aerospace applications. The primary objective of this review is to provide researchers with direction and motivation to design and fabricate the future of the aeronautical industry, based on the actual state of the art of such vital technology, thereby aiding their future research.
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1. Introduction


More than even sustainability is a strong word used in different areas of research in order to orientate, in the right way, the progress of digitalization for obtaining unique and smart high-tech qualities in different industrial sectors. One of the most critical sectors is aerospace, where the aeronautical industry needs to align the progress, sustainability, and photonics. In this way, advances in smart sensors and nanomaterials are crucial. In the last year, photonics has brought a growing role in aeronautical and aviation fields, from heads-up displays to onboard optical fiber networks, improving aircraft monitoring and maintenance in a means that is not possible with copper-based electrical systems. Although numerous developments in commercial aircrafts take place in zones of a plane that travelers do not see, still some enhancements that occur inside the passenger cabin are required, such as LED illumination, communication between crew and passengers, or electrochromatic dimming of the windows.



Before, the implementation of the “fly-by-wire” perception has significantly reduced the weight and complexity of traditional electro-mechanical systems, also increasing the stability and safety in airplanes [1]. Typical commercial or military aircrafts involve a huge number of control and monitoring systems, demanding a big quantity of sensors distributed along the aircraft. From a copper cable network, the output of electrical signals is routed for the commanding computers, which activate the actions. Over the last few years, the aeronautical industry has changed a lot, due to the climate concerns growing, in order to decrease emissions and progress on fuel efficiency. For that, a hard job has been achieved by the progress of composite fuselages to replace the traditional metallic materials, thus building lightweight aircraft models. While this serious change also takes reduced manufacturing and operating costs, composite structures subject avionic systems to a bit of a severe level of lightning-induced voltage and current. Actually, one of the main factors leading to airplane failures is the subsequent electrical wire damage [2]. In this context, optical technologies have endorsed the migration of copper harness to optical fiber-based systems, following the “fly-by-light” perception, due to the high electromagnetic immunity [3,4], where such a concept has been brought under huge affirmation, in terms of reliability and security [4]. Further, the modern aircrafts have higher operational requests driven by the increase, not only in terms of safety on critical systems for flight and engine control, but also in non-safety critical systems, such as cabin environmental control systems, structural and engine health monitoring (EHM) systems, structural health monitoring (SHM) [5], etc., which are answered more than just in the optical domain [4,5,6,7,8].



Presently the optical fiber sensors (OFS) are seen, in general, by the scientific community and industrial and end-user communities to be the technology with the maximum potential for the continuous real-time monitoring of airplane structures in different topics [4,5,9,10,11] from flight environment sensing or sensors for navigation to pilot vital health monitoring. The additional potential for integrating OFS into composite materials during the layup process would also enable the monitoring of composite structures during their entire life cycle, improving their safety, cost efficiency, reliability, and also spreading the operational life. In addition, OFS are largely known by their particular characteristics, such as electromagnetic fields immunity, compactness, multiplexing capabilities, passive operation, biocompatibility, and chemical stability [11].



The particular profits to measure and report data by using such sensors include: reducing the aircraft weight replacing bulky systems, decreasing costs (as they can be cheaper than other types, due to particular characteristics, such as multiplexing or multipoint features) [11], and providing predictive data that can help the flights become further fuel-efficient. Such sensors and systems could offer capacities and measurements that are not conceivable with other components [5,9,10]. In additional, OFS can be installed in a smaller portion of time, compared with their alternatives. From the nature of how optical fiber works, numerous sensors can be combined using a unique optical fiber, which means non-complexity installation involving just one fiber to be attached to the aircraft structure and, consequently, linked to the data acquisition equipment.



In this way, this paper reviews some critical aspects, in order to see that the future is expected to see an enlarged effort on the use of OFS and nanophotonic materials potential in the aircraft to expand on the industry’s safety and also in the humans that are linked with such industry, such as flight attendants, pilots, the airport maintenance crew, etc., as well as to extend the aircrafts’ lives, decrease the requirement for time consumption and expensive maintenance actions, and increase the flights’ efficiency, in order to pave the way for sustainable structures and transportation (see Figure 1).




2. Airframe Monitoring


As is well-known, the strong use of composite structures in the aerospace industry over the last few decades, with newer aircraft such as Boeing 787 and Airbus A350 made largely (respectively 50% and 503 [12,13]) of composite materials, brought considerable number of new successful contributions to the progress of the SHM field for composite structures. This development can be attributed to several research performed until now by many researchers to achieved materials with particular mechanical properties, for instance, high strength-to-weight ratio and corrosion resistance. Therefore, such use of composite structures in aircraft permit us to condense the operational costs, due to less fuel consumption and less maintenance protocols. Although several advantages can be reached when is used composite structures for aircrafts, their performance or comportment pose challenges, namely in the inspection and monitoring of damage in the aircraft structure, where the damage may be present inside, but not discernable upon visual checkup of the outside layers from aircraft structure through maintenance protocols.



In aeronautical and aerospace industries the application of SHM has still immature [14] and specifically its application to composite structures is very challenging. For a real aircraft maintenance situation, a full damage diagnostic on all four SHM levels, rather than a single level (see Figure 2), is required, it means: (a) damage detection, (b) damage localization, (c) damage type identification, and (d) damage severity.



The SHM with success application to aircraft needs two situations: be a profitable process for the airline operators by reducing economic losses caused by unproductive downtimes and provide accurate and reliable data about the condition of the structure, growing the security of critical components to consequently avoid disasters. Therefore, from industry and academia, an extensive range of potential SHM technologies is being developed to satisfy these conditions [15], where the most capable options are acoustic emission methods, micro-electro-mechanical systems (MEMS), electrical strain gauges, crack wires, optical-based technologies, and comparative vacuum monitoring [16]. However, from the extensive works performed until now, the optical technologies have been the future for the aircrafts’ airframe, in terms of SHM.



OFS, such as the ones based on fiber Bragg grating (FBG), and optical measurement systems have previously found a range of exciting practical applications in the damage and load monitoring of aircraft composite structures, namely in ground tests and design. As well-known from the literature [9], the FBG sensor’s operation principle is based on the Bragg wavelength shift, related to variations on grating period and refractive index (RI). Generally, these variations occur due to strain (Δε) and temperature (ΔT) effects on the FBG, as shown in Equation (1): the temperature variations lead to thermal expansion (which leads to a grating period variation, proportional to the temperature and thermal expansion coefficient, α) and thermo-optic effect (RI variation proportional to the temperature and thermo-optic coefficient, ξ). The strain leads to the variation on the grating period from the applied strain and the photoelastic effect (RI variation proportional to the strain and photoelastic constant, Pe).


  Δ  λ B  =  [  ( 1 −  P e  ) ε + ( α + ξ ) Δ T  ]   λ B  .  



(1)







Some aircraft are in action with integrated OFS networks achieving measurements during flights. Airbus reported in 2013 that the long-term idea is that all new aircraft will fly with distributed FBG optical sensors [17]. Indeed, some of the developed solutions are considered relatively mature, at a technology readiness level (TRL) of 5–6. For instance, it has proved the viability and effectivity using FBG-based local damage detection, when applied to composite parts of aircraft as bonded repairs [1]. Nevertheless, the broader acceptance of the use of such sensing systems is still hindered by the following issues: sensor performance when embedded, capability of detection, maintainability, available interrogation equipment as low-cost solution, lack of standardization, and certification framework.



One of the main challenges for multipoint (FBG-based) and distributed detection techniques, from the point of view of the ability to detect damage, continues to be the development of controlled methods to monitor the main parameters related to the onset and growth of damage over time of large structures, with adequate physical and spatial resolution, even when the position of the damage is not known precisely enough. All aeronautic companies and entities address the issues of reducing operating costs, while achieving greater aerodynamic efficiency and improving the safety and the reliability of future aircraft. Aircraft health monitoring involves using sensors to monitor the integrity of the advanced structural materials that are expected to become the backbone of next-generation airframes. Graphite-reinforced composites give the potential for larger strength and stiffness-to-weight ratio than aluminum alloys. OFS offer the potential for high-density sensor coverage with slight weight penalty. Numerous sensors used for load, strain, and shape monitoring [9,10,11] for wing shape measurement or landing gears have been reported. Optical devices for applications relating to the health monitoring of composite materials have also been reported [18]. Graphite-epoxy panels were manufactured with integrated optical fibers of different types. The panels were thermally and mechanically tested to assess composite strength and sensor durability. The experimental results to evaluate the ability of surface-mounted and embedded optical fibers to measure strain and temperature were reported. The OFS performance was compared directly by the results from traditional instrumentation. Such experimental results indicate that OFS, integrated with composites, have potential applications for monitoring the structural integrity of critical parts in aerospace and aeronautical vehicles. In this way, fibers were successfully embedded in high-performance graphite/polyimide and graphite/epoxy parts, achieving the potential for aircraft structural applications [18] and demonstrating the use of single-mode optical fibers to measure strain and temperature in composites. Figure 3 shows a representative overview about sensor elements along the optical fiber that can be useful to measure the elongation of an aircraft flap, wings shape, strain distribution, and structural damage condition, as well as all data collected by a data logger. So, it is possible that the understanding of composite aging uses the capability to measure and correlate chemical and physical property changes. From this information, predictive decisions can be made, taking into account the state of health of a composite part and understanding what procedures to do as a requirement, thus avoiding catastrophic failure.




3. Flight Environment Sensing


3.1. Critical Environmental Sensing


Different engineering structures are exposed to environmental conditions related to the operation, or even the natural aspects, of the environment. The environmental sensing plays an important role not only on the structural analysis, but also in the navigation and control systems [19]. It is also important to mention that the dynamics of the environmental conditions (such as temperature and relative humidity) directly affect the operational and structural analysis in aircrafts in both corrective and predictive maintenance conditions [20]. Furthermore, the environmental monitoring is critical for the stress/strain sensors, since many sensors present temperature cross-sensitivity, where the structural failures can be also related to the temperature distribution dynamics [21].



In aircraft operation, the environmental monitoring is crucial for the navigation and instrumentation equipment, where the Air Data System is responsible to provide the flight data to the crew [22]. Considering an important technology for the system’s navigation, especially on the external measurements of speed, the Pitot tube technology is widely employed [23]. Such a sensor uses the air pressure in dynamic and static intake conditions, in which the operation in the harsh environments of the flight conditions can lead to freezing of the device’s orifice that can ultimately lead to critical issues in the sensor reading and even accidents [22]. To that extent, the Federal Aviation Administration provides instructions for the atmospheric conditions that can lead to such critical issues in the instrumentation, which also indicates the necessity of measuring the atmospheric/environmental conditions in-flight [22].



It is also important to notice that the environmental conditions, including temperature, moisture concentration, and pH, can lead to increases in maintenance costs and downtime, due to corrosion in different parts of the aircraft [24]. For this reason, environmental analysis also plays an important role in the structural defects, due to environmental effects, mainly the corrosion of the aircraft structure and components [25]. In summary, the corrosion is an electrochemical deterioration of metallic structures, which is caused by the chemical reactions of the material with the environmental conditions [26]. The extreme environmental conditions in aircraft operation (such as the freezing conditions in conjunction with extreme heating of some parts) exposes the aircraft structure and components to a variety of corrosion mechanisms [25]. Such a scenario includes additional criteria on the aircraft materials selections, where the design can be performed while also considering the corrosion resistance [24]. However, achieving such corrosion resistance in conjunction with the critical performance aspects, such as stiffness, weight, and strength, lead to the multi-objective problem of optimization in the material features that may not be completely fulfilled with a single material.



To that extent, the corrosion detection on the structures and components have been investigated [24]. In general, the detection is based on vision systems, which have drawbacks on the analysis of inaccessible areas. For this reason, the use of environmental sensors for indirect corrosion detection, where the environmental or local conditions can be used to correlate the corrosion parameters, such as location, time, and rates [27]. In this case, the environmental parameters monitoring, namely temperature, humidity, and even chemical compounds concentration, can be associated with corrosion, as well as its early detection or estimation [28]. Despite the influence of the atmospheric pollutants and compounds, such as acid sulfates and acid chlorides, as well as sea salts diffused into the moisture, the moisture detection and temperature play critical role in the corrosion analysis [24]. In the dynamic measurement of moisture, the time at which there are atmospheric conditions for surface layer of moisture is known as the time of wetness, and it is used as a factor for corrosion growth and initiation [28]. In addition, the temperature is an important parameter in the corrosion analysis, since it not only relates to the corrosion initiation, but also on the type of the corrosion [24]. Different temperature thresholds were analyzed in the literature for their correlation with the type of corrosion, which indicate the necessity of continuous temperature monitoring in aircraft structures and components, especially the ones with direct contact with moisture or atmospheric pollutants [24].



It is also important to mention that the climate conditions are important in the aircraft applications, not only on the external environmental conditions’ assessment, but also the internal environmental conditions, since the thermal comfort in cockpit or by the crew members and passengers (in the case of commercial flights) are important parameters [29]. In many cases, there is the exposure to long periods at a seated position for the crew members and passengers, which can lead to skin maceration and general injuries, due to the microclimate conditions [30]. In the literature, three regions of thermal comfort in microclimate conditions (i.e., interface between the limb and the seat) were defined, and such regions include the comfort (temperatures from 29 °C to 34 °C and relative humidity below 70%), neutral comfort (temperatures from 27 °C to 36 °C with relative humidity below 80%), and discomfort (temperatures lower than 27 °C or higher than 36 °C with humidity higher than 80%) [31]. Therefore, the applications of temperature and humidity sensors can be used as important indicators of the thermal comfort in the cabin or in the interface between the limb and the seat. Considering the necessity of temperature and humidity sensors in different positions and scenarios in an aircraft instrumentation, Figure 4A presents the schematic representation of the sensors’ positions, where their significance at each application/position was already discussed.



Among different sensors technologies, optical fiber-based sensors are a growing research field in the sensor community, due to their advantages, such as compactness, electromagnetic fields immunity, passive operation, multiplexing capabilities, chemical stability, and biocompatibility [32], as mentioned before. For these reasons, they are used for applications in different areas, such as industry [33], SHM [34], biochemical [35], and medicine [36]. A high versatility is found in OFS, since many approaches were employed throughout the years, where the intensity variation [37], fluorescence/absorbance [38], long period gratings [39], FBGs [14,40], non-uniform gratings [41], nonlinear effects [42], specklegrams [43], interferometers [44], and surface plasmon resonance [45] sensors are generally employed. As an important advantage of optical fiber sensing approaches (related to their material features, which include a flexibility, compactness, and chemical stability), such sensors are able of being embedded in rigid and flexible structures [46], as well as the integration in different dyes [47] and dopants [48]. The embedment or integration of different materials in OFS is especially important in humidity sensors development using silica optical fibers, since such an optical material is not intrinsically sensitive to humidity/moisture absorption [49].



An interferometer-based approach for humidity assessment uses a Mach–Zehnder interferometer (MZI) fabricated from a taper, where a composite film composed of graphene oxide and PVA is coated on the optical fiber sensor [50]. The applied coating is sensitive to relative humidity variation, in which there is a RI variation as a function of the environmental humidity, which leads to the possibility of humidity sensing, due to MZI transmitted spectrum variation as a function of the RI. In another interferometer sensor for humidity measurement, a Fabry–Perot interferometer (FPI) is proposed in [51]. In this case, the interferometer’s cavity is obtained on the tip of the fiber, where a Ti3O5 thin film (168 nm thickness) with an additional humidity-sensitive film with 1621 nm thickness made of SiO2, which is enclosed with another Ti3O5 film with 168 nm thickness. Thus, the Ti3O5 films are used as reflective surfaces to create the FPI cavity, whereas the SiO2 film presents variations in the RI as a function of the relative humidity, where such RI variations lead to a wavelength shift on the FPI’s reflected spectrum. Similarly, the use of extrinsic FPI for humidity measurement can also be achieved using optical adhesive or polymer films that present swelling with the moisture absorption, which also lead to spectral variations of the FPI [52].



Considering the FBG sensors developments in humidity assessment, the use of silica optical fibers is also related to the optical fiber coating with different humidity-sensitive materials [53]. To that extent, the FBG can be coated with polymer films with humidity sensitivity, where the film swelling due to the moisture absorption leads to an increase in the strain on the fiber, which leads to a Bragg wavelength shift in the FBG. In this case, the use of PEG/PVA composite was investigated in [54] for the humidity sensitivity using the aforementioned principle. It is also worth noting that the cladding removal of the FBG (using chemical process such as the etching [55]) results in a sensitivity of the FBG with the external RI, which leads to the possibility of using thin films with RI variation as a function of the relative humidity for FBG-based humidity/moisture assessment approach.



In contrast with the humidity sensing principles using silica optical fibers, the use of polymer optical fibers (POFs) provides advantageous features in some applications, due to their inherent sensitivity to humidity [56]. For this reason, intensity variation-based sensors for humidity assessment were evaluated using the polymer swelling and material features dependency as a function of the humidity as the sensing principle [57]. In addition, the advances in polymer processing and major breakthroughs in FBG inscription led to the development of FBGs in POFs, the so-called POFBGs [58]. In such developments, the use of FBGs in polymethyl methacrylate (PMMA) POFs result in a sensor intrinsically sensitive to relative humidity and moisture, where there is no need for coating the optical fiber with sensitive materials [59]. It is also important to mention that etching treatments, as well as the diameter reduction of POFs, can lead to the improvement on the response time of these sensors in which the real-time moisture and humidity assessment can be achieved [60]. Furthermore, heat treatments can be applied in the POFs to obtain an insensitivity to temperature variations, as well as hysteresis reduction, in order to extend the performance of POFBG-based humidity sensors [61]. Moreover, the flexibility in POFs fabrication resulted in the possibility of developing POFs with different transparent polymers [62,63]. For this reason, POFBGs with tailored properties were developed to achieve high humidity sensitivity using intrinsic POFBG sensors [49].



As another critical parameter for environmental sensing, temperature sensors are mandatory for such assessment. If the aircraft applications are considered, there is a high range of temperatures for the sensors, where there are temperatures above 1000 °C in regions close to the engines and thermal equipment and temperatures below 0 °C for structural analysis for in-flight conditions [64]. In both scenarios (high and low temperatures), the OFS were already employed, where the stability of material properties at low temperatures already shows the possibility of using such fibers even in cryogenic applications [65]. Considering the low temperatures obtained on in-flight conditions, conventional OFS, such as interferometers [66], distributed temperature sensing [67], and FBGs [68], can be used using their intrinsic sensitivity to temperature variations along the fiber. In addition, the embedment of the optical fibers in different materials (with high thermal expansion coefficient) can extend the temperature sensor performance, especially in terms of sensitivity and resolution [69].



If high temperature applications are concerned, applications with temperatures close to the glass transition temperature or the processing temperatures of glass material (silica optical fibers) need the evaluation of the sensors, due to the variations in silica material features at such temperatures [70]. To that extent, the application of sensors based on fluorescence was proposed using the optical fiber coating in different photoluminescent materials, such as yttrium aluminum garnet (YAG), sapphire, and MgAl2O4, due to their resistance to high temperatures [71]. The fluorescence intensity ratio is commonly used in such applications, where the photoluminescent materials present fluorescence as a function of the temperature at a specific wavelength [72]. In this approach, a ratio between the intensity in the wavelength at which the fluorescence occurs and the intensity of a reference wavelength (without the fluorescence) is obtained and analyzed as a function of the temperature [73].



Another important breakthrough in high temperature development is micromachining, especially using the femtosecond (fs) laser for the fabrication of micro-structured devices in optical fibers, such as interferometers [74]. These devices can be used in high temperatures, but below the silica optical fiber processing temperatures. In addition, the encapsulation with different materials, as well as the use of air cavities, can extend the temperature application range of such sensors’ devices [75]. In this approach, there is the application of sapphire wafers for the FPI cavity development [76]. Thus, the use of sapphire optical fibers is generally used in sensors devices for high temperature assessment, due to the temperature resistance that make them suitable for temperature applications in a range higher than 1000 °C, since the melting point of such materials is around 2045 °C [71].



The temperature sensors applications using optical fiber-based approaches are generally related to FBG sensors, due to their inherent sensitivity to temperature variations. In general, the FBGs are inscribed using UV lasers with holographic/interferometric/phase mask techniques [77], which typically result in type I gratings that operate in temperatures below around 450 °C, since higher temperatures lead to the erasing of the grating [78]. To address this issue in high temperature operations, the direct inscription using fs lasers result in the possibility of using such sensors in temperatures close to the ones of the material processing [79]. In addition, the annealing treatments in silica optical fibers for grating regeneration lead to changes in the FBG that enable its applications in temperatures higher than 1000 °C, due to the changes in the optical fiber material and grating structures [78]. Another straightforward approach for FBG-based high temperature sensing is the use of sapphire optical fibers, due to their high temperature resistance. To that extent, fs lasers were used in the FBG inscription in sapphire fibers using direct inscription [80] and phase mask [81] inscription methods, which result in a temperature sensor able to withstand temperatures higher than 1500 °C.




3.2. Pressure Sensing


Pressure assessment is critical in different fields for structural condition monitoring, environmental assessment, control units, and health monitoring. Therefore, pressure assessment is used in applications ranging from industrial measurements [82] to medicine [83] and biomechanics [84], just to name a few. In aerospace, pressure sensing can influence the predictive maintenance and optimization of its costs [85], structural health monitoring of aerospace and aeronautics assets [86], fuel economy, and even in the flight navigation [87].



The pressure measurements in engines stages of aircrafts are an important field of investigation, where the pressure assessment in turbine airfoils, as well as the effects of position and dynamics variations in aerodynamic structures, can be obtained [64]. In addition, the pressure assessment in the cabin and cockpit is related to the safety of the crew members and early detection of components malfunction [23]. Figure 4B presents the schematic representation of the regions and components of aircrafts for pressure sensors applications, where it is also important to mention that some of these regions are subjected to high temperatures (up to 800 °C) and such issues also increase the demands of pressure sensors for high temperature operation [87].



Considering the applications and physical properties related to the pressure sensing, turbulence is an important phenomenon with some unsolved features for quantitative predictions of structures under turbulent flow [87]. In this case, there are variations in the pressures and velocities, which need to be dynamically and precisely measured, since they result in the possibility of obtaining temporal and spatial variations related to the Reynolds number in turbulence [23]. Despite the large dimensions of aircrafts, the aerodynamics of their components generally result in a microfluidics study, since there is the necessity of thin boundary layers investigation to evaluate critical effects, such as flow separation and friction drag [87]. The pressure assessment in such small layers is important on the assessment of such effects for proper design and mitigation.



The optical fiber-based sensors for pressure sensing generally employ the advantages of small dimensions, flexibility, and multiplexing capabilities of such devices for their embedment in different structures, considering a variety of geometries and configurations [62]. In this context, the assessment of mechanical parameters (e.g., pressure, force, and displacement) usually requires the integration of the optical fiber sensor in different structures, which include cantilevers [88], diaphragms [89], or platforms [90]. In general, diaphragm-embedded structure lead to a compact sensor device, with the possibility of customizing the sensor performance using different diaphragm materials, geometry, and assembly methods [91]. In the diaphragm configuration, there are two major geometric assemblies for the optical fiber integration in such scenarios, where the diaphragm can be positioned on the tip of the optical fiber [92] (perpendicular configuration) or along the optical fiber (parallel configuration) [93].



Considering the case with the diaphragm on the tip of the optical fiber, the advantages are the possibility of a miniature sensor development and the possibility of high-resolution measurements, where the diaphragm has the same dimensions as the cross-sectional area of the optical fiber [94]. In this configuration, the intensity variation-based sensors and interferometers (especially the FPIs) are used with micromachined flexible diaphragms positioned in a hollow structure [91]. In the case of FPI sensors using the diaphragm on the tip of the optical fiber, there is an extrinsic FPI formed in the region between the optical fiber tip (which is used as a reflector) and the tip of the diaphragm that can also include a reflective surface [95]. In this case, the sensor sensitivity is related to the diaphragm mechanical properties, since the spectral variations on the FPI are due to the cavity length variation with the diaphragm deformation. Thus, the use of flexible diaphragms with elastomers or other materials lead to a highly sensitive device, as discussed in [96], which make them suitable for the measurement of small pressure variations. In addition, the possibility of increasing the dynamic range, as well as the possibility of measuring higher pressures, is achieved by optimizing the diaphragm material properties, which make it suitable for gas pressure sensing [92]. Despite the difficulties and higher demands on the fabrication tolerance of such small diaphragms, the configuration using diaphragm on the tip of the optical fiber also inhibit the multiplexing capability of the OFS using a single fiber cable, since there is only one diaphragm at each fiber [91].



In another configuration for optical fiber pressure sensors, the diaphragm positioned along the optical fiber enables the development of diaphragm-embedded OFS based on intensity variation [97], interferometers [98], and FBGs [99]. Due to larger dimensions of the diaphragm in this configuration, the fabrication tolerances are smaller (when compared with the diaphragm on the tip of optical fibers) and the multiplexing capabilities are favorable, since many diaphragms can be employed along the optical fiber [100]. It is also important to mention that such a configuration leads to the possibility of positioning the optical fiber in different regions of the diaphragm, considering different planes, i.e., related to the position on different thickness [101], as well as the transverse area positioning, such as the fiber in the edge of the diaphragm [102]. For these reasons, it is possible to use this approach on the development of distributed systems for density profiling [103] and pressure mapping [104]. The operation principle of such sensors is based on the diaphragm strain, due to the pressure applied on the sensor assembly, which is transmitted to the optical fiber, leading to spectral variations in the sensors [82]. To that extent, not only the diaphragm properties are important on the sensors’ performance, but also the optical fiber mechanical properties, since the sensor is based on the strain transmitted to the optical fiber. Thus, the use of POFs generally leads to higher sensitivity and resolution in the pressure sensors, due to their lower Young’s modulus (when compared with conventional silica optical fibers) [99].



It is worth mentioning that such pressure sensors, irrespective of the configuration, are generally sensitive to temperature variations, not only due to inherent temperature sensitivity of the OFS, but also the thermal expansion and mechanical properties variations of the diaphragms [105]. In addition, there is a temperature variation on aircraft applications, as mentioned above, which increases the demands of temperature insensitivity on the OFS for pressure sensing applications. For this reason, different temperature compensation techniques have been proposed throughout the literature [106]. Such techniques include the use of a temperature sensor without pressure sensitivity to obtain a temperature reference system, which is compared with the results of the pressure sensor using the direct difference between both sensors signals considering their sensitivities. This approach can be used with different OFS approaches including FBGs (uniform and non-uniform) [107], different interferometers [108], and intensity variation-based sensors [109]. Furthermore, the use of mechanical structures for the development of temperature-insensitive pressure sensors, which include the application of a metallic sheet in the diaphragm region for the positioning of the temperature compensation/reference system [110]. It is also possible to position two FBGs in the same diaphragm for the simultaneous assessment of pressure and temperature, where the sensor system is characterized as a function of the pressure and temperature prior to its application in a real scenario, in which the temperature and pressure are simultaneously varied [111].



The intrinsic or extrinsic interferometric cavities along an optical channel generate an interferometric sensor [51,112]. Interferometric sensors with practical applications include FPI sensors and low coherent interferometric sensors (called as SOFO interferometric sensors) [113]. An FPI sensor may have a resolution as high as 0.15 με, a strain measurement range of ±1000 με that may be expanded to ±5000 με, and the capacity to function at temperatures ranging from 40 °C to + 250 °C. FPI sensors are extremely compact, ranging in length from 1 mm to 20 mm, and can be incorporated in certain structural components without incurring any weight penalty or negative impacts. However, its low multiplexing capacity is a disadvantage.



It has been stated that SOFO interferometric sensors are the most successful low coherent interferometric sensors for structural health monitoring (SHM), having been successfully placed in hundreds of structures, including bridges, buildings, oil pipes, and tunnels. SOFO interferometric sensors are long-gauge sensors, in contrast to FPI sensors. They have a measurement range beginning at 0.25 m and extending to 10 m, or even 100 m, with a micrometer-level resolution and temperature insensitivity, high precision, and stability. However, they can only measure elongations and contractions at low speeds (0.1 Hz–1 Hz) and are unable to detect impact damage in aircraft structures.



There are three types of distributed fiber optic sensors: Rayleigh-based optical time-domain reflectometry (OTDR), Raman-based optical time-domain reflectometry (ROTDR), and Brillouin-based optical time-domain reflectometry (BOTDR).



OTDR is the first generation of distributed fiber optic sensors employing Rayleigh scattering to reflect the attenuation profiles of long-distance optical fiber networks [114]. An optical pulse is introduced into an optical fiber link, and the power of the Rayleigh backscattered light is measured by a photodetector as the light pulse propagates along the fiber link. This measurement is typically used to determine fiber loss and break locations, as well as to evaluate splices and connectors.



In recent years, ROTDR and BOTDR have been utilized for distributed sensing applications. Their operation methods rely on the nonlinearities of optical fibers, which generate additional spectral components. These additional spectral components are impacted by environmental conditions external to the system. Consequently, changes in external measurands can be determined by evaluating the spectral content appropriately. ROTDR is based on the Raman scattering phenomenon, which generates both anti-Stokes and Stokes components [115]. As the fiber connection itself is the sensor, the intensity ratio between these two components can provide temperature information at any point along the fiber link. Since the amplitude of the Stokes components is independent of temperature, ROTDR can only measure temperature with a temperature resolution of 0.2 °C, and not strain. With a spatial resolution of 1 m, the sensing distance of ROTDR is typically restricted to around 8 km.



In BOTDR, light is partially scattered back based on Brillouin-scattering phenomenon [116]. BOTDR can monitor both temperature and strain, since the frequency of the scattered light is dependent on the temperature and strain applied to the fiber link. The basic BOTDR measurement distance is 30 km and can be expanded to 200 km. The resolution ranges from 1 to 4 m.



For the purpose of increasing the service life of aging airplanes, the SHM of damaged aircraft panels fixed with bonded patches has garnered considerable interest. Using FBG sensors, the positions and forms of fatigue cracks and disbond fronts are identified in aircraft panels fixed with double-sided bonded patches [117,118]. The specifications, sensor performance, and other technical information are shown in Table 1.





4. Sensors for Navigation


Inertial navigation systems (INSs) are important systems for aircraft navigation that can also apply to personal navigation, car navigation, and unmanned aerial vehicles [119]. The continuous advances in autonomous vehicles and navigation systems place demands in the compactness, as well as the precision of such navigation systems [120]. These demands lead to developments in fiber optic gyroscopes (FOGs) and general MEMS in the development of systems with small errors in the position and attitude, due to the reduction of the sensors uncertainties and nonlinear signal processing approaches [121]. In this context, calibration methods and automatic error corrections increase the accuracy and general performance of INS. As another common approach for the development of reliable navigation systems, the INS can be integrated with the Global Positioning System (GPS), where the GPS enables the calibration and reduction of bias in INS [119]. In addition, the fusion between the INS and GPS enables the tracking performance of the GPS [122]. Such improvement is achieved using error calibration techniques based on feedforward or feedback methods. Moreover, the integration can be achieved by means of using only the GPS for the position and velocity calculations, whereas the navigation filters estimate the position, velocity, and attitude from the INS and the GPS’s position, and velocity data are used as the reference for calibration of the INS [119]. Figure 5 presents a general schematic about inertial navigation and global positioning systems on an aircraft.



One of the sensors for the navigation system is the displacement sensors, where conventional linear variable differential transformers (LVDT) and rotary variable differential transformers (RVDT) can be employed [23]. Such displacement sensors are capable of operating in high temperature ranges (from below 0 °C to higher than 200 °C) and of the possibility of positioning in different regions of the aircraft, but at the cost of complex signal processing. To that extent, the development of optical fiber-based displacement sensors can address some of the issues of the electronic sensors, such as magnetic field immunity and potential applications in higher temperatures conditions [123].



Among the sensors for the inertial navigation systems, the continuous improvements in gyroscope technologies and rotation measurements are critical for the evolution in navigation systems [124]. In this case, the rotation rate indicates the variations in the heading and attitude of the system. Moreover, the accelerometers are also important in the navigation system for the assessment of acceleration amplitude and direction. If the gyroscopes are considered, such devices are positioned on a frame (or mechanical structure) to obtain the angular velocity of the rotating structure [125]. A typical classification of the gyroscopes includes the mechanical gyroscopes, optical gyroscopes, and MEMS gyroscopes [125]. However, we focus on the optical gyroscopes in this review. The development of the optical gyroscopes is motivated by sequential breakthroughs in optoelectronic technologies [126], which include the widespread of optical fiber technologies. A FOG is an angular velocity sensor using optical fibers, where the Sagnac effect is used for the assessment of the rotational rate by considering the advantages of high sensitivity, temperature, and pressure resistance, in conjunction with the well-known electromagnetic field insensitivity [127]. For these reasons, FOGs are widely used in general navigation systems, especially in aviation [128] and aerospace [129] applications.



Another approach for FOGs is based on the resonant structures, resulting in the so-called RFOGs [124]. In the last years, the use of novel optical fiber structures, e.g., the use of photonic crystal fibers (PCFs), has accelerated in order to obtain structural birefringence in the sensing structure [130]. If a hollow core PCF is used, the RFOG can even result in smaller cross-sensitivity as a function of temperature in conjunction with the lower backscatter and nonlinear effect, which increase the polarization noise controllability of the sensing structure [131]. For these reasons, the use of optical components in the coupling of hollow core PCFs with the resonator structure was proposed in [131], resulting in a high temperature stability of the device. In addition, a high finesse can be obtained in the resonant cavity using a PCF coupled with a single mode fiber, resulting in a hybrid PCF resonator structure, where such a structure resulted in a gyro bias stability of 0.5°/s [132]. It is also worth noting that the use of hollow-core PCF in the gyroscope prototype can reduce the polarization crosstalk of the structure [133]. Furthermore, the use of hollow-core anti-resonant fiber (NANF) structure resulted in the extended performance of the RFOGs, with the possibility of using a frequency differential RFOG structure to obtain a stability as high as 0.05°/h [134].



Optical fiber-based accelerometers have an even higher developments and applications, since they are not only used in navigation systems, but also in structural health monitoring [135] and physiological parameters monitoring [136]. To that extent, the optical fiber-based accelerometers were developed using different OFS approaches, as thoroughly discussed in [137]. The simplest approach for optical fiber accelerometers is the use of the intensity variation principle, where the transmitted optical power variation is analyzed as a function of the acceleration [138]. In this case, the sensor can operate in the coupling principle, where a fiber is positioned in a light source, whereas another fiber is positioned in a photodetector [139]. If this configuration is used, one of the fibers is isolated from the vibration/acceleration variation, and the other end is connected to the system with proof mass for the vibration transmission [140]. Some important drawbacks of this approach are that the sensors are sensitive to environmental variations and present low precision, due to the high sensitivity to misalignments.



As higher precision for optical fiber-based accelerometers, the interferometric-based accelerometers are developed using cavities, generally based on FPIs [137]. In general, cavity-based accelerometers use a movable structure connected to the cavity, in which the cavity length varies as a function of the acceleration. In this case, a sub-nanometer potential resolution can be achieved using such a configuration [141]. The application of micro-optical-electro-mechanical systems (MOEMS) resulted in the novel configurations for the optical accelerometers that can further increase the accelerometer performance [142]. In this approach, there is a microscale proof mass and a silicon frame to create the accelerometer structure, where the displacement and acceleration are obtained from the spectral features’ variation of the cavity, with the possibility of tuning the accelerometer parameters (such as proof mass and stiffness) to achieve high resonant frequencies and small noise. In another MOEMS accelerometer, the bioinspired shape was proposed in [143], where a battery was used as proof mass and the sensors were embedded in a transparent web-like structure for movement analysis and highly sensitive displacement measurements.



One of the most common optical fiber-based approaches for accelerometers development is the integration of FBGs in mechanical structures [144]. In this context, many different approaches using single [145] and double [146] cantilevers, as well as diaphragm [147] and flexible hinge [148] structures, were proposed. This approach is based on the strain produced in the FBG, due to the inertial displacement of the proof mass under acceleration [149]. For this reason, it is possible to develop 2- and 3-axis [150] accelerometers using different assembly conditions and using the multiplexing capabilities of the FBGs. Thus, it is possible to develop FBG-based accelerometers for multipoint measurement, which play an important role not only in navigation systems, but also in structural monitoring in aircrafts. Furthermore, such devices are able of measuring tilt angles by means of embedment in mechanical structures and using different types of FBGs, such as the tilted FBGs [151] that can measure such parameters, with the additional advantages of self-referencing signals using the spectral features of the gratings. Such gratings-based devices can also include additional information for the navigation systems and enable novel data fusion approaches for ever higher accuracy and reliability of in-flight data.




5. Pilot Vital Health Monitoring


There are over one million active pilots in the world, with over two-thirds residing in the United States. The average age of pilots is increasing across all aviation industries. Due to aging, pilots over the age of 50 may be more prone to accidents than pilots in their 30s. In addition to mechanical and system failures, certain examinations have shown that pilot error is a major cause of accidents. As a result, the Flight Safety Foundation identified cognitive health as a crucial component in pilot safety. Subsequently, risk classification and user experience outcomes validate an immersive virtual reality (VR) cognitive screening and intervention tool for elderly pilots [152]. This VR simulation tool serves as the basis for this cognitive evaluation, since it provides a portable, cost-effective, and dependable approach for evaluating pilot cognition [153].



Today, the aircraft engine and flight control systems are equipped with a number of sensing units for determining the pilots’ normal health condition [154,155,156,157]. Recent variations of the infectious severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) cause coronavirus disease 2019 (COVID-19) pneumonia, which has afflicted the entire world. It mostly affects the aviation industry and poses a severe risk to pilots. Numerous problems are observed in pilots infected with COVID-19, including neurologic issues during the acute phase, following recovery, and even after immunization. COVID-19 patients have been reported with a variety of neurologic complications, including encephalitis, encephalopathy, stroke, headache, loss of smell and taste, dizziness, seizures, refractory status epilepticus, myelitis, myopathy, acute disseminated encephalomyelitis, leukoencephalopathy, Kawasaki syndrome, Guillain–Barré syndrome, and neuroleptic malignant syndrome [158].



In a recent case study, a 43-year-old helicopter pilot was sent to the emergency department, due to influenza-like symptoms. After receiving treatment for COVID-19, he recovered and returned to flying. During flight, pilots experienced moments of dizziness and unconsciousness. Although the co-pilot salvaged the helicopter, it has been determined that robust sensory elements are required to identify the pilots’ present health condition during flight operations [158].



Monitoring the pilot’s vital signs is essential for ensuring the safety of an aircraft and its occupants. In this instance, a cockpit equipped with a health monitoring system provides a means for both the occupant and the ground station to be aware of the pilot’s normal health state throughout the flight. Multiple types of sensors, such as a pulse oximetry sensor, are positioned at a preset area of the pilot seat that is within reach of the occupant. The sensor for a pulse oximeter is put at a preset, stable point for the insertion of a finger, which offers a satisfactory response to the sensor while the individual is seated. The sensor is linked to the communication link via a control box that aids in data processing and presents the data in an appropriate format on the cockpit’s multifunctional display system. Throughout the flight, the pilot can enter his or her finger into the sensing unit to monitor his or her pulse oximetry and view the parameters on the multifunctional device. Similarly, the Republic of Singapore Air Force (RSAF) adopted the search-and-rescue (SAR) and heli-medevac-based services in 1971 for the Singapore flight information region, in which the flight doctor and a medic are supplied for medical care on board the helicopter [159].



Researchers from the United States Air Force are investigating methods for determining the health of pilots in high-performance aircraft. They intend to develop a technology that monitors and notifies pilots to potential problems with physiological states that affect pilot performance during flight, such as a sudden drop in oxygen concentration. In this work, emphasis must be placed primarily on integrating and experimenting with existing sensor technologies, as well as doing the evaluation. Researchers are interested in integrating sensors and monitoring many parameters, such as flight environment monitoring, sensor fusion, monitoring of pilot vital signs and respiratory function, data storage and processing, onboard analytics, and pilot alerts. To develop integrated sensors, multiple hardware components are necessary. The employed hardware is small, lightweight, and self-powered enough to be easily integrated into the cockpit of an aircraft. This type of hardware system consists of smart phones/tablet computers and embedded computing that facilitate wireless networking, such as Bluetooth low energy. The in-line sensor technologies were developed for measuring the air-quality and supply the aircraft life-support systems. The air quality consists of the appropriate level of carbon dioxide, oxygen, flow, pressure, and similar impurities. Similarly, pilot vital health monitoring system incorporates the sensor systems to provide direct or indirect evidence of pilot blood or tissue oxygenation, blood circulation, peripheral capillary oxygen saturation (spO2), respiration rate, and estimated core temperature. U.S. Air Force scientists also developed a unique cockpit sensor for the measurement of their any difficulty in the abilities function and alert to the pilots to behave properly during flight in high-performance aircraft. Researchers are trying to develop and showcase existing sensor technologies to help keep pilots functioning and feeling good in the cockpit. They are looking for self-contained and self-powered sensor hardware that is small enough to fit into airplane cockpits.



The International Civil Aviation Organization (ICAO) defines fatigue as a physiological state of reduced mental or physical performance capability caused by sleep deprivation, protracted awake, circadian phase, and/or workload (mental and physical activities). This impairs the pilot’s attentiveness and ability to perform safety-related operations correctly [156]. A proper pilot monitoring system in an aircraft consists of the plurality of sensors arranged to monitor several health parameters of the pilot, for instance, the aircraft state monitoring system is used to monitor the flight situation data of the aircraft, and the analysis system is used to determine the incapacitation level of the pilot for health parameters. Thereafter, human machine interface utilized to interface with one or more processors to offer an interface between the pilot and pilot monitoring system. Then, the human machine interface helps to notifies the pilot based on the determined incapacitation level. As illustrated in Figure 6a–g, the system’s hardware design includes a controller box, printed circuit board (PCB), textile electrode, and electrode button on the surface of human skin [153].




6. Novel Nanomaterials for Aerospace Applications


Due to their unique properties, such as high-aspect ratio, large surface area, tailorable electrical and thermal conductivities, high anisotropy, and distinctive optical properties, the synthesis and characterization of nanomaterials (100 nm in size) have been the primary focus of academic, private, and government organizations for the past two decades [161]. These characteristics lead to the development of lightweight, high-strength, multipurpose structures, efficient energy storage systems, strong radiation shielding, and cutting-edge optical fiber sensors [162].



Trying to align the reason for biomolecular research based on nonmaterial-assisted optical fiber sensors helps the reader in understanding the need for sensor development for aeronautical applications. One of the most severe human diseases, diabetes, can be caused by high blood glucose levels [163]. Diabetes is characterized by elevated blood sugar levels that result in consequences such as renal failure and diabetic retinopathy [164,165]. In diabetes diagnosis, the food industry, biotechnology, and aerospace, glucose sensors play a significant role. In these works, gold nanoparticles, graphene oxide, and MXene nanomaterials were primarily used to develop optical fiber sensors for glucose biomolecule detection.



Acute myocardial infarction (AMI) has emerged as a leading cause of death on a global scale. In this work, cerium oxide nanoparticles were used to develop an optical fiber sensor for cTnI detection [166]. Within 1.5 to 3 h of symptom onset, acute myocardial infarction can cause irreversible myocardial damage and blood troponin release. An important biomarker of AMI is cardiac troponin I (cTnI). Creatinine is a byproduct of human muscle metabolism and an important clinical indicator of diabetes, kidney disease, kidney failure, and muscle wasting [167,168]. To lower the incidence of renal disease, the early detection and prevention of elevated creatinine levels are crucial. These sensor probes feature graphene oxide, gold nanoparticles, molybdenum disulfide nanoparticles, and niobium carbide MXene nanomaterials. Cholesterol is an essential part of the human body. It is created by the liver and is also a part of a healthy diet because it is a precursor to extremely vital biological substance. Abnormal levels of cholesterol in the blood can lead to excessive blood pressure, heart disease, coronary artery disease, cerebral thrombosis, atherosclerosis, and a number of other common conditions [169,170]. These optical fiber sensor probes are developed utilizing gold nanoparticles, silver nanoparticles, and zinc-oxide nanoparticles. Alanine aminotransferase (ALT) is a serum aminotransferase whose activity must be determined to diagnose and assess liver disease. In this study [171], molybdenum disulfide nanoparticles and cerium oxide nanoparticles are combined to increase the performance of an OFS. When certain metabolic conditions, such as obesity, high-fat diabetes, and other symptoms, are present in the body, clinical trials and laboratory tests have demonstrated that ALT levels may be somewhat raised. In addition, alanine transaminase activity leads to somewhat increased alanine transaminase levels in a range of muscle disorders, including viral hepatitis and muscular dystrophy. Uric acid (UA) is an extremely significant component in human serum and urine [172]. The concentration of UA in the blood can be increased by a lack of exercise, a poor diet, and improper drugs [173]. Excess uric acid can produce solid urate in the body, which can lead to catastrophic conditions, such as gout and kidney stones [174].



Similarly, wearable sensors are ground-breaking health monitoring gadgets that enable continuous monitoring of physical and biological characteristics. Recent paper [175] have detailed the development of innovative optical sensors for wearable vital health monitoring devices. A detailed discussion of the substrates, sensor platforms, and biofluids was utilized for the detection of target molecules.



In this way, low-cost wearable technologies could improve the quality of health monitoring systems and permit continuous and early disease diagnosis in aerospace applications.



In addition, and not less importantly, it is obvious that advanced materials, such as thermal protection systems based on carbon–carbon composites and turbine blades based on metal alloys, play a significant role in aircraft applications. Multiple industries have begun to develop improved airplane materials. Single-crystal nickel-based turbine blades and aluminum bulk alloys are examples of applications for nanomaterials. Research and development evolved and broadened its applications to encompass, among others, radiation protection, thermal protection, structural nanostructures, space propulsion, electronics, and sensors. In numerous applications, carbon nanostructures (nanotubes, CNTs, and graphene) and inorganic nanomaterials are used (silica and metal oxides). Subsequently, customized nanoparticles enabled significant improvements to the structural and non-structural components of virtually all space and aviation systems. It primarily provides a reduction in weight, maintenance of mechanical strength, increased adaptability, multicomponent monitoring, storage, and transmission, efficient power production, greater radiation protection, and long-term life support for exploration. The advances in the synthesis and characterization of carbon nanostructures (CNSs) and carbon nanotube nanosheets (CNT nanosheets) produced on carbon fibers provide new opportunities for using the multifunctional features of these materials in aviation components. Several scientific studies suggested that CNT-based coatings, films, and sheets facilitate electrostatic dissipation and electromagnetic interference shielding with low effort [176].



There are vacuums, severe temperatures, space debris, micrometeoroids, and significant variances owing to the sunspot activity in the space environment. These criteria determine the design and construction of aircraft systems and spacecrafts primarily. The system’s performance degrades when exposed to atomic oxygen. The special materials used in aircraft applications can withstand high temperatures and reduce the erosion yield factor [177].



Due to high-phase temperatures, aeronautical structures require materials with high strength and stiffness for mechanical aspects [178]. This can be accomplished by the use of composites containing a blend of graphene and epoxy resin as a curing agent to produce the desired results in aeronautical applications. It boosts the base material’s strength and temperature resistance, hence enhancing the material’s tribological behavior. Thus, improved composites contribute to the development of lightweight aircraft constructions with corrosion and fatigue resistance [179].



Carbon and glass fiber composites are also utilized in the production of sensors mounted on aircraft SHM [180]. Prior to that, in 1940, Bower was the first person to employ the nanocomposite technology [180]. Typically, nanocomposite consists of nanoparticles embedded in a reinforcing metal matrix material composed of Al/SiC and Al/BN [181]. This technology introduces the qualities of robustness, portability, and affordability. Compared to copolymers, the nanocomposites have a greater pyroelectric coefficient. Due to their low density and strong damage resistance, these materials also offer a lengthy service life. The behavior of tribology in aeronautical constructions is determined by severe temperatures. In these nanocomposites, the function of alumina particles is to minimize the resistance to wear and friction.



Nanocomposite materials, such as alumina and polytetrafluoroethylene, can be utilized to optimize the performance of existing advanced structures. Carbon nanotubes (CNT), carbon nano-beads, multi-walled carbon nano-tubes (MWCNT), carbon nanorods, diamond-like carbon, carbon nanofibers, and carbon nanocones are present in the nanocomposite materials [182]. The performance of these materials exceeds that of conventional materials. MWCNTs, CNTs, graphene oxide, and polymer-clay nanocomposites are the most important nanocomposites for aerospace industries [183,184], as shown in Figure 7.



Similarly, molybdenum disilicide nanoparticles combined with an aluminum matrix play a significant role in aerospace and provide wear resistance to prevent degradation [185]. Through the use of nanocomposites based on high-strength titanium-based materials, it is possible to achieve superior aerospace qualities. The nanocomposites of graphene oxide and titanium nanopowders can be employed as the matrix system reinforcement, in order to offer a high hardness, which is often used in a number of aerospace structural components [186].



Using laser sintering, the GO may be simply and rapidly dispersed throughout the matrix. Due to the development of multifunctional materials, space exploration has accelerated in recent years. Using polymer nanocomposites with CNT sheet reinforcement, the vibration damping factors can be decreased. MWCNTs have distinctive electrical, mechanical, and thermal qualities that are advantageous for aeronautical applications [187], as shown in Figure 8.



These nanocomposites also enable the aerospace industry to withstand sub-zero and high temperatures, enabling them to resist the severe conditions of lower earth orbit and outer space [188]. CNT is widely used in aerospace applications as a result of its significant properties. Similarly, the advancement of Al-, Cr/Al-, and Cu/Al-coated advanced structures boosts heat and adhesive resistance [189].



Nanocomposites provide the optimal technology for aircraft applications, due to the intertwined nature of sustainable impacts and constant generational advancement. By incorporating nanocomposites into complex aeronautic designs, waste creation during the manufacturing process can be reduced. This also facilitates the creation of low-maintenance, lightweight structures [190].




7. Future Perspectives


As is well-known, the enlarged use of composite structures in the aeronautical industry started over the past few decades with newer aircrafts made largely of composite material and produced many new fruitful contributions to the progress of the SHM area for composite aeronautical and aerospace structures. Applying SHM in the aeronautical and aerospace industries have not yet fully matured, and their applications to composite structures are particularly challenging. In terms of a realistic aircraft maintenance scenario, such requires a full damage diagnostic on all four SHM levels, which means damage detection, damage localization, damage type identification, and damage severity. Presently, the scientific, industrial, and end-user communities generally view optical sensors as a technology with the highest potential for the continuous real-time monitoring of aircraft structures and, not less importantly, the tracking of some critical biochemical parameters, as well as destructive contaminants.



The optical sensors, which can include optical fiber-based sensors, have also found applications in feeding back real-time measurements of weight distribution, reliable aviation fuel gauging sensors, or even water content detection and online monitoring in aviation fuel. Further, the distributed optical sensors are able to test the structural integrity of the wings and fuselage (following the four SHM levels mentioned), as well as judge the performance of the engines, icing on the wings, loading on the landing gear, and very importantly, the cockpits environment (not only in commercial aircrafts, but also military ones) [191,192,193]. In this way, with the continuous development of autopilot systems and flight assistance systems, pilot performance and air safety from the cockpits (temperature, humidity, pressure, and also detecting biological contaminants aboard aircrafts, for example) need to be improved significantly. Pilot behavior recognition, based on multi-modality fusion technology [194], using physiological features acquired online, as well as critical parameters like fatigue, hypo/hyperoxia, surges of acute stress level, and/or a sudden loss in blood flow [161,162,163,164,165,166,167,168,169,170,171,172,173,174,175,195,196,197] of pilots, is crucial to obtain in real-time data and process them via an integrated smart tool.



In additional, nanofilms, nanofibers, and nanoparticles demonstrate a variety of advanced capabilities, including good thermal and electrical properties, safer coating, cleaning, corrosion resistance, and potential toxicity facilities in a variety of disciplines of aviation components. The surface coating can also safeguard aircraft components from severe hazards. In addition, it improves the unique advantages and performance characteristics, compared to the standard metals and composites used in the production of many types of aircraft components. The incorporation of nanomaterial structures and nanomaterial-based devices into the manufacturing of aircraft helps their maintenance and repair, consequently reducing the operational costs, and it is quite important to consider them not only for aircraft components improvements, but also to progress in terms of the physiological features of the cabin crew, pilots, and passengers.




8. Conclusions


The building blocks of future aircrafts (both commercial and military) are in place, allowing for the next phase of aerospace development to attain significantly higher levels of sustainability in the aviation industry, while reducing its carbon footprint, with the help of lightweight technologies such as OFS. Increasing public concern about climate change, coupled with government support of green projects, should foster innovation in this field, and optical technology can be a viable alternative for the continued expansion of such a vital industry. The employment of OFS and innovative nanophotonic materials in aircrafts to enhance the safety of the aviation sector, as well as the safety of pilots and passengers, is strongly encouraged. As described in the article, the development of this industry will continue concurrently with the development of technologies fed by the optical domain, due to their distinct features.







Author Contributions


Conceptualization, C.M.; Validation, C.M., S.K. and A.L.-J.; investigation, C.M., S.K. and A.L.-J.; formal analysis, C.M.; writing—original draft preparation, C.M., S.K. and A.L.-J.; writing—review and editing, C.M.; supervision, C.M.; resources, C.M., project administration, C.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Fundação para a Ciência e Tecnologia of the Ministry of Science, Technology, and Higher Education (FCT/MCTES) through national funds, and when applicable, co-funded by EU funds under the projects UIDB/50025/2020-UIDP/50025/2020 and through the 2021.00667.CEECIND. This research was also supported by FAPES (1004/2022 P: 2022-6PC5F and 458/2021), CNPq (310709/2021-0). S. Kumar acknowledges to Double-Hundred Talent Plan of Shandong Province, China.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Barazanchy, D.; Martinez, M.; Rocha, B.; Yanishevsky, M. A hybrid structural health monitoring system for the detection and localization of damage in composite structures. J. Sens. 2014, 2014, 109403. [Google Scholar] [CrossRef]

	



Collins, J.H. The challenges facing U.S. navy aircraft electrical wiring systems. In Proceedings of the 9th Joint FAA/DoD/NASA Aging Aircraft Conference, Atlanta, GA, USA, 6–9 March 2006. [Google Scholar]

	



Garg, G.C.A.; Linda, R.I.; Chowdhury, T. Evolution of aircraft control system and fly-by-light control system. Int. J. Emerg. Technol. Adv. Eng. 2013, 3, 6. [Google Scholar]

	



Di Sante, R. Fibre Optic Sensors for Structural Health Monitoring of Aircraft Composite Structures: Recent Advances and Applications. Sensors 2015, 15, 18666–18713. [Google Scholar] [CrossRef] [PubMed]

	



Güemes, A.; Fernández-López, A.; Diáz-Maroto, P.F.; Lozano, A.; Sierra-Perez, J. Structural Health Monitoring in Composite Structures by Fiber-Optic Sensors. Sensors 2018, 18, 1094. [Google Scholar] [CrossRef] [PubMed]

	



Al-Lami, H.; Aslam, A.; Quigley, T.; Lewis, J.; Mercer, R.; Shukla, P. The Evolution of Flight Control Systems. Technology Development, System Architecture and Operation; University of the West of England: Bristol, UK, 2015. [Google Scholar]

	



Mazumdar, S.; Chen, Q. Response of contaminant detection sensors and sensor systems in a commercial aircraft cabin. In Proceedings of the 10th International IBSPA Conference, Beijing, China, 3–6 September 2007; pp. 854–861. [Google Scholar]

	



Gorinevsky, D.; Gordon, G.A.; Beard, S.; Kumar, A.; Chang, F.K. Design of integrated SHM system for commercial aircraft applications. In Proceedings of the 5th International Workshop on Structural Health Monitoring, Stanford, CA, USA, 12–14 September 2005; pp. 1–8. [Google Scholar]

	



Ma, Z.; Chen, X. Fiber Bragg gratings sensors for aircraft wing shape measurement: Recent applications and technical analysis. Sensors 2019, 19, 55. [Google Scholar] [CrossRef]

	



Iele, A.; Leone, M.; Consales, M.; Persiano, G.V.; Brindisi, A.; Ameduri, S.; Concilio, A.; Ciminello, M.; Apicella, A.; Bocchetto, F.; et al. A fiber optic sensors system for load monitoring on aircraft landing Gears. In Opt Eng (Proc SPIE) Seventh European Workshop on Optical Fibre Sensors (EWOFS 2019); Kalli, K., Brambilla, G., Okeeffe, S., Eds.; SPIE-International Society: Bellingham, WA, USA, 2019; pp. 90010–98227. [Google Scholar] [CrossRef]

	



Nicolas, M.J.; Sullivan, R.W.; Richards, W.L. Large scale applications using FBG sensors: Determination of in-flight loads and shape of a composite aircraft wing. Aerospace 2016, 3, 18. [Google Scholar] [CrossRef]

	



Airbus, S.A.S. A350 Family—Passenger Aircraft. Available online: https://www.airbus.com/en/products-services/commercial-aircraft/passenger-aircraft/a350-family (accessed on 1 November 2022).

	



Boeing. Boeing: 787 By Design: Advanced Composite Use. Available online: https://www.boeing.com/commercial/787/by-design/ (accessed on 1 November 2022).

	



Cawley, P. Structural Health Monitoring: Closing the gap between research and industrial deployment. Struct. Health Monit. 2018, 17, 1225–1244. [Google Scholar] [CrossRef]

	



Boller, C.; Meyendorf, N. State-of-the-art in Structural Health monitoring for aeronautics. In Proceedings of the International Symposium on NDT in Aerospace 2008, Fürth, Germany, 3–5 December 2008. [Google Scholar]

	



Roach, D. Real time crack detection using mountable comparative vacuum monitoring sensors. Smart Struct. Syst. 2009, 5, 317–328. [Google Scholar] [CrossRef]

	



Bockenheimer, C.; Speckmann, H. Validation, verification and implementation of SHM at Airbus. In Proceedings of the 9th International Workshop on Structural Health Monitoring (IWSHM 2013), Stanford, CA, USA, 10–12 September 2013. [Google Scholar]

	



Wood, K.; Brown, T.; Rogowski, R.; Jensen, B. Fiber optic sensors for health monitoring of morphing airframes: I. Bragg grating strain and temperature sensor. Smart Mater. Struct. 2000, 9, 163. [Google Scholar] [CrossRef]

	



Nguyen, T.X.B.; Rosser, K.; Chahl, J. A review of modern thermal imaging sensor technology and applications for autonomous aerial navigation. J. Imaging 2021, 7, 217. [Google Scholar] [CrossRef]

	



Zheng, Y.; Liu, M.; Wu, H.; Wang, J. Temperature and pressure dynamic control for the aircraft engine bleed air simulation test using the lpid controller. Aerospace 2021, 8, 367. [Google Scholar] [CrossRef]

	



Wang, X.; Si, C.; Wang, Z.; Li, Y. Displacement field reconstruction of structures under thermal and mechanical loading environment. Aerosp. Sci. Technol. 2021, 117, 106914. [Google Scholar] [CrossRef]

	



Ribeiro, L.; Saotome, O.; D’Amore, R.; de Oliveira Hansen, R. High-Speed and High-Temperature Calorimetric Solid-State Thermal Mass Flow Sensor for Aerospace Application: A Sensitivity Analysis. Sensors 2022, 22, 3484. [Google Scholar] [CrossRef]

	



Prosser, S.J. Advances in sensors for aerospace applications. Sens. Actuators A Phys. 1993, 37–38, 128–134. [Google Scholar] [CrossRef]

	



Li, L.; Chakik, M.; Prakash, R. A review of corrosion in aircraft structures and graphene-based sensors for advanced corrosion monitoring. Sensors 2021, 21, 2908. [Google Scholar] [CrossRef]

	



Czaban, M. Aircraft corrosion—Review of corrosion processes and its effects in selected cases. Fatigue Aircr. Struct. 2018, 2018, 5–20. [Google Scholar] [CrossRef]

	



Newman, R. Pitting Corrosion of Metals. Electrochem. Soc. Interface 2010, 19, 33–38. [Google Scholar] [CrossRef]

	



Jawalkar, C.S.; Kant, S. A Review on use of Aluminium Alloys in Aircraft Components. i-manager’s J. Mater. Sci. 2015, 3, 33–38. [Google Scholar]

	



Chen, Y.; Huang, H.; Zhang, Y.; Wang, C.; Fan, W. A method of atmospheric corrosion prediction for aircraft structure. Mater. Corros. 2019, 70, 79–90. [Google Scholar] [CrossRef]

	



Gameiro, M.; Eduardo, E. Indoor Climate Quality Assessment in civil aircraft cabins: A field study. Therm. Sci. Eng. Prog. 2022, 37, 101581. [Google Scholar] [CrossRef]

	



Kottner, J.; Black, J.; Call, E.; Gefen, A.; Santamaria, N. Microclimate: A critical review in the context of pressure ulcer prevention. Clin. Biomech. 2018, 59, 62–70. [Google Scholar] [CrossRef] [PubMed]

	



Moreno, J.C.; Bueno, L.; Pons, J.L.; Baydal-Bertomeu, J.M.; Belda-Lois, J.M.; Prat, J.M.; Barberá, R. Wearable Robot Technologies. In Wearable Robots; John Wiley & Sons, Ltd.: Chichester, UK, 2008; pp. 165–200. [Google Scholar]

	



Cusano, A.; Cutolo, A.; Albert, J. Fiber Bragg Grating Sensors: Market Overview and New Perspectives; Bentham Science Publishers: Potomac, MD, USA, 2009. [Google Scholar]

	



Qiao, X.; Shao, Z.; Bao, W.; Rong, Q. Fiber Bragg Grating Sensors for the Oil Industry. Sensors 2017, 17, 429. [Google Scholar] [CrossRef] [PubMed]

	



Kinet, D.; Mégret, P.; Goossen, K.; Qiu, L.; Heider, D.; Caucheteur, C. Fiber Bragg Grating Sensors toward Structural Health Monitoring in Composite Materials: Challenges and Solutions. Sensors 2014, 14, 7394–7419. [Google Scholar] [CrossRef] [PubMed]

	



Guo, T.; Liu, F.; Guan, B.; Albert, J. [INVITED] Tilted fiber grating mechanical and biochemical sensors. Opt. Laser Technol. 2016, 78, 19–33. [Google Scholar] [CrossRef]

	



Mishra, V.; Singh, N.; Tiwari, U.; Kapur, P. Fiber grating sensors in medicine: Current and emerging applications. Sens. Actuators A Phys. 2011, 167, 279–290. [Google Scholar] [CrossRef]

	



Teng, C.; Min, R.; Zheng, J.; Deng, S.; Li, M.; Hou, L.; Yuan, L. Intensity-Modulated Polymer Optical Fiber-Based Refractive Index Sensor: A Review. Sensors 2022, 22, 81. [Google Scholar] [CrossRef]

	



Leal-Junior, A.; Guo, J.; Min, R.; Fernandes, A.J.; Frizera, A.; Marques, C. Photonic smart bandage for wound healing assessment. Photon. Res. 2021, 9, 272. [Google Scholar] [CrossRef]

	



Anemogiannis, E.; Member, S.; Glytsis, E.N. Transmission Characteristics of Long-Period Fiber Gratings Having Arbitrary Azimuthal / Radial Refractive Index Variations. J. Light. Technol. 2003, 21, 218–227. [Google Scholar] [CrossRef]

	



Marques, C.A.F.; Min, R.; Junior, A.L.; Antunes, P.; Fasano, A.; Woyessa, G.; Nielsen, K.; Rasmussen, H.K.; Ortega, B.; Bang, O. Fast and stable gratings inscription in POFs made of different materials with pulsed 248 nm KrF laser. Opt. Express 2018, 26, 2013. [Google Scholar] [CrossRef]

	



Li, H.; Li, K.; Li, H.; Meng, F.; Lou, X.; Zhu, L. Recognition and classification of FBG reflection spectrum under non-uniform field based on support vector machine. Opt. Fiber Technol. 2020, 60, 102371. [Google Scholar] [CrossRef]

	



Mizuno, Y.; Hayashi, N.; Fukuda, H.; Song, K.Y.; Nakamura, K. Ultrahigh-speed distributed Brillouin reflectometry. Light. Sci. Appl. 2016, 5, e16184. [Google Scholar] [CrossRef]

	



Fujiwara, E.; Cabral, T.D. Optical fiber specklegram sensor for multi-point curvature measurements. Appl. Opt. 2022, 61, 6787–6794. [Google Scholar] [CrossRef]

	



Pospori, A.; Webb, D.J. Stress Sensitivity Analysis of Optical Fiber Bragg Grating-Based Fabry–Pérot Interferometric Sensors. J. Light. Technol. 2017, 35, 2654–2659. [Google Scholar] [CrossRef]

	



Jing, J.; Liu, K.; Jiang, J.; Xu, T.; Wang, S.; Ma, J.; Zhang, Z.; Zhang, W.; Liu, T. Performance improvement approaches for optical fiber SPR sensors and their sensing applications. Photon. Res. 2022, 10, 126–147. [Google Scholar] [CrossRef]

	



Zhang, S.; Yan, J.; Jiang, M.; Sui, Q.; Zhang, L.; Luo, Y. Visual reconstruction of flexible structure based on fiber grating sensor array and extreme learning machine algorithm. Optoelectron. Lett. 2022, 18, 390–397. [Google Scholar] [CrossRef]

	



Guo, J.; Niu, M.; Yang, C. Highly flexible and stretchable optical strain sensing for human motion detection. Optica 2017, 4, 1285–1288. [Google Scholar] [CrossRef]

	



Jiang, J.; Zhang, N.; Min, R.; Cheng, X.; Qu, H.; Hu, X. Recent Achievements on Grating Fabrications in Polymer Optical Fibers with Photosensitive Dopants: A Review. Polymers 2022, 14, 273. [Google Scholar] [CrossRef] [PubMed]

	



Xu, K.; Li, H.; Liu, Y.; Wang, Y.; Tian, J.; Wang, L.; Du, J.; He, Z.; Song, Q. Optical Fiber Humidity Sensor Based on Water Absorption Peak Near 2-μm Waveband. IEEE Photonics J. 2019, 11, 7101308. [Google Scholar] [CrossRef]

	



Wang, Y.; Shen, C.; Lou, W.; Shentu, F. Fiber optic humidity sensor based on the graphene oxide/PVA composite film. Opt. Commun. 2016, 372, 229–234. [Google Scholar] [CrossRef]

	



Xie, W.; Yang, M.; Cheng, Y.; Li, D.; Zhang, Y.; Zhuang, Z. Optical fiber relative-humidity sensor with evaporated dielectric coatings on fiber end-face. Opt. Fiber Technol. 2014, 20, 314–319. [Google Scholar] [CrossRef]

	



Oliveira, R.; Bilro, L.; Nogueira, R. Fabry-Pérot cavities based on photopolymerizable resins for sensing applications. Opt. Mater. Express 2018, 8, 2208. [Google Scholar] [CrossRef]

	



Bai, W.; Yang, M.; Dai, J.; Yu, H.; Wang, G.; Qi, C. Novel polyimide coated fiber Bragg grating sensing network for relative humidity measurements. Opt. Express 2016, 24, 3230. [Google Scholar] [CrossRef]

	



Wang, Y.; Liu, Y.; Zou, F.; Jiang, C.; Mou, C.; Wang, T. Humidity sensor based on a long-period fiber grating coated with polymer composite film. Sensors 2019, 19, 2263. [Google Scholar] [CrossRef]

	



Hu, H.; Bang, O.; Janting, J. Polymer Optical Fiber Tip Mass Production Etch Mechanism to Achieve CPC Shape for Improved Biosensor Performance. Sensors 2019, 19, 285. [Google Scholar]

	



Pospori, A.; Ioannou, A.; Kalli, K. Temperature and Humidity Sensitivity of Polymer Optical Fibre Sensors Tuned by Pre-Strain. Sensors 2022, 22, 7233. [Google Scholar] [CrossRef] [PubMed]

	



Theodosiou, A.; Komodromos, M.; Kalli, K. Carbon Cantilever Beam Health Inspection Using a Polymer Fiber Bragg Grating Array. J. Light. Technol. 2018, 36, 986–992. [Google Scholar] [CrossRef]

	



Luo, Y.; Yan, B.; Zhang, Q.; Peng, G.-D.; Wen, J.; Zhang, J. Fabrication of Polymer Optical Fibre (POF) Gratings. Sensors 2017, 17, 511. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; Webb, D.J.; Peng, G.-D. Enhancing the sensitivity of poly(methyl methacrylate) based optical fiber Bragg grating temperature sensors. Opt. Lett. 2015, 40, 4046–4049. [Google Scholar] [CrossRef]

	



Rajan, G.; Noor, Y.M.; Liu, B.; Ambikairaja, E.; Webb, D.J.; Peng, G.-D. A fast response intrinsic humidity sensor based on an etched singlemode polymer fiber Bragg grating. Sens. Actuators A Phys. 2013, 203, 107–111. [Google Scholar] [CrossRef]

	



Woyessa, G.; Nielsen, K.; Stefani, A.; Markos, C.; Bang, O. Temperature insensitive hysteresis free highly sensitive polymer optical fiber Bragg grating humidity sensor. Opt. Express 2016, 24, 1206. [Google Scholar] [CrossRef]

	



Liu, Z.; Zhang, Z.F.; Tam, H.Y.; Tao, X. Multifunctional smart optical fibers: Materials, fabrication, and sensing applications. Photonics 2019, 6, 48. [Google Scholar] [CrossRef]

	



Mizuno, Y.; Theodosiou, A.; Kalli, K.; Liehr, S.; Lee, H.; Nakamura, K. Distributed polymer optical fiber sensors: A review and outlook. Photon. Res. 2021, 9, 1719–1733. [Google Scholar] [CrossRef]

	



Lopez, I.; Sarigul-Klijn, N. A review of uncertainty in flight vehicle structural damage monitoring, diagnosis and control: Challenges and opportunities. Prog. Aerosp. Sci. 2010, 46, 247–273. [Google Scholar] [CrossRef]

	



Ivanov, O.V.; Caldas, P.; Rego, G. High Sensitivity Cryogenic Temperature Sensors Based on Arc-Induced Long-Period Fiber Gratings. Sensors 2022, 22, 7119. [Google Scholar] [CrossRef]

	



Chen, E.; Dong, B.; Li, Y.; Li, Z.; Wang, X.; Zhao, Y.; Xu, W.; Zhao, W.; Wang, Y. All-optical tunable fiber filter based on a few-mode optical fiber mode interferometer coated with graphene epoxy resin composite material. Opt. Commun. 2021, 497, 127140. [Google Scholar] [CrossRef]

	



Ukil, A.; Braendle, H.; Krippner, P. Distributed Temperature Sensing: Review of Technology and Applications. IEEE Sens. J. 2012, 12, 885–892. [Google Scholar] [CrossRef]

	



Lazaro, R.C.; Marques, C.; Castellani, C.E.S.; Leal-Junior, A. Fbg-based measurement systems for density, specific heat capacity and thermal conductivity assessment for liquids. IEEE Sens. J. 2021, 21, 7657–7664. [Google Scholar] [CrossRef]

	



Munghen, D.; Iacobellis, V.; Behdinan, K. Incorporation of fiber Bragg grating sensors in additive manufactured Acrylonitrile butadiene styrene for strain monitoring during fatigue loading. Int. J. Fatigue 2022, 154, 106485. [Google Scholar] [CrossRef]

	



Shao, L.Y.; Canning, J.; Wang, T.; Cook, K.; Tam, H.Y. Viscosity of silica optical fibres characterized using regenerated gratings. Acta Mater. 2013, 61, 6071–6081. [Google Scholar] [CrossRef]

	



Ma, S.; Xu, Y.; Pang, Y.; Zhao, X.; Li, Y.; Qin, Z.; Liu, Z.; Lu, P.; Bao, X. Optical Fiber Sensors for High-Temperature Monitoring: A Review. Sensors 2022, 22, 5722. [Google Scholar] [CrossRef]

	



Fu, R.; Luo, W.; Nazempour, R.; Tan, D.; Ding, H.; Zhang, K.; Yin, L.; Guan, J.-S.; Sheng, X. Implantable and Biodegradable Poly(l-lactic acid) Fibers for Optical Neural Interfaces. Adv. Opt. Mater. 2018, 6, 1700941. [Google Scholar] [CrossRef]

	



Shen, Y.; Zhao, W.; He, J.; Sun, T.; Grattan, K.T.V. Fluorescence decay characteristic of Tm-doped YAG crystal fiber for sensor applications, investigated from room temperature to 1400 °C. IEEE Sens. J. 2003, 3, 507–512. [Google Scholar] [CrossRef]

	



Zhu, T.; Wu, D.; Liu, M.; Duan, D.W. In-line fiber optic interferometric sensors in single-mode fibers. Sensors 2012, 12, 10430–10449. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.; Wang, A. Surface-mount sapphire interferometric temperature sensor. Appl. Opt. 2006, 45, 6071. [Google Scholar] [CrossRef]

	



Li, W.; Liang, T.; Jia, P.; Lei, C.; Hong, Y.; Li, Y.; Yao, Z.; Liu, W.; Xiong, J. Fiber-optic Fabry–Perot pressure sensor based on sapphire direct bonding for high-temperature applications. Appl. Opt. 2019, 58, 1662. [Google Scholar] [CrossRef] [PubMed]

	



Marques, C.A.F.; Leal-Junior, A.G.; Min, R.; Domingues, M.; Leitão, C.; Antunes, P.; Ortega, B.; André, P. Advances on Polymer Optical Fiber Gratings Using a KrF Pulsed Laser System Operating at 248 nm. Fibers 2018, 6, 13. [Google Scholar] [CrossRef]

	



Polz, L.; Dutz, F.J.; Maier, R.R.J.; Bartelt, H.; Roths, J. Regenerated Fibre Bragg Gratings: A critical assessment of more than 20 years of investigations. Opt. Laser Technol. 2021, 134, 106650. [Google Scholar] [CrossRef]

	



Dragomir, A.; Nikogosyan, D.N.; Zagorulko, K.A.; Kryukov, P.G.; Dianov, E.M. Inscription of fiber Bragg gratings by ultraviolet femtosecond radiation. Opt. Lett. 2003, 28, 2171. [Google Scholar] [CrossRef]

	



Yang, S.; Hu, D.; Wang, A. Point-by-point fabrication and characterization of sapphire fiber Bragg gratings. Opt. Lett. 2017, 42, 4219. [Google Scholar] [CrossRef]

	



Elsmann, T.; Habisreuther, T.; Graf, A.; Rothhardt, M.; Bartelt, H. Inscription of first-order sapphire Bragg gratings using 400 nm femtosecond laser radiation. Opt. Express 2013, 21, 4591. [Google Scholar] [CrossRef]

	



Leal-Junior, A.; Frizera, A.; Díaz, C.; Marques, C.; Ribeiro, M.; Pontes, M.J. Material features based compensation technique for the temperature effects in a polymer diaphragm-based FBG pressure sensor. Opt. Express 2018, 26, 16. [Google Scholar] [CrossRef]

	



Poeggel, S.; Tosi, D.; Fusco, F.; Ippolito, J.; Lupoli, L.; Mirone, V.; Sannino, S.; Leen, G.; Lewis, E. Fiber-optic EFPI pressure sensors for In Vivo urodynamic analysis. IEEE Sens. J. 2014, 14, 2335–2340. [Google Scholar] [CrossRef]

	



Leal-Junior, A.G.; Díaz, C.R.; Marques, C.; Pontes, M.J.; Frizera, A. 3D-printed POF insole: Development and applications of a low-cost, highly customizable device for plantar pressure and ground reaction forces monitoring. Opt. Laser Technol. 2019, 116, 256–264. [Google Scholar] [CrossRef]

	



Phillips, P.; Diston, D. A knowledge driven approach to aerospace condition monitoring. Knowl.-Based Syst. 2011, 24, 915–927. [Google Scholar] [CrossRef]

	



Świech, L. Calibration of a load measurement system for an unmanned aircraft composite wing based on fibre bragg gratings and electrical strain gauges. Aerospace 2020, 7, 27. [Google Scholar] [CrossRef]

	



Javed, Y.; Mansoor, M.; Shah, I.A. A review of principles of MEMS pressure sensing with its aerospace applications. Sens. Rev. 2019, 39, 652–664. [Google Scholar] [CrossRef]

	



Hassoon, O.; Tarfoui, M.; el Malk, A. Numerical Simulation of Fiber Bragg Grating Spectrum for Mode-I Delamination Detection. Int. J. Mech. Aerosp. Ind. Mechatron. Eng. 2015, 9, 144–149. [Google Scholar]

	



Diaz, C.A.R.; Leal-Junior, A.G.; Andre, P.S.B.; Antunes, P.F.; Pontes, M.J.; Frizera-Neto, A.; Ribeiro, M.R.N. Liquid Level Measurement Based on FBG-Embedded Diaphragms with Temperature Compensation. IEEE Sens. J. 2018, 18, 193–200. [Google Scholar] [CrossRef]

	



Xiong, L.; Jiang, G.; Guo, Y.; Liu, H. A Three-Dimensional Fiber Bragg Grating Force Sensor for Robot. IEEE Sens. J. 2018, 18, 3632–3639. [Google Scholar] [CrossRef]

	



Wang, J.; Ai, F.; Sun, Q.; Liu, T.; Li, H.; Yan, Z.; Liu, D. Diaphragm-based optical fiber sensor array for multipoint acoustic detection. Opt. Express 2018, 26, 25293–25304. [Google Scholar] [CrossRef]

	



Liu, S.; Wang, Y.; Liao, C.; Wang, Y.; He, J.; Fu, C.; Yang, K.; Bai, Z.; Zhang, F. Nano silica diaphragm in-fiber cavity for gas pressure measurement. Sci. Rep. 2017, 7, 787. [Google Scholar] [CrossRef] [PubMed]

	



Marques, C.A.F.; Peng, G.-D.; Webb, D.J. Highly sensitive liquid level monitoring system utilizing polymer fiber Bragg gratings. Opt. Express 2015, 23, 6058–6072. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.; Wu, N.; Tian, Y.; Niezrecki, C.; Wang, X. Miniature all-silica optical fiber pressure sensor with an ultrathin uniform diaphragm. Opt. Express 2010, 18, 9006. [Google Scholar] [CrossRef]

	



Libo, Y.; Anping, Q. Fiber-optic diaphragm pressure sensor with automatic intensity compensation. Sens. Actuators A. Phys. 1991, 28, 29–33. [Google Scholar] [CrossRef]

	



Antunes, P.; Domingues, F.; Granada, M.; André, P. Mechanical Properties of Optical Fibers; Intech Open Access Publisher: London, UK, 2012; pp. 1–15. [Google Scholar]

	



Leal-Junior, A.; Campos, V.; Frizera, A.; Marques, C. Low-cost and high-resolution pressure sensors using highly stretchable polymer optical fibers. Mater. Lett. 2020, 271, 127810. [Google Scholar] [CrossRef]

	



Moradi, H.; Parvin, P.; Shahi, F.; Ojaghloo, A. Fiber optic Fabry–Pérot acoustic sensor using PVC and GO diaphragms. OSA Contin. 2020, 3, 943. [Google Scholar] [CrossRef]

	



Safarloo, S.; Núñez-Cascajero, A.; Sanchez-Gomez, R.; Vázquez, C. Polymer Optical Fiber Plantar Pressure Sensors: Design and Validation. Sensors 2022, 22, 3883. [Google Scholar] [CrossRef] [PubMed]

	



Marques, C.A.F.; Pospori, A.; Saez-Rodriguez, D.; Nielsen, K.; Bang, O.; Webb, D.J. Aviation Fuel Gauging Sensor Utilizing Multiple Diaphragm Sensors Incorporating Polymer Optical Fiber Bragg Gratings. IEEE Sens. J. 2016, 16, 6122–6129. [Google Scholar] [CrossRef]

	



Morais, E.; Pontes, M.J.; Marques, C.; Leal-Junior, A. Liquid Level Sensor with Two FBGs Embedded in a PDMS Diaphragm: Analysis of the Linearity and Sensitivity. Sensors 2022, 22, 1268. [Google Scholar] [CrossRef] [PubMed]

	



Vorathin, E.; Hafizi, Z.M.; Aizzuddin, A.M.; Lim, K.S. A natural rubber diaphragm based transducer for simultaneous pressure and temperature measurement by using a single FBG. Opt. Fiber Technol. 2018, 45, 8–13. [Google Scholar] [CrossRef]

	



Leal-Junior, A.G.; Marques, C.; Frizera, A.; Pontes, M.J. Multi-interface level in oil tanks and applications of optical fiber sensors. Opt. Fiber Technol. 2018, 40, 82–92. [Google Scholar] [CrossRef]

	



Domingues, M.F.; Tavares, C.; Leitão, C.; Frizera-Neto, A.; Alberto, N.; Marques, C.; Radwan, A.; Rodriguez, J.; Postolache, O.; Rocon, E.; et al. Insole optical fiber Bragg grating sensors network for dynamic vertical force monitoring. J. Biomed. Opt. 2017, 22, 091507. [Google Scholar] [CrossRef]

	



Ropers, S.; Kardos, M.; Osswald, T.A. A thermo-viscoelastic approach for the characterization and modeling of the bending behavior of thermoplastic composites. Compos. Part A Appl. Sci. Manuf. 2016, 90, 22–32. [Google Scholar] [CrossRef]

	



Vorathin, E.; Hafizi, Z.M.; Ismail, N.; Loman, M. Review of high sensitivity fibre-optic pressure sensors for low pressure sensing. Opt. Laser Technol. 2020, 121, 105841. [Google Scholar] [CrossRef]

	



Leal-Junior, A.G.; Díaz, C.; Marques, C.; Frizera, A.; Pontes, M.J. 3D-Printing Techniques on the Development of Multiparameter Sensors Using One FBG. Sensors 2019, 19, 3514. [Google Scholar] [CrossRef]

	



Liu, Y.; Peng, W.; Liang, Y.; Zhang, X.; Zhou, X.; Pan, L. Fiber-optic Mach-Zehnder interferometric sensor for high-sensitivity high temperature measurement. Opt. Commun. 2013, 300, 194–198. [Google Scholar] [CrossRef]

	



Leal-Junior, A.; Frizera, A.; Marques, C.; Pontes, M.J.; Pontes, M.J. Polymer-optical-fiber-based sensor system for simultaneous measurement of angle and temperature. Appl. Opt. 2018, 57, 1717. [Google Scholar] [CrossRef] [PubMed]

	



Vorathin, E.; Hafizi, Z.M.; Aizzuddin, A.M.; Lim, K.S. A highly sensitive multiplexed FBG pressure transducer based on natural rubber diaphragm and ultrathin aluminium sheet. Opt. Laser Technol. 2018, 106, 177–181. [Google Scholar] [CrossRef]

	



Huang, J.; Zhou, Z.; Wen, X.; Zhang, D. A diaphragm-type fiber Bragg grating pressure sensor with temperature compensation. Meas. J. Int. Meas. Confed. 2013, 46, 1041–1046. [Google Scholar] [CrossRef]

	



Alessandra Cutolo, M.; Breglio, G. Interferometric Fabry-Perot sensors for ultrasound detection on the tip of an optical fiber. Results Opt. 2022, 6, 100209. [Google Scholar] [CrossRef]

	



Inaudi, D.; Posenato, D.; Glisic, B.; Miller, J.; Graver, T. Combined static and dynamic monitoring of civil structures with long-gauge fiber optic sensors. In Proceedings of the IMAC XXIII Conference and Exposition on Structural Dynamics, Orlando, FL, USA, 31 January–3 February 2005; p. 3. [Google Scholar]

	



Philen, D.; White, I.; Kuhl, J.; Mettler, S. Single-mode fiber OTDR: Experiment and theory. IEEE J. Quantum Electron. 1982, 18, 1499–1508. [Google Scholar] [CrossRef]

	



Spirit, D.; Blank, L. Raman-assisted long-distance optical time domain reflectometry. Electron. Lett. 1989, 25, 1687–1689. [Google Scholar] [CrossRef]

	



Bao, X.; Webb, D.J.; Jackson, D.A. 32-km distributed temperature sensor based on Brillouin loss in an optical fiber. Opt. Lett. 1993, 18, 1561–1563. [Google Scholar] [CrossRef] [PubMed]

	



Sekine, H.; Fujimoto, S.-E.; Okabe, T.; Takeda, N.; Yokobori, T. Structural Health Monitoring of Cracked Aircraft Panels Repaired with Bonded Patches Using Fiber Bragg Grating Sensors. Appl. Compos. Mater. 2006, 13, 87–98. [Google Scholar] [CrossRef]

	



Guo, H.; Xiao, G.; Mrad, N.; Yao, J. Fiber Optic Sensors for Structural Health Monitoring of Air Platforms. Sensors 2011, 11, 3687–3705. [Google Scholar] [CrossRef]

	



Hasan, A.; Samsudin, K.; Ramli, A.R.b.; Ismaeel, S. A Review of Navigation Systems (Integration and Algorithms). Aust. J. Basic Appl. Sci. 2009, 3, 943–959. [Google Scholar]

	



Kapoor, R.; Ramasamy, S.; Gardi, A.; van Schyndel, R.; Sabatini, R. Acoustic sensors for air and surface navigation applications. Sensors 2018, 18, 499. [Google Scholar] [CrossRef]

	



Bancroft, J.B.; Lachapelle, G. Data fusion algorithms for multiple inertial measurement units. Sensors 2011, 11, 6771–6798. [Google Scholar] [CrossRef]

	



El-Diasty, M.; Pagiatakis, S. A rigorous temperature-dependent stochastic modelling and testing for MEMS-based inertial sensor errors. Sensors 2009, 9, 8473–8489. [Google Scholar] [CrossRef]

	



Diaz, C.A.R.; Leal-Junior, A.; Marques, C.; Frizera, A.; Pontes, M.J.; Antunes, P.F.C.; Andre, P.S.B.; Ribeiro, M.R.N. Optical Fiber Sensing for Sub-Millimeter Liquid-Level Monitoring: A Review. IEEE Sens. J. 2019, 19, 7179–7191. [Google Scholar] [CrossRef]

	



Wang, Z.; Wang, G.; Kumar, S.; Marques, C.; Min, R.; Li, X. Recent Advancements in Resonant Fiber Optic Gyro—A Review. IEEE Sens. J. 2022, 22, 18240–18252. [Google Scholar] [CrossRef]

	



Passaro, V.M.N.; Cuccovillo, A.; Vaiani, L.; de Carlo, M.; Campanella, C.E. Gyroscope technology and applications: A review in the industrial perspective. Sensors 2017, 17, 2284. [Google Scholar] [CrossRef] [PubMed]

	



Ostroverkhova, O. Organic Optoelectronic Materials: Mechanisms and Applications. Chem. Rev. 2016, 116, 13279–13412. [Google Scholar] [CrossRef] [PubMed]

	



Leal-Junior, A.G.; Diaz, C.A.R.; Avellar, L.M.; Pontes, M.J.; Marques, C.; Frizera, A. Polymer Optical Fiber Sensors in Healthcare Applications: A Comprehensive Review. Sensors 2019, 19, 3156. [Google Scholar] [CrossRef]

	



Jiao, H.; Feng, L.; Wang, K.; Liu, N.; Yang, Z. Analysis of polarization noise in transmissive single-beam-splitter resonator optic gyro based on hollow-core photonic-crystal fiber. Opt. Express 2017, 25, 27806. [Google Scholar] [CrossRef]

	



Titterton, D.H.; Weston, J.L. Modern inertial navigation technology and its application. Electron. Commun. Eng. J. 2000, 12, 49–64. [Google Scholar]

	



Jiao, H.; Feng, L.; Wang, J.; Wang, K.; Yang, Z. Transmissive single-beam-splitter resonator optic gyro based on a hollow-core photonic-crystal fiber. Opt. Lett. 2017, 42, 3016. [Google Scholar] [CrossRef]

	



Terrel, M.A.; Digonnet, M.J.F.; Fan, S. Resonant fiber optic gyroscope using an air-core fiber. J. Light. Technol. 2012, 30, 931–937. [Google Scholar] [CrossRef]

	



Sanders, G.A.; Strandjord, L.K.; Qiu, T. Hollow core fiber optic ring resonator for rotation sensing. Opt. InfoBase Conf. Pap. 2006, ME6, 2–5. [Google Scholar]

	



Ma, H.; Chang, X.; Mao, H.; Jin, Z. Laser frequency noise limited sensitivity in a resonator optic gyroscope. In Proceedings of the OECC 2010 Technical Digest, Sapporo, Japan, 5–9 July 2010; Volume 2, pp. 706–707. [Google Scholar]

	



Suo, X.; Yu, H.; Li, J.; Wu, X. Transmissive resonant fiber-optic gyroscope employing Kagome hollow-core photonic crystal fiber resonator. Opt. Lett. 2020, 45, 2227. [Google Scholar] [CrossRef]

	



Xiaolin, T.; Yong, W.; Qiang, Z.; Yunzhou, L.; Huanxin, L.; Jiaojiao, Q.; Dongbin, Z. A miniaturized, low-cost and portable fiber Bragg grating interrogation system for remote monitoring. Optik 2021, 248, 168054. [Google Scholar] [CrossRef]

	



Leal-Junior, A.G.; Díaz, C.R.; Leitão, C.; Pontes, M.J.; Marques, C.; Frizera, A. Polymer optical fiber-based sensor for simultaneous measurement of breath and heart rate under dynamic movements. Opt. Laser Technol. 2019, 109, 429–436. [Google Scholar] [CrossRef]

	



Lu, Q.B.; Wang, Y.N.; Wang, X.X.; Yao, Y.; Wang, X.W.; Huang, W. Review of micromachined optical accelerometers: From mg to sub-μg. Opto-Electron. Adv. 2021, 4, 200045. [Google Scholar] [CrossRef]

	



Butt, M.A.; Voronkov, G.S.; Grakhova, E.P.; Kutluyarov, R.V.; Kazanskiy, N.L.; Khonina, S.N. Environmental Monitoring: A Comprehensive Review on Optical Waveguide and Fiber-Based Sensors. Biosensors 2022, 12, 1038. [Google Scholar] [CrossRef] [PubMed]

	



Leal-Junior, A.G.; Frizera, A.; Marques, C.; Sánchez, M.R.; Botelho, T.R.; Segatto, M.V.; Pontes, M.J. Polymer optical fiber strain gauge for human-robot interaction forces assessment on an active knee orthosis. Opt. Fiber Technol. 2018, 41, 205–211. [Google Scholar] [CrossRef]

	



Antunes, P.F.C.; Varum, H.; Andre, P.S. Intensity-encoded polymer optical fiber accelerometer. IEEE Sens. J. 2013, 13, 1716–1720. [Google Scholar] [CrossRef]

	



Lu, Q.; Wang, C.; Bai, J.; Wang, K.; Lian, W.; Lou, S.; Jiao, X.; Yang, G. Subnanometer resolution displacement sensor based on a grating interferometric cavity with intensity compensation and phase modulation. Appl. Opt. 2015, 54, 4188. [Google Scholar] [CrossRef]

	



Lu, Q.; Bai, J.; Wang, K.; He, S. Design, Optimization, and Realization of a High-Performance MOEMS Accelerometer from a Double-Device-Layer SOI Wafer. J. Microelectromechanical Syst. 2017, 26, 859–869. [Google Scholar] [CrossRef]

	



Leal-Junior, A.; Avellar, L.; Biazi, V.; Soares, M.S.; Frizera, A.; Marques, C. Multifunctional flexible optical waveguide sensor: On the bioinspiration for ultrasensitive sensors development. Opto-Electronic Adv. 2022, 5, 210098. [Google Scholar] [CrossRef]

	



Qiu, L.; Liang, L.; Li, D.; Xu, G. Theoretical and experimental study on FBG accelerometer based on multi-flexible hinge mechanism. Opt. Fiber Technol. 2017, 38, 142–146. [Google Scholar] [CrossRef]

	



Kuang, K.S.C.; Maalej, M.; Quek, S.T. An Application of a Plastic Optical Fiber Sensor and Genetic Algorithm for Structural Health Monitoring. J. Intell. Mater. Syst. Struct. 2006, 17, 361–379. [Google Scholar] [CrossRef]

	



Parida, O.P.; Thomas, J.; Nayak, J.; Asokan, S. Double-L Cantilever-Based Fiber Bragg Grating Accelerometer. IEEE Sens. J. 2019, 19, 11247–11254. [Google Scholar] [CrossRef]

	



Li, T.; Tan, Y.; Han, X.; Zheng, K.; Zhou, Z. Diaphragm Based Fiber Bragg Grating Acceleration Sensor with Temperature Compensation. Sensors 2017, 17, 218. [Google Scholar] [CrossRef]

	



Zhang, F.; Jiang, S.; Wang, C.; Ni, J.; Zhao, Q. Broadband and High Sensitivity FBG Accelerometer Based on Double Diaphragms and h-Shaped Hinges. IEEE Sens. J. 2020, 21, 353–359. [Google Scholar] [CrossRef]

	



Liu, Q.; Qiao, X.; Jia, Z.; Fu, H.; Gao, H.; Yu, D. Large frequency range and high sensitivity fiber Bragg grating accelerometer based on double diaphragms. IEEE Sens. J. 2014, 14, 1499–1504. [Google Scholar] [CrossRef]

	



Wang, H.; Liang, L.; Zhou, X.; Tu, B. New fiber Bragg grating three-dimensional accelerometer based on composite flexure hinges. Sensors 2021, 21, 4715. [Google Scholar] [CrossRef] [PubMed]

	



Budinski, V.; Donlagic, D. Fiber-optic sensors for measurements of torsion, twist and rotation: A review. Sensors 2017, 17, 443. [Google Scholar] [CrossRef] [PubMed]

	



Causse, M.; Chua, Z.K.; Rémy, F. Influences of age, mental workload, and flight experience on cognitive performance and prefrontal activity in private pilots: A fNIRS study. Sci. Rep. 2019, 9, 7688. [Google Scholar] [CrossRef]

	



Huygelier, H.; Schraepen, B.; van Ee, R.; Abeele, V.V.; Gillebert, C.R. Acceptance of immersive head-mounted virtual reality in older adults. Sci. Rep. 2019, 9, 4519. [Google Scholar] [CrossRef]

	



Newman, P.; Riches, A.; Mara, J.; Spratford, W. The effect of helmet mass and aircraft acceleration on cervical spine loads during typical fast jet aircraft pilot head motions. J. Sci. Med. Sport 2022, 25, 855–860. [Google Scholar] [CrossRef]

	



van Benthem, K.; Herdman, C.M. A virtual reality cognitive health screening tool for aviation: Managing accident risk for older pilots. Int. J. Ind. Ergon. 2021, 85, 103169. [Google Scholar] [CrossRef]

	



Venus, M.; Holtforth, M.g. Australian and EASA based pilots’ duty schedules, stress, sleep difficulties, fatigue, wellbeing, symptoms of depression and anxiety. Transp. Res. Interdiscip. Perspect. 2022, 13, 100529. [Google Scholar] [CrossRef]

	



Farahani, A.A.; Shahali, H. New-Onset Transient Global Amnesia: A Clinical Challenge in an Air Medical Transportation Pilot With a History of Coronavirus Disease 2019. Air Med. J. 2022, 41, 402–405. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, J.; Go, L.K.; Ang, X.Q.T.; Teo, I.S.Z.; Soh, F.W. Republic of Singapore Air Force Helicopter Search-and-Rescue and Medical Evacuations: A 5-Year Review. Air Med. J. 2022, 41, 350–358. [Google Scholar] [CrossRef]

	



Arepalli, S.; Moloney, P. Engineered nanomaterials in aerospace. MRS Bull. 2015, 40, 804–811. [Google Scholar] [CrossRef]

	



Ji, X.; Rao, Z.; Zhang, W.; Liu, C.; Wang, Z.; Zhang, S.; Zhang, B.; Hu, M.; Servati, P.; Xiao, X. Airline Point-of-Care System on Seat Belt for Hybrid Physiological Signal Monitoring. Micromachines 2022, 13, 1880. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Singh, R.; Wang, Y.; Marques, C.; Zhang, B.; Kumar, S. Advances in Novel Nanomaterial-Based Optical Fiber Biosensors—A Review. Biosensors 2022, 12, 843. [Google Scholar] [CrossRef]

	



Caucheteur, C.; Guo, T.; Albert, J. Multiresonant Fiber Gratings. Opt. Photon. News 2022, 33, 42–49. [Google Scholar] [CrossRef]

	



Li, G.; Xu, Q.; Singh, R.; Zhang, W.; Marques, C.; Xie, Y.; Zhang, B.; Kumar, S. Graphene Oxide/Multiwalled Carbon Nanotubes Assisted Serial Quadruple Tapered Structure-Based LSPR Sensor for Glucose Detection. IEEE Sens. J. 2022, 22, 16904–16911. [Google Scholar] [CrossRef]

	



Gong, P.; Li, X.; Zhou, X.; Zhang, Y.; Chen, N.; Wang, S.; Zhang, S.; Zhao, Y. Optical fiber sensors for glucose concentration measurement: A review. Opt. Laser Technol. 2021, 139, 106981. [Google Scholar] [CrossRef]

	



Yang, Q.; Zhang, X.; Kumar, S.; Singh, R.; Zhang, B.; Bai, C.; Pu, X. Development of Glucose Sensor Using Gold Nanoparticles and Glucose-Oxidase Functionalized Tapered Fiber Structure. Plasmonics 2020, 15, 841–848. [Google Scholar] [CrossRef]

	



Wang, Y.; Singh, R.; Li, M.; Min, R.; Wu, Q.; Kaushik, B.K.; Jha, R.; Zhang, B.; Kumar, S. Cardiac Troponin I Detection using Gold/Cerium-Oxide Nanoparticles assisted Hetro-Core Fiber Structure. IEEE Trans. NanoBioscience 2022, PP, 1. [Google Scholar] [CrossRef]

	



Sharma, S.; Shrivastav, A.M.; Gupta, B.D. Lossy Mode Resonance Based Fiber Optic Creatinine Sensor Fabricated Using Molecular Imprinting Over Nanocomposite of MoS2/SnO2. IEEE Sens. J. 2020, 20, 4251–4259. [Google Scholar] [CrossRef]

	



Li, M.; Singh, R.; Soares, M.S.; Marques, C.; Zhang, B.; Kumar, S. Convex fiber-tapered seven core fiber-convex fiber (CTC) structure-based biosensor for creatinine detection in aquaculture. Opt. Express 2022, 30, 13898–13914. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Ding, L.; Zhang, Y.; Wu, T. A Cholesterol Optical Fiber Sensor Based on CQDs-COD/CA Composite. IEEE Sens. J. 2022, 22, 6247–6255. [Google Scholar] [CrossRef]

	



Agrawal, N.; Zhang, B.; Saha, C.; Kumar, C.; Pu, X.; Kumar, S. Ultra-sensitive cholesterol sensor using gold and zinc-oxide nanoparticles immobilized core mismatch MPM/SPS probe. J. Light. Technol. 2020, 38, 2523–2529. [Google Scholar] [CrossRef]

	



Wang, Z.; Singh, R.; Marques, C.; Jha, R.; Zhang, B.; Kumar, S. Taper-in-taper fiber structure-based LSPR sensor for alanine aminotransferase detection. Opt. Express 2021, 29, 43793–43810. [Google Scholar] [CrossRef]

	



Singh, L.; Zhu, G.; Singh, R.; Zhang, B.; Wang, W.; Kaushik, B.K.; Kumar, S. Gold nanoparticles and uricase functionalized tapered fiber sensor for uric acid detection. IEEE Sens. J. 2019, 20, 219–226. [Google Scholar] [CrossRef]

	



Wei, X.; Zhu, M.; Li, J.; Liu, L.; Yu, J.; Li, Z.; Ding, B. Wearable biosensor for sensitive detection of uric acid in artificial sweat enabled by a fiber structured sensing interface. Nano Energy 2021, 85, 106031. [Google Scholar] [CrossRef]

	



Singh, L.; Singh, R.; Zhang, B.; Cheng, S.; Kumar Kaushik, B.; Kumar, S. LSPR based uric acid sensor using graphene oxide and gold nanoparticles functionalized tapered fiber. Opt. Fiber Technol. 2019, 53, 102043. [Google Scholar] [CrossRef]

	



Kaur, B.; Kumar, S.; Kaushik, B.K. Novel Wearable Optical Sensors for Vital Health Monitoring Systems—A Review. Biosensors 2023, 13, 181. [Google Scholar] [CrossRef]

	



Tennyson, R. Composites in Space—Challenges and Opportunities; Woodhead Publishing Limited: Sawston, UK, 1995; pp. 35–56. [Google Scholar]

	



Binder, K.; de Gennes, P.-G.; Giannelis, E.; Grest, G.; Hervet, H.; Krishnamoorti, R.; Leger, L.; Manias, E.; Raphael, E.; Wang, S.-Q. Polymers in Confined Environments; Springer Science & Business Media: Berlin/Heidelberg, Germany, 1998. [Google Scholar]

	



Xu, Y.; Hoa, S.V. Mechanical properties of carbon fiber reinforced epoxy/clay nanocomposites. Compos. Sci. Technol. 2008, 68, 854–861. [Google Scholar] [CrossRef]

	



Mustapha, F.; Aris, K.M.; Wardi, N.; Sultan, M.T.; Shahrjerdi, A. Structural health monitoring (SHM) for composite structure undergoing tensile and thermal testing. J. Vibroengineering 2012, 14, 1342–1353. [Google Scholar]

	



Ajayan, P.M.; Schadler, L.S.; Braun, P.V. Nanocomposite Science and Technology; John Wiley & Sons: Hoboken, NJ, USA, 2006. [Google Scholar]

	



Burris, D.L.; Sawyer, W.G. Tribological sensitivity of PTFE/alumina nanocomposites to a range of traditional surface finishes. Tribol. Trans. 2005, 48, 147–153. [Google Scholar] [CrossRef]

	



Silvestre, J.; Silvestre, N.; de Brito, J. Polymer nanocomposites for structural applications: Recent trends and new perspectives. Mech. Adv. Mater. Struct. 2016, 23, 1263–1277. [Google Scholar] [CrossRef]

	



Kumar, M.; Kumar, R.; Kumar, S. Synergistic effect of carbon nanotubes and nano-hydroxyapatite on mechanical properties of polyetheretherketone based hybrid nanocomposites. Polym. Polym. Compos. 2021, 29, 1365–1376. [Google Scholar] [CrossRef]

	



Wang, Z.; Xiao, H. Nanocomposites: Recent development and potential automotive applications. SAE Int. J. Mater. Manuf. 2009, 1, 631–640. [Google Scholar] [CrossRef]

	



Sameezadeh, M.; Emamy, M.; Farhangi, H. Effects of particulate reinforcement and heat treatment on the hardness and wear properties of AA 2024-MoSi2 nanocomposites. Mater. Des. 2011, 32, 2157–2164. [Google Scholar] [CrossRef]

	



Hu, Z.; Tong, G.; Nian, Q.; Xu, R.; Saei, M.; Chen, F.; Chen, C.; Zhang, M.; Guo, H.; Xu, J. Laser sintered single layer graphene oxide reinforced titanium matrix nanocomposites. Compos. Part B Eng. 2016, 93, 352–359. [Google Scholar] [CrossRef]

	



Liang, F.; Tang, Y.; Gou, J.; Gu, H.; Song, G. Multifunctional nanocomposites with high damping performance for aerospace structures. In Proceedings of the ASME 2009 International Mechanical Engineering Congress and Exposition, Lake Buena Vista, FL, USA, 13–19 November 2009; pp. 267–273. [Google Scholar]

	



Kleiman, J.I.; Tagawa, M.; Kimoto, Y. Protection of Materials and Structures from the Space Environment; Springer: Berlin/Heidelberg, Germany, 2006. [Google Scholar]

	



Pavlenko, V.; Cherkashina, N.; Zaitsev, S. Fabrication and characterization of nanocomposite films Al, Cu/Al and Cr/Al formed on polyimide substrate. Acta Astronaut. 2019, 160, 489–498. [Google Scholar] [CrossRef]

	



Pernigoni, L.; Grande, A.M. Development of a supramolecular polymer based self-healing multilayer system for inflatable structures. Acta Astronaut. 2020, 177, 697–706. [Google Scholar] [CrossRef]

	



Zhou, B.; Ding, L.; Chen, B.; Shi, H.; Ao, Y.; Xu, R.; Li, Y. Physiological Characteristics and Operational Performance of Pilots in the High Temperature and Humidity Fighter Cockpit Environments. Sensors 2021, 21, 5798. [Google Scholar] [CrossRef] [PubMed]

	



Kissinger, T.; James, S.W.; Weber, S.; Mullaney, K.; Chehura, E.; Pekmezci, H.H.; Barrington, J.H.; Staines, S.E.; Charrett, T.O.H.; Lawson, N.J.; et al. Fibre-optic measurement of strain and shape on a helicopter rotor blade during a ground run: 2. Measurement of shape. Smart Mater. Struct. 2022, 31, 075015. [Google Scholar] [CrossRef]

	



James, S.W.; Kissinger, T.; Weber, S.; Mullaney, K.; Chehura, E.; Pekmezci, H.H.; Barrington, J.H.; Staines, S.E.; Charrett, T.O.H.; Lawson, N.J.; et al. Fibre-optic measurement of strain and shape on a helicopter rotor blade during a ground run: 1. Measurement of strain. Smart Mater. Struct. 2022, 31, 075014. [Google Scholar] [CrossRef]

	



Broer, A.A.R.; Benedictus, R.; Zarouchas, D. The Need for Multi-Sensor Data Fusion in Structural Health Monitoring of Composite Aircraft Structures. Aerospace 2022, 9, 183. [Google Scholar] [CrossRef]

	



Yet2, Seeking: Advanced Materials and Sensors for the Detection of Pilot Stress and Fatigue. Available online: https://www.yet2.com/active-projects/seeking-advanced-materials-and-sensors-for-the-detection-of-pilot-stress-and-fatigue/ (accessed on 5 November 2022).

	



Soares, M.S.; Silva, L.C.B.; Vidal, M.; Loyez, M.; Facão, M.; Caucheteur, C.; Segatto, M.E.V.; Costa, F.M.; Leitão, C.; Pereira, S.O.; et al. Label-free plasmonic immunosensor for cortisol detection in a D-shaped optical fiber. Biomed. Opt. Express 2022, 13, 3259–3274. [Google Scholar] [CrossRef]

	



Vidal, M.; Soares, M.S.; Loyez, M.; Costa, F.M.; Caucheteur, C.; Marques, C.; Pereira, S.O.; Leitão, C. Relevance of the Spectral Analysis Method of Tilted Fiber Bragg Grating-Based Biosensors: A Case-Study for Heart Failure Monitoring. Sensors 2022, 22, 2141. [Google Scholar] [CrossRef]








[image: Materials 16 01433 g001 550] 





Figure 1. Illustration about the overall content considering the problems and the advances of photonics and nanomaterials for aeronautical sector. 






Figure 1. Illustration about the overall content considering the problems and the advances of photonics and nanomaterials for aeronautical sector.



[image: Materials 16 01433 g001]







[image: Materials 16 01433 g002 550] 





Figure 2. Diagram with four SHM levels for a full damage diagnostic to obtain the prognostic. 
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Figure 3. Schematic representation of sensor elements along the optical fiber that can be useful to measure the elongation of an aircraft flap, strain distribution, and structural damage condition and all data collected by data logger. 
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Figure 4. (A) Schematic representation of sensors positions for temperature and moisture assessment. (B) Schematic representation of sensors positions. (a) Engine oil pressure, compressor pressure, (b) Fuel pump pressure for fuel regulation, (c) Hydraulics braking system, (d) Air data measurement in Pitot tubes, (e) Environmental air conditioning and pressurization. 
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Figure 5. Inertial navigation system and global positioning of an aircraft. 






Figure 5. Inertial navigation system and global positioning of an aircraft.



[image: Materials 16 01433 g005]







[image: Materials 16 01433 g006 550] 





Figure 6. Seat belt point-of-care system in an airplane, (a) illustration of our developed chest band’s layered hardware structure, and (b) the produced chest band device, (c) difference in aspiration between normal breathing and sleep apnea produced by airflow, (d) photographs of a human person wearing a chest belt, (e) a flowchart of the monitoring system’s operation, including hardware and software, (f) a neural network used as a classifier in the system. In the network, the red nodes represent the input layer, the blue nodes represent the hidden layers, and the gray nodes represent the output layer, (g) diagram of an airline point-of-care monitoring system in the user’s client, with Bluetooth data transmission to the mobile terminal for hybrid physiological signal detection (adapted from [160]). 
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Figure 7. Properties of nanomaterials for aerospace applications (adapted from [183]). 
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Figure 8. Applications of nanomaterials in the aircraft industry. 
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Table 1. Performance evaluation of selected fiber optic sensor technologies for aircraft monitoring.
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	FPI Sensors [112]
	SOFO

Interferometric Sensors [113]
	OTDR [114]
	ROTDR [115]
	BOTDR [116]
	FBG Sensors [117]





	Sensor type
	Point
	Long gauge
	Distributed
	Distributed
	Distributed
	
	-

	
Point




	-

	
Semi-distributed









	Main sensing parameters
	
	-

	
Temperature




	-

	
Strain




	-

	
Rotation




	-

	
Pressure






	
	-

	
Deformation




	-

	
Strain




	-

	
Force






	
	-

	
Fiber loss




	-

	
Break location






	
	-

	
Temperature






	
	-

	
Temperature




	-

	
Strain






	
	-

	
Temperature




	-

	
Strain




	-

	
Rotation




	-

	
Pressure









	Multiplexing
	
	-

	
Parallel




	-

	
Time-division






	
	-

	
Parallel




	-

	
Time-division






	Distributed
	Distributed
	Distributed
	
	-

	
Quasi-distributed




	-

	
Wavelength-division









	Measurement point in one line
	1
	1
	Depending on the range and resolution
	Depending on the range and resolution
	Depending on the range and resolution
	10–50



	Typical resolution strain (μStrain) temperature (°C)
	0.15

0.1
	1

N/A
	N/A

N/A
	N/A

0.1
	20

0.2
	1

0.1



	Capability for large wavelength shift detection (~10 nm)
	Yes
	No
	No
	No
	No
	Yes



	Spatial resolution
	0.1
	0.1
	1–10
	1
	1
	0.1



	Capability of fast response for acoustic signal detection (>100 kHz)
	Yes
	No
	No
	No
	No
	Yes



	Advantages
	
	-

	
High sensitivity




	-

	
Accurate






	
	-

	
Long gauge




	-

	
High spatial resolution






	Wide applications
	
	-

	
Infinite sensing points




	-

	
Fiber integrated






	
	-

	
Infinite sensing points




	-

	
Fiber integrated






	
	-

	
Linearity in response




	-

	
Accurate




	-

	
High resolution




	-

	
Inherent WDM encoding









	Disadvantages
	Single point
	Low speed

(10 s)
	Detection limitations
	
	-

	
Temperature only




	-

	
High cost






	Cross-sensitivity
	Cross-sensitivity
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