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Abstract

:

Photonic sensing devices have become increasingly important in various fields such as agriculture, medicine, biochemical sensing, and manufacturing. They are highly sensitive and can classify minor changes in the physical and chemical properties of the ambient medium with high precision. This makes them practical in applications where accurate measurements are critical, such as medical diagnostics and environmental monitoring. In this review paper, recent advances in different types of photonic sensors are discussed, which include photonic crystal-based sensors, surface plasmon resonance-based sensors, optical fiber-based sensors, optical waveguide-based sensors, and wearable sensors. These highly fascinating sensing devices play a crucial role in countless applications and have several advantages over traditional sensors. As technology continues to advance, we can expect photonic sensors to become even more precise, versatile, and reliable.






Keywords:


photonic sensors; waveguide-based sensors; surface plasmon resonance-based sensors; optical fiber-based sensors; photonic crystal-based sensors; wearables












1. Introduction


Photonic sensors are devices that utilize light to detect and measure various physical factors such as temperature, pressure, strain, and chemical composition. They can be divided into fiber-optic-based sensors and other photonic sensors, with distributed and point sensors being the main categories. Fiber-optic-based sensors are commonly used for distributed sensing applications and rely on the propagation of light through optical fibers to measure parameters along their length. However, in this article, we will not be considering distributed sensors in detail. For a comprehensive review of distributed sensing techniques, readers are encouraged to refer to previous works [1,2,3,4] that delve into the intricacies of these methodologies. These references provide in-depth insights into the advancements and methodologies employed in the field of distributed sensing. The basic principle of photonic sensors is to detect changes in the optical properties of a material or a system caused by the parameter being measured [5,6]. For example, a photonic sensor can detect variations in the refractive index (RI), absorption, or fluorescence of a substance under observation, which can be correlated with the concentration of a target molecule or the presence of a specific substance [7,8]. They have a wide assortment of applications in different fields, containing: (I) medical applications, such as monitoring blood glucose levels, measuring oxygen saturation in blood, and detecting cancer cells [9]; (II) environmental surveillance, where these sensors can be used to monitor environmental parameters such as air and water quality, temperature, and humidity; (III) aerospace and defense: such as aircraft control systems, missile guidance, and remote sensing; (IV) structural health surveillance: photonic sensors can be employed to monitor the structural health of buildings, bridges, and other infrastructure [10,11,12]; (V) industrial process control: such as monitoring the temperature and pressure in chemical reactors and detecting gas leaks; (VI) communication networks: photonic sensors are used in communication networks for monitoring the performance of optical fibers and detecting fiber breaks; (VII) energy sector: photonic sensors can be used for surveillance of the condition of wind turbine blades, detecting pipeline leaks [13], and monitoring the temperature and pressure of oil and gas wells [14,15,16].



The future of photonic sensing technology holds great promise and is expected to bring significant advancements and applications. As the Internet of Things (IoT) continues to grow, photonic sensors will play a vital role in creating smart cities and interconnected systems [17]. Photonic sensors can enable efficient monitoring of various parameters, such as air quality, traffic flow, structural health, and energy consumption, leading to improved resource management and enhanced quality of life. Photonic sensors have immense potential in the field of biomedicine. They can be used for non-invasive and real-time monitoring of vital signs such as heart rate, blood pressure, and oxygen levels. Additionally, advancements in photonic sensing may lead to breakthroughs in imaging techniques, enabling more precise diagnostics and treatment monitoring [18,19]. With growing concerns about climate change and environmental pollution, photonic sensors can significantly contribute to monitoring and mitigating these issues. They can be employed for monitoring air and water quality, greenhouse gas emissions, and the detection of hazardous substances. They can help in the early detection and prevention of environmental hazards, leading to more effective environmental management.



Presently, traditional personal healthcare practices mostly rely on obsolete approaches, such as heavy equipment and convoluted procedures, which in certain cases can be difficult and time-consuming. Additionally, such antiquated techniques require the utilization of bulky apparatus, blood samples, and conventional bench-top testing techniques. Patients may feel uncomfortable and distressed because of intrusive methods of collecting test samples. In contrast, wearables may be fitted to a variety of body parts to record various biochemical and physiological traits as a growing analysis unit. Health is monitored using physical, chemical, and biological information that is sent via the skin under various conditions. Thanks to non-intrusive sampling and excellent precision, wearables may detect abnormalities in the physical or chemical components of the human body in real-time, exposing the bodily status over time [20,21]. The form factors of most commercially accessible wearable technology are eventually confined by the size and weight of the batteries needed for the power supply, which are mechanically hard modules attached to bands and worn on the wrist. A lot of health information is contained in basic physiological signals [22]. Evaluation of the pulsatile component of the bloodstream allows for the measurement of important physiological factors, for instance, pulse imperfection or fluctuation using photoplethysmography (PPG) and oxygen saturation in arterial blood employing pulse oximetry [23,24]. A new kind of technology called wearable devices with “skin-like” properties is only now beginning to leave research laboratories and enter pre-commercial versions. Due to their durability, lightness, mobility, and elasticity, flexible skin-like systems have accomplished several capabilities that were formerly unattainable for conventional sensing devices [25,26,27]. Shape sensing is an innovative technology that uses sensors and algorithms to accurately measure the shape, position, and movement of objects or structures. It has applications in robotics, medicine, structural monitoring, and virtual reality, providing enhanced control and efficiency [28,29].



Photonic sensors offer numerous benefits over customary sensors, such as high sensitivity, quick response times, and low power consumption [7]. These sensing devices have a faster response time than electronic sensing devices, which means they can identify variations in light more quickly. This makes them useful in applications where speed is vital, such as industrial process control or high-speed imaging [30,31]. Additionally, these sensing devices are immune to electromagnetic interference (EMI), which means they can operate in environments with high EMI, such as near power lines or industrial sites. They also have the potential for multiplexed detection of multiple parameters, which can be useful in complex sensing applications. In this chapter, six types of photonic sensing devices are briefly discussed. In Section 2, the market outlook for photonic sensors is briefly explained. In Section 3, Section 4, Section 5, Section 6 and Section 7, the recent advancements in photonic crystal, surface plasmon resonance, optical fiber, optical waveguide, and wearable sensing devices are discussed, respectively. The current challenges associated with the development of photonic sensors are briefly presented in Section 8. The paper ends with concluding remarks in Section 9.




2. Photonic Sensors Market Outlook


The revenue generated by the worldwide market for photonic sensors and detectors reached USD 35.5 billion in 2021 and reached a value of USD 38 billion in 2022. Furthermore, it is anticipated that the overall demand for photonic sensors and detectors will rise at a healthy CAGR of 8.2% between 2022 and 2032, reaching a market valuation of roughly USD 83.5 billion by that year due to growing applications in healthcare and medical, chemicals, industrial automation, and consumer electronics [32]. To improve interactions at machine/environment interfaces, photonic sensors and detectors are employed. Imaging sensor technology is being influenced by photonic sensors, which offer a low-mass and low-noise alternative to larger traditional sensors. In science, the use of sensors has become crucial for study, particularly for making invisible phenomena visible [32].



The demand for photonic sensors varies across different industry verticals such as healthcare, telecommunications, aerospace and defense, industrial automation, and environmental monitoring. The market value is driven by the adoption of photonic sensors in these sectors and their specific requirements. Advances in photonic sensor technologies, such as miniaturization, increased sensitivity, and improved performance, can drive market growth and increase the market value of these sensors. Continued research and development efforts contribute to the evolution of photonic sensors and their market value. Government initiatives and regulations that promote the adoption of photonic sensors in sectors like healthcare, energy, and environmental monitoring can positively impact their market value. Supportive policies and incentives often drive the demand for photonic sensors in these industries. The emergence of new applications, such as autonomous vehicles, the Internet of Things (IoT), and smart cities, can create new market opportunities for photonic sensors [33]. These applications require sensors with advanced capabilities, which can contribute to the market value of photonic sensors. The market value of photonic sensors can also be influenced by competition among manufacturers and suppliers. Market dynamics, including pricing strategies, product differentiation, and technological leadership, can affect the overall market value.




3. Photonic Crystals-Based Sensing Devices


A photonic crystal (PhC) surface is a type of material that consists of a periodic modulation of dielectric nanostructures. This periodic modulation causes the material to exhibit distinctive optical properties, including the competence to manipulate the propagation and interaction of light with matter [34]. PhCs are exemplified by their band structure, which is a range of energies at which light cannot propagate through the material due to the periodic modulation of the dielectric structure. This property can be utilized to create devices that manipulate light, such as filters and sensors [35,36,37]. Overall, PhCs have important applications in the fields of optics, photonics, and telecommunications [38,39]. A PhC surface can be fabricated to include photonic bandgaps that specifically prohibit light propagation at certain wavelengths [40].



Utilizing the local optical modes offered by the PhC surface, biosensing and bioimaging in life science research can be achieved through an extremely sensitive and label-free platform [41]. Label-free imaging of surface-absorbed live cells, involving observations of cell attachment, chemotaxis, and apoptosis, was conducted using the third generation of PhC-enhanced microscopy (PhCEM) [42]. PhCEM can provide detailed and dynamic information on cell-surface attachment profiles, covering biologically relevant timescales. Importantly, this technique holds the capability to observe cell behavior with adequate spatial resolution to detect attachment footprints of filopodial extensions and intracellular attachment strength gradients. Another study [43] presents a label-free biosensor imaging technique that uses a PhC surface to sense the surface connection of single dielectric and metal nanoparticles. The approach involves measuring localized shifts in the wavelength and reflection magnitude of the resonant from the PhC. The authors demonstrate that metal nanoparticles connected to the biosensor surface can be sensed by modulation of the resonant wavelength. The technique has been experimentally proven and is supported by finite difference time domain (FDTD) simulations. The imaging of individual nanoparticles could be used for single-molecule biosensing by functionalizing the particles with specific recognition molecules.



Measuring the tissues’ refractive indices is one of the fields of bio-optics’ most fascinating subjects. As a result, two new optical biosensor configurations for the detection of cancer cells have been suggested [41]. These structures are made up of two metal-insulator-metal (MIM) plasmonic waveguides (WGs) and one-dimensional PhC lattices. Additionally, in the second suggested topology, the MIM plasmonic WGs are better matched thanks to the tapering method. The PhC lattices in the middle section of the structures create photonic bandgaps with sharp edges in the transmission spectra of the biosensors. These sharp edges are good candidates for sensing applications [41].



PhCs present an exciting opportunity for developing high-performance sensing devices. PhCs offer strong optical confinement in a small area, which enables the detection of chemical analytes. Additionally, by using advanced chemical surface functionalization methods and microfluidic systems, highly efficient miniaturized sensor chips can be created. The study in [44] shows that functionalized slotted PhC cavities with integrated microfluidics, as shown in Figure 1, can detect dissolved avidin concentrations as low as 15 nM or 1 μg/mL. The cavity sensing surface area is ~2.2 μm2, and the detection of surface mass densities of order 60 pg/mm2, consistent with a bound mass of ~100 ag, is achieved. The ultra-compact size of the sensing devices makes them ideal for lab-on-a-chip utilization, where high densities of independent sensing sections are required in a small region. The high S of the sensing devices is due to the strong modal overlap with the analyte empowered by the slotted WG cavity geometry, resulting in substantial swings in the cavity peak wavelength when assessed against rival methods [44].



Various parameters, including stability, sensitivity, selectivity, and limit of detection (LoD), are evaluated to assess the functioning of optical biosensors [45]. In the case of 2D PhC, sensitivity is determined by measuring the degree of contact between light and the immediate material. This parameter is usually stated as the slightest variation in resonance wavelength (λres) divided by the difference in medium RI in nanometers per refractive index unit (nm/RIU). Sensitivity is denoted as “S” and is expressed as


  S =   ∆ λ   ∆ n    








where Δλ and Δn are the changes in λres and RI of the ambient medium, respectively. Selectivity is important for the biosensor to identify specific analytes in a sample. The stability of the biosensor is influenced by the surrounding medium, and LoD is used to compare the performance of different optical biosensors. The LoD is generally defined as the minimum possible variation in the RI essential to producing a noticeable adjustment in the output signal.



Researchers worldwide are conducting extensive investigations into RI sensing devices that are based on PhCs. This technology enables researchers to create optical WGs with low bending losses and extreme-low group velocity, which can be used to elaborate compact optical devices that modify the optical phase of signals passing through the WGs. One such device, the Mach-Zehnder interferometer (MZI), is particularly important as it can serve as a building module for further complex optical devices, for example, filters, demultiplexers, interleaves, modulators, switches, and gates [46,47]. In [48], the authors analyze the operation of an MZI that consists of two coupled-cavity WGs with unique lengths, designed in a two-dimensional PhC. The authors provide simulation results using an FDTD code that proves the theoretical analysis and addresses the key limits of the structure’s performance. These sensors have quite a few advantages, such as requiring minimal sample preparation without the need for fluorescence labeling and providing high sensitivity. The sensing mechanism detects changes in the RI of a bulk solution caused by the presence of chemical analytes. These sensors can be used to differentiate the concentrations of biochemical samples in both gaseous and aqueous environments. Furthermore, these sensing devices can measure the surface or volumetric density of molecules and proteins.



The sensitivity of resonant wavelengths of PhC membrane nanocavities to ambient RI is a key factor in (bio)chemical sensing. By understanding how the resonant wavelengths vary with changes in RI, these nanocavities can be used as extremely sensitive sensing devices for detecting and measuring the concentration of various chemicals and biomolecules. The authors in [49] investigated the potential of using PhC membrane nanocavities with integrated InAs quantum dots for (bio)chemical sensing. They used photoluminescence measurements to identify the resonances of different modes in various point-defect-type cavities. Their results showed that there are systematic trends of sensitivity variation with the degree of intersection of modes with the PhC holes, both within a cavity type and for varying cavity types. The highest sensitivity observed was around 300 nm/RIU, which occurred when the mode overlap with the holes was about 25% and the solution was completely infiltrated [49].



Gas sensing devices established on PhCs for the mid-infrared range have attracted attention due to their ability to identify trace gases and their potential for integration with other technologies. In these sensing devices, the PhC structure is designed to interact with specific gas molecules, causing a change in the resonant frequency of the PhC, which can be sensed and analyzed. The mid-infrared range is particularly useful for gas sensing because many gases have strong absorption features in this range, allowing for highly selective detection. The point-defect nanocavities established on Si planar PhC have been enhanced for sensing the RI of gases in the MIR wavelength zone [50]. By improving the radius and position of the air holes, the Q/V ratio for the point-defect PhC nanocavities can be strengthened, resulting in a high sensitivity of 270 nm/RIU and an LoD of 10−4 RIU for sensing the RI of gases.



The near-infrared spectral region is examined numerically for a heat sensor based on a dielectric PhC [51]. The schematic of the PhC-based thermal sensor is shown in Figure 2a,b. A WG layer is placed on a silicon dioxide substrate, and air holes are drilled through it for easier fabrication. A functional layer of polydimethylsiloxane biguanide polymer is placed on top to sense ambient temperature; the optical characteristics of this layer change as the temperature does. Design and numerical simulation are performed using MEEP, an open-source finite-difference time-domain program. The device delivers a sensitivity value in the range of 0.109 nm/°C and a figure of merit (FOM) of 0.045 °C for an ambient temperature range of 10 to 90 °C, for which the sensor’s performance is examined. The device can be suggested for a variety of thermal sensing applications due to its high temperature tolerance, benign chemical qualities, inexpensive material cost, and ease of integration with optical fiber [51].



The fabrication of PhC structures can be complex and expensive. It often requires specialized equipment and techniques, such as electron-beam lithography (EBL) or nanoimprint lithography (NIL), which can limit their widespread adoption. PhC sensors are typically designed to operate within a specific wavelength range [52,53]. This limited range restricts their applicability to specific sensing applications and may require different designs or structures for different sensing targets. This WG configuration can be sensitive to shifts in the surrounding environment, for example, temperature, humidity, and strain. These variations can affect the RI of the materials used in the PhC structure, leading to fluctuations in the sensor’s performance and accuracy. When used for biological sensing applications, PhC sensors may face challenges due to the interaction between the sensing surface and the biological samples. Biofouling, non-specific binding, and other surface effects can affect the sensor’s performance and accuracy. Moreover, integrating PhC sensors into existing systems or devices can be challenging due to their specialized fabrication requirements and unique optical properties. This limitation may hinder their adoption in certain applications where seamless integration is crucial. Despite these disadvantages, PhC-based sensors offer unique advantages such as high sensitivity, label-free detection, and the potential for miniaturization. Ongoing research and technological advancements aim to overcome these limitations and expand the practical use of these sensors in various fields.




4. Surface Plasmon Resonance (SPR) Based Sensing Devices


Plasmonics is the study of the behavior of plasmons, which are collective oscillations of free electrons in a metal. In particular, the interaction of light with the free electrons on the surface of a metal can result in the excitation of SPs, which are waves of electron density that propagate along the metal surface [54]. SPs are collective oscillations of free electrons that can be excited on the surface of a metal [55]. These oscillations can couple with photons, resulting in strong light-matter interactions that can be exploited for various purposes. Localized surface plasmon resonances (LSPRs) are SP types that occur in small metallic nanoparticles or structures [56]. When the frequency of incident light matches the natural frequency of the LSPR, it can excite collective oscillations of free electrons within the nanoparticle, leading to strong absorption and scattering of light. LSPRs are highly dependent on the nanoparticle’s size, shape, and material, as well as the surrounding medium, making them a valuable tool for sensing and spectroscopy applications. Propagating surface plasmon polaritons (PSPPs) are hybrid waves that arise from the coupling between the EM waves in a dielectric medium and the SPs on a metal surface [57]. When the incident light’s frequency matches the SP’s natural frequency, a surface wave is generated that propagates along the metal-dielectric interface. This wave can be restrained to a sub-wavelength scale, allowing for highly efficient light-matter interactions [58]. PSPPs are used in various applications, such as nanophotonic devices, plasmonic WGs, and surface-enhanced Raman spectroscopy (SERS) [59].



SPR is a powerful tool for studying the interaction of light with matter, particularly in the field of biosensing. When the frequency of the incident light matches the natural frequency of the SP, a resonance occurs, leading to an alteration in the RI near the metal surface. This change in RI can be spotted and quantified, allowing for the detection of biomolecules and other analytes that bind to the metal surface. Plasmonic materials exhibit strong interactions between their electrons and EM radiation in the visible to near-infrared spectral range [60]. These materials typically consist of metals such as gold, silver, or copper, which have a high electron density and can support the collective oscillation of electrons known as SPs. Plasmonic materials are of great interest in the field of nanotechnology because they allow for the manipulation and control of light on a nanoscale [61].



Plasmonic sensors have significant potential for various environmental research applications due to their unique properties and capabilities. They offer the potential for real-time and continuous monitoring of environmental parameters. Their high sensitivity, fast response time, and compatibility with miniaturization enable the deployment of portable and autonomous sensor systems. Plasmonic sensors can be integrated into networks or distributed sensor arrays to provide spatially resolved and comprehensive environmental data. Plasmonic sensors can be utilized for the detection and analysis of biological entities in environmental samples. For example, they can detect and quantify specific bacteria, viruses, or biomarkers indicative of environmental contamination or ecosystem health. Plasmonic biosensors can be combined with microfluidic systems for automated sample handling and analysis, enabling rapid and sensitive environmental bioassays [62].



Plasmonic sensors can detect and analyze a wide range of environmental contaminants, including pesticides, toxins, and chemical warfare agents. The high sensitivity and selectivity of plasmonic sensors allow for the identification and quantification of these contaminants, even at trace levels. This capability is essential for environmental risk assessment and remediation efforts. They can contribute to the monitoring and analysis of atmospheric pollutants, including volatile organic compounds (VOCs) and greenhouse gases [63]. The ability of plasmonic sensors to detect low concentrations of these gases can aid in air quality assessment, climate change studies, and the development of mitigation strategies.



Prism-based SPR sensing devices are the most common type of SPR sensing device. These sensors use a thin metal film, typically made of gold or silver, coated onto a glass or prism surface. The metal film is often a few nanometers thick and is employed to excite SPs when light is directed onto it. When light is directed onto the prism, it is reflected off the metal film and interacts with the electron density at the metal surface. This interaction generates SPs, and the propagation of SPs is responsive to shifts in the RI of the medium near the metal surface. This makes SPR sensing devices useful for sensing changes in the concentration or binding of analytes near the metal surface. Prism-based SPR sensing devices are commonly used in different applications, including biomolecular interaction analysis, drug discovery, and environmental monitoring. They are extremely sensitive, label-free, and can be used to measure a broad range of analytes involving proteins, DNA, and small molecules. The detection of cancer and diabetes diseases is a crucial area of research in biosensing. To improve the accuracy of detection, researchers have introduced various methods, including the application of zinc selenide (ZnSe) semiconductor material to improve the sensitivity of a standard Ag-based SPR biosensor [64]. The suggested sensing device structure, as shown in Figure 3a is simple, economical, and simple to fabricate. In testing, the sensor detected various tumorous cells in human blood with an outstanding sensitivity of 359°/RIU and detected various glucose levels in human urine with high performance. The suggested biosensor can effectively sense distinct kinds of cancer cells and various concentrations of glucose in the urine, providing a promising avenue for disease detection. The reflection spectrum of the proposed sensor for normal MDA-MB-231 cells and cancerous cells is shown in Figure 3b. In [65], researchers proposed a sensitive prism-based SPR sensing device for sensing formalin via multilayer black phosphorous (BP). The study examines the impact of various materials on the sensor’s performance, including prism materials, metals, and 2D materials. The intended sensing device structure, consisting of BK7, silver, and nine layers of BP, achieves a sensitivity of 289.4565°/RIU and a detection accuracy (DA) of 0.3125/° for formalin detection.



Grating-coupled SPR sensors utilize a diffraction grating to couple incident light to the SP waves on a thin metal film. These sensors provide benefits over prism-based SPR sensors, including the ability to use lower-cost light sources, the ability to measure in a label-free and real-time manner, and the ability to perform multiplexed measurements. When the incident angle and wavelength match the plasmon resonance condition, a resonant coupling occurs between the incident light and the SPs, resulting in a dip in the reflected light intensity, which can be used to measure fluctuations in the RI of the metal film caused by the binding of molecules to its surface [66].



Highly efficient and compact SPR sensing devices are in high demand due to their versatility in various application scenarios when compared to traditional sensing devices. However, most compact SPR sensing devices require additional equipment like spectrometers or rotation stages to achieve high-precision spectral or angular analysis, leading to increased costs. A recent study demonstrates a low-cost and compact SPR sensor that utilizes a single grating as a coupler and a disperser [67]. The sensor utilizes a versatile digital disc-recordable disc grating to couple polychromatic light emitted from a light-emitting diode to SP modes. The same grating was used to disperse the light, which was then collected by a linear charge-coupled device. The sensor shows a high RI resolution of 5.52 × 10−5 RIU and can be employed in various fields, involving food safety, environmental examination, and medical diagnosis. A Si grating-enabled nanostructure for the sensing of RI using SPR phenomena in the NIR region is proposed [68]. The proposed structure exhibits sensitive behavior (1000 nm/RIU) for a specific range of analyte RI and accurate sensing behavior with an average quality factor value of 650 RIU−1.



Another type of SPR sensor is known as a WG-based SPR sensor, which uses a WG structure to excite SP waves on a thin metal film [69]. The sensing principle is established by the resonant coupling of the incident light with the SP waves. This dip can be used to measure the binding of molecules to the metal film surface, delivering knowledge about the concentration and affinity of the analyte molecules. WG-based SPR sensors offer several advantages, including the ability to achieve high sensitivity and selectivity, the ability to integrate with other on-chip components, and the potential for multiplexed measurements. A novel approach called a planar WG-based SPR sensing apparatus is suggested [70] using a silver-chloride material with a black phosphorus structure to sense formalin, a chemical used for food preservation that is linked to chronic cancer. The study examines the optimization of metal thickness and the chloride material’s optimal performance through transmittance power and resonance shift observations. The proposed sensing apparatus has a sensitivity of 344°/RIU, a quality factor of 166.99 RIU−1, a detection accuracy of 3.34, and a FOM of 164.74 [70]. The researchers proposed a novel WG-based SPR sensor consisting of graphene/Au/SiC layers that can work in the visible and NIR wavelength ranges [71]. The cross-sectional schematic of the sensor is explained in Figure 4. The sensitivity of the sensor was characterized, and the study showed that increasing the graphene layers improved the sensitivity. With 10 graphene layers, the sensor achieved a sensitivity of 2810 nm/RIU. The sensing apparatus has the potential for use in portable biosensors for various biological and chemical sensing applications [1].



Two-dimensional materials, such as graphene, transition metal dichalcogenides (TMDs), and black phosphorus, offer several advantages that can improve the sensitivity of sensors [72,73,74]. The ultrathin nature of 2D materials enables them to be placed near the sensing elements, resulting in improved sensitivity [75]. This proximity enhances the interaction between the analyte and the material, leading to a more sensitive detection or measurement. Two-dimensional materials possess an extremely high surface-to-volume ratio due to their atomic-thin structure. This large surface area allows for greater interaction with the surrounding environment, enhancing the chances of detecting and capturing analytes or signals [76]. Two-dimensional materials exhibit unique electrical properties that contribute to sensor sensitivity [77]. For instance, graphene is a highly conductive material, allowing for efficient charge transfer and electrical sensing. TMDs, on the other hand, possess a direct bandgap, enabling them to emit and absorb light efficiently, which is useful for optoelectronic sensing applications. Two-dimensional materials can be employed in a wide range of sensing modalities, including chemical, biological, and physical sensing. Their high sensitivity and diverse response to different stimuli make them suitable for detecting gases, biomolecules, strain, temperature, and much more [78].



Nanoparticle-enhanced SPR sensors are biosensors that incorporate nanoparticles into the SPR sensing process to improve the sensor’s sensitivity and selectivity. The nanoparticles function as signal amplifiers, providing a larger surface area for biomolecule immobilization and increasing the interface between the target analyte and the sensing surface. Different types of nanoparticles, such as gold, silver, silica, and magnetic particles, have been used in the development of nanoparticle-enhanced SPR sensors. A study was conducted to demonstrate the highly sensitive recognition of SARS-CoV-2 nucleocapsid protein (N protein) utilizing nanoparticle-enhanced SPR methods [79]. The research revealed that extremely sizeable gold nanoparticles (AuNPs) with diameters of hundreds of nm played a vital plasmonic role in extensively improving the limit of detection (LOD). The sensitivity of the SPR technique was improved by these large nanoparticles, resulting in the lowest LOD of SARS-CoV-2 N protein ever obtained, which was 85 fM [79].



Another study looked at the fundamental characteristics of the receptor-binding domain (RBD), a crucial part of the SARSCoV-2 spike protein that is essential for viral infection. Surface-enhanced Raman spectroscopy (SERS) using AuNPs was used to record the Raman modes of the SARS-CoV-2 RBD [80]. Because of the aggregation of AuNPs, the observed Raman increase is substantially wavelength-dependent. By using principal component analysis, it was possible to determine the function of secondary structures in the SERS process, which is supported by thermal stability during laser heating. The distinctive Raman spectra of RBDs from SARS-CoV-2 and MERS-CoV were examined. Using machine learning methods, the Raman spectra of two RBDs can be readily differentiated with accuracy, precision, recall, and F1 scores all over 95%. In-depth knowledge of the SARS-CoV-2 RBD is provided by this work, which also lays the path for quick analysis and differentiation of complex proteins of infectious viruses and other macromolecules [80].



Plasmonic sensors often require precise control over the size, shape, and arrangement of metallic nanostructures to achieve the desired plasmonic properties. Fabrication techniques such as EBL or FIB milling are commonly employed but can be time-consuming, expensive, and challenging to scale up for large-area sensing devices [52]. Plasmonic sensors typically rely on metallic nanoparticles or thin films, such as gold or silver, which exhibit strong plasmonic resonances in the visible or infrared range. However, these metals may not be compatible with certain environments or specific sensing applications. For example, they may corrode in harsh chemical environments or be unsuitable for biological sensing due to their cytotoxicity. Choosing the right substrate is crucial for plasmonic sensors [19]. The substrate should be optically transparent in the spectral range of interest to enable efficient coupling of light with the plasmonic structures [81]. Additionally, the substrate should have low autofluorescence and minimal interaction with the analyte being sensed. Identifying suitable substrates that meet these criteria can be challenging. Plasmonic sensors are often exposed to various environmental factors, such as temperature variations, humidity, and chemical interactions. These factors can degrade the performance and stability of the plasmonic structures over time. Ensuring the long-term stability and reliability of plasmonic sensors remains a significant challenge. Achieving high fabrication yield and reproducibility is crucial for commercializing plasmonic sensors. The nanoscale nature of these devices makes them sensitive to fabrication variations, leading to inconsistent performance across different devices. Developing reliable fabrication processes and quality control measures is essential to addressing this challenge. Plasmonic sensors often need to be integrated with other components, such as light sources, detectors, and microfluidic systems, to form complete sensing platforms [82,83]. Ensuring seamless integration while maintaining the sensor’s performance and scalability can be complex and require interdisciplinary expertise. Addressing these fabrication challenges is essential to harnessing the full potential of plasmonic sensors and enabling their widespread adoption in various fields, including biomedical diagnostics, environmental monitoring, and industrial applications [84]. Ongoing research efforts aim to develop innovative fabrication techniques, explore new materials, and enhance the stability and reliability of plasmonic sensors to overcome these challenges [85].




5. Optical Fiber-Based Sensing Devices


Optical fibers are thin, flexible, and transparent materials made of glass or plastic that can transmit light over long distances without significant loss of energy. The basic principle behind optical fibers is total internal reflection (TIR), which occurs when light travels through a medium with a higher RI than the surrounding medium [86]. The core of a fiber is a thin, cylindrical strand of glass or plastic, typically less than 10 microns in diameter. The core is surrounded by a layer of cladding, which has a lower RI than the core. This difference in RI ensures that when light enters the core, it is reflected back and forth within the core rather than escaping through the cladding. Optical fibers are widely used in telecommunications, where they are utilized for transmitting digital information over long distances at high speeds. They are also used in medical equipment, sensors, and scientific instrumentation, where their small size and high sensitivity make them ideal for measuring and detecting changes in temperature, pressure, and other environmental factors [87].



In a fiber-based sensor, the fiber is used to detect changes in the surrounding environment, such as temperature, pressure, or chemical composition. The basic principle behind these sensors is that the light passing through the fiber is affected by changes in the environment, and this change is detected by measuring the properties of the light that emerges from the other end of the fiber. Optical fiber-based sensors have many advantages over traditional sensors, including their high sensitivity, fast response time, and immunity to EM interference. They are used in a wide range of applications, including structural monitoring, biomedical sensing, and environmental monitoring [88].



PhC and surface plasmon resonance (SPR) are two popular sensing technologies used in biochemical sensing. PhC structures utilize periodic nano-scale patterns to control the flow of light and create resonant modes that can be exploited to detect changes in the RI of the surrounding medium. SPR, conversely, uses the excitation of SPs on a thin metal film to measure changes in the RI near the surface of the film. Both PhC and SPR have benefits and limitations, and the selection of technology depends on the definite application needs. A unique PhC optical fiber biosensor utilizing the SPR principle is introduced, which provides a sensitivity level of 1000 nm/RIU [89]. PhC fiber (PhCF) is widely utilized for sensor design due to its unique structural features and properties. The structural parameters of PhCF can undoubtedly be modified as per the specific requirements of the sensor, which was previously difficult to achieve. Additionally, PhCF has a prominent level of birefringence, which enables it to distinguish between different polarizations of light. This makes it useful for sensors that detect changes in the polarization state of light. PhCF also has a high power fraction, which allows it to efficiently capture light and transmit it to the sensor. Furthermore, PhCF exhibits chromatic dispersion, which is useful for sensors that measure changes in the wavelength of light. Finally, PhCF has WG dispersion, which enables it to guide light along its length, making it useful for sensors that require light to be transmitted over a certain distance. These benefits make PhCF a smart option for sensor design. Researchers in [90] present an investigation into the computational analysis of a birefringent PhCF biosensor developed using the SPR model. Circular air holes, as shown in Figure 5, are used in a birefringent PhCF biosensor to allow multiple detections using     H E   11   x     and     H E   11   y     modes. A numerical analysis of the biosensor is conducted in amplitude and wavelength interrogation modes, resulting in sensing device resolution values of 5 × 10−5 RIU and 6 × 10−5 RIU for     H E   11   x     and     H E   11   y     modes, respectively, for spectral interrogation. For amplitude interrogation, the values are 3 × 10−5 RIU for     H E   11   x     modes and 4 × 10−5 RIU for     H E   11   y     modes. The PhCF biosensor exhibits the potential for multiple analyte detection with high sensitivity [90].



Fibre Bragg Gratings (FBGs) are optical devices that consist of a periodic variation in the RI of a fiber. This periodic variation acts as a wavelength-selective mirror, reflecting a specific wavelength of light while transmitting others. The spacing and depth of the periodic variation determine the wavelength of light that is reflected, making FBGs useful for filtering and sensing applications. FBGs are important optical devices due to their ability to measure physical parameters accurately and reliably, their ability to multiplex in a single fiber optic, their high stability in harsh environments, their small size, and their use as wavelength-selective filters in optical communication systems. Researchers developed a structural health monitoring system for aircraft wings using an optical fiber grating sensing network and a three-dimensional position correction algorithm established on FBG array test data [91]. The study proposed two fitting algorithms (bitone and spline with linear interpolations) to improve the accuracy of deformation parameter measurement. The experimental results showed that the bitone and spline interpolation methods improved the measurement accuracy of the system, with a relative error lower than 4.96% and an absolute error within 0.014 mm [92]. The study concluded that the FBG array measurements using these methods improve the fitting reconstruction effect for the wing structure and stabilize the compensation effect. A recent study has described a hot-wire anemometer established on a cladding-etched FBG coated with a layer of silver film and heated by a 1480 nm laser diode, as shown in Figure 6, to measure airflow velocity [93]. The study found that the heating efficiency of the FBG hot wire was improved by 3.8 times in magnitude by etching the fiber cladding from 125 μm down to 73.4 μm [93]. The achieved sensitivities at different airflow velocities were significantly higher than those of the reference anemometer without cladding etching. The results show that using cladding-etched FBG can improve the sensitivity of FBG-based hot-wire anemometers significantly.



Interferometric optical fiber devices are important because they exploit the wave nature of light and its interference phenomena to measure physical quantities such as strain, temperature, and pressure. These devices split a single beam of light into two, recombine them, and analyze the resulting interference pattern to determine the physical quantity being measured. They are established on fibers, which are thin and flexible strands of glass or plastic that can transmit light over long distances without significant loss of signal. Applications of interferometric optical fiber devices are found in aerospace, civil engineering, and biomedical engineering. Examples include interferometric sensors, gyros, and Fabry-Perot interferometers. A high-resolution optical fiber temperature sensor system utilizing an air-filled Fabry–Pérot (FP) cavity is described [38]. A fused-silica tube, a single-mode fiber, and a side-hole fiber are used to create the FP cavity, and the pressure is regulated by passing air through the side-hole fiber. The sensor demonstrates high-resolution temperature measurement and good stability in thermal cycle testing, with a maximum testing temperature of 800 °C [91]. Researchers have proposed an optical fiber temperature and strain sensor using dual MZIs that were assembled by fusion splicing of two different fibers [94]. The two MZIs have different responses to temperature and strain, and simultaneous measurement of both was experimentally justified using resonant dips in the transmission spectrum. The proposed sensors had maximum temperature and strain sensitivities of 66.67 pm/°C and −2.0 pm/µε, respectively, and could discriminate temperatures and strains as low as 0.20 °C and 0.71 µε, and 0.33 °C and 0.69 µε, respectively [94]. The sensor has potential applications due to its ease of fabrication, low costs, and good resolution.



Surface Plasmon Resonance (SPR)-based fiber sensors can detect changes in the RI of a surrounding medium through the excitation of surface plasmon waves. They typically consist of a thin metal film deposited onto a fiber, and the sensitivity of the sensor is established by the distance between the metal film and the surrounding medium. When the RI of the surrounding medium changes, the metal film absorbs different wavelengths of light, resulting in a shift in the resonance angle that can be detected by a photodetector. These sensors are highly sensitive and have been used for a variety of applications, including biosensing, environmental monitoring, and chemical sensing. A team of researchers has demonstrated a new design of a graphene-antimonide-coated uniform-waist tapered fiber SPR biosensor, as shown in Figure 7, for early-stage cancer detection [95]. The biosensor has shown superior performance for early-stage cancer detection and can detect cancerous cells in the human body with refractive indices in the range of 1.36–1.4. The sensor’s design and analysis were conducted using a transfer matrix method-based simulation platform, and its performance was evaluated using various parameters. The numerical results showed that the SPR sensor has prospective applications in medical sciences for early-stage cancer diagnosis, with a maximum FOM of 131.1525 RIU−1, detection accuracy (DA) of 14.2126 μm−1, and LOD of 7.2 × 10−5 RIU [95].



Fluorescence-Based Fiber-Optic Probes (FF) are a type of sensor that detects changes in fluorescence signals through the excitation of fluorophores. They typically consist of an optical fiber and a fluorescent molecule attached to a sensing element. When excited by light, the fluorescent molecule emits light at a different wavelength, and the intensity of the emitted light is proportional to the concentration of the analyte being measured. FF probes are highly sensitive and have been used for a variety of applications, including environmental surveillance, medical diagnostics, and chemical sensing. Researchers developed a fluorescence-based fiber-optic temperature sensor by solidifying fluorescein and two of its derivatives, allyl fluorescein and diallyl fluorescein, in a GMA polymer matrix [96]. The sensitivity of the fluorescein dye to temperature changes was studied by investigating the two fluorescein derivatives separately, and their sensitivities were determined in different temperature ranges. The results showed that under room temperature, fluorescein dye in GMA polymer showed ineffective sensitivity to temperature changes. The fluorescence intensity peaks of allyl fluorescein dye in GMA polymer decreased slightly while warming up, while the fluorescence intensity peaks of diallyl fluorescein dye in GMA polymer showed a gradual decrease with sudden changes at specific temperatures. Above room temperature, the fluorescence intensity peaks decreased with rising temperature [96].



Light diffuser integrated optical fiber (LDOF) sensors are devices that use fibers with integrated light diffusers to measure physical constraints, for instance, temperature, pressure, and strain. These sensors can be used for several purposes, including structural health surveillance, biomedical sensing, and environmental surveillance. The light diffuser integrated into the fiber helps to distribute light uniformly over a sensing region, which improves the sensor’s sensitivity and accuracy. The sensors are also compact and can be easily integrated into existing systems, making them suitable for use in harsh environments or hard-to-reach places. Biocompatible materials were used to develop a photonic sensing platform to decrease the immune response in vivo in medical diagnostics. Real-time fiber sensors were created to measure stimuli-responsive polymers’ volumetric modulation using asymmetric microlens structures on stimuli-sensitive hydrogels [97]. These sensors were chemically attached to silica and biocompatible fibers, and a smartphone was used for quantitative measurements. To showcase the real-time sensing capabilities of the fiber probe, the researchers conducted experiments with different concentrations of ethanol, propanol, and dimethyl sulfoxide. They also observed that the fiber probe exhibited a quick response to changes in pH levels in the acidic region, with a sensitivity of 40 nW/pH. A microlens array-imprinted polymer was attached to a hydrogel fiber to develop biocompatible probes for physiological applications. In the reflection configuration, the fiber probe showed a sensitivity of 7 nW/pH [97]. These hydrogel fiber probes have potential applications in point-of-care diagnostics, continuous biomarker surveillance, and critical care sensing devices.



While fiber sensors offer numerous advantages, they also have some limitations and disadvantages. Optical fiber sensors can be more expensive compared to traditional sensors. The cost is primarily associated with the specialized fibers, connectors, and signal processing equipment required for their implementation. However, as technology continues to advance and become more widespread, the cost is gradually decreasing. Fibers are delicate and can be easily damaged. They are susceptible to bending, twisting, and mechanical stresses, which can lead to signal loss or complete failure. Care must be taken during installation and handling to ensure the integrity of the fibers. Installing fiber sensors can be more complex compared to traditional sensors. Proper alignment and connection of the fiber end, as well as ensuring the correct positioning and orientation of the sensing element, require skilled technicians and specialized equipment. Optical fibers have limitations on the maximum distance over which they can transmit light without significant signal loss. Attenuation, dispersion, and other factors can affect the signal quality and limit the range of the sensor. This can be addressed by using repeaters or signal amplifiers, but it adds complexity and cost to the system. Moreover, certain environmental conditions can impact the performance of optical fiber sensors. For example, high temperatures, extreme humidity, or exposure to certain chemicals may degrade the fiber or affect the accuracy of the measurements. Specialized fiber coatings or protective housing may be required in harsh environments. Optical fiber sensors can be influenced by external factors such as temperature fluctuations, vibrations, or EMI. These factors can introduce noise or affect the accuracy of the measurements. Appropriate calibration and compensation techniques may be necessary to mitigate these effects.




6. Optical WG-Based Sensing Devices


An optical WG is a physical structure that guides and confines EM waves, typically light, within a specific path or channel. These WGs are employed in a variety of applications, including telecommunications, medical equipment, and optical sensors [98]. Optical WGs can be made of various materials, such as glass, polymers, or semiconductor materials. The most common type of optical WG is a fiber cable, which uses a core made of glass or plastic to confine the light surrounded by a cladding layer that reflects the light into the core [99]. Other types of optical WGs include planar WGs, which are used in integrated optics, and PhC WGs, which use a periodic structure to confine the light [100].



Optical WG-based sensors are also extensively used in chemical and biological sensing applications [101,102,103], where they can detect changes in the surrounding environment with high sensitivity and specificity. These sensors, whether they are chemical, gas, or biosensors, all rely on the same basic principle. They use optical WGs to detect changes in the RI of the sample caused by the presence of the target molecule or gas. The specific type of optical WG-based sensor used depends on the type of molecule or gas being sensed. Regardless of the specific type of sensor used, optical WG-based sensors offer several advantages over other sensing technologies. They are sensitive, selective, and can detect extremely low concentrations of target molecules or gases. Optical WG-based sensors have several purposes in various fields, including environmental surveillance, biomedical research, clinical diagnostics, industrial process control, and safety and security [104]. They can be used to detect pollutants in water, gases in the atmosphere, biomolecules in biological samples, and toxic gases in industrial settings.



The analysis of breathing gases is a practical approach for the diagnosis of diseases or monitoring metabolic conditions. This diagnostic method offers the benefit of being non-invasive and extremely safe, mainly when compared to other diagnostic techniques. It can also easily obtain samples from individuals with serious illnesses, including elderly people or newborns. Furthermore, it provides doctors and patients with real-time results, which is particularly valuable for the early detection of diseases. The authors of the study [105], developed a mid-infrared gas sensor established on a hollow waveguide (HWG) and distributed feedback lasers as shown in Figure 8, which were able to instantaneously measure concentration changes of various isotopologues in exhaled breath and determine isotope ratios. The sensing system had a swift response time of 3 s and was found to be precise and accurate in measuring isotopic ratios. The use of Kalman filtering improved precision and accuracy even further. The sensor has the potential for respiratory surveillance and disease diagnosis.



Effective surveillance of air quality is essential due to the significant impact of air pollution on public health and the environment. The current traditional air quality surveillance methods are limited and expensive, making them less effective in providing comprehensive information. Hence, the development of smaller and more cost-effective devices can authorize widespread surveillance of air quality, letting policymakers and individuals make informed decisions to improve air quality. The advancement of a passively demodulated interferometer established on 3 × 3 WG couplers for measuring light absorption of trace gases and aerosol particles through the photothermal effect is presented [106]. This system does not require active quadrature control and uses an algorithm for evaluating the photothermal interferometry signal. NO2 calibration experiments are conducted using different couplers, and the results of a laboratory measurement campaign using aerosolized nigrosin are conferred. The article highlights interferometer phase noise as the primary noise component and recommends improving the setup to improve the current instrumental detection limit, which is currently at a value of 100 Mm−1 (1σ, 60 s), corresponding to mass concentrations of about 10 µg/m3 for submicrometer-size black carbon particles.



PCB-integrated optical WG sensors are a type of sensing technology that combines printed circuit board (PCB) technology with optical WGs to create high-performance, low-cost sensing devices. The integration of PCB technology and optical WGs allows for the shrinking of the sensing device and enables the creation of large-scale sensor arrays, making it possible to monitor multiple parameters simultaneously. This technology has numerous applications, including environmental surveillance, medical diagnostics, and industrial process control. Recently, a study [107] presented a new platform for cost-effective PCB-integrated optical WG sensors that use polymer WGs and commercial chemical dyes. The study demonstrates the fabrication and assembly of a PCB-integrated ammonia gas sensor, achieving a sensitivity of approximately 30 ppm and a linear response of up to 600 ppm at room temperature. The capability of detecting multiple analytes from a single device via principal-component analysis is also demonstrated.



Researchers have investigated optical fiber- or WG-based pH sensors over the past two decades to improve their sensitivity and miniaturization. A recent study [108] proposes a new and economical pH sensor based on polymer WG Bragg grating, as shown in Figure 9, that addresses crucial aspects such as sensitivity enhancement, miniaturization, narrow band response, and stable performance. The proposed sensor realized a sensitivity of 10.4 nm/pH for a pH range of 4 to 7, which is two orders higher than all other Bragg grating pH sensors. It also has a narrow band response and excellent fabrication tolerances, making it suitable for the perishable food industry.



Currently, there is a high demand for biosensor technologies that can rapidly and inexpensively detect a variety of contaminants in water. WG-based evanescent wave fluorescent biosensors have gained significant attention due to their high sensitivity, selectivity, and potential for easy miniaturization. A fluorescent immunosensor capable of detecting up to 32 contaminants rapidly and simultaneously has been developed using an integrated channel WG [109]. WG tapers enhance the efficiency of excitation and collection of fluorescent signals in the presence of fluorophore photobleaching in a solid-surface bioassay. The immunosensor is the first of its kind for detecting microcystin-LR (MC-LR) in lake water using an adjusted WG geometry. All real lake samples, including those containing MC-LR in the sub-microgram per liter range, could be verified with recovery rates between 84% and 108%, indicating its capability to measure MC-LR in water samples [109].



Optical WG sensors typically have a limited range of operation. The sensing range is determined by the length of the WG, and it may not be suitable for applications that require long-distance measurements. WG sensors often require specific types of WGs that are designed for a particular wavelength or range of wavelengths. This can limit their compatibility with different sensing applications, especially if the desired wavelength is outside the range supported by the structure.



The fabrication and installation of optical WG sensors can be complex and require specialized equipment and expertise. This can increase the cost and complexity of implementing these sensors, especially for large-scale applications. Furthermore, optical WG sensors are typically made of delicate materials, such as glass, polymers, or semiconductors, which can be susceptible to physical damage [14]. Any damage to the WG can affect the sensor’s performance and require costly repairs or replacements. Optical WG sensors can be more expensive compared to other sensing technologies, especially for customized or specialized applications [110]. The cost of the WG materials, fabrication processes, and supporting equipment can contribute to the overall expense. However, it is important to note that the specific disadvantages of optical WG sensors can vary depending on the design, implementation, and intended application. Some of these limitations can be addressed through ongoing research and development efforts in the field.




7. Optical Wearable Sensors


In a short period of time, wearable sensing technology has transformed from a science fiction idea to a wide variety of practical consumer and medical gadgets [111]. Wearable sensors consist of a sensing element that interacts with the physical quantity being measured. The sensing element can be based on various principles, such as piezoelectric, capacitive, resistive, optical, or magnetic. The specific design of the sensing element depends on the type of sensor and the target application. It is important to note that the sensitivity of wearable sensors can vary depending on factors such as the sensor design, manufacturing quality, environmental conditions, and specific application requirements. Different sensors may have different sensitivity levels, and choosing the appropriate sensor for a particular application involves considering factors like the desired measurement range, resolution, and nature of the physical quantity being measured. Wearables are growing because of factors including the accessibility and user-friendliness of miniaturized electronics, the emergence of smartphones and other connected devices, the growing consumer demand for health awareness, and the unfulfilled need for doctors to continuously collect high-quality medical data from their patients [112]. Amid growing achievements, there is always a desire for additional information from the body. Due to the non-specific nature of most sensing modalities used in contemporary wearables (pulse, galvanic skin reaction, etc.), this demand is still unfulfilled (e.g., how many factors can increase your pulse or trigger you to sweat). Furthermore, most wearable sensing devices employ methods that have been in use for many years. Even the most complicated wearables, such as continuous transdermal glucose monitors, profit from nearly 30 years of improvements in enzyme electrodes found in basic and incredibly affordable finger-prick glucose test strips. In addition, transdermal glucose measurement may be the only commonly used wearable that continually tracks the progress of a severe ailment [113,114].



The global wearable sensing market is anticipated to be worth $5.5 billion by 2025, with presently under-development technologies making up approximately a third of that sum [115]. A wearable sensing device, such as a customized fitness surveillance device, is currently owned by over 1/10 of Americans, a threefold increase from 2012 [116]. By collecting data on the pulse, blood oxygen level, motion, movement, step count, and even eating and sleeping behaviors via mobile phones and cloud connections, fitness trackers and smartwatches may develop tailored health profiles [117]. Non-intrusive biomedical measurements are frequently carried out optically, with the area of the skin that must be evaluated exposed to a light source of a certain wavelength [118]. The sensing device collects light that is refracted, reflected, and absorbed. It then describes and quantifies the biological data (the identical sensations as employed by the spectrophotometer). The most crucial element for sending an optical signal via the skin is that it determines how far the light may go. These light beams can vary from UV to deep IR, according to the necessary penetration depth and significant absorption peak for the appropriate sensing application. Figure 10 shows the upsurge of wearable sensing devices and the future of wearable technology [119].



Wearable optical heart rate monitors (HRMs) established on PPG have become incredibly popular, with a plethora of tech companies creating and promoting them [120,121]. Many companies, including Sony, Microsoft, Apple, Motorola, FitBit, MioGlobal, and Masimo, have created optical PPG sensing devices that may be placed on the wrist, around the chest, or even in the ears, utilizing optical sensing devices focusing on headphones that work in the reflection mode. Due to their compact size and ability to create stronger signals via transmission-based readings because of their placement on the finger, ring PPG devices are also of concern. Nowadays, a variety of optical and electrical activities may be completed by currently on-the-market sensing devices, such as monitoring blood oxygen levels and PPGs for pulse tracking, counting steps, breathing rates, body temperatures, and even determining sleep quality [122]. Sportspeople are always searching for new treatments and technology to enhance their abilities and stay healthy [123]. More and more athletes are using wearables to monitor their training and recovery. The inside and outside workloads of athletes are currently tracked by sports teams using wearable technology. The next technological gap for sports medicine practitioners to tailor hydration and recovery plans to each athlete is the ability to continuously monitor indicators from saliva or sweat unobtrusively [124]. Over the past two decades, wearable sensing devices have changed from being seen from a device viewpoint to a strategic perspective, with the system merging the device with data. There remains a medical need to assess, establish, and confirm this automation, especially for sports medicine. An earlier study has focused on specific technical domains of the wearables field, such as smart sensors [125,126], materials [127,128], and soft interfaces [129], or on the manufacturing and use of such gadgets to concentrate on health conditions such as atrial fibrillation [130], cystic fibrosis [131], or diabetes [132,133]. There is still an unfulfilled need to evaluate, establish, and assure this technology, particularly for sports medicine [134].



For enhanced multiparameter sensing in digital health monitoring systems, wearable sensors are the most advantageous. The first demonstration of a completely integrated optical interrogator is made [135]. For the continuous, dynamic, and long-term capture of human physiological data, an optical interrogator that is robust, compact, and inexpensive is produced by consolidating all the optical components on a silicon photonic chip. The interrogator was built inside a bracelet, making it possible to monitor heartbeats and measure body temperature. Figure 11a shows how the wearable flexible integrated optical integrator (WFIOI) is primarily made up of three FBGs placed on skin-tight garments and a flexible electro-optical circuit board with a wristband construction. A schematic of the fully flexible electro-optical circuit and the manufactured circuit board is shown in Figure 11b,c, respectively. Figure 11d shows the PIC’s conceptual architecture. A 4 × 1 long-wavelength VCSEL array, a 1 × 8 AWG edge coupler, a 2 × 2 MMI coupler, a 2 × 1 combiner, a 4 × 1 fiber grating coupler array, an integrated 8-channel Ge-on-Si WG PD array, straight WGs, and bend WGs were all included in the PIC, which had a size of roughly 2.5 mm 1.35 mm. The light source array is made up of four VCSELs with center wavelengths of 1545.34, 1548.53, 1551.33, and 1552.15 nm [135]. The findings of this work may be immediately used in the specialized design of ultra-downsized optical interrogator systems and open the way for the creation of integrated wearable optical interrogators the size of watches that may find use in health monitoring.




8. Current Challenges Associated with the Development of Photonic Sensors


There are particular difficulties in the development of photonic sensors. Realizing high sensitivity in photonic sensors is one of the main difficulties. The degree of a sensor’s sensitivity affects its capacity to identify minute variations in the quantity being measured. It takes careful consideration and optimization to create sensors that can pick up on really low light levels or minute changes in other optical characteristics [5].



Thermal noise, shot noise, and electronic noise are only a few of the several types of noise that photonic sensors are particularly vulnerable to [136]. These noise sources have the potential to reduce the sensor’s overall performance and lower the signal-to-noise ratio. Continuous difficulties in the development of photonic sensors include lowering noise levels and enhancing signal processing methods. Additionally, there are many environmental conditions that might affect the performance of photonic sensors. For instance, changes in temperature, humidity, vibrations, electromagnetic interference, and ambient light can have an impact on how accurately and consistently the sensor measures various conditions. It is essential to create plans to reduce or make up for these environmental consequences.



Fabricating and integrating photonic sensors with other components or systems can be complex. Photonic sensors often require precise fabrication processes, including lithography, etching, and deposition techniques [137]. Integration with other components, such as light sources, detectors, and electronics, poses additional challenges to ensure compatibility and optimal performance. In many applications, there is a need for miniaturized photonic sensors that can be integrated into compact devices or deployed in challenging environments. Miniaturization brings challenges in terms of maintaining or improving sensor performance while reducing size and power consumption.



Cost is a significant consideration in the development and deployment of photonic sensors. Certain fabrication techniques and materials used in photonic sensor technologies can be expensive, limiting their widespread adoption. Finding cost-effective manufacturing processes and scalable production methods is an ongoing challenge [138].



Photonic sensors often require calibration to maintain accurate and reliable measurements. Factors such as aging effects, drift, and variations in environmental conditions can impact the sensor’s calibration and long-term stability. Developing robust calibration methods and ensuring sensor stability over extended periods are essential challenges [139].



Interdisciplinary initiatives integrating materials science, optics, electronics, signal processing, and system integration are necessary to meet these problems. To conquer these obstacles and realize the full potential of photonic sensors in a variety of applications, including biological sensing, environmental monitoring, telecommunications, and industrial ones, more research and technological improvements are required.




9. Concluding Remarks


Photonic sensors have seen substantial advances in recent years, driven by the increasing demand for high-precision and high-sensing technologies in a wide range of applications, including environmental surveillance, medical diagnostics, and industrial automation [42]. The integration of photonic sensors with microelectronics has led to the advancement of compact and low-priced sensors that can be easily integrated with other electronic systems. This has opened new applications in areas such as healthcare, where integrated sensing devices can be utilized for real-time monitoring of vital signs. Optical fiber-based sensors use optical fibers to detect changes in temperature, pressure, or strain. These sensors offer several benefits over traditional electronic sensors, including higher sensitivity, resistance to electromagnetic obstruction, and the ability to function in harsh environments. Recently, SPR-based sensors emerged as a promising platform for sensing applications that use the interaction between light and metallic nanostructures to perceive shifts in the RI of the ambient medium. These sensors offer high sensitivity and can be engaged for label-free recognition of biomolecules and other analytes [45]. Moreover, photonic crystal-based sensors use variations in the properties of the photonic crystal to detect changes in the surrounding environment. These sensors offer high sensitivity and can be exploited for applications such as chemical sensing and biosensing. Plasmonic sensors can also be utilized to detect and monitor various types of pollutants in the environment, including heavy metals, organic compounds, and gases. The high sensitivity and label-free detection capabilities of plasmonic sensors make them well-suited for real-time monitoring of pollutant concentrations in air, water, and soil [140]. They can be employed for the assessment of water quality parameters such as pH, salinity, dissolved oxygen, and turbidity. By functionalizing the plasmonic structures with specific receptors or indicators, changes in these parameters can be detected and quantified. Plasmonic sensors can enable rapid and portable water quality analysis, which is crucial for environmental conservation and human health.



Medical optical sensors may perform a wide range of tasks [25]. They may be employed to enhance the intelligence of medical devices and implants, as well as to continuously monitor human physiology even when the patient is not present. Monitoring bodily functions makes it simpler to identify vital signals like heart rate, respiration rate, blood pressure, etc., enabling early, speedy diagnosis and prevention [26,114]. It also helps patients keep track of their physiological parameters and notify their doctor if something changes. The form factors of most of the commercially accessible wearable technology are ultimately confined by the size and weight of the batteries needed for the power supply, which are mechanically hard components linked to bands and worn on the wrist. Many pieces of health information are contained in basic physiological signals. By analyzing the pulsatile constituent of the bloodstream, it is feasible to estimate important physiological parameters such as pulse inconstancy or variability employing photoplethysmography (PPG) and oxygen saturation in arterial blood using pulse oximetry [120,121]. A new kind of automation called wearable devices with “skin-like” properties is only now beginning to leave R&D laboratories and enter pre-commercial models. Due to their deformability, lightness, mobility, and flexibility, flexible skin-like sensors have reached various capabilities that were previously unattainable for conventional sensing devices [112].
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Figure 1. SEM pictures of SOI fabricated slotted PhC cavities [44]. 
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Figure 2. (a) PhC sensor for thermal sensing application [51]; (b) unit cell model with PDMS layer deposited on top [51]. 
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Figure 3. (a) Schematic representation of the proposed sensing device [64], (b) Reflection spectrum in the presence of normal and cancerous cells [64]. 






Figure 3. (a) Schematic representation of the proposed sensing device [64], (b) Reflection spectrum in the presence of normal and cancerous cells [64].



[image: Photonics 10 00698 g003]







[image: Photonics 10 00698 g004 550] 





Figure 4. Cross-sectional schematic of the proposed graphene/Au/SiC WG SPR sensor structure. Inspired by [71]. 
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Figure 5. Schematic representation of all sections of the PhCF biosensor [90]. 
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Figure 6. Schematic representation of the proposed fiber anemometer, showing the micrograph of the waist-enlarged fiber bi-taper (Inset 1) and the micrograph of the etched FBG (Inset 2) [93]. 
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Figure 7. Schematic representation of the proposed tapered fiber SPR biosensor [95]. 
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Figure 8. Graphical illustration of the detection system for breathing gas established on a hollow waveguide (HWG) [105]. 
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Figure 9. (a) A schematic diagram in 3D and (b) a cross-sectional view of the sensor configuration [108]. 
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Figure 10. Wearables can be worn almost anywhere on the body for daily activities, including health monitoring. Inspired by [119]. 
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Figure 11. (a) Photographs and graphical representations of the WFIOI used to monitor the heart sound and body temperature in humans [135], (b) WFIOI’s schematic diagram [135], (c) The WFIOI’s electro-optical circuit board is shown schematically [135], and (d) PIC for an AWG-based FBG interrogation microphotograph [135]. 
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