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ABSTRACT: Optical fiber sensing technology offers high sensitivity, electromagnetic immunity, and 
distributed sensing capabilities, with broad applications in environmental, biomedical, and industrial 
monitoring. However, its reliance on heavy-metal-doped glasses, rare-earth elements, and non-biodegradable 
polymers imposes significant environmental burdens across their lifecycle. This review establishes a 
systematic framework based on the Twelve Principles of Green Chemistry to assess and redesign optical fiber 
sensing materials, including silica, soft glass, and polymer matrices, as well as functional coatings, fluorescent 
probes, and plasmonic nanostructures. It highlights green alternatives such as sol-gel synthesis, bio-based 
polymers, carbon quantum dots, and biosynthesized nanoparticles. A multi-dimensional sustainability 
assessment, covering performance, environmental impact, economics, and social factors, identifies key 
challenges such as performance-environment trade-offs and scaling-up costs. Future pathways integrating AI-
assisted design, additive manufacturing, modular systems, and policy support are proposed. The study argues 
that green attributes and high performance are synergistic, positioning green optical fiber sensing as essential 
for achieving circular economy goals and UN Sustainable Development Goals. 

Keywords: Green chemistry; Optical fiber sensing; Sustainable materials; Life cycle assessment; 
Environmental monitoring 
 

1. Introduction 

Optical fiber sensing technology is an interdisciplinary field integrating optics, materials science, 
electronics, and information processing. Its fundamental principle involves modulating a light wave’s 
physical parameters, such as intensity, phase, wavelength, polarization state, or transmission modes, as it 
propagates through an optical fiber waveguide. This modulation is induced by external measurands, which 
can be physical quantities (e.g., temperature, pressure, strain, vibration) or chemical quantities (e.g., gas 
concentration, specific biomolecules, pH levels) [1]. Employing high-precision optical detection and 
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advanced signal processing techniques to demodulate these modulated optical signals enables high-
resolution, high-accuracy measurements of diverse environmental parameters [2]. 

Optical fiber sensing technologies are primarily categorized into four types based on the sensing 
principle, specifically, how external measurands modulate the light wave’s characteristic parameters: 
intensity modulation, wavelength modulation, phase modulation, and polarization modulation [3]. 
Intensity-Modulated Sensing represents the most fundamental approach. This method operates by altering 
the transmitted optical power within the fiber through mechanisms such as microbending, absorption, or 
reflectance, induced by changes in a physical measurand such as displacement or pressure. While offering 
advantages of simple structure and low cost, its measurement accuracy and stability are often limited by 
susceptibility to source fluctuations and connector losses. Consequently, it is predominantly employed in 
less demanding applications where high precision is non-critical, such as simple switching or displacement 
detection [4]. Wavelength-Modulated and Phase-Modulated technologies were developed to achieve 
superior accuracy and stability. A canonical example of wavelength modulation is the Fiber Bragg Grating 
(FBG). This technology exhibits strong interference resistance and supports the serial connection of 
multiple gratings at different wavelengths along a single fiber, facilitating quasi-distributed sensing 
networks widely deployed for structural health monitoring of large-scale infrastructures [5]. Phase-
Modulated Sensing offers exceptionally high sensitivity, typically utilizing interferometer configurations 
such as Michelson or Mach-Zehnder, where a physical measurand, like an acoustic wave or vibration, is 
converted into a change in interferometric light intensity [6]. Although these systems are complex and 
present significant signal demodulation challenges, their remarkable sensitivity makes them indispensable 
for high-performance applications, including hydrophones and fiber-optic gyroscopes. Polarization-
Modulated Sensing is primarily utilized for measuring electromagnetic parameters. It exploits effects such 
as the Faraday or Kerr effect, in which an external magnetic or electric field alters the polarization state of 
a propagating light wave [7]. By detecting the rotation angle of the polarization plane or the change in 
polarization state, this technique enables precise measurement of electrical current or voltage. It possesses 
excellent immunity to electromagnetic interference, making it particularly suitable for harsh 
electromagnetic environments, such as high-voltage current monitoring in smart grids, where it serves as a 
critical link bridging optical sensing with power systems [8]. 

Based on spatial sensing capability, optical fiber sensors are categorized into three primary types: point, 
quasi-distributed, and distributed sensors. Point sensors, exemplified by a single FBG or a Fabry-Perot 
interferometer, function as discrete sensing units capable of delivering highly accurate local measurements 
[9]. However, monitoring large areas requires deploying many of these sensors, leading to high system 
costs and complex cabling. Quasi-distributed sensors represent a significant evolution, involving serially 
connecting multiple point sensors (e.g., an FBG array with distinct characteristic wavelengths) along a 
single optical fiber, enabling simultaneous measurement at multiple discrete points [10]. 

Distributed sensors utilize the entire optical fiber as a continuous sensing medium, which is operated 
by analyzing backscattered light generated by a laser pulse within the fiber. Different scattering 
mechanisms are exploited for different measurands: Raman scattering primarily for temperature 
measurement, Brillouin scattering for simultaneous temperature and strain measurement, and Rayleigh 
scattering for vibration monitoring [11]. Analyzing this backscattered light enables the continuous retrieval 
of physical parameter information along the entire fiber length, effectively creating a “single-line, multi-
purpose” sensing system. This technology provides continuous, long-range monitoring capabilities over 
distances up to hundreds of kilometers with high spatial resolution. Often hailed as an ideal “nervous 
sensory system”, it finds widespread application in monitoring oil and gas pipelines, temperature 
monitoring of power cables, perimeter security, structural health monitoring, and early warning systems for 
geological hazards [12]. 
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The development of optical fiber sensing technology is a process of continuous evolution of the optical 
fiber from a generic transmission medium into a specialized sensing element. Early research primarily 
utilized standard telecommunication fibers as both the light transmission path and the basic sensing unit, 
leading to the development of intensity-modulated and interferometric sensors, which validated the 
technical feasibility [13]. However, the sensing performance of telecommunication fibers is inherently 
limited, making it difficult for their sensitivity and stability to meet the more demanding requirements of 
many applications [14]. This limitation propelled the technology into a phase of specialized design of 
specialty optical fibers, marking a qualitative leap forward. The FBG constructs a precise, wavelength-
encoded refractive index microstructure directly within the fiber core, elevating the optical fiber from a 
mere light-guiding medium to a precise point sensor and laying the foundation for quasi-distributed sensing 
networks [10]. Photonic Crystal Fiber (PCF) offers a greater degree of freedom in structural design. Its 
microstructured air-hole cladding enables unique waveguiding properties such as endless single-mode 
propagation, high nonlinearity, and controllable dispersion, and has opened new pathways for highly 
sensitive microfluidic sensing by allowing analytes such as gases or liquids to be introduced directly into 
the light-guiding region [15]. Polymer Optical Fiber (POF) has established its niche based on advantages 
including large core diameter, high flexibility, and low cost, making it particularly suitable for short-range, 
high-intensity sensing applications in industrial and consumer electronics [16]. 

Optical fiber sensing technology offers significant advantages in modern measurement science. Firstly, 
regarding performance, it combines high sensitivity with high precision. Interferometric sensors can detect 
nanoscale displacements or temperature variations on the order of millikelvins, while wavelength-encoded 
techniques, such as FBGs, support absolute measurement, effectively suppressing signal drift [17]. 
Secondly, the fundamental composition of optical fibers made from dielectric materials, such as silica glass, 
confers inherent immunity to electromagnetic interference. This property makes the technology 
exceptionally suitable for complex electromagnetic environments, including high-voltage substations and 
areas with strong radiation. Furthermore, the sensing probe itself requires no electrical power at the remote 
location, ensuring intrinsic safety, critical for applications in flammable and explosive atmospheres found 
in the petroleum, chemical, and mining industries. Additionally, the high corrosion resistance and chemical 
stability of silica ensure long-term reliability even in harsh operating conditions [18]. Thirdly, optical fibers 
are characterized by their miniaturized form factor, lightweight nature, and high flexibility. With a typical 
diameter of merely 125 μm, they can be embedded within composite materials or woven into smart textiles, 
enabling seamless integration for in-situ and long-term structural health monitoring. Finally, at the system 
level, optical fiber sensing is inherently compatible with established optical fiber communication 
technologies, facilitating large-scale network deployment and remote monitoring [19]. Its distributed 
sensing capability is particularly powerful. By analyzing backscattered light (Rayleigh, Brillouin, or Raman 
scattering), these systems enable continuous profiling of parameters such as temperature, strain, and 
vibration over the entire fiber length, with spatial resolution ranging from meters to millimeters, providing 
an unprecedented technological solution for comprehensive integrity monitoring of extremely large-scale 
infrastructure [20]. 

Current frontier research focuses on the deep integration of functionalized sensing materials, aiming to 
push sensing boundaries beyond the inherent limits of pure silica. Coating the fiber surface with 
piezoelectric polymers, water-sensitive layers, fluorescent substances, or integrating two-dimensional 
materials as graphene constructs, “intelligent” sensing interfaces characterized by high selectivity and 
superior sensitivity. This strategic direction is propelling the evolution of optical fiber sensing from single-
parameter physical monitoring towards versatile and intelligent perceptual systems [21]. Despite significant 
advancements, a thorough examination of optical fiber sensing technology from a full lifecycle perspective 
reveals considerable environmental sustainability challenges. Consequently, promoting “green” optical 
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fiber sensing has become essential for the field to address global environmental pressures and advance 
towards a sustainable future. 

Conventional optical fiber materials carry non-negligible environmental costs throughout their 
lifecycle. Widely used optical fibers and functional materials impose a persistent burden on the ecosystem. 
These impacts span upstream raw material extraction, midstream high-energy-consumption manufacturing, 
and downstream end-of-life disposal [22–24]. Meanwhile, increasingly stringent international 
environmental regulations and heightened public sustainability awareness have jointly emerged as powerful 
external drivers. In this context, systematically integrating green chemistry principles into the optical fiber 
sensing technology framework constitutes not merely a necessary measure to address regulatory and market 
pressures but a significant opportunity to lead the next generation of technological innovation [25]. Through 
such a green transformation, optical fiber sensing technology can maintain its performance advantages 
while enhancing its environmental compatibility, positioning it for a central role within the future green 
economy and harmonizing economic and environmental benefits [26]. This represents a strategic 
imperative for ensuring long-term sustainable development, catalyzing disruptive innovation, unlocking 
new application domains, and ultimately achieving symbiotic coexistence between technological progress 
and the natural environment [27]. 

This review aims to address a critical gap in current optical fiber sensing research, while existing 
literature predominantly focuses on performance optimization, a systematic assessment of its 
environmental sustainability from a full life-cycle perspective is notably lacking [28]. This article 
establishes a systematic assessment framework grounded in the Twelve Principles of Green Chemistry, 
serving as both its theoretical foundation and design guide [29]. The objective is not only to critically 
identify the environmental impacts of existing optical fiber sensing materials during resource extraction, 
manufacturing, and end-of-life disposal but also to guide future innovation of environmentally friendly 
materials, steering the field towards a strategic transition to sustainable development [30]. While several 
excellent reviews have surveyed the landscape of optical fiber sensors or catalogued specific 
environmentally benign materials, a critical gap persists: the absence of a systematic, principle-driven 
framework that holistically evaluates and guides the sustainable design of all constituent materials across 
the entire sensor lifecycle. These principles are systematically mapped onto the distinct lifecycle stages—
from raw material extraction and synthesis to application and end-of-life—of core sensing components, 
including fiber matrices (silica, soft glass, polymer), functional coatings, and nanomaterials. This work 
moves beyond a simple cataloging of “green” alternatives. Instead, it provides a structured methodology 
for identifying environmental hotspots, navigating performance–sustainability trade-offs, and charting a 
strategic roadmap for the field’s transition toward a genuinely circular and sustainable future. 

This article systematically maps the Twelve Principles of Green Chemistry onto the lifecycle of optical 
fiber sensing materials to establish a greening framework. It then analyzes sustainable pathways for both matrix 
and functional materials, supported by practical case studies. A comprehensive sustainability assessment 
framework is further constructed, addressing performance, environmental, economic, and social dimensions, 
leading to proposed future development strategies. This review is intended as a comprehensive reference for 
academic researchers, industrial R&D professionals, and relevant policy makers, fostering collaborative efforts 
to advance optical fiber sensing technology toward more intelligent, efficient, and environmentally benign 
development, thereby harmonizing technological advancement with ecological responsibility. 

2. Green Chemistry Principles: A Framework for Assessing Optical Fiber Sensing Materials 

2.1. A Brief Overview of the Twelve Principles of Green Chemistry 

Green Chemistry, formally introduced by Paul Anastas and John Warner in 1998, provides a 
fundamental theoretical foundation for sustainable chemistry. Its primary objective is not end-of-pipe 
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pollution remediation but the systematic prevention of pollution at the design stage of chemical products 
and processes [31]. This philosophy is operationalized through twelve interconnected principles 
establishing a comprehensive design paradigm [32–35]. 

At the foundational conceptual level, Green Chemistry emphasizes controlling environmental impacts 
at their source, specifically: (1) the Prevention principle, (2) the Atom Economy principle, (3) the Less 
Hazardous Chemical Syntheses principle, (4) the Designing Safer Chemicals principle, (5) the Safer 
Solvents and Auxiliaries principle. At the process optimization level, related principles strive to enhance 
synthesis and manufacturing sustainability: (6) the Design for Energy Efficiency principle, (7) the Use of 
Renewable Feedstocks principle, (8) the Reduce Derivatives principle, (9) the Catalysis principle, (10) the 
Real-time Analysis for Pollution Prevention principle. At the lifecycle management level, (11) the Design 
for Degradation principle, (12) the Inherently Safer Chemistry for Accident Prevention principle. 
Collectively, these twelve principles constitute a systematic guiding framework that provides the theoretical 
foundation for developing environmentally benign chemical products and processes, thereby steering the 
evolution of various material systems, including optical fiber sensing materials, toward sustainable 
development [36]. 

2.2. Mapping the Principles to the Lifecycle of Optical Fiber Sensing Materials 

To translate Green Chemistry philosophy into an actionable pathway, its twelve principles must be 
systematically mapped onto the entire life cycle of optical fiber sensing materials. This process establishes 
a comprehensive assessment framework spanning from initial design to final disposal, providing clear 
environmental performance criteria and sustainable design guidelines for material R&D [37]. However, it 
is important to recognize that the application of these twelve principles is not uniform; rather, their 
relevance and priority shift across the lifecycle of an optical fiber sensor. At the foundational design stage, 
principles focused on source reduction and inherent hazard elimination—specifically, Prevention (Principle 
1), Designing Safer Chemicals (Principle 4), and the Use of Renewable Feedstocks (Principle 7)—carry 
the greatest significance. A design that fundamentally avoids toxic elements or relies on sustainable 
resources can preemptively address environmental issues that downstream, end-of-pipe treatments cannot 
resolve. During the manufacturing phase, principles governing process optimization—such as Atom 
Economy (Principle 2), Safer Solvents (Principle 5), and Energy Efficiency (Principle 6)—take precedence 
in minimizing the operational footprint. Finally, at the end-of-life stage, Design for Degradation (Principle 
11) becomes critical for single-use, bio-integrated sensors, whereas for durable goods, the Prevention 
principle (Principle 1) re-emerges, necessitating designs that facilitate material recovery and recycling. This 
life-cycle-dependent framework thus provides a more nuanced and actionable guide for researchers and 
engineers aiming to develop sustainable sensing technologies. 

2.2.1. Raw Material Acquisition and Selection Stage 

At the life cycle’s starting point, the principles of Designing Safer Chemicals and Use of Renewable 
Feedstocks provide core guidance. The selection of fiber matrix or functional materials must undergo 
source-level screening and assessment [38]. For instance, the resource scarcity of rare-earth elements (e.g., 
erbium, ytterbium) is used as dopants in silica fibers, and the potential toxicity of components such as 
tellurium and arsenic in mid-infrared chalcogenide fibers should be critically analyzed. The greening 
strategy involves substituting these with more abundant and less toxic elements, such as exploring bismuth-
doped fibers as alternatives to rare-earth doped ones [39]. 

In polymer optical fiber systems, the Use of Renewable Feedstocks principle encourages the adoption 
of bio-based polymers, such as Poly D,L-Lactic Acid (PDLLA), to replace traditional petroleum-based 
polymethyl methacrylate (PMMA) [40]. Similarly, when developing functional coatings such as Metal-
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Organic Frameworks (MOFs) or Covalent Organic Frameworks (COFs), building blocks derived from 
sustainable resources should be prioritized [41,42]. 

2.2.2. Synthesis and Manufacturing Stage 

This stage represents a critical phase for resource consumption and pollutant generation, during which 
multiple Green Chemistry principles are applied. Prevention serves as the fundamental objective, requiring 
integrated strategies [43]. Atom Economy requires the evaluation of synthesis pathway atomic utilization 
efficiency. For instance, when employing the sol-gel method to prepare nano-sensitive materials, reaction 
routes that generate harmless by-products, such as alcohols or water, should be prioritized [44]. The Safer 
Solvents and Auxiliaries principal advocates replacing traditional volatile organic solvents (e.g., DMF, 
toluene) with alternatives such as water, supercritical CO2, or low-toxicity ionic liquids. Design for Energy 
Efficiency directly addresses the high energy consumption inherent in fiber drawing, promoting novel 
processes such as energy-efficient furnaces or laser sintering [45]. 

Concurrently, the Reduce Derivatives principle necessitates simplifying material functionalization 
steps, e.g., developing one-step in-situ fabrication techniques for fiber gratings to avoid complex coating 
and stripping processes of photosensitive layers [46]. The Catalysis principle encourages using highly 
efficient and selective methods, such as enzymatic or photocatalytic synthesis, for producing functional 
nanomaterials [47]. Finally, Real-time Analysis for Pollution Prevention can be implemented by integrating 
online spectroscopic monitoring during preform deposition, enabling real-time optimization of process 
parameters to minimize defective product generation and resource waste at the source [48]. 

2.2.3. Application and Operation Stage 

During the material utilization phase, safety becomes the primary consideration. The principles of Less 
Hazardous Chemical Syntheses and Designing Safer Chemicals collectively ensure sensors exhibit 
excellent biocompatibility and environmental safety during operation. Coating materials for optical fiber 
biosensors intended for in-vivo implantation must be guaranteed not to leach toxic ions or molecules [49]. 
Furthermore, the Inherently Safer Chemistry for Accident Prevention principle demands that sensors be 
designed with intrinsic safety characteristics. Sensors deployed in flammable and explosive environments 
(e.g., oil and gas storage tanks) should be constructed from non-flammable, non-sparking materials [50]. 
Similarly, sensors for chemical process monitoring must feature corrosion-resistant, leak-proof 
encapsulation structures for stable operation under extreme conditions, preventing secondary accidents 
caused by device failure [51]. 

2.2.4. End-of-Life Disposal Stage 

At the life cycle’s endpoint, materials are directed towards returning to the environment or entering 
recycling loops, where the Design for Degradation and Use of Renewable Feedstocks principles converge 
[52]. For single-use sensors, such as those employed in medical diagnostics or environmental monitoring, 
Design for Degradation offers an ideal strategy. For example, the development of biodegradable polymer 
optical fibers from materials such as polylactic acid (PLA) or modified chitosan, which are engineered to 
undergo harmless decomposition in the natural environment following their useful life [53]. 

For sensors containing valuable yet non-degradable components (e.g., precious metal nanoparticles, 
rare-earth elements), the Prevention principle must be extended to the disposal phase by designing modular, 
easily disassembled structures coupled with developing economically viable recycling processes (e.g., acid 
leaching, solvent extraction for recovering rare-earth elements from fibers) [54]. This approach not only 
advances the practical application of renewable feedstock but also represents a pivotal step in transitioning 
the entire technological system toward a circular economy [55]. 
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3. Advanced Optical Fiber Sensing Material Systems: Principles and Greening Analysis 

3.1. The Green Evolution of Optical Fiber Materials 

3.1.1. Silica Glass Optical Fibers: Balancing Performance and Energy Consumption 

Optical fiber materials serve as the medium for optical signal transmission, and their physicochemical 
properties, along with manufacturing processes, directly determine the sensor’s fundamental sustainability 
[56]. Silica glass optical fibers remain dominant in sensing applications due to their comprehensive 
performance advantages, including a broad transmission window (losses < 0.2 dB/km), high mechanical 
strength (>5 GPa), excellent thermal stability (softening point > 1600 °C), and good chemical inertness, 
making them ideal for long-distance, high-precision distributed sensing [57]. However, their conventional 
manufacturing process carries significant environmental burdens. Figure 1 compares three representative 
fabrication techniques for silica optical fiber preforms, illustrating the evolution from conventional energy-
intensive processes toward greener alternatives. From a green chemistry and life cycle perspective, these 
techniques exhibit distinct profiles across the raw material acquisition (Stage 1) and 
synthesis/manufacturing (Stage 2) phases of the assessment framework. 

The Modified Chemical Vapor Deposition (MCVD) method (Figure 1a) relies on volatile precursors 
such as SiCl4 and GeCl4, which hydrolyze to form corrosive HCl and involve toxic, expensive dopants. The 
process is highly energy-intensive, with deposition and vitrification at 1400–1600 °C and fiber drawing 
exceeding 2000 °C [58,59]. From a green chemistry perspective, this contravenes Principles 5 (hazardous 
precursors), 6 (energy efficiency), and 1 (waste prevention). Promising green alternatives have emerged. 
The sol–gel method (Figure 1b) employs metal alkoxides (e.g., TEOS) as precursors, enabling hydrolysis 
and condensation to form a gel that is sintered into glass at significantly reduced temperatures (<1000 °C). 
This approach offers higher atom economy, avoids halide precursors and chlorine emissions, and enables 
flexible doping for specialty fibers, aligning with Principles 6 and 1, although achieving ultra-low optical 
losses remains challenging [60,61]. Direct nanoparticle deposition (DND) technology (Figure 1c) 
represents another advancement. Through flame hydrolysis of SiCl4, silica nanoparticles are deposited at 
rates approximately an order of magnitude higher than those of MCVD, substantially improving production 
efficiency and reducing energy consumption per fiber length. Modern closed-loop recycling systems further 
enable efficient HCl recovery, mitigating environmental impact and enhancing economic viability [62–64]. 

Within the current industrial framework, the most pragmatic pathway toward green manufacturing lies 
in continuous process optimization and systemic efficiency improvements. Specific measures include AI-
assisted parameter optimization to reduce precursor waste, energy-efficient furnace designs (e.g., zirconia 
induction heating, reducing consumption by >15%), and plant-level waste heat recovery systems [65,66]. 
Additionally, research into alternative dopants such as aluminum and phosphorus offers source-level 
greening by reducing reliance on GeCl4. Aluminum co-doping with AlCl3 in erbium-doped fiber amplifiers 
not only increases refractive index but also enhances Er3+ solubility, exemplifying a dual-benefit strategy 
that reduces germanium dependence while optimizing performance [67,68]. 

The greening of silica optical fibers involves a fundamental tension between maintaining the ultra-low 
loss and high mechanical performance essential for distributed sensing and reducing the environmental 
footprint of their manufacture. The evolution from conventional MCVD toward sol–gel and DND methods 
illustrates a shift from end-of-pipe emission control to source-level prevention. Sol–gel offers the most 
radical departure by eliminating chloride precursors and lowering thermal budgets, yet its inability to match 
MCVD’s loss performance restricts its use to specialty fiber applications where flexibility and doping 
homogeneity outweigh attenuation concerns. DND, by contrast, retains chloride chemistry but achieves 
significant efficiency gains through higher deposition rates and integrated byproduct recycling, representing 
an incremental yet impactful optimization pathway compatible with existing industrial infrastructure. The 
core challenge remains the performance–environment trade-off: no single technology simultaneously 
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achieves ultra-low loss, high throughput, and zero hazardous inputs. Future development will likely follow 
a bifurcated trajectory. 

 

Figure 1. (a) Schematic diagram of an MCVD system [57]. 2020, IEEE Photonics Journa. (b) Basic principle of the sol-gel 
process [60]. 2017, Fibers. (c) Schematic of the direct nanoparticles deposition (DND) process [65]. 2017, Fibers. 

3.1.2. Soft Glass Fibers: Performance Extension and Toxicity Control 

Soft glass fibers serve as important alternatives when sensing applications require an operational 
window beyond silica’s transmission limits or demand enhanced nonlinear performance. As summarized 
in Table 1, soft glasses primarily include non-oxide compositions (e.g., fluoride, chalcogenide) and oxide 
glasses with low phonon energy (e.g., germanate, tellurite). Fluoride glasses such as ZBLAN exhibit 
excellent transmittance in the 2–4 μm mid-infrared region, making them ideal for infrared spectroscopic 
sensing [69,70]. Chalcogenide glasses (e.g., Ge–As–Se, Ge–Sb–S) extend transmission to the far-infrared 
(>20 μm) and possess high nonlinear coefficients, offering unique advantages in trace gas detection and 
nonlinear optics. However, conventional chalcogenide glasses rely on toxic elements such as arsenic and 
selenium, which pose significant environmental and health risks throughout their lifecycle, conflicting with 
Green Chemistry Principles 3 (less hazardous synthesis) and 4 (safer chemical design) [71]. 

Arsenic-free composition design represents the core direction for greening chalcogenide glasses. 
Optimizing Ge–Sb–Se and Ge–Sb–S systems, along with introducing modifying elements such as gallium, 
iodine, or bromine, has yielded high-performance arsenic-free glasses. These materials maintain excellent mid-
infrared transmittance while exhibiting nonlinear coefficients hundreds of times greater than silica, enabling 
applications such as mid-infrared supercontinuum generation for multi-component gas detection [72]. Arsenic-
free Ge–Sb–S fibers have also shown promise in biosensing, including the detection of gaseous biomarkers 
from cancer cell metabolism, successfully balancing performance with environmental compatibility [73]. 
Exploring heavy-metal-free glass systems represents a more transformative objective. Tellurite glasses (TeO2-
based) offer good transmittance from 0.4–5 μm and notable nonlinearity for mid-infrared amplifiers and Raman 
lasers, although far-infrared transmission remains limited [74]. Heavy metal fluoride glasses (e.g., bismuth- or 
germanium-based) demonstrate outstanding near-infrared performance, with potential to extend into the mid-
infrared through nano-crystallization or photonic bandgap engineering [75]. 
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For applications where arsenic-containing chalcogenide glasses remain irreplaceable—such as far-
infrared imaging and military technologies—fully enclosed, automated manufacturing systems are 
imperative. These systems complete all steps from raw material weighing to fiber drawing under vacuum 
or an inert atmosphere, achieving complete operator-material isolation [76]. All arsenic-bearing waste is 
collected, solidified, and safely sequestered or recycled, ensuring zero emission of toxic substances and 
exemplifying Principle 12 (inherently safer chemistry for accident prevention). 

The greening of soft glass fibers presents a more complex challenge than that of silica, as their very 
functionality—extended infrared transmission and high nonlinearity—often derives from precisely the 
toxic or scarce elements targeted for substitution. A clear hierarchy of strategies has emerged. At the most 
fundamental level, arsenic-free composition design successfully eliminates the most acute toxicity while 
preserving key optical properties, representing an ideal application of “designing safer chemicals”. 
However, this approach is not universally applicable; tellurite and heavy metal fluoride glasses, while free 
of arsenic, still rely on elements with their own supply chain and toxicity considerations. For applications 
where no viable heavy-metal-free alternative exists, engineering controls at the manufacturing scale—fully 
enclosed, automated systems—provide a necessary second line of defense, effectively extending the 
precautionary principle from the molecular to the industrial level. 

Table 1. Comparison of basic physical properties for different glass hosts. 

Glass 
Transmission 
Range (μm) 

Infrared Region Refractive Index 
Glass Transition 

Temperature (°C) 
References 

Silica 0.2–2.5 short-wavelength 1.46 1200 [69] 
Fluoride  0.28–4 short-wavelength 1.43–1.5 420–480 [70] 

Chalcogenide  0.45–11 short~long-wavelength 1.95–2.83 305–435 [71] 
Germanate 0.38–5 short-wavelength 1.7–1.8 387–452 [71] 
Tellurite  18–24 far 0.4–5 280–430 [74] 

3.1.3. Polymer Optical Fibers: Flexibility and Environmental Compatibility Optimization 

Polymer optical fibers (POFs), typically composed of a polymer core (e.g., PMMA, polycarbonate) 
and a low-refractive-index fluorinated polymer cladding, offer high flexibility, impact resistance, large core 
diameter, light weight, and ease of functionalization. These attributes render them particularly 
advantageous for short-distance sensing applications, including automotive optical control systems, 
wearable devices, and biochemical detection as shown in Figure 2a–c [77,78]. However, their 
environmental sustainability is compromised by their petroleum-based origin. Conventional POFs are 
derived from non-renewable resources and exhibit high chemical stability, rendering them resistant to 
degradation and posing risks of long-term environmental pollution if not properly managed at end-of-life—
conflicting with Green Chemistry Principles 7 (renewable feedstocks) and 11 (design for degradation) [79]. 

In response, bio-based biodegradable polymers have emerged as a key research focus. Poly(lactic acid) 
(PLA) fibers, derived from renewable plant resources, have been demonstrated in single-use medical 
diagnostic sensors, where they degrade via industrial composting into carbon dioxide and water, mitigating 
the persistent pollution associated with conventional plastic waste as shown in Figure 2d [80]. Although 
PLA fibers exhibit limitations in near-infrared transmittance and heat resistance, these properties can be 
enhanced through copolymerization, polymer blending, or nanocomposite formation. 

As alternatives to PMMA-based fibers, PLA and related bio-based materials are viable substitutes 
under specific conditions: short-distance sensing applications with modest transmission requirements, 
disposable or short-term use scenarios prioritizing biocompatibility and sustainability, and mild 
environmental conditions (ambient temperature, low humidity). Conversely, their performance may be 
compromised under elevated temperatures, high humidity, or corrosive environments, necessitating 
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application-specific validation. Other biodegradable polyesters, such as poly(ε-caprolactone) (PCL), offer 
viable solutions for short-term environmental monitoring. Furthermore, the design of chemically recyclable 
polymers—enabling depolymerization of end-of-life fibers into monomers for closed-loop recycling—
represents a higher-level realization of atom economy and green design principles [81]. 

It must be emphasized that the environmental performance of bio-based materials requires systematic 
evaluation via full life cycle assessment (LCA). Factors such as fertilizer use, land-use change, and energy 
consumption during feedstock cultivation and polymer processing must be rigorously compared with 
petroleum-based routes(Figure 2e) [23,40,82]. Thus, the green development of POFs demands a systematic 
pathway: material selection tailored to application requirements (chemically recyclable polymers for long-
term use, biodegradable materials for short-term applications) and integration with complementary 
technologies (e.g., flexible solar cells for distributed monitoring systems) [83]. Ultimately, enhancing the 
environmental compatibility of POFs is a lifecycle-wide optimization process that requires 
multidimensional strategies to harmonize technical performance with ecological benefits. 

The greening of polymer optical fibers presents distinct challenges and opportunities compared to 
inorganic glass fibers. While silica and soft glass greening strategies focus on precursor toxicity and energy-
intensive manufacturing, POF sustainability centers on feedstock renewability and end-of-life fate. The 
evolution from petroleum-based PMMA toward bio-based PLA and other biodegradable polyesters 
exemplifies a shift from reliance on finite resources to integration with natural carbon cycles. However, 
this transition reveals a fundamental tension between biodegradability and operational durability. PLA 
offers end-of-life environmental benefits but exhibits inferior thermal stability and higher optical losses 
than PMMA, limiting its use to short-term, mild-environment applications. Conversely, chemically 
recyclable polymers present an alternative paradigm: they maintain performance parity with conventional 
materials while enabling closed-loop material recovery, aligning more closely with circular economy 
principles than with biodegradation alone. 

 

Figure 2. (a) The schematic diagram of the directly drawing process of micro-POF from commercial POF (left), and the photo of 
the micro-POF (right) and (b) The typical transmission loss spectra of PMMA-based POFs from ESKATM [77]. 2022, Sensors. (c) 
Cut-back loss measurement of polycarbonate HC-mPOF, and the red and green lines represent fitting curves [79]. 2008, Opt. Lett. 
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(d) Measured propagation of PLA with loss of the waveguides in air, water, and oil [80]. 2016, Nat Commun. (e) Attenuation 
expressed in dB/cm of a PDLLA bulk sample fabricated by compression molding [82]. 2019, Journal of Lightwave Technology. 

3.2. Functionalized Sensing Materials and Coatings 

3.2.1. Sensitive Coating Materials: From Traditional to Green Alternatives 

Functional materials are integral components that determine the selectivity and sensitivity of optical 
fiber sensors, and their green development is therefore essential for enhancing the overall environmental 
compatibility of sensing systems [84]. In chemical optical fiber sensors, a functional thin film responsive 
to the target analyte is immobilized on the fiber surface; analyte-film interactions induce changes in the 
film’s refractive index, thickness, or absorption spectrum, thereby modulating the optical signal. However, 
the lifecycles of traditional sensitive materials often raise environmental and health concerns. Figure 3 
contrasts two prominent classes of porous materials—MOFs and COFs—highlighting how molecular-level 
composition and synthesis pathways determine their alignment with green chemistry principles across the 
material lifecycle. While MOFs offer exceptional sensing performance, their environmental footprint during 
synthesis raises concerns; COFs, by contrast, demonstrate how metal-free design and greener synthesis 
methods can achieve functional parity while adhering to Principles 3, 4, and 5. 

Metal-organic frameworks (MOFs), despite their high specific surface areas and tunable pore structures, 
are frequently synthesized using toxic heavy metal nodes (e.g., cadmium, lead) and organic solvents such 
as N,N-dimethylformamide that are difficult to recycle [85]. Similarly, the chemical reduction method for 
preparing gold and silver nanoparticles for localized surface plasmon resonance (LSPR) involves strong 
reducing agents such as sodium borohydride, generating multiple byproducts and high solvent 
consumption—practices that contravene green chemistry principles (Figure 3a) [86]. To replace highly 
toxic traditional materials, novel materials based on green elements or processes show significant promise. 
Covalent Organic Frameworks (COFs) are constructed exclusively from lightweight elements (boron, 
carbon, nitrogen, oxygen, hydrogen) linked by strong covalent bonds, fundamentally eliminating metal 
toxicity risks. Their synthesis processes are evolving towards greener pathways, exemplified by aqueous-
phase synthesis of imine-linked COF thin films for formaldehyde detection and mechanochemical grinding 
preparation of COF powders for carbon dioxide capture and sensing, eliminating toxic solvents and 
significantly reducing energy consumption (Figure 3b) [87].  

 

Figure 3. (a) Schematic diagram of gas sensing system and opticalfiber sensor integrated with MOF thin film [86]. 2025, 
Chemical Engineering Journal. (b) A route to the green synthesis and processing of various COFs and applications in diverse 
fields [87]. 2024, J. Am. Chem. Soc. 

To replace such highly toxic materials, novel systems based on benign elements or greener processes 
have shown significant promise. Covalent organic frameworks (COFs) are constructed exclusively from 
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lightweight elements (B, C, N, O, H) linked by strong covalent bonds, fundamentally eliminating metal 
toxicity. Their synthesis is evolving toward greener pathways, including aqueous-phase synthesis of imine-
linked COF thin films for formaldehyde detection and mechanochemical grinding for CO2 capture and 
sensing, thereby eliminating toxic solvents and reducing energy consumption [88]. As shown in Table 2, 
two prominent classes of porous materials, MOFs and COFs, offer distinct advantages: MOFs provide ultra-
high surface area and pore tunability for exceptional sensitivity, but their synthesis relies on toxic metals 
and solvents; COFs are inherently metal-free and increasingly synthesizable via green routes, though their 
chemical and thermal stability may be lower. Overall, COFs demonstrate greater alignment with green 
chemistry principles, whereas MOFs may retain advantages in specific high-performance sensing contexts. 

Table 2. Comparison of the advantages of MOFs and COFs materials. 

Feature Composition Green Strength Green Challenge Synthesis Application Preference References

MOFs 

Metal 
ions/clusters 
linked by 
organic ligands. 

Ultra-high 
porosity and 
structural 
diversity; well-
established 
synthesis for 
many structures. 

Potential toxicity 
of metal nodes 
(e.g., Cd, Pb, Cr). 
Synthesis often 
requires toxic 
solvents. 

Wide variety of methods, but 
green routes (e.g., water-
based, mechanochemical) are 
still under development for 
many structures. 

Excellent for gas storage 
and sensing, catalysis, 
and applications where 
ultra-high surface area is 
the primary driver. 

[85,86] 

COFs 

Light elements 
(B, C, N, O, H) 
linked by strong 
covalent bonds. 

Inherently 
metal-free, 
eliminating 
heavy metal 
toxicity 
concerns. 

Generally lower 
chemical and 
thermal stability 
than many 
MOFs, which can 
limit long-term 
sensor durability. 

Evolving towards greener 
pathways; aqueous-phase 
and mechanochemical 
syntheses are more readily 
achievable due to the absence
of metal coordination 
chemistry. 

Particularly suited for 
sensing in biological and 
environmental contexts 
where metal ion leaching 
is a critical concern (e.g., 
in-vivo or water quality 
monitoring). 

[87] 

Beyond synthetic frameworks, biomass-derived carbon dots represent another green alternative. 
Synthesized via one-pot hydrothermal methods using waste biomass such as fruit peels or walnut shells, 
nitrogen-doped carbon dots have been successfully applied in optical fiber sensors for mercury ion detection 
via fluorescence quenching, embodying waste valorization and safer chemical design [89]. Directly 
utilizing natural polymers as sensitive coatings—such as chitosan, cellulose, and sodium alginate—offers 
additional advantages of renewability, biodegradability, and biocompatibility [90]. Representative 
applications include chitosan-coated fiber Bragg gratings for carbon dioxide sensing in food packaging and 
cellulose nanocrystal-based photonic structures for humidity or organic vapor detection [91]. These natural 
polymer coatings are inherently green and achieve end-of-life degradability, realizing a complete “cradle-
to-cradle” closed loop. 

The greening of functional materials for optical fiber sensing reveals a clear hierarchy of strategies. At 
the most fundamental level, molecular design that eliminates toxicity at source—exemplified by COFs 
versus MOFs—represents the ideal application of Green Chemistry Principles 4 (safer chemicals) and 3 
(less hazardous synthesis). COFs demonstrate that high-performance sensing can be achieved without the 
use of heavy metals, though their stability and structural diversity still lag behind those of MOFs. A second 
strategy involves green synthesis of inherently functional materials, such as biomass-derived carbon dots 
or biosynthesized noble metal nanoparticles, which transform waste streams into valuable sensing elements 
while avoiding hazardous reagents. A third, even more radical approach is the direct use of natural polymers 
(chitosan, cellulose) as functional coatings, achieving both source renewability and end-of-life 
degradability without synthetic modification. 
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3.2.2. Fluorescent and Luminescent Materials: Development of Novel Fluorescent Systems 

Fluorescence sensing technology operates by monitoring changes in fluorescent probe parameters, 
including intensity, lifetime, FRET efficiency, and emission wavelength. Traditional rare-earth-doped 
luminescent materials (e.g., Er3+:YAG, Eu3+ complexes) offer advantages such as line emission spectra, 
long fluorescence lifetimes, and large Stokes shifts. However, their dependence on strategic rare-earth 
resources and the associated environmental impacts of mining have motivated the search for greener 
alternatives [92]. 

Carbon quantum dots (CQDs) have emerged as a promising research focus due to their green synthesis 
characteristics and unique up-conversion luminescence properties. CQD-based upconversion fluorescent 
nanoprobes, excited by near-infrared light, emit visible light and enable high signal-to-noise ratio detection 
of tumor microenvironment biomarkers in deep tissues. Dhariwal et al. [93] reported the green synthesis of 
CQDs using waste biomass of Poa parentis for Mn2+ and Fe3+ ion sensing, wherein complex formation 
induces charge transfer between CQDs and metal ions via non-radiative recombination, resulting in 
fluorescence quenching (Figure 4a). Rare-earth- free fluorescent molecules and organic dyes offer another 
viable pathway. High-performance fluorescence sensing can be achieved through protein engineering of 
natural fluorescent proteins or by synthesizing organic dyes with aggregation-induced emission (AIE) 
characteristics [94]. He et al. [95] synthesized two new AIE-active cationic Ir(III) complexes that serve as 
excellent chemosensors for sensitive and selective detection of picric acid in water, while tetrathiafulvalene 
(TTF)-type AIE-gens enable detection via FRET (Figure 4b). 

Lead-free perovskite quantum dots represent one of the most promising research directions, wherein 
lead is substituted with elements such as tin, bismuth, or germanium to form materials such as Cs2AgBiBr6 
double perovskites or CsSnI3 quantum dots [96]. Although these lead-free variants require further 
optimization in luminescence efficiency and stability, they have demonstrated significant application 
potential. Li et al. [97] have demonstrated photodetectors constructed by organicinorganic hybrid 
perovskite and an organic bulk heterojunction consisting of a lowbandgap nonfullerene and polymer, which 
can be used for high-quality visible light and near-infrared practical imaging with high sensitivity, ultrafast 
speed and a large LDR (Figure 4c). 

The greening of fluorescence sensing materials reveals a distinct evolutionary trajectory from rare-
earth dependence toward sustainable alternatives. Three primary material classes have emerged: carbon 
quantum dots derived from waste biomass, rare-earth-free organic fluorophores with AIE characteristics, 
and lead-free perovskite quantum dots. Each presents a unique profile of green attributes and performance 
trade-offs. CQDs exemplify circular economy principles by valorizing waste streams while avoiding toxic 
elements entirely. Their upconversion properties enable deep-tissue imaging without UV excitation, yet 
their quantum yields and spectral tunability remain inferior to traditional rare-earth materials. Rare-earth-
free organic dyes and AIEgens offer excellent biocompatibility and molecular design flexibility, achieving 
performance comparable to conventional probes in specific applications, though photostability remains a 
concern for long-term measurements. Lead-free perovskites address the acute toxicity of lead-based 
systems while preserving the exceptional optoelectronic properties of the perovskite structure; however, 
their luminescence efficiency and operational stability still lag behind their lead-containing counterparts, 
and the toxicity profiles of alternative elements require further assessment. 
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Figure 4. (a) Quenching mechanism of the synthesised CQDs for Mn2+ and Fe3+ ions [93]. 2024, RSC Sustainability. (b) 
Schematic diagram of AIE-Active Iridium(III) Complexes for Sensing Picric Acid in Water [95]. 2023, Chemosensors. (c) 
Schematic device structure of the photodetectors (left)and the absorption spectra of different films by spin coating(right) [97]. 
2020, Light Sci Appl. 

3.2.3. Plasmonic Materials: Green Synthesis and Non-Precious Metal Alternatives 

Localized Surface Plasmon Resonance (LSPR) sensing relies on collective electron oscillation in noble 
metal nanoparticles under specific optical frequencies. Traditional synthesis methods for gold and silver 
nanoparticles, such as the Turkevich and Brust methods, depend on chemical reducing agents and organic 
solvents, raising environmental concerns [98]. In response, biosynthesis methods have been developed that 
utilize biomolecules from plant extracts (e.g., green tea polyphenols, cinnamaldehyde), fungi, or bacteria 
as natural reducing and stabilizing agents for benign aqueous-phase nanoparticle synthesis. Figure 5 
illustrates two complementary strategies for greening plasmonic materials: biosynthesis of noble metal 
nanoparticles using renewable resources, and substitution of noble metals with earth-abundant alternatives. 
These approaches address environmental concerns at different lifecycle stages—raw material acquisition 
(Stage 1) and synthesis (Stage 2)—while balancing performance requirements for specific applications. 

Tippayawat et al. [99] synthesized silver nanotriangles using aloe vera extract, which were 
subsequently integrated into optical fiber sensors for pesticide residue detection. These sensors leverage 
near-infrared LSPR characteristics and operate under ambient temperature and pressure without hazardous 
chemicals, representing a model for green synthesis (Figure 5a). Significant progress has also been made 
in developing non-precious metal plasmonic materials to reduce reliance on scarce noble metals. Earth-
abundant metals such as aluminum, copper, nickel, tungsten, and their nitrides or oxides have emerged as 
viable alternatives [100]. Aluminum nanostructures exhibit strong LSPR effects in the ultraviolet range, 
and their resonance peaks can be tuned into the visible spectrum through the design of nanoarrays or core-
shell structures. LSPR sensors based on aluminum nanoparticle arrays have been successfully used to detect 
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heavy metal ions (e.g., mercury and lead) in water, offering cost-effective solutions for distributed 
environmental monitoring. Lv et al. [101] have reported an SPR-based CTAB-functionalized ZnO/CNTs 
nanocomposite and silver-coated optical fiber catechol sensor with enhanced catalytic activity in redox 
reactions, which enhances the electric field penetration depth of the SPR and yields a highly sensitive, 
portable, non-enzymatic plasma sensor (Figure 5b). Although these non-precious metal materials generally 
exhibit lower resonance quality factors than their noble metal counterparts, they represent feasible, greener 
alternatives for cost-sensitive applications with moderate performance requirements. 

The greening of plasmonic materials for LSPR sensing has progressed along two complementary 
pathways: green synthesis of noble metal nanoparticles and substitution of noble metals with earth-
abundant alternatives. Biosynthesis methods address the environmental footprint of nanoparticle fabrication 
by replacing toxic reducing agents and organic solvents with biomolecules derived from plants or 
microorganisms. These approaches operate under mild conditions and yield functional nanoparticles with 
comparable sensing performance, as demonstrated by aloe vera-mediated silver nanotriangles for pesticide 
detection. However, biosynthesis often faces challenges in controlling size and morphology, which can 
affect signal reproducibility and limit scalability. 

 

Figure 5. (a) Green synthesis of silver nanoparticles in aloe vera plant extract prepared by a hydrothermal method [99]. 2016, 
Peer J. (b) Schematic showing the synthesis of functionalized CNTs and ZnO nanoparticles, attachment of ZnO nanoparticles to 
CNTs walls, CTAB functionalization of the ZnO/CNTs nanocomposite for two concentrations, fiber probe and experimental set-
up [101]. 2024, Sens. Diagn. 

4. Application Fields of Green Optical Fiber Sensing Materials 

The green optical fiber sensing materials effectively integrate environmental attributes with sensing 
functions, demonstrating broad application prospects in critical fields such as environmental monitoring, 
biomedicine, and industrial safety, providing innovative technological pathways for achieving the 
Sustainable Development Goals [102]. 

4.1. Environmental Monitoring 

4.1.1. The Green Evolution of Optical Fiber Matrix Materials 

The green optical fiber sensing technology embodies “conservation through monitoring”, enabling 
highly sensitive, real-time monitoring of water, air, and soil while minimizing the environmental footprint 
of monitoring activities. The optical fiber matrix serves as the medium for optical signal transmission, 
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whose physicochemical properties and manufacturing processes directly influence the sensor’s 
fundamental sustainability [56]. 

Water Quality Monitoring 

Green optical fiber sensing offers an environmentally benign solution for water quality monitoring. 
Unlike traditional electrochemical sensors, which are susceptible to interference and contribute to electronic 
waste, sensors based on biodegradable polymers such as PLA or polyhydroxyalkanoates (PHA) can prevent 
secondary pollution [103,104]. A representative application involves biodegradable sensing probes 
functionalized with a chitosan-carbon dot composite film for heavy metal detection. This design leverages 
chitosan’s chelating ability and the fluorescence quenching effect of carbon dots to achieve highly selective 
detection of ions such as Pb2+, Hg2+, and Cd2+. Yong et al. [105] demonstrated that chitosan-derived blue-
green fluorescent carbon nanoparticles (chi-CNPs) serve as both efficient indicators and scavengers for 
heavy metal ions (Figure 6a). Furthermore, distributed monitoring networks employing biodegradable 
cables enable real-time tracking of pollutant migration and dispersion, providing critical data for water 
environment management. 

Gas Monitoring 

Green optical fiber sensing technology utilizes environmentally benign materials for highly selective 
gas detection. Vitoria et al. [106] have given a complete overview focused on the utilization of LMR- based 
optical fiber sensors for gas sensing applications, summarizing the materials used for the development of 
these sensors as well as the fabrication procedures and the performance of these devices (Figure 6b). Optical 
fibers coated with COF materials deployed along pipelines enable real-time localization of methane leaks 
through analysis of optical signal changes, offering a promising approach for natural gas infrastructure 
monitoring [107]. Additionally, natural materials such as porphyrin derivatives serve as renewable sensitive 
layers for detecting gases as NO2, further expanding the application scope of green materials [108]. Insou 
et al. [109] reported the design and fabrication of a silica hollow-core anti-resonant fiber featuring eight 
non-touching capillaries, which was primarily developed for mid-infrared CO2 sensing within engine 
environments. This advancement could facilitate the integration of such fibers as hybrid transmission links 
in mid-infrared spectroscopic systems, while also validating the use of numerical simulation as a reliable 
tool for designing application-specific fibers for in-situ gas monitoring in the mid-infrared region. 

Soil Monitoring 

Green optical fiber soil monitoring technology promotes smart agriculture through fully biodegradable 
sensing networks [110]. Optical fiber sensors based on biodegradable polymers can be embedded within 
the cultivation layer to infer soil moisture content by monitoring dielectric constant changes, or to detect 
pH and ion concentrations via modified biosensitive coatings. These sensors naturally degrade after the 
crop growth cycle, preventing electronic waste accumulation. Leone et al. [111] proposed a cost-effective 
fiber optic platform for continuous soil water content monitoring in precision agriculture (Figure 6c). When 
integrated into distributed sensing networks, the collected data can be processed using artificial intelligence 
to generate spatial heat maps of water and nutrient distribution, guiding precision irrigation and fertilization 
while reducing non-point source pollution [112]. 

Antimicrobial Agent Monitoring 

To address the monitoring of antimicrobial agents such as antibiotics in water bodies, green optical 
fiber sensing achieves highly specific detection through bio-recognition interfaces [113]. Phages or 
aptamers immobilized on the fiber surface serve as recognition elements, coupled with green-synthesized 



Green Chem. Technol. 2026, 3(2), 10012. doi:10.70322/gct.2026.10012 17 of 28 

 

silver nanoclusters or carbon dots as signal labels, enabling trace-level detection of antibiotics, including 
tetracyclines and sulfonamides. Zhao et al. [114] have developed a new method for the sequential detection 
of Enro and Cip using a portable fiber-optic SPR sensor, which exhibited a sensitivity of 2900 nm/RIU and 
achieved limits of detection (LODs) of 1.20 ng/mL for Enro and 0.81 ng/mL for Cip, demonstrating 
significant potential for food safety testing applications (Figure 6d). 

The application of green optical fiber sensing across environmental monitoring domains reveals several 
unifying themes and persistent challenges. Across water, air, soil, and antimicrobial monitoring, a common 
strategy emerges: integrating biodegradable or bio-derived materials with highly selective recognition 
elements to create sensing systems that are both functional and environmentally compatible at end-of-life. 
Several material classes demonstrate particular promise across multiple applications. Biodegradable 
polymers (PLA, PHA) serve as structural matrices for water and soil probes, while carbon dots derived 
from waste biomass function as versatile fluorescent reporters for heavy metals and antibiotics. Covalent 
organic frameworks (COFs) excel in gas sensing due to their tunable porosity and metal-free composition, 
and natural polymers such as chitosan and cellulose provide renewable platforms for sensor 
functionalization. The convergence of these materials with distributed sensing networks and AI-powered 
data analytics enables unprecedented spatiotemporal resolution in environmental monitoring. 

 

Figure 6. (a) Schematic diagram of synthetic blue-green fluorescent carbon nanoparticles (chi-CNPs) and chelating heavy metal 
ions [105]. 2021, RSC Adv. (b) Schematic diagram of LMR-based optical fiber sensors for gas sensing applications [106]. 2021, 
Sensors. (c) Experimental setup and Protection PVC package for validation in soil [111]. 2022, Results Opt. (d) The 
enrofloxacin/ciprofloxacin detection procedure and fiber-optic SPR sensor regeneration [114]. 2024, Sensors. 

4.2. Biomedical and Health Monitoring 

In this field, the biocompatibility and degradability of optical fiber sensing materials directly relate to 
clinical application safety. Luo et al. [115] systematically summarized ummarized the advances of fiber 
optic‐based biosensors ranges from point of care testing (POCT) in vitro, wearable detection, and implanted 
detection to therapy in vivo, as depicted in Figure 7a.  



Green Chem. Technol. 2026, 3(2), 10012. doi:10.70322/gct.2026.10012 18 of 28 

 

4.2.1. In Vivo Diagnostics and Therapy 

For in vivo diagnostics and therapy, optical fiber sensors fabricated from absorbable biomaterials 
eliminate the need for secondary surgical extraction. Bioactive glass fibers, such as those based on 
magnesium-calcium-silicate systems, can safely degrade in vivo while promoting tissue regeneration, 
making them suitable for short-term monitoring of parameters such as intracranial pressure. As shown in 
Figure 8b, the fiber-optic interstitial needle incorporates hypoxia-sensitive fluorescent probes and 
encapsulates rare-earth dopants, enabling in vivo tumor combat through a combination of specific cancer 
sensing and photothermal therapy (PTT). The detection fiber, equipped with a fluorescent probe that 
responds to tumor hypoxia markers, allows rapid scouting for these markers in the tumor vicinity [116]. 
Such sensors can be integrated with temporary implants, including orthopedic fixation plates and 
cardiovascular stents, providing mechanical support while simultaneously monitoring tissue healing status 
and enabling integrated diagnostics and therapy [117,118]. 

4.2.2. In Vitro Diagnostics 

For in vitro diagnostics, compostable optical fiber sensing chips offer an environmentally sustainable 
solution for single-use applications. These chips are fabricated on PLA substrates, integrating microfluidic 
channels and optical waveguides, while utilizing biomass-derived carbon dots as fluorescent probes for 
rapid sample detection [119]. As all components of this fully green detection system can completely 
degrade under composting conditions, it is particularly suitable for resource-limited regions, disaster 
scenarios, and home monitoring applications, significantly reducing the environmental impact of medical 
waste [120]. 

The application of green optical fiber sensing in biomedical and health monitoring reveals two distinct 
but complementary pathways: absorbable sensors for in vivo use and compostable chips for in vitro 
diagnostics. Both approaches share the common goal of eliminating secondary interventions or waste 
streams, yet they address fundamentally different clinical requirements. The core challenge across both 
domains is the inherent tension between functional lifetime and degradation rate. For in vivo sensors, 
degradation must be delayed until clinical utility is complete; for in vitro devices, stability must be 
maintained through manufacturing, distribution, and use, with degradation triggered only after disposal. 
Meeting these divergent requirements demands precise control over polymer chemistry and microstructure, 
often pushing the limits of current materials science. 

 

Figure 7. (a) Summary of the fiber optic-based biosensors for the diagnosis and therapy [115]. 2023, Interdiscip. Med. (b) 
Diagram of optical fiber endoscopic needle for tumor sensing and therapy [116]. 2024, Photonic Sens. 
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4.3. Industrial Process Control and Safety 

In industrial process control and safety, the green concept emphasizes material durability, closed-loop 
recyclability, and inherent safety. 

4.3.1. Structural Health Monitoring (SHM) 

In SHM, optical fiber sensing technology contributes to sustainability by extending infrastructure 
service life and enabling material recovery. Bado et al. [121] employed the fact that FBG sensors embedded 
in structures (e.g., bridges, dams, wind turbine blades, aircraft fuselages, pipes, tunnels) could enable real-
time monitoring of strain, temperature, and vibration, facilitating predictive maintenance (Figure 8a–c). 
Monteiro et al. [122] investigated the use of optical fiber sensors embedded in 3D-printed structures for 
vibration monitoring as depicted in Figure 8d. The results indicated that structural monitoring in power 
transformers could be achieved through the application of optical fiber sensors, offering the prospect of 
real-time monitoring. Monsberg et al. [123] have reported about the design and realization of a distributed 
fibre optic sensing system for conventional tunnelling, which was designed to allow follow-up 
measurements after the initial continuous monitoring campaign as shown in Figure 8e. Hence, future 
research will focus on the long-term monitoring of the instrumented cross-section to assess the further 
deformation progress inside the shotcrete lining, which will finally lead to a better understanding of the 
strain distribution of shotcrete linings at conventionally driven tunnels. 

Through the design of easily separable coatings or pre-embedded recovery guide wires, valuable 
materials (e.g., precious metals within sensors) can be efficiently recovered during structural 
decommissioning, supporting circular economy principles [124,125]. By extending structural service life 
and deferring the infrastructure renewal cycle, this technology fundamentally helps avoid the massive 
carbon emissions and resource consumption associated with premature demolition and reconstruction [126]. 

 

Figure 8. Structural Health Monitoring (SHM) campaigns performed by means of Distributed Optical Fiber Sensors on (a) 
bridge, (b) rail, (c) roed pavement [121]. 2021, Sensors. (d) Schematic diagram of the simulated environment [122]. 2021, 
Sensors. (e) Installation of fibre optic sensing system inside the tunnel lining [123]. 2018, In Proceedings of the 9th European 
Workshop on Structural Health Monitoring. 
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4.3.2. Chemical Process Monitoring 

In chemical process monitoring, lead-free silica glass or fluoride glass optical fiber sensors are 
particularly suitable for flammable and explosive environments due to their corrosion resistance and 
inherent safety [127]. Operating exclusively on optical signals eliminates electrical spark risks, enabling 
intrinsically safe monitoring in hazardous settings. By providing real-time tracking of reaction progress 
(e.g., temperature) and potential leakages, these systems can issue early warnings when process parameters 
deviate and initiate automatic adjustments via interlocking control systems. This capability helps prevent 
safety incidents and pollutant releases at their source, thereby minimizing environmental risks [128]. 

The application of green optical fiber sensing in industrial contexts reveals a distinct paradigm 
compared to environmental or biomedical monitoring. Here, sustainability is achieved not primarily 
through material biodegradability, but through durability, extendable service life, and end-of-life 
recoverability. This reflects the fundamental difference between consumable and capital-intensive 
applications: in industrial settings, the most environmentally beneficial sensor is often one that lasts as long 
as the asset it monitors and whose materials can be fully recovered upon decommissioning. 

5. Summary, Challenges and Perspectives 

5.1. Summary of This Review 

This study systematically demonstrates the necessity and feasibility of integrating the Twelve 
Principles of Green Chemistry into advanced optical fiber sensing material development. An assessment 
framework was constructed, with core principles including waste prevention, atom economy, and designing 
safer chemicals, providing a scientific basis for quantitative evaluation and continuous optimization of 
material environmental friendliness. The Research has demonstrated significant progress in green 
innovation across multiple dimensions, encompassing matrix materials from low-melting-point phosphate 
glasses to biodegradable polycaprolactone polymers, and functional materials from biomass-derived carbon 
dots to lead-free perovskite quantum dots. These breakthroughs are manifested not only in reduced energy 
consumption and hazardous substance substitution, but also in the development of highly biocompatible, 
absorbable sensing systems using renewable raw materials. Successful applications in various fields, such 
as environmental heavy metal monitoring, post-operative biomarker tracking, and infrastructure health 
monitoring, provide compelling evidence that green optical fiber sensing technology has transitioned from 
conceptual exploration to practical engineering applications. The research clearly demonstrates that 
synergistic enhancement of environmental benefits and sensing performance can be fully achieved through 
source innovation (e.g., AI-assisted molecular design), process revolution (e.g., low-temperature atomic 
layer deposition), and system-wide lifecycle optimization (e.g., modular design, recycling systems). 
Specifically, sensors employing bio-inspired self-healing coatings have exhibited a superior service life 
compared to conventional devices. Concurrently, diagnostic chips fabricated on compostable substrates 
have achieved detection sensitivities comparable to those of commercial products. These findings strongly 
validate the role of green chemistry principles in driving technological innovation. 

The proposed framework of Figure 9 encompasses the full life cycle of optical fiber sensing materials, 
which is divided into three key stages: raw material acquisition, synthesis and manufacturing, and application 
and operation. At each stage, the environmental impact, economic viability, and social considerations are 
systematically evaluated. Through this comprehensive approach, the framework provides decision-making 
support for the sustainable development of green optical fiber sensing technologies. 
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Figure 9. A Unified Life Cycle Assessment Framework for Green Optical Fiber Sensing Materials: From Principles to Decision. 

5.2. Challenges and Perspectives 

Despite promising development prospects, the transition of green optical fiber sensing technology from 
laboratory research to large-scale industrial application still faces several critical challenges, with balancing 
performance and environmental benefits being particularly prominent [129]. 

1. The significant performance gap between environmentally friendly materials and conventional 
materials: This performance trade-off is prevalent across multiple material systems. In optical polymers, 
bio-based PLA fibers exhibit significantly higher optical transmission losses and inferior long-term 
thermal stability versus petroleum- based PMMA fibers optimized over decades, limiting reliability in 
long-distance transmission or high-temperature sensing [119,130]. In fluorescent material systems, 
lead-free perovskite quantum dots (e.g., Cs3Bi2Br9) struggle to match the photoluminescence quantum 
efficiency and photostability of traditional lead-based perovskites (e.g., CH3NH3PbI3) [131]. 
Furthermore, nanosensing particles prepared via biosynthetic methods commonly face difficulties in 
controlling morphology and achieving size uniformity, leading to insufficient signal reproducibility 
and failing to meet high-precision quantitative detection requirements [132]. 

2. The significant industrialization constraints of large-scale fabrication technologies and cost control: 
Many green synthesis processes excellent at laboratory scale (e.g., hydrothermal synthesis of high-
quality nanomaterials) encounter challenges when scaling up; process scale-up is hampered by reduced 
mass/heat transfer efficiency in larger reactors, increasing batch-to-batch variations, and lowering 
product yields [133]. Concurrently, production costs of key raw materials (e.g., high-purity bio-based 
monomers, such as L-lactide for PLA, and specialized green solvents, such as ionic liquids) remain 
significantly higher than those of petroleum-based chemicals used for large-scale production, placing 
final manufactured green optical fiber sensors at a market price disadvantage [134]. 

3. Lack of standardized LCA data: Currently, systematic, standardized LCA studies targeting novel green 
sensing materials remain scarce [135]. If the LCA for a “carbon neutral” bio-based PLGA fiber fails 
to adequately account for fertilizer application during feedstock crop cultivation, land use changes, and 
associated carbon emissions, its calculated full life cycle carbon footprint may be severely 
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underestimated [136]. This absence of foundational data makes it challenging for investors and 
policymakers to make scientifically informed decisions when comparing technology options. 

4. Underdeveloped recycling and resource recovery technology systems: Specialized technologies for 
recycling, separation, and remanufacturing of composite structure optical fiber sensors (e.g., embedded 
within wind turbine blade composite materials) are currently non-existent [137]. For example, in 
decommissioned aircraft structural health monitoring systems, embedded optical fiber sensor networks 
lack economically viable disassembly and separation processes, making it difficult to achieve effective 
recovery and purification of precious metal components (e.g., gold coating on FBGs) and specialty 
glass materials [138]. This systemic technological gap subjects the end-of-life management stage to 
severe challenges, compromising the full life cycle management approach. 

5. The development of green optical fiber sensing technology has transcended the purely technical 
domain, establishing itself as a key enabling technology supporting sustainable development strategies. 
Within the macro context of addressing global climate change and building a circular economy, this 
technology directly contributes to the United Nations 2030 Sustainable Development Goals: helping 
ensure water quality and safety through distributed monitoring networks (Goal 6), promoting Universal 
Health Coverage (UHC) via absorbable sensors (Goal 3), and fostering green industry transformation 
using inherently safe sensing systems (Goal 9). Despite persistent challenges (e.g., balancing material 
properties, scaling up manufacturing processes), its development trajectory is clear and application 
prospects vast. Advancing this field requires collaborative efforts from industry, academia, research 
institutions, and end-users, guided by green chemistry principles, to collectively steer optical fiber 
sensing technology towards a new phase of sustainable development that exists in harmony with the 
ecological environment. 
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