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The current generation is witnessing a huge interest in optical waveguides due to their salient features: they are of low

cost, immune to electromagnetic interference, easy to multiplex, have a compact size, etc. These features of optical fibers

make them a useful tool for various sensing applications including in medicine, automotives, biotechnology, food quality

control, aerospace, physical and chemical monitoring. Among all the reported applications, optical wave guides have been

widely exploited to measure the physical and chemical variations in the surrounding environment. Optical fiber-based

temperature sensors have played a crucial role in this decade to detect high fever and tackle COVID-19-like pandemics.

Recognizing the major developments in the field of optical fibers, this entry provides recent progress in temperature

sensors utilizing several sensing configurations including conventional fiber, photonic crystal fiber, and Bragg grating

fibers. Additionally, this entry also highlights the advantages, limitations, and future possibilities in this area.
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1. Introduction

Reliable temperature monitoring plays a key role in the metallurgical industry, the aerospace field, nuclear energy

production, and medical applications . In the metallurgical industry, real-time monitoring of the internal temperature of

high-temperature boilers is key to measuring combustion efficiency and safety prevention . On the other hand,

temperature monitoring inside the turbines and combustion chambers of an aero-engine or aircraft can help extend its

service life . Recently, the appearance of COVID-19 gained huge interest in terms of the need for temperature-

monitoring instruments in the medical sector for continuous monitoring of the temperature of individuals in public places 

. According to the accuracy, detection, and installation techniques, high- temperature-monitoring technology can be

categorized as (i) contact measurement , and (ii) non-contact measurement . Thermocouple sensors made of

expensive metals are generally utilized for the former type of temperature sensing due to their ease of operation, mature

preparation approach, and wide operating range . However, thermocouple sensors suffer several limitations—they

have a short life, poor corrosion resistance, low accuracy, are susceptible to electromagnetic interferences, etc. The main

concerns when using thermocouple devices are that their metal or alloys used during fabrication which can be easily

oxidized and damaged at high temperatures, leading to a shorter service life and poor sensing accuracy . Infrared

thermography is a type of non-contact temperature-sensing technology, designed to avoid direct contact between the

sensing equipment and high-temperature environments to provide a non-destructive sensing performance .

Unfortunately, the radiation temperature-monitoring technology is only suitable for surface measurements, i.e., explosion

flame, and cannot detect the temperature of the internal structure of the closure device. Extremely harsh environments

with high pressures, high temperatures, and strong electromagnetic radiation present a challenge to these conventional

detection techniques.

Compared to conventional sensing technology, optical fiber-based sensors have gained huge interest owing to their

excellent properties: they are of low cost, immune to electromagnetic interference, easy to multiplex, have a compact size,

etc. . To date, several approaches have already been implemented for temperature sensing including microstructured

optical fibers (MOFs) , conventional fibers (e.g., single-mode fibers (SMFs), multimode fibers (MMFs), and plastic

optical fibers (POF)) , and grating-based fibers (e.g., fiber Bragg grating (FBG), long period grating (LPG), and

tilted FBG (TFBG)) . The commonly employed high- temperature-sensing optical fibers mainly include silica and MOFs.

Theoretically, the maximum temperature that a temperature sensor can detect is based on the fiber materials rather than

that of its sensing mechanism. Usually, silica-fiber-based temperature sensors are limited to operating within 1000 °C due

to the diffusion of the germanium dopant . Additionally, temperature sensors based on pure silicon fibers such as MOFs

can operate at 1300 °C, which is closer to the melting point of silicon, whereas temperature sensors based on single-

crystal fibers can operate stably below 1900 °C. The basic priniciple and the corresponding advantages and limitations of

each types of optical fibers based temperature sensors are discussed below. Figure 1 summarizes all types of optical

fiber temperature sensors.

[1][2]

[3][4]

[5][6][7]

[8]

[9]

[10] [11]

[12]

[13]

[14]

[15]

[16][17]

[18][19][20][21]

[22]

[1]



Figure 1. Summary of various optical fiber-based temperature sensors. (Reprinted from 10.3390/opt4010013)

2. Microstructure Optical Fibers (MOFs) Based Temperature Sensors

The last decade has witnessed an enormous interest in optical fibers used for sensing and long-distance operation

applications . The optical fiber in sensors is applied as a sensing element to monitor surrounding parameters

such as strain, pressure, vibration, and temperature. Among conventional fibers, MOFs have played a key role in various

sensing applications . MOFs are waveguides made of optical fibers in which the guiding property is acquired by

modifying the waveguide structure rather than the waveguide’s index of refraction . Light is steered using complete

internal reflection in ordinary optical fibers. A core with a refractive index greater than that of the surrounding material is

where the guiding takes place (cladding). The cladding and core can be doped differently, or various materials can be

used, to produce the index change . The method used in microstructured fibers is fundamentally different. Fibers are

made of a single substance (often silica), and light directing is accomplished by the existence of air gaps in the region

around the solid core . Unlike conventional optical fibers, photonic crystal fibers (PCFs) are made up of small air holes

that are spaced at regular intervals, enabling greater design freedom and unique optical properties . A periodic

pattern of air holes extending the full length of a PCF, centered on a solid or hollow core, is what gives this geometry its

name. The primary distinction between the two types of fibers is based on the fact that PCF waveguide properties derive

from an arrangement of extremely small and closely spaced air holes rather than from the spatially varying glass

composition of a conventional optical fiber, which runs the entire length of the fiber.Based on post-processing techniques,

the micro air holes can also be filled with liquid, gas, or even solid materials, greatly changing the PCF guiding

characteristics and enabling the fabrication of a variety of functional fiber devices such as electrically controlled optical

switches , all-optical modulators , temperature-controlled tunable optical filters , photonic bandgap fiber

polarimeters , and PCF sensors .

Advantages and Limitations

The thermo-elastic deformation of MOF can be significantly smaller than that of normal fibers under the same heat impact,

which is among its advantages. Additionally, the temperature equalization velocity in MOFs is higher than in conventional

fibers. The thermal gradients in MOFs are lower than in conventional fibers. The size of the MOF, the number of air rods,

how they are arranged, and other variables all affect how much these variations are worth. The fact that the air rods in

MOFs may be filled with a variety of materials, such as a particular gas combination or a certain kind of nanomaterial, is

another crucial benefit of these fibers. This will make it possible to obtain fiber with special optical and thermal

characteristics. For instance, compared to fiber-optic gyros based on ordinary optical fibers, employing MOFs with air rods

loaded with thermally conductive nanoparticles, such as carbon nanotubes, can dramatically minimize temperature

gradients (up to over 10 fold) in the optical fiber coil.
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3. Conventional Silica Fibers Based Temperature Sensors

Single-mode fibers (SMFs), multimode fibers (MMFs), no-core fibers (NCF), multicore fibers (MCFs), etc., are the types of

conventional fibers that are made of either fused silica and/or germanium-doped silica. These fibers are named based on

their appearance; for example, an SMF contains a germanium core (8 μm) and fused silica cladding (125 μm), whereas

the NCF contains only silica cladding of diameter of 125 μm. Optical fiber plays a crucial role in sensing elements to

monitor several physical and chemical parameters such as chemical variations, strain, pressure, vibration, and

temperature . There are several ways of converting a temperature signal into an optical and then an electrical

signal. The most popular used approach is to employ SMFs, MMFs, NCFs, MCFs, etc., as temperature sensors. Other

than this, the application of the SMF–MMF–SMF structure was also exploited at a large scale . The sensing

mechanism of conventional fibers uses an amplified emission source to input broadband light into the sensor and the

photodetector to detect the response. The measured temperature range relies on the used photodetector’s sensitivity and

the properties of the fiber which acts as a sensor. 

Advantages and Limitations: So far, the application of different kinds of fiber as standard fiber for temperature-sensing

application has been presented. However, each variety has its own merits and demerits. The proposed fiber as a sensor

offers the advantage of small size, low cost, higher output power, less detection limit, resistance to electromagnetic

interference, remote detection and multiplexing. Moreover, a few of these fiber-based sensors suffer from the need for a

larger measuring range and a narrower linewidth to measure the minute wavelength shift, fabrication complexity, and the

employment of sophisticated equipment. Although plastic optical fibers comprise several advantages such as a large core

diameter, a lower cost and are highly flexible, they fail to gain enough attention in temperature sensing because of some

major drawbacks, i.e., lower bandwidth, high attenuation, shorter range, etc., compared to silica fibers.

4. Grating Fiber Based Temperature Sensors

Nowadays, fiber Bragg grating (FBG) is considered as among the most popular optical components widely exploited in

optical networking, physical and chemical sensing due to their ease of fabrication, small size, multiplexing feature, and low

cost. An FBG comprises a periodic variation of the refractive index (RI) within the core of a single-mode fiber, which

satisfies the phase matching condition between the fundamental mode and other modes, either the core mode or the

cladding modes or radiation (or leaky) modes . In 1978, Hill et al. fabricated and reported the first FBG in a germanium-

doped core . The grating was made by using the laser lithography technique to incorporate the permanent periodic

variation of the refractive index in the fiber core. The sensing principle of FBG-based fibers can be defined as the grating

period, grating length, and the effective refractive index of such fibers that are affected by the variation in the surrounding

media . The change in the outer environment leads to the change in its resonance condition; consequently, the

variation in resonance wavelength takes place. Based on the property of these gratings, it can be classified into three

categories: (1) fiber Bragg grating (FBG), (2) long-period fiber grating (LPFG), and (3) tilted FBG (TFBG). The grating-

based optical fibers gain huge attention in physical and chemical sensing due to their unique features of immunity to

electromagnetic interferences, compact size, highly sensitive, multiplexing capability, and in situ monitoring. Owing to their

design of label-free monitoring of the surrounding environment, grating-based sensors, such as FBG, LPG, etched FBG,

and TFBG, have attracted extensive attention in order to develop physical and chemical sensors. In grating-based fibers,

the Bragg wavelength is calculated by the refractive index modulation period (L) and the effective refractive index of the

fiber (n ) . A change in the refractive index of the fiber is observed, under the variation of the temperature, leading to a

linear drift in the value of the Bragg wavelength. Temperature monitoring using grating fibers can be easily achieved by

demodulating the Bragg wavelength variation. Compared to other optical fiber sensors, the grating-based temperature

sensors showed several advantages including good linearity, high stability, multiplexing capability, and mass production,

which have been used widely in commercialization.

Advantages and Limitations: The grating-based optical fiber gains huge development in temperature sensing due to its

salient features such as high sensitivity, a fast response time, excellent stability over a larger time, and ease of

multiplexing, enabling simultaneous temperature monitoring at multiple points along the length of the fiber. In addition to

these advantages, the grating-based fiber suffers several limitations such as limited temperature range, highly expensive,

signal processing complexity, strain sensitivity, and polarization sensitivity. These limitations may cause false or mixed

output results, and differentiating the output data are a difficult task itself.
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5. Prospects and Challenges:

With the advancement of micro- and nano-technology and the development of fibers with unique optical characteristics,

there is little question that designs and fabrications of innovative microstructured fiber-optic sensors will continue to be a

thriving research topic. Opportunities and challenges coexist simultaneously in the work to be performed on

microstructured fiber-optic sensors in the future. These include the ability to measure multiple parameters simultaneously

and with selectivity. Although several microstructured fiber-optic sensors with dual-parameter measuring capabilities have

been proposed to date, efforts should be made to reduce measurement error and expand dual-parameter measurement

to three-parameter or even more parameter characterizations because the cross-talk effect is typically brought on by more

than two parameters in many applications. Even greater sensitivity also requires MOF sensors with exceptionally high

accuracies for more exact measurements. Sensing in severe conditions is required including those in high pressure,

strong radiation, and extremely low or high temperatures. An intelligent MOF sensor should have functionalities that can

be changed and adjusted in response to various target samples and circumstances. A more adaptable and potent sensor

architecture is desirable. The robustness of the microscopic structures is the key to the sensing performance and

longevity of the device; therefore, better packaging without sacrificing sensitivity will be the future goal. Additionally, there

is a need for a simplified and easy fabrication process for the MOF sensor. One main aspect of the MOF-based sensor is

to control the attenuation loss which is more important for the practical application.

Real-time monitoring of temperature in patients in the inpatient floor and ICU with small devices that can monitor the

fluctuations in real time as with telemetry can be extremely useful in patients with pneumonia and or sepsis and any other

infections especially those who are intubated and unable to speak in critical care units. This will enable more efficient

detection of hospital-acquired infections and will be helpful for quicker reaction to tackle possible infection in patients. In a

normal clinical setting, the patient has to inform the nurse that they have a fever or the nurse has to keep checking the

temperature of the patient at regular intervals. With a real-time temperature-monitoring device, it would be easier and

faster to detect a new infection and nip it in the bud before it goes on to form a major infection or abscess and may be

useful in ultimately reducing a lot of incidences of sepsis.

Temperature monitoring is often overlooked in critical care when compared to other factors such as pulse oximetry and

telemetry but it is an important factor, a biological alarm that signals infection or some other abnormality in the patient. So

this technology can be extremely useful in not only detecting cases of COVID-19 or flu during pandemics for screening a

large number of people easily but it can also providing a means to monitor critically ill patients and give the doctors a head

start in treating the infection before it becomes worse. This can revolutionize not just screening but also patient

monitoring.

Each fiber comprises unique advantages and certain limitations. Multimode fibers contain a large core diameter, enabling

a larger number of modes of propagation. The special feature makes such fibers more sensitive to the variation of

temperature compared to the SMF. Additionally, such fibers are also robust in nature and suffer a lower bending loss,

making them ideal for any harsh environments. These unique features make them the most suitable candidate for

distributed temperature-sensing systems, e.g., Raman and Brillouin scattering-based temperature sensors, whereas

multicore fibers contain multiple cores, which are generally used for temperature monitoring in a distributed manner. The

temperature-induced changes in the refractive index value of the core cause variation in the transmission of light, which

can be monitored to determine the temperature. The advantage of multicore fibers is that they can measure temperature

at multiple points simultaneously over long distances, which makes them an ideal candidate for structural health

monitoring applications. PCFs are specialized fibers with a unique structure that enables the propagation of light in a

photonic bandgap, therefore making them highly sensitive to temperature variation. The bandgap shifts with temperature

variation and can be measured to determine the temperature. These fibers also have a very low bending loss and

excellent temperature stability, which makes them a superior candidate for high-temperature monitoring. PCFs are

suitable for temperature sensing in high-temperature environments, e.g., furnaces, power plants, and engines. In

summary, the MMF, multicore fibers, and PCFs offer unique advantages for temperature-monitoring applications along

with the feature of distributed temperature sensing, high-temperature stability, and large temperature range.
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