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ABSTRACT 

Fiber Optic Sensors (FOS) have verified to be a potentially brilliant method for 

temperature monitoring owing to their plentiful benefits, including inviolability to 

electromagnetic interference, wide bandwidth, lightweight, compact size, 

durability, and that permits a vast numeral of sensors to function in the same 

structure. In this thesis, an innovative temperature sensor based on Mach-Zehnder 

interferometer is planned and experimentally proved. The sensing construction is 

shaped by bending a single mode fiber (SMF) into a balloon-like configuration. Six 

different fiber sections: fiber with original protective polymer coating, fiber with a 

stripped-off protective polymer coating, fiber with polyvinyl alcohol (PVA) 

coating  showed the sensitivity of ∼−1.492 nm /◦C, a fast response time of ∼2.78 

ms and a good resolution of ∼3 × 10−4 ◦C, for the temperature range 30 ◦C–55◦C, 

and fiber based on gold nanoparticle (GNP) coating with different tuned GNP 

thicknesses (~10, 20, and 30 nm) were examined experimentally as temperature 

sensor. The proposed sensor coated by a ~20 nm layer thickness of GNP showed 

the best performance with excellent sensitivity, fast rise time, and an excellent 

resolution of –2.56 nm/°C, 1.73 ms, and 1.82× 10−4 0C, respectively. Benefiting 

from its excellent advantages of simple configuration, easy fabrication, good 

thermo-optical properties of GNP and high mechanical strength, this high-

sensitivity temperature sensor could be a competitive candidate for various 

temperatures monitoring processes such as human body, food industries, chemical 

analysis, detections of molecular analysis, and label-free biomedicine. To the best 

of our knowledge, this is the first time that the deposited of the GNP utilizing the 

magnetron sputtering technique on the SMF has been investigated in fabricating a 

macro-bent interferometer based temperature sensor. 
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CHAPTER ONE 

1.1 General introduction and motivation : 

         Temperature measurement and monitoring represent a key parameter in 

numerous potential applications in industry, structural health, food manufacturing, 

and so on  [1–3]. Furthermore, temperature monitoring is directly related to the 

performance enhancement of numerous industrial and electronic processes while 

the operating temperature is limited to a specific scale [4]. Besides, the human 

body temperature, for instance, is a significant sign of health and disease like 

Malaria, Coronavirus, and so on  [5,6]. Therefore, the quality and the performance 

of measurements such as a high-sensitivity, real-time response, biocompatibility, 

robust to weak signal, and the accuracy of temperature sensor devices without 

causing any damage to the host are necessary parameters to enhance safety and 

reliable monitoring [7,8]. Classical thermometers and other devices based on 

electrical or mechanical changes have been used for a long time to measure 

temperature. All the aforementioned devices are suffering from un-precise 

measurement and/or long response time [9]. Among different options to enhance 

the sensitivity and precise measurement is using fiber optics as an active sensing 

element. Through the development of human-friendly smart materials, the health 

monitoring systems utilizing fiber devices have attracted great attention as future 

technologies  [10,11]. Various techniques have been developed based on Fiber 

optic sensors (FOS) for the detection of any chemical and physical parameters 

including temperature measurement  [12,13]. In contrast with widely traditional 

sensors, occasionally these sensors need to work in harsh environments and are 

influenced by corrosive agents or the existence of electromagnetic interferences 

(EMI)  [14]. To overcome these difficulties, the FOSs have significant advantages 

such as flexibility, relatively small size, simple structure, corrosion-resistance, 
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lightweight, high sensitivity, remote sensing capability of multi-parameter sensors 

into the same optical fiber, and are extremely resistant to electromagnetic 

interference  [15]. In the field of optical fiber sensors, the interference phenomenon 

represented the fundamental principle to determine sensitivity. Much progress has 

been achieved in the last few decades of thermometric sensor-based-optical fiber 

including several sensor geometries such as Fabry-Perot interferometer [16], 

Michelson interferometer [17], Sagnac interferometer [18], and Mach-Zehnder 

interferometer (MZI) [19]. Optical fiber sensors based on MZI have enticed huge 

studies' attention and have been broadly utilized to monitor the health of smart 

biomedical and engineering systems [2,10,20,22]. Up to now, many shapes of fiber 

MZI structures have been established using photonic crystal fibers [23], along-

period fiber gratings [24], tapered fiber-based configurations [25], microfiber 

based configuration [26], multicore fiber [27], and core-offset section [13]. Besides 

these configurations of complex technology and expensive fiber, a particular cost-

effective MZI based on SMF was portrayed, such as a macro-bent structure based 

on SMF [28–30]. This configuration shows an excellent performance in the 

temperature sensing applications. The geometry of the sensing head identified as 

balloon-like possesses unique advantages as it offers low cost, simplicity of 

fabrication, and have excellent sensitivity, short response time, good 

resolution  [31,32]. Recently, lots of attempts have been exerted to further improve 

the performance of temperature sensors, such as using a combination of 

interferometric structures (e.g. MZI) with resonance assisting material supports. 

Generally, pure polymer, conductive polymer, and polymer composited coating are 

good candidates for temperature sensor goals [33]. Also, to improve the sensing 

abilities, the optical fiber demand to be bounded by a greater refractive index (RI) 

nanomaterial with a great particular surface area and diverse active sites to sense 

efficiently the alteration in temperature of the environment. The sensing occurs as 
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the sensitive matter interacts with the evanescent wave and changes the transmitted 

output signal. In this consequence, the mixture of optical fibers and 

nanotechnologies mainly metallic nanoparticles (NPS) is a hot topic of interest in 

the scientific field of modern research, dealing with engineering and fabricated 

extremely sensitive temperature sensor structure. This is encouraged by the famous 

unique features of the metallic NPs such as great surface to volume ratio, optical, 

chemical, and electronic features that are diverse contrasted with those of bulk 

ones  [34]. Among different metal NPs, gold nanoparticles (Au-NP) composite is 

promising for capacitive temperature sensor application.  

The design and fabrication of the temperature sensor based on a balloon-like 

MZI system possess promising features with good performance. The basic 

operation of a fiber optic modal interferometer based on macro-bent MZI is 

associated with the interaction between the core mode and cladding modes. In this 

work, the influence of this structure has been examined in various cases under the 

conditions of i) stripped-off polymer coating, ii) acrylate polymer coating, iii) 

polyvinyl alcohol (PVA) polymer coating, iv) Au-NP coating.  

 

1.2 Optical fibers:  

        The optical fiber is a dielectric waveguide, flexible, transparent medium 

with various protective coatings as depicted in Fig. (1.1). It consists of two 

cylindrical rods generally made from plastic or glass with different doping. These 

fibers typically include a transparent core (has a diameter of about 5-100 μm) 

surrounded by a cladding of a slightly lower refractive index (most of the cladding 

has a diameter around 125-200 μm). The cladding is also covered with an 

additional plastic coating or buffer layer for environmental protection and 

mechanical support   [35,36]. 

 



Chapter one                                          Introduction and Basic concepts                   4 
 

 
 

Fig. (1.1): conventional structure of optical fiber [37]. 

Through the features of immunity to electromagnetic field interference and 

low signal loss; optical fiber has been extensively utilized as a waveguide, to 

transmit light through the two ends of the fiber, the light propagates confined 

within the core by ‘total internal reflection’ phenomenon. According to Snell’s 

law, if the incident angle is greater than the critical angle the total internal 

reflection occurs  [35,37], as shown in Fig. (1.2). 

 

Fig. (1.2): total internal reflection within an optical fiber  [37]. 

 

1.3 Categorization of optical fibers forms: 

Optical fibers can be categorized into two groups, "SMF” and "MMF” as 

illustrated in Fig. (1.3). The categorization of optical fiber is obtainable in the 

block diagram depicted in Fig. (1.4). 
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Fig. (1.3): Various types of optical fiber [37]. 

 

1.3.1 Single-mode fiber (SMF): 

• Only support a single light ray (mode) propagates within it. 

• The core radius is very small 4−6 μm.  

• Do not offer dispersion. 

• Suffer from lower attenuation. 

• The NA against a single-mode fiber is commonly lesser than for multimode 

fiber. 

• Complicated to couple the light source. 

• Requires Laser source.  [38,39] 

1.3. 2. Multi-mode fiber (MMF): 

• Support many transverse light rays or (modes) propagates within it. 

• The core radius is large 25−100μm.  

• Offer dispersion which produces by many modes. 
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• Suffer from higher attenuation. 

• The NA against a multi-mode fiber is commonly greater than for single-

mode fiber. 

• Uncomplicated to couple the light source. 

• Permits the utilization of incoherent optical sources (like an LED).  [38,39] 

   1.3.2.1 Step-index fiber (SIF): 

The core refractive index stays constant and the core-cladding boundary is 

distinguished thru an abrupt variation in the refractive index. The 

propagation of light within the core of (SIF) in the zigzag pathway 

model  [38,39]. 

 

   1.3.2.2 Graded-index fiber (GIF): 

There is gradual variation in the refractive index inside the core. The 

propagation of light within the core of (GIF) regularly diverge then converge 

all along with the optical fiber  [38,39]. 

1.4 Optical fiber sensors: 

The technology of optical fiber sensors has extensive growth in the field of 

optoelectronic industries and optical fiber communication [40]. The utilization of 

optical fiber as detecting devices was established in many sensing applications for 

instance in medical sciences [41], natural configurations [42], biological 

group [43], analytical chemistry  [44], environmental condition [45], besides 

additional physical parameters [46]. Since FOSs propose various magical 

advantages over electronic sensors for example it can simply be incorporated into 

structures owing to their relatively small size and cylindrical geometry, forming 

what is known as smart configurations. They are also purely dielectric, therefore 

they are suitable to utilized easily in hazardous zones, and are immune to 

electromagnetic interference. Further, they are robust, lightweight, and have wider 
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bandwidths besides to these advantages; enhancements the sensitivity and cost 

reduction have also significant interest in FOS within the latest decade [47].  

Optical fiber sensors can be categorized into intrinsic (active) and extrinsic 

(passive) sensors according to the sensing location. Commonly, the extrinsic 

category employs an external optical device (light modulator) used for detecting, 

whilst intrinsic carries the sensing thru optical fiber itself [48], Fig. (1.5) shows the 

categorization of optical fiber sensors. FOS can be further classified as illustrated 

in Chart in Fig. (1.6), and as discussed below. They involve direct spectroscopy, 

evanescent wave, fiber grating, and interferometric sensors. 

 

Fig. (1.5): Categorization of optical fiber sensors: (a) Extrinsic. (b) Intrinsic [37]. 
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Fig. (1.6): Optical fiber sensor [49]. 

1.5  Optical fiber bending loss: 

Optical fibers suffer radiation losses at curves on their paths. This is due to the 

energy in the evanescent field at the bend exceeding the velocity of light in the 

cladding. Bends are divided into two types: Macro bend loss which refers to losses 

generated in bends around mandrels of a specified diameter. Microscopic bends 

with radius of curvature approximating to the fiber radius mustn't be produced in 

the fiber cabling process. These so-called micro bends loss denotes to specified 

minimum scale "bends" in the fiber, often from pressure applied on the fiber itself 

[35].  

 

 

 



Chapter one                                          Introduction and Basic concepts                   9 
 

1.6 Interferometer fiber optic sensors: 

  The fiber interferometer is the key element participating in fiber 

communication, fiber laser, and fiber sensor. In the field of fiber communication, 

the fiber filter can be utilized for optical signal processing [50]. While the applying 

of a Fiber interferometer within a fiber laser cavity to tune and select the laser 

frequency has been utilized widely in recent years. They are thoroughly 

investigated in various detecting areas of physical parameters measurement 

including force [51], temperature [52], displacement [53] refractive index [54], etc. 

The interferometer is an optical device that produces an interference pattern across 

the superposition of two or more waves. In the case of the FOS domain, since the 

interferometers offer lots of temporal and spectral information as to their signal, 

the measurement can be quantitatively verified by many methods of sensing the 

changes in the wavelength, intensity, phase, bandwidth, frequency, and so on. With 

these sensing gauges, they can provide significant performance in a high-level of 

accuracy, large dynamic range, and superior sensitivity [55]. As the best candidate 

to implement miniaturized fiber optic in there exists four main kinds of 

interferometer configurations are recognized according to their different geometry, 

sensitivity, and operating principle. Generally, the Sagnac, Michelson and Mach- 

Zehnder interferometers work rely upon two-beam interference, while Fabry-Perot 

interferometer works on multi-beam interference principle. Among the numerous 

optical fiber configurations, we just discussed the FPI and MZI geometries since 

they are the most commonly studied and investigated for FOS evolution. 

Additionally, the recent trends of FOS advancement involved the development of 

an in-line interferometric sensor. Especially, the in-line interferometric sensor 

proposes great coupling qualifications, easy alignment, and high stability  [55,56]. 
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1.6.1 Fabry-Perot interferometer (FPI):  

A Fabry-Perot interferometer (FPI) geometry consists of an optical cavity 

formed by two parallel mirrors located at certain spaced to each other [55]. 

Sometimes it is known as an etalon [57], in which the principal of an FPI is 

expressed in terms of multiple reflections. Among the mirrors introduce multiple 

beams that interfere with each other. Against the fiber optic cases, the FPI can be 

easily created by building up reflectors inside or outside of fibers [58]. 

The fiber FP interferometric sensors can be categorized into two types: 

extrinsic and intrinsic  [59,60]. The extrinsic FP sensor employs two cleaved fiber 

segments physically separated but attached with an external housing 

material [61,62]. Despite the extrinsic one has been applied in many applications, 

but still have a limitation in the detecting cavity distance due to low coupling 

efficiency, packaging problem and difficult to align. On the other hand, the 

intrinsic FP sensor has a sensing element within the fiber itself and hence can 

overcome several of the difficulties of the extrinsic ones [55,63]. The local cavity 

of the intrinsic FPI can be designed by numerous techniques such as fiber Bragg 

gratings (FBGs)  [64,65], micromachining  [66,67], in-film deposition  [68,69], and 

chemical etching  [70,71]. But it still has some limitations such as complicated 

fabrication processes or high-cost equipment are required for cavity formation. The 

two categories of FPI are shown in Fig. (1.7). 

 

Fig. (1.7): Fabry-Perot interferometer categorized into (a) extrinsic (b) intrinsic  [55]. 
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1.6.2 Mach-Zehnder interferometer (MZI): 

All-fiber Mach-Zehnder interferometer (MZIs) has received great attention 

and is widely utilized in various optic sensor applications due to its several 

advantages such as high sensitivity, design flexibility, compact size, and low-cost 

fabrication process [72]. Early MZIs had two separate arms, which are the 

reference arm and the sensing arm. Herein, light from the transmission fiber is split 

into two arms by a fiber 3-dB coupler and then light beams will be recoupled by 

using another fiber coupler, as demonstrated in Fig. (1.8). Therefore, an 

interference pattern forms according to the optical path difference (OPD) among 

the two arms will be created [73]. For detecting applications, the reference arm is 

coating with a protective layer to isolate it from external variation. Accordingly, 

just the sensing arm is exposed to the external variation like temperature, strain, 

refractive index, and others, which can be simply sensed thru analyzing the 

alteration in the interference signal [55,72,74]. Whilst, the reference arm remains 

isolated from variations. The OPD between the two arms happens as a result of 

varying lengths of one of the arms otherwise by insertion of a sample within the 

path of one of the beams (varying the optical path length through varying the 

refractive index). Besides, these double-arm fiber MZIs have several restrictions 

for instance complexity in the configuration creation, large size, and cost-

effectiveness. An in-line fiber MZI depending on core-cladding mode coupling has 

been utilized to overcome the aforementioned drawbacks [50]. Herein, the two 

light arms are within the same optical fiber. The OPD between the core and the 

cladding modes is creating because of the relative alteration in the refractive index 

among core and cladding. The incident light beam will propagate across the same 

physical fiber length but within various optical path length owing to modal 

dispersion; the core mode beam has a greater effective index than the cladding 

mode beam [55]. There are numerous structures commonly utilized to form in-line 
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fiber MZIs, i.e. Core-misalignment, taper, fiber Bragg grating (FBG), core-offset, 

which explain in the next sub-sections. 

 

Fig. (1.8): The diagram of MZI  [55]. 

1.6.2.1. Mach-Zehnder interferometer with core-mode mismatch: 

Core-mode misalignment between two fiber segments can also affect a 

portion of core mode light coupled into cladding modes. Through this technique, 

the beam inside the optical fiber is to utilize fibers having various core sizes or 

various mode field diameters (MFDs) as demonstrated in Fig. (1.9). In this design, 

the fabrication method is simply verified by splicing an MMF with two short 

sections of SMF (SMF-MMF-SMF MZI structure) [75]. The MMF has a greater 

core size besides standard SMFs. However, the variance in MFDs among the 

fundamental core mode of the SMF in addition to MMF leads to the splitter 

fraction of the fundamental core mode from SMF and excitation of the first limited 

modes supported in MMF. These modes will be joint again in the second spliced 

locations. 

 

Fig. (1.9): core-mismatch MZI configuration  [55]. 
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1.6.2.2. Mach-Zehnder interferometer with tapered fiber: 

A different strategy for exposing the evanescent field to an outer sensitive 

coating is fiber tapering. Tapered MZI structure can be formed by stretching the 

fiber whilst it is heated over a localized region or using some chemical liquids to 

etch the fiber. It is an efficient technique to convert a relatively greater ratio of 

energy in the fundamental mode toward the high-order cladding modes within 

optical fiber [76]. As light travels through the tapered fiber section where the 

diameter of the tapered fiber is only some microns, the original fiber core comes to 

be very small that it has a noteworthy effect any more. Hence, the energy loss of 

the fundamental mode would be combined with the high order cladding modes. An 

effective in-line tapered MZI can be constructed by tapering a fiber at two-point all 

along with the fiber as illustrated in Fig. (1.10) [77]. This technique is costly and 

uncomplicated but fragile mechanically largely at the tapering zone. This kind of 

interferometer is extensively utilized in detecting applications, mainly in 

temperature as well as refractive index sensors because it has extremely sensitive 

to external interruption [76]. 

 

Fig. (1.10): A tapered fiber MZI configuration technique [55]. 

1.6.2.3 Fiber Bragg Grating Based MZI: 

This form of in-line fiber MZI has a couple of fiber Bragg grating (FBGs) in 

which a fraction of the light beam directed as a fundamental mode in the core of 

the optical fiber is altered to cladding modes thru the initial FBG, at this point the 

core and the cladding modes are excited, after that the core and cladding modes are 

recoupled once again to the fundamental mode (core modes) thru the second 
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FBG [78]. Generally, there are double types of this interferometer, short period 

FBG with many sections submicron enough period and long-period grating (LPG) 

including period ranging around 100 µm to 1 mm. The configuration of an LPG-

MZI is illustrated in Fig. (1.11). This interferometer is favored in RI detecting 

usages. The most important point of this interferometer is functioning in limited 

bandwidth of wavelength since the phase-matching phenomenon of fiber gratings 

as well as the LPG should be the same to have supreme performance. 

 

Fig. (1.11): A LPG MZI configuration technique [55]. 

 

1.6.2.4 Core-Offset fiber MZI: 

The core-offset MZI configuration is designed by fusion splicing two sections 

of fibers with a pre-set lateral offset value i.e. commonly several micrometers. 

Owing to this calculated offset, the interference will happen among the core mode 

and the cladding mode.  Just as Fig. (1.12) shows a portion of the light beam 

guided into the lead-in fiber in the form of core mode, a part of the light beam 

guided across the fiber in the form of core mode; will be split into double paths. 

The first section describes the modes still directed inside the core and the core 

mode give-up a certain amount of its energy to stimulate the cladding modes. 

Core-offset MZI has been utilized as an optical attenuator in the field of optical 

communication systems [79]. On the other hand, the structure is easy to break and 

fragile [51]. 

 

Fig. (1.12): A core-offset fiber MZI configuration technique [55]. 
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1.6.2.5 Mach-Zehnder interferometer with bending fiber sections: 

Most of the above-mentioned techniques are based on utilizing a linear active 

sensing section. But, an additional method for splitting the light beam in an optical 

fiber by using macro-bent fibers as optical detecting elements has also been 

proposed to improve the sensitivity and the resolution of the fiber sensors. 

Recently, lots of configurations based on bent fibers are utilized as optical sensing 

configurations such as a u-shaped, c-shaped, s-like, cascading multiple ring bent 

fibers  [80] and balloon-like bending optical fiber configuration. Over the last few 

years, these bent fiber sensing configurations have been employed to measure 

many sensing parameters including temperature, refractive index, force, and 

displacement [81–83]. Also, many proposed works depend on the combination of a 

macro-bent SMF structure with incorporating an LPG or FBG have been 

formed  [30,84]. The balloon-like based bending fiber sensors being able to sweep 

a large environment with good measurement repeatability, simplicity, 

compactness, low cost and can be designed by various types of fibers. This 

structure can be fabricated by bending a section of optical fiber into the balloon-

like shape utilizing a segment of a capillary tube and adjusting the radius of 

curvature by several millimeters. When the light reaches the balloon-shaped 

section, a fraction of the light be free from the core mode and penetrates the 

cladding as the light propagates within the balloon-like bending segment. Then, the 

cladding modes will have recoupled back to the core mode, accordingly, an MZI 

modal interferometer can be efficiently formed between the cladding modes and 

the remaining core mode owing to the differences in effective refractive indices 

RIs of the core and cladding modes. As well as the optical path differences 

experienced through the light signals propagating in the core and the cladding 

modes [52]. In this thesis, MZI based on balloon-like fiber was proposed and 
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constructed experimentally, the principle of operation of these MZIs 

interferometers will be clarified in detail in the next section. 

1.7 Sensing Principles and Operation: 

The balloon-like fiber structure comprises a section of SMF and a capillary 

tube to support twisting the SMF into a balloon-like shape. With a suitable bending 

radius, a modal interferometer that relies on the MZI principle can be formed. As 

the light signal passes across the bent section, the MZI starts functioning where a 

fraction of the light will be free from the core boundary and transmitted into the 

cladding. This light will couple back again into the fiber core at the waist of the 

bend. The optical path length difference between the cladding modes and the core 

modes will form the modal interference. This phenomenon would occur between 

the cladding modes and the residual core modes owing to the change in their 

effective refractive indices. Generally, a part of the light packet escapes into the 

cladding, but some of the light signals also escape into the coating layer, which 

excites coating modes. These exciting coating modes are transmitted within the 

SMF coating, as well as reach the coating/air boundary, and a part of this signal is 

recoupled back to the core of the fiber. On the other hand, the bent fiber will 

increase the penetration depth of the evanescent field which leads to a significant 

enhancement in the sensitivity as soon as the configuration is utilized to measure 

specific chemical/physical phenomena [37,33]. Moreover, the dimensions besides 

the refractive index of the fiber core and the cladding, in addition to the coating 

modes, are extremely sensitive to the measurement of various physical quantities 

such as temperature. Due to The thermal expansion coefficients (TEC), intrinsic 

thermo-optic effects coefficients (TOC), photo-elastic properties of the silica fiber, 

the refractive index of the fiber core, the core diameter, and the length of the fiber 

are all temperature-dependent. Hence, the spectral shift of the transmitted spectrum 
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through the fiber alters along with the surrounding temperature. The resolution of 

the related wavelength shift produced by temperature changes can be expressed as: 

∆𝜆

𝜆
= (𝛼 + 𝜀)∆𝑇                                                  (1.1) 

Where 𝛼 and 𝜀 are the TEC and the TOC of the fiber, respectively.  𝜆 is the 

wavelength of light. 

Accordingly, the modes propagated in the fiber vary with varying 

temperatures, resulting in a change in the output spectrum which induces a 

wavelength shift as detected in the spectral response of the fiber sensor [37]. In the 

case of a standard two-mode shaped MZI modal interferometer, the transmitted 

intensity is given by [33]: 

𝐼𝑜𝑢𝑡 = 𝐼𝑐𝑜 + 𝐼𝑐𝑙 + 2√𝐼𝑐𝑜𝐼𝑐𝑙 cos 𝛿                      (1.2) 

Where 𝐼𝑐𝑜 and 𝐼𝑐𝑙 are the signal intensities of the core mode and cladding mode, 

respectively. 𝛿 is the phase difference between the core and cladding modes and 

can be expressed as [33]: 

𝛿 =
2𝜋∆𝑛𝑒𝑓𝑓𝑙𝑒𝑓𝑓

𝜆
                                                  (1.3) 

Where ∆𝑛𝑒𝑓𝑓 is the effective refractive index difference, which is given as: 

∆𝑛𝑒𝑓𝑓 = 𝑛𝑐𝑜 − 𝑛𝑐𝑙, where 𝑛𝑐𝑜 and 𝑛𝑐𝑙 are the (RIs) of the fundamental modes of 

the core and cladding, respectively. 𝑙𝑒𝑓𝑓  is the effective bending length of the 

balloon-like structure, λ is the wavelength of the light signal in free-space. When 

the phase difference fulfills the condition of 𝛿 = (2m + 1)π, m =0, 1, 2 . . . , an 

interference dip would happen at certain wavelengths. 

𝜆 𝑑𝑖𝑝 =
2𝜋∆𝑛𝑒𝑓𝑓𝑙𝑒𝑓𝑓

2m + 1
                                            (1.4) 

1.8 Coating materials: 

Optical fiber sensors have drawn considerable attention for their broad range of 

potential applications including environmental assessment  [45], biochemical 
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analysis  [10], and in the chemical industry  [86]. Despite these advantages, they 

still have limited sensitivity. Therefore, fiber sensor-based electromagnetic mode 

resonance configurations (EMR) have for some time been regarded as a feasible 

solution to addressing and improving the sensitivity issue, response time as well as 

detection limits of fiber sensors  [87]. For EMR creation, the fiber sensors 

necessitate a thin film deposited on an optical waveguide. Thin film-deposited 

optical waveguides have been a principal contributor to the optimization and 

improvement of sensor performance using various innovative materials and 

deposition techniques  [88]. Tuning of the thin film features via their manufacture 

allows excellent sensor performance to be attained in terms of sensitivity  [88]. 

Accordingly, numerous materials have already been utilized to obtain EMR-based 

fiber sensors that include polymers  [89], metals nanomaterials  [90], metals oxide 

nanomaterials  [45], and diamond-like carbon  [91]. Many thin-film features must 

be taken into consideration, especially the permittivity and film thickness. Besides, 

several materials may vary in their features terms of in temperature, humidity, or 

the existence of specific gases, which effectively determines their range of 

application  [87]. The next sub-sections explain in detail the materials used in this 

research and their properties. 

1.8.1 Acrylate Polymer: 

Recently, acrylate polymers play an important function as optical adhesives 

utilized in the covering and construction of optical communication units  [92]. 

These polymers type offer advantages in terms of physical features, cost-

effectiveness, and flexibility to mass production. Also, acrylate polymers possess a 

broad refractive index range (1.40 –1.70) with high transparency of ~ 90%, 

efficient thermal expansion coefficients (TECs), excellent thermo-optic 

coefficients (TOCs) (∼±10−4), and good thermal conductivity (0.155 W m−1 

K−1)  [92,93]. Generally, this type of polymer has been used among light passing 
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segments for the goal of reducing the reflection losses in bundles  [92]. On the 

other side, this polymeric type is particularly sensitive to environmental status, 

including temperature and humidity  [94]. In general, the refractive indices of 

various optical polymers have been studied and were found to decrease at a rate of 

-10-4/°C  [95]. In addition to the refractive index, these are other significant factors 

that are distinguished to be changed by the influence of environmental states, such 

as hardness and thermal expansion coefficient. In the case of the acrylate polymers 

based-optical fibers, these variations in temperature and humidity would influence 

the signal behavior. This is due to the change in the RI of both the optical and the 

polymer material  [92].  

 

1.8.2 Polyvinyl Alcohol (PVA): 

PVA is a translucent and water-soluble polymer broadly used in many fields of 

application owing to physical /mechanical properties such as good chemical 

resistance, solubility with water,  dielectric strength, and adequate storage capacity, 

efficient thermal expansion coefficients (TECs), excellent thermo-optic 

coefficients (TOCs) (∼±10−4), extreme flexibility, cost-effective, fabrication 

easiness, non-toxic, besides their optical inquiry  [96–98]. Also, PVA possesses 

tunable RI and swelling features  [97]. Moreover, the PVA has a large thermal 

conductivity (0.28 W m−1 K−1) and melting point ~200 0C  [98], which can transfer 

the heat from the surrounding environment to the coating substrate more 

efficiently. Accordingly, it can be used for coatings, adhesives, binding industries, 

plastics, and optoelectronic because of its impact on physical investigations and its 

ability to form films  [96]. PVA chemical formula and density is (C2H4O)x and 

1.19 g/cm³, respectively. Also, it is considered to be biocompatible, thermally 

stable, and hydrophilic which available in white powder form with varying grades 
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and solubility properties  [99]. It has limited absorption in the visible domain with 

highly transparent in the infrared region  [96,98]. 

 

1.8.3 Gold nanoparticle (Au-NP):  

The evolution and development of nanotechnology lead the innovation towards 

high-speed electronics, high-efficiency catalysts, and sensors [100]. 

Nanotechnology is described as materials whose external or remote dimensions are 

measured on a scale in the range of (1-100) nm. Also, nanotechnology has 

facilitated the researchers to modify the physical properties like roughness, 

thickness, surface area, electrical, bandgap, and additional properties as well as a 

RI to build a smart superior sensor  [101,102]. This is motivated by the well-

known unique properties of the metallic NPs, such as high surface to volume ratio, 

optical, chemical, and electronic properties that are different compared with those 

of bulk materials  [103]. In the advancement of the sensing device, FOS utilizing 

nanomaterial has gained a lot of interest in research work and application owing to 

their specific features that vary from bulk materials. Such sensors could show good 

selectivity, faster reversibility, and higher sensitivity [61,104]. Among the 

nanosized metallic materials, gold nanoparticles (Au-NPs) as a sensitive coating 

have been widely used for optical sensing applications owing to their very good 

optical properties  [105].  Au-NPs have a large surface-to-volume ratio, their 

localized surface plasmon resonance (LSPR) phenomenon, wide absorption band, 

chemically stable, fast response time, and more negative Fermi potentials due to 

the quantum confinement effect. Also, Au-NP widespread utilized for temperature 

sensing applications due to its advantages in terms of non-toxic, good sensitivity, 

good thermo-optic coefficient, excellent thermal expansion coefficient [106–109].  

As the RI of Au-NPS is higher than silica optical fiber, then the guiding light will 

couple into Au-NPs waveguides  [34]. Controlling the thickness of the coating on a 
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nanometer scale is an important feature for the sensors based on the interaction of 

the evanescent field with the coating because the coating thickness should be 

always below the penetration depth of the evanescent wave  [110]. The evanescent 

wave absorbance is a high reliance on the concentrations of the analyte if other 

parameters remain constant. In References  [111], it is found that the refractive 

index (RI) of the coating layer experienced by the mode interacting with the 

coating depends on the thickness of the coating layer and the sensor sensitivity and 

response time can be optimized by controlling the coating layer thickness.  

Additionally, one of the most well-known unique optical features of Au-NPs is 

their localized surface Plasmon resonance (LSPR) phenomenon [133,134]. Once 

noble metals, such as gold, are exposed to light, a resonant interaction between 

electron-charged oscillations close to the surface of the metal and the 

electromagnetic field of the light generates propagating surface Plasmons. This 

unique physical property changes extremely when the size of metal becomes 

nanoscale relative to the bulk material, causing a confined and non-propagating 

localized surface plasmon around the nanoparticle thru a specific frequency 

identified as the LSPR [134,135]. In the certain case of Au-NPs, the LSPR yields 

exceptionally great absorption coefficients and scattering properties in the visible 

to near-infrared (NIR) wavelength range [135,136]. These spectral features of 

GNPs are independent of shape, size, and the local dielectric environment [137]. 

 

1.9 Coating Methods: 

Thanks to various innovative techniques that have been formed for the 

deposition on or at the optical fiber surface to purpose a novel sensing FOS. 

Various techniques are widely adopted for FOS development due to simplicity, 

and reproducibility. Many techniques have been applied for prepared and 

deposited nanoparticles onto the target substrate such as thermal 
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evaporation [62], chemical vapor deposition  [112], and sputtering [113]. The 

next sub-sections explain in detail the methods used in this research. 

1.9.1 Casting Method: 

The Drop-cast technique is simple and straightforward. Drip a coating 

solution onto a fiber surface or deposited the fiber section on the coating solution 

and let it dry to make a thin layer. This technique was utilized in many 

research  [103,114]. The thickness of the thin layer can be controlled depending 

on the concentration of the solution and the number of times this process is 

repeated. The process can also be repeated until the desired thickness is 

achieved.   

1.9.2 Magnetron Sputtering Method: 

One of the best techniques for depositing thin material layers is 

magnetron-sputtering, which has several benefits for the preparation of bulk 

silica-supported gold nanoparticles. Since no solutions are demanded to prepare 

the catalysts as well as no thermal treatment or activation is required to obtain an 

active catalyst [115]. This technique has a high deposition rate which causes a 

high bonding strength between the coating material and the substrate, where the 

thickness and the uniformity of the coatings can be precisely controlled through 

the accurately selected deposition parameters  [110]. 

1.10 Temperature sensor for biomedical application: 

Temperature monitoring could be a potential tool for different diseases which 

can play a vital function in public health in terms of the outbreaks and limits  [5,6]. 

The current epidemic of 2020 new coronavirus (COVID-19) has concerned global 

consideration owing to its massive and rapid transmission capacity and almost an 

elevated death rate  [116,117]. The reported symptoms of COVID-19 patients are 

fever, dry cough, and tiredness  [118,119], where the vast majority of the patients 
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suffer from fever before endorsement with it mostly being the first indication. The 

currently available measuring devices like a non-contact infrared thermometer and 

infrared tympanic thermometers widely used in such circumstances must respond 

fast for comprehensive monitoring and permits a quicker triage  [120,121]. 

Moreover, indirect touches with infected persons may rise the danger of cross-

infection  [122]. On the other side, the last era witnessed development in a field of 

minimally invasive techniques based on thermal treatments such as Laser ablation, 

High Intensity Focused Ultrasound ablation, Radiofrequency ablation, Microwave 

ablation, and Cryo-ablation which have acquired extensive distinguishing in the 

area of tumor removal  [10,123]. These methods generate a localized temperature 

rise or reduction to remove the tumor that sometimes might result in a physical 

injury or even permanent harm to patients  [124,125]. Additionally, it worth is 

known that the blood flow in the tumor cells is not as appropriate as the healthy 

tissue; therefore the tumor cells have a slower rate of heat distribution  [126]. 

Consequently, by heating the tumor cell for a specific time, infected cells can be 

ablated while the nearby healthy tissue stays intact  [127,128]. A precise 

temperature measurement of tissue may be mainly helpful to enhance treatment 

results because it can be utilized as an obvious end-point to realize comprehensive 

tumor ablation and reduce reappearance as well as regulating delivered energy 

settings through therapy.  Namely, the real-time response of body temperature is 

necessitated to confirm that the tumor tissue is heated precisely and equivalently to 

a critical kill temperature  [2,10]. In particular configurations, the biomedical 

sensor based on body temperature must fulfill certain requirements such as non-

toxicity sensing medium, cleaning and sterilize easiness as well as the sensor must 

be insensitive to other physical parameters excluding temperature  [2,21,22,129]. 

Amongst the numerous thermometric methods utilized in this field, all-optical 

fiber-based temperature sensors are an attractive thermometric method that can 
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offer non-hurtful and ultrasensitive response characterization in the range of sub- 

to several milli-seconds level  [7,8,130]. 

1.11 LITERATURE SURVEY: 

Many research groups around the world have investigated different schemes 

that exploit the structure of the optical fiber temperature sensor (OFTS) 

technologies, so the macro-bending structure played an important role in recent 

years. A survey for the temperature sensor summarizes the most important 

published work related to the macro-bending sensor in Table (1-1). 

Table (1-1): Summary of the Published Works in OFTS 

Year Author Structure and range of temperature Coating 
Sensitivity 

pm/°C 
Ref. 

2010 
Q. Wu 

et al. 

SMF-bent MMF-SMF  structure, in 

temperature, ranged from 20-80ºC 

acrylate 

coating of 

the MMF 

fiber 

31.97  [131] 

2015 

Wei 

Peng et 

al. 

Two semicircular bendings, in 

temperature, ranged from16-36 ºC 

the 

protective 

coating is 

stripped off 

-260  [80] 

2015 

 

 

Yaofei 

Chen et 

al. 

Balloon-like interferometer based on a 

bent of coating-stripped SMF with FBG’s 

pigtail, in temperature, ranged from 25.4-

95.4 ºC 

the 

protective 

coating is 

stripped off 

 

10.3 
 [132] 

2015 

M. Y. 

Mohd 

Noor, et 

al. 

A segment of MMF bending into balloon-

like, in temperature ranged from 27-31ºC. 

acrylate 

coating of 

the MMF 

fiber 

−2060  [29] 
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2016 

QUN 

HAN et 

al. 

A macro bent fiber Bragg grating (FBG) 

structure, in temperature, ranged from 20-

93ºC. 

the 

protective 

coating is 

stripped off 

31.7  [30] 

2017 

Shiying 

Xiao et 

al. 

Balloon-like interferometer based on a 

bent of coating-stripped SMF, in 

temperature, ranged from 10-70 ºC. 

the 

protective 

coating is 

stripped 

91.8  [51] 

2018 

Ke 

Tian et 

al. 

Balloon-like interferometer based on a 

bent standard uncoated SMF configuration 

with LPG, in temperature, ranged from 20-45 

ºC. 

the 

protective 

coating is 

stripped off 

42.9  [84] 

2018 

Ke 

Tian et 

al. 

Balloon-like interferometer based on a 

bent standard un-stripped SMF, in 

temperature, ranged from 20.7-31.7 ºC. 

retains its 

original 

protective 

polymer 

coating. 

−2465  [28] 

2019 

Yue 

Wu et 

al. 

Balloon-like interferometer based on a 

bent standard uncoated SMF configuration 

with FBG. in temperature ranged from 20-70 

ºC. 

the 

protective 

coating is 

stripped off 

105  [133] 

2019 

Lilong 

Zhao et 

al. 

Balloon-like interferometer based on a 

bent standard uncoated SMF configuration, 

in temperature, ranged 40-90 ºC. 

the 

protective 

coating is 

stripped off 

22.9  [52] 

2019 

I 

Yuliant

i et al. 

(MZI) consist of two coupled polymer 

optical fibers using two couplers, in 

temperature ranged from 40-80 ºC. 

the 

protective 

coating is 

stripped off 

082.2  [134] 
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1.12 AIM OF WORK: 

In the present work, we intend to take the following steps: 

1. Fabricate and implement the balloon-like fiber structure as a temperature sensor. 

2. study effects of Stripped-off the original protective coating, retained the original 

fiber jacket, coating by polyvinyl alcohol (PVA), and with gold NPs coating layer 

on the active segment of the sensor parameters. 

3.Enhance the sensing performance by coating the sensing head with PVA and 

GNP. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter Two 
 
 
 
 
 
 

Experimental Methodology 
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CHAPTER TWO 

Experimental Methodology 

2.1 Introduction: 

Optical fiber sensors have attracted special attention in  abroad range of 

potential applications including environmental assessment, biochemical 

analysis, and in the chemical industry. Among several sensors structures 

comprising the sensor setup, all-fiber interferometers based sensors have been 

proposed and demonstrated to monitor various parameters. In this chapter, 

temperature modal interferometer sensors based on macro-bending fiber 

structure have been designed and constructed. The working principle of the 

macro-bending interferometer and the factors sensitive to change in 

temperature has been elaborated. This sensor configuration comprises of a 

standard SMF that bent with a specific bent diameter with the assist of a 

section of a capillary tube. The two ends of the SMF were confined inside the 

capillary tube. The interference takes place between the core mode and 

cladding modes stimulated by the bent SMF. The experiments were carried 

out utilizing an optimal bending radius. Also, to enhance the temperature 

detection performance, the active sensing area of the fiber structure was 

coated with PVA and GNP. The structure of chapter two is presented in Fig. 

(2.1). 

 

 

Fig. (2.1): structure of chapter two. 

Balloon-like interferometer based 

thermometric fiber sensor 

The construction of 

Balloon-like 

interferometer 

Characterization 
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Balloon-like 

interferometer 

Study the influence 

of varying the 

bending diameter 
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2.2 System Layout: 

The system layout of the fiber optic temperature sensor based on the 

balloon-like structure is shown in Fig. (2.2). All information of this system, 

methods, and fabrications will be described comprehensively in the following 

sub-sections. 

  

Fig. (2.2): Schematics diagram of temperature sensor based on balloon-like fiber structure. 

2.2.1 Broadband Source (BBS): 

In our work, a butterfly-packaged Super-Luminescent Diodes (Thorlabs 

SLD1550s-A1) with 1450-1650 nm emission range has been used as a 

broadband light source (BBS). This source has an output spectral profile near-

Gaussian with a low-ripple. This device comprises of a current controller, IC 

chip with a 14-pin butterfly package (of dimensions 15 mm×22 mm×8 

mm), combined with a thermoelectric cooler and a thermistor to confirm the 

stability of the output light. The IC chip is mounted on the thermoelectric 

cooler through a sub-mount (heat sink) with high thermal conductivity to 

waste the heat created from this chip as efficiently as feasible. Also, this 

device contains an optical coupling arrangement to couple the light beam to 

Broadband 

source 

Hot plate 

heater  

Heat 

Chamber 
OSA 
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the optical fiber, which its output connect with a SMF pigtail of ~ 1m length, 

ended with a 2.0 mm fine knob FC/APC adapter. [Appendices A, B, and C]. 

2.2.2 Single-Mode Fiber (Corning SMF-28): 

A standard telecommunications SMF (Corning SMF-28) is the fiber 

used in this experiment. The Corning SMF-28 is manufactured to carry the 

highest capacity of information, and its operation lies in the 1310 nm and 

1550 nm wavelength region possesses the lowest dispersion property. The 

Corning SMF-28 has standardized geometric properties occupations with low 

attenuation and excellent reliability to provide high performance. The optical 

specifications of Corning SMF-28 are presented in Table (2.1) 

Table (2.1): Optical specifications of Corning (SMF-28) [Appendix D]. 

Fiber attenuation 

Wavelength (nm) Maximum value (dB/km) 

1310 0.33-0.35 

1550 0.19-0.20 

1625 0.20-0.23 

Mode-Field Diameter (MFD) 

Wavelength (nm) MFD (µm) 

1310 9.2 ± 0.4 

1550 10.4 ± 0.5 

Dispersion 

Wavelength (nm) Dispersion value 

[(ps/(nm*km)] 

1550 ≤ 18.0 

1625 ≤ 22.0 
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2.2.3 Optical Spectrum Analyzer (OSA): 

An Optical spectrum analyzer (OSA) is a precision device utilized to 

display and measure the alteration of power of the optical source over a 

specified wavelength span. The OSA traces display wavelength in the 

horizontal scale and power on the vertical scale. The optical spectrum 

analyzer OSA (YOKOKAWA, Ando AQ6370) is utilized to monitor the 

variation in the interference spectra of the sensor with temperature variation 

in this experiment. Fig. (2.3) illustrates the image of OSA utilized in the 

experiment. Characteristics of this device are: 

 Wavelength range: 600nm to 1700nm 

  Wavelength accuracy: ±0.01nm 

 Wavelength resolution: 0.02nm 

 Dynamic range: 78dB typ. 

 Level range: +20dBm to -90dBm 

 Fast measurement: 0.2 sec. (100nm span) 

 Applicable to single-mode and multimode fibers 

 

Fig. (2.3): Photo-image of the optical spectrum analyzer (OSA). 
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2.2.4 Temperature Chamber and Hot Plate: 

A sealed cylindrical-shaped chamber made from Pyrex glass was used 

to carry out the experiment. The chamber contains three orifices where two of 

them were used to support the fiber structure inside the chamber. While the 

third orifices were used for the thermocouple in order to measure the 

temperature inside the chamber. A separate digital hot plate temperature 

controller with a heating power of 600 W and a maximum temperature of 350 

Cº (SH-4C digital magnetic stirrer hot plate) was used for monitoring the 

temperature inside the chamber.       

2.3 Experimental Procedures of the Work: 

The experimental procedure follows many steps to fabricate the 

balloon-like fiber structure based on MZI. It will explain as follows: 

2.3.1 The macro-bent fiber structure: 

The schematic diagram of the balloon-like structure is shown in Fig. 

(2.4). 

 

Fig. (2.4): Schematic of the balloon-like structure. 

The balloon-like structure was fabricated by bent a piece of bare SMF-

28 into a balloon shape by injecting both sides of this fiber through a glass 

capillary tube of length 1.3 cm and an internal diameter of 800 μm. The 

bending diameter and the overall length of the balloon-like structure section 

are termed as d and leff, respectively. One end of the bent structure was 

connected to the OSA while the other part was connected to the B.B.S.  

d 

l 
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Cladding 
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Cladding 
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2.3.1.1 Fusion splicing 

 splicer from Fujikura (FSM-60S) has been utilized in the experiments 

for splicing. Fig. (2.5) shows a photograph of (FSM-60S) fusion splicer 

(Fujikura Company).  

 

Fig. (2.5): photograph of (FSM-60S) fusion splicer 

 

2.3.2 Study the Influence of Varying the Bending diameter:  

  In this study, the influence of various bend diameters has been 

investigated experimentally. After collecting information from the OSA, the 

optimal bending diameter was selected. When the bending diameter is 1.5 cm 

or more, no resonance interference pattern occurs within the wavelength 

range since hardly any light is coupled into the SMF cladding and/or coating 

modes. As the bending radius decreases, more signals will leakage into the 

fiber cladding modes and recouples back to interfere with the residual core 

mode. From Fig. 2.6(a-c) it can be observed that as the bending diameter 

decreases to values between 1.3-1.2 cm, no recognized interference dip was 

noticed again, which may be owing to the high loss caused by the variance in 

optical path lengths of the SMF core and cladding. Furthermore, at 1 cm bend 

diameter, there is an obvious interference dip that was noticed with a 
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reasonably large extinction ratio (more than 18 dB). But then, if the bending 

diameter reduces further, an excess of light signals will escape into the 

cladding and also leak out of the fiber causing in a weak Modal interference 

and substantial loss so the intensity of the output signal reduces significantly.  
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Fig. (2.6): Transmission spectra of the macro-bent formation with different bending 

diameter (a): stripped-off the original protective polymer coating, (b) retain the original 

protective polymer coating (c) PVA-based fiber coating and (d)GNP- based 

coatingwith10nm thickness layer(e) GNP- based coatingwith20nm thickness layer (f) 

GNP- based coatingwith30nm thickness layer. 

 

a b 

c d 

e f 
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              From the above, the optimum bending diameter of 1 cm was selected 

to form the balloon-shaped structure due to its resonance fringe has a high 

depth and narrow bandwidth. Also, it can be noticed that without an original 

protective coating, the glass fiber in the cable is easily broken. 

 

2.3.3 Sample Preparation and characterization based-PVA coating: 

After choosing the optimal bending diameter to form a macro-bent 

structure sensor, SMF encapsulated by a layer of a polymeric material 

(Polyvinyl alcohol "PVA") using slow evaporation of solvent (dip-coating) 

technique. The depositing process started with the preparation of the PVA 

solution. Initially, a 0.5 mg/ml PVA aqueous solution was prepared by 

dissolving a specific quantity of PVA into deionized water and stirring by 

using a magnetic stirrer at 90 0C for one hour until solute was completely 

dissolved and the solution becomes good homogenous. After that, the PVA 

solution was cooled down at room temperature before utilize; which exhibits 

a viscous semblance at room temperature. Moreover, the protective coating of 

SMF was stripped-off, then deposited with the PVA polymer layer by 

immersing the stripped-off fiber in the polymer aqueous solution, the 

encapsulated SMF left to dry for one day before employing it. 

The morphology of the PVA layer was characterized by utilizing 

scanning electron microscopy (SEM), as illustrated in Fig. (2.7).  
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Fig. (2.7): SEM images of (a) 100 µm, (b) 2 µm and (c) 200 nm scales. 

 

2.3.4 Sample Preparation and characterization by gold nanoparticles 

(GNP) coating: 

Gold nanoparticles (GNP) coating was applied to SMF in macro-bent 

fiber section to enhance the sensitivity of an optical fiber temperature sensor. 

Three different specimens of SMF were prepared by coating the active 

sensing area with GNP of 10, 20, and 30 nm thickness above the original 

protective polymer coating utilizing the magnetron-sputtering processes 

(Quorum-Q 150 RS DC sputtering device). The fabrication technique of the 

SMF-based GNP is explained as follows. Firstly, the SMF with a length of ~ 

14 cm was put into the vacuum chamber of an in-line magnetron sputter 

deposition instrument. The chamber is supplied with a load-lock system and 

diffusion pumps with DC power suppliers and also provided with a standard 

stage in which the SMF segment could behold. The gold target with a 

b a 

c 
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thickness of 0.1 mm, a diameter of 57 mm, and a purity of 99.99% was 

utilized to sputter-deposited GNP thin films upon the SMF. Sputtering was 

achieved at a vacuum degree of ~ 1×10-2 mbar in a pure Ar buffer gas which 

the ionized Ar was excited to bombard the gold target. The stimulated gold 

plasma plume was then deposited onto the SMF with an effective length of 

about 1.5 cm gradually. Through the depositing method, the SMF section was 

rotated with a speed rate of ~ 20 r/min to guarantee the uniformity of thin 

gold layers all over the effective length of SMF at a stable discharge. Three 

SMFs specimens with a coating thickness of ~ 10, 20, and 30 nm were 

achieved by changing the deposition time of 150, 300, and 450 s, 

respectively; The deposition rate of the coating layer was 4 nm/min. Fig. (2.8) 

illustrates the demonstration system of DC magnetron-sputtering. 

 

Fig. (2.8): The demonstration system of DC magnetron-sputtering. 

Fig. (2.9) displays the cross-sections of the prepared Sample 

encapsulated by gold nanoparticles, which were imaged via the (SEM). From 
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this figure, it can be seen that a uniform and compact layer of GNP was 

certainly formed upon the all effective length of SMF. 

 

 

 

Fig.(2.9): SEM images at different scales (a) 100 μm, and (b) 100 nm for (1) 10 nm, (2) 20 

nm and (3) 30 nm gold thickness layer 

 

 

 

a b 1 

a b 2 

a b 3 
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2.5 The Rise Time and resolution measurements: 

The rise/response/recovery times are vital gauge to determine the 

performance of the sensor. The time demanded for the sensor to switched 

90% of the maximum output power level through the temperature variation is 

the rise or recovery time [18]. In order to investigate the rise time of all 

fabricated sensors towards the temperature variation, each sensor was 

subjected to a sudden and quick change of the temperature and then the 

optical signal has been monitored using a photodetector. Six configuration 

states of a macro-bent fiber structure with 1 cm bending diameter have been 

examined:   

I. stripped-off 

II. with an original protective coating 

III. based-PVA coating 

IV. GNP coating with 10nm thickness layer 

V. GNP coating with 20nm thickness layer 

VI. GNP coating with 30nm thickness layer 

 

Temperature resolution, well-defined as the minimum detectable temperature 

changes; There are many methods to estimate the resolution, in this work, the 

following formula: 𝑅 =
𝜎

𝑆.𝐼𝑜
   

Where 𝑅 is the resolution, where 𝜎 represents the intensity resolution of the 

optical power meter, 𝑆 is the sensitivity,  𝐼𝑜 intens ity of dip in dB 

To obtain the response time, an experimental setup (fig. (2.10)) was built, 

which consists of a broadband source, a photodiode detector (Gentec 

TPM300CE, with response time of < 1ms), and 1 GHz oscilloscope 

(Tektronix MDO3102). 



Chapter two               Experimental Setup                                                                    40 

 

 

Fig.(2.10): experimental setup for response time measurement. 
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Chapter three 

Results of balloon-like interferometer thermometric sensor 

3.1 Introduction: 

             For low-temperature sensing, a novel fiber bent techniques have been 

proposed and fabricated as a highly sensitive sensor. In this chapter, the 

characteristics of the fabricated sensor probes with temperature variations are 

investigated experimentally. The proposed sensors were characterized in terms of 

transmission spectra using a broadband source (Thorlabs SLD1550S-A1) with a 

wavelength range of 1450-1650 nm as shown in the following sections. The 

experiments were carried out under the 0.02 nm resolution of the optical spectrum 

analyzer (OSA, Yokogawa AQ6370). The measurements of temperature were 

demonstrated by monitoring the shift that occurs for the transmitted spectrum. The 

response of the balloon-like fiber structure was observed for different temperature 

ranges and the influence of the coated sections of an SMF was studied and 

recorded. 

All the results are taken under scientific laboratory conditions (at stable room 

temperature and humidity). The employment of the safety requirements was 

committed during the experiments. The structure of chapter three is presented in 

Fig. (3.1). 
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Fig. (3.1): structure of chapter three. 

 

3.2. Construction and Characterization of balloon-like SMF Sensor Probe: 

SMF with 14 cm was utilized in our experiment. Firstly, the transmission spectrum 

stability of the broadband source (BBS) through this straight fiber length (Fig. 

(3.2a)) was checked and recorded directly on OSA to guarantee later accurate 

measurements, as shown in Fig. (3.3).  

 

Fig. (3.2): schematic diagram of experimental setup (a) SMF (b) balloon-like. 
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Then the same fiber was bent with various bending diameters (Fig. (3.2b)) and the 

transmitted spectrum of these structures was checked using the OSA to study the 

effect of balloon-like fiber structure. The highest transmission extinction ratio dip 

obtained was with a 5mm bending radius which is the optimal bent radius. Herein, 

the assembled fiber sensors based on a segment of 14 cm of SMF and bend with a 

radius of 5 mm have been used in the present research. Fig. (3.2b) shows the 

schematic diagram of this experimental setup. BBS was connected to the lead-in of 

the SMF, while the lead-out of the SMF was coupled to the OSA. Figs (3.3b-c)-

(3.4a-c) were carried out with a macro-bending structure. Six structures were 

studied in this work. Firstly, the protective coating of SMF was stripped-off at the 

waist of bending with an active sensing length of 1.5 cm, to expose the light field 

of cladding modes to the natural environment. Then, the balloon-like configuration 

was assembled utilizing SMF bent configuration based-acrylate polymer coating 

layer (acrylate polymer is the original protective polymer coating of the SMF is 

retained). In the next step, the stripped-off SMF encapsulated with PVA thin layer 

was bent to shape a macro-bent configuration sensor. Finally, SMF encapsulated 

with three different thicknesses of gold nanoparticles. The extinction ratio of the 

interference dip of these mentioned structures were of~18.76, 25.344, 24.471, 

18.55, 25.947, and 26.699 dB, respectively. These structures at an appropriate 

radius with 5 mm can be worked as a band-pass filter where some wavelengths 

were filtered out due to the modal interferometer effect. 

  Modal interferometer phenomena occurred due to the optical path 

difference; the modes of SMF core are spitted and then recoupled with cladding 

modes at the bending segment region. The following sections describe the 

influence of the balloon-like sensor structure without/with coating in a temperature 

range of 30-55 
0
C.  
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  Generally, the bend loss is equivalent to the intensity modulation, which is 

easily influenced by the light source and the outside environment and consequently 

limited the sensor resolution. Therefore, as the temperature changes/ increases, 

then the signal intensity also changes/ decrease. For this response, it can be thought 

that some modes are wasted away as the fabric of the bent SMF is heated. In this 

consequent, the assembled sensors also were tested with a limited temperature 

range between 35-47 
0
C in the step of 2 

0
C. This range is very useful in medical 

and food saving/processing applications.    

 

 

Fig.(3.3): Initial output spectra of: (a) straight SMF, (b) stripped-off SMF, (c) SMF based 

acrylate polymer coating and, (d) SMF based PVA coating. 

a b 

c d 
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Fig. (3.4): Initial Output Spectra of SMF based GNP coating with a layer thickness of (a) 10 

nm, (b) 20 nm, and (c) 30 nm. 

 

3.3 The Influence of balloon-like Fiber Based-Stripped-Off Protective Coating 

on the Temperature Sensitivity: 

The balloon-like fiber sensing structure based on stripped-off SMF was first 

examined. The temperature sensitivity of the assembled fiber sensor was 

investigated by placing the sensor head of the structure in contact with the surface 

of the hot plate. The temperature was varied slowly from 30°C to 55°C in steps of 

5°C using a temperature-controlled chamber. The transmission spectra response of 

a b 

c 
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the proposed sensor is shown in Fig. (3.5); which the exciting evanescent waves 

interact with the surrounding temperature and cause the change in the output 

spectrum. The measured sensitivity is −0.7606 nm/°C. From Fig. (3.5c), the 

characteristics wavelength shift exhibits a high linear regression coefficient value 

(R
2
) of 0.96623. It offers good repeatability in spite of a very small differences 

between the results for the temperature increasing and decreasing. Also, from Fig 

(3.5), it can be observed that as the surrounding temperature increases, the dip 

wavelengths show blue-shift. In order to analyse the repeatability of this sensor, a 

reverse measurement cycle was carried out in which the temperature was allowed 

to decrease from 55 
o
C back to

 
30 

o
C. 
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Fig. (3.5): The transmission spectrum response for the balloon-like configuration with stripped-

off the original protective polymer coating for temperature change: (a) 30-55 °C, (b) 55-30 °C, 

and (c) Linear fitting curves of Wavelength shifts versus temperature variation.  

 

Also, the responses of the interferometer against temperature were recorded 

every 2°C from 35°C to 47°C, and then reversely, as shown in Fig. (3.6). Herein, it 

can be found that the interferometer possesses a temperature sensitivity of about -

0.310nm/°C with a high linear regression coefficient value (R
2
) is 0.99307. In order 

a 
b 
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to analyse the repeatability of this sensor, a reverse measurement cycle was carried 

out in which the temperature was allowed to decrease from 47 
o
C back to

 
35 

o
C. 

 

 

Fig. (3.6): The transmission spectrum response for the balloon-like configuration with stripped-

off the original protective polymer coating for temperature change: (a) 35-47 °C, (b) 47-35 °C 

and (c) linear fitting plots of the shifted dips versus temperature change in the function of 

wavelengths shift. 

 

 

a b 

c 



Results and Discussions                                                                                                48 

 

3.4 The Influence of Polymer Coating on the Sensitivity of balloon-like Fiber 

Temperature Sensor: 

3.4.1 The balloon-like Fiber Sensor Based-Acrylate Polymer: 

Another active sensing segment of an SMF with retained original polymer jacket 

was utilized as a bent structure. This original polymer jacket can improve the 

resonance, which permits the evanescent field to associate with the outer medium. 

The transmission spectra response of the proposed sensor is shown in Fig. (3.7); 

the corresponding dip wavelength exhibits blue-shifts with ~ 33.3 nm as a function 

of temperature changes. Also, the signal intensities of the output spectra decreased 

when the surrounding temperature increases. The evaluated sensitivity of the SMF 

with the polymer jacket retained is ~ −1.2857 nm/°C. This sensor exhibits a good 

linear regression coefficient (R
2
) of ~ 0.97582. In order to analyse the repeatability 

of this sensor, a reverse measurement cycle was carried out in which the 

temperature was allowed to decrease from 55 
o
C back to

 
30 

o
C. 

Then, the response of the SMF balloon-like sensor with retained the original 

protective polymer coating in a temperature range between 35°C-47 °C in a step of 

2°C was examined. The transmission spectrum evolution was recorded and the 

result is depicted in Fig. (3.8). The dip wavelength shows a blue shift with the 

temperature decreasing. The sensor exhibits a sensitivity of ~ 0.6339nm/°C and a 

good linear regression coefficient value (R
2
) is 0.9971. In order to analyse the 

repeatability of this sensor, a reverse measurement cycle was carried out in which 

the temperature was allowed to decrease from 47 
o
C back to

 
35 

o
C. 
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Fig. ( 3.7): The transmission spectrum response for the balloon-like configuration with the 

original protective polymer coating with temperature change in the range (a) 30-55 °C, (b) 55-30 

°C, and (c) Linear fitting curves of Wavelength shifts versus temperature variation. 

a 
b a 

c 
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Fig. (3.8): The transmission spectrum response of the balloon-like sensor configuration with the 

original protective polymer coating as the temperature is changed from (a) 35-47 °C, (b) 47-35 

°C, and (c) linear fitting plots of the shifted dips against temperature change in the function of 

wavelengths shift. 

 

3.4.2 The balloon-like Fiber Sensor Based on-PVA-Coating: 

To confirm the enhanced temperature sensing performance caused by the 

polymer coating of optical fibers. The active sensing segment of stripped-off fiber 

was coated with PVA. The transmission spectrum evolution was recorded and the 

result is depicted in Fig. (3.9). From this figure, it can be seen that the sensor 

structure with PVA coating shows the larger wavelength shift (dip wavelength 

exhibits a blue shift of about 37.3 nm) than that of the acrylate polymer coating 

a b 

c 
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and exhibits good temperature sensitivity of about −1.4837 nm/°C. This due to that 

PVA material exhibits a greater thermal conductivity (0.28 W m
−1

 K
−1

) than the 

acrylate polymer (0.155 W m
−1

 K
−1

) [83,84]. Consequently, this leads to a more 

enhanced temperature transfer from the surrounding environment to the core layer. 

Furthermore, PVA is highly transparent in the infrared (IR) region and has a TOC 

that is around two orders of magnitude higher than that of fused silica (~10
-6

) [85]. 

Fig. (3.9c) presents that the linear regression coefficient value (R
2
) is 0.9979. 

These results indicate that the balloon-like sensor based on PVA coating have a 

good temperature sensing characteristic. In order to analyse the repeatability of this 

sensor, a reverse measurement cycle was carried out in which the temperature was 

allowed to decrease from 55 
o
C back to

 
30 

o
C. 

Also, the evaluation of the temperature measurement was carried out in a 

temperature range of 35-47 °C with a step of 2°C. Fig. (3.10) shows the 

transmission spectral response and the linear fitting plots of the shifts in the dips 

versus temperature for the PVA-coated balloon-like structure. The proposed 

temperature sensor exhibits good sensitivity of ~ −1.60179 nm/°C and good linear 

regression coefficients (R
2
) of 0.98541.  

The occurrence of the blue shift of these proposed sensors might be 

attributed to the higher RIs of the resonance coating material, as well the RIs of 

both the cladding and the core of the SMF being reduced owing to the negative 

TOC, which is of about −10
-4

 K
-1

 [87,88,89].  
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Fig. (3.9): The transmission spectrum response of the balloon-like sensor configuration for PVA-

based fiber coating as the temperature is changed from (a) 30-55 °C, (b) 55-30 °C, and (c) 

Linear fitting plots of the wavelength shift against temperature change. 

a b 

c 
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Fig. (3.10): The transmission spectrum response of the balloon-like sensor configuration for 

PVA-based fiber coating as the temperature is changed from (a) 35-47 °C, (b) 47-35 °C and (c) 

linear fitting plots of the shifted dips versus temperature change in the function of wavelengths 

shift. 

 

 

 

 

 

c 
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3.5 The Influence of the gold nanoparticle (GNP)-based fiber coating on the 

sensitivity of balloon-like fiber Sensor: 

Three different samples of SMF were coated with GNP with thicknesses of 

10, 20 and 30 nm over the original protective polymer coating and then their 

temperature response was examined over a temperature range of 30-55 
o
C in steps 

of 5
 o

C. The transmission spectra evolution was recorded and the results are 

depicted in Fig. (3.11 a-b), Fig. (3.12 a-b) and Fig. (3.13 a-b), for balloon-like 

sensor-based 10 nm, 20 nm and 30 nm gold layer thickness, respectively. These 

configurations show good temperature sensitivity and high linear regression 

coefficients. In order to analyse the repeatability of this sensor, a reverse 

measurement cycle was carried out in which the temperature was allowed to 

decrease from 55 
o
C back to

 
30 

o
C. 
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Fig. (3.11): The transmission spectrum response of the balloon-like sensor configuration with 10 

nm thickness of the gold coating as the temperature is changed from (a) 30-55 °C, (b) 55-30 °C, 

and (c) linear fitting plots of the wavelength shift in the dips against temperature change. 

c 
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Fig. (3.12): The transmission spectrum response of the balloon-like sensor configuration for 20 

nm thickness of the gold coating as the temperature is changed from (a) 30-55 °C, (b) 55-30 °C, 

and (c) linear fitting plots of the wavelength shift in the dips against temperature change. 

a 

c 
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Fig. (3.13): The transmission spectrum response of the balloon-like sensor configuration for 30 

nm thickness of the gold coating as the temperature is changed from (a) 30-55 °C, (b) 55-30 °C, 

and (c)linear fitting plots of the wavelength shift in the dips against temperature change. 

 

From these results, it can be observed that the sensor structure with a 

thickness of 20 nm shows the larger wavelength shift than the other samples. The 

results for the different GNP layer thicknesses are given in Table (3.1).  

For a comprehensive study of sensing performance, the different fiber sensor 

structures based on gold coating were examined in a temperature range of 35-47
 o
C 

with increasing steps of 2
 o

C. The transmission spectra evolutions against 

a 

c 
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temperature variation were recorded and the results are depicted in Fig. (3.17), Fig. 

(3.18) and Fig. (3.19 ). The temperature sensitivity and linear fitting plot for the 

different GNP thin layer thicknesses are presented in Table (3.1). The highest 

temperature sensitivity of the proposed structure was for the SMF coating with 

GNPs with a thickness of 20 nm, which was –2.56 nm∕°C.  

 
 

 Fig. (3.14): The transmission spectrum response of the balloon-like sensor configuration as the 

temperature is changed from (a) 35-47
o
C, (b) 47-35

o
C for 10 nm thickness of the gold coating, 

and (c) linear fitting plots of the wavelength shift in the dips against temperature change. 

 

c 

b a 
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Fig. (3.15): The transmission spectrum response of the balloon-like sensor configuration as the 

temperature is changed from (a) 35-47
o
C, (b) 47-35

o
C for a 20 nm-thick gold coating, and (c) 

linear fitting plots of the wavelength of the shifted dips versus temperature. 

 

c 

a 
b 
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Fig. (3.16): The transmission spectrum response of the balloon-like sensor configuration as the 

temperature is changed from (a) 35-47
o
C, (b) 47-35

o
C for a 30 nm-thick gold coating, and (c) 

linear fitting plots of the wavelength of the shifted dips versus temperature. 

It can observe that the wavelength dip exhibits a blue shift as the 

surrounding temperature increases. This might be attributed to the higher refractive 

indices of the resonance coating material. As well the refractive index of gold 

nanoparticles being reduced owing to the negative TOC, which is of ~ −10
-4

 K
-1

 

[95-97]. 

These results denoted that the temperature sensitivity has been enhanced by 

encapsulating the balloon-like SMF with the 20 nm GNP thin-layer thickness, 

where this optimal value maximized the effects of the evanescent fields and 

c 

b 
a 
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consequently improved sensitivity by more than fourfold. The good thermo-optical 

coefficient and thermal expansion coefficient of the metallic nanoparticles, 

including GNP (GNPs have a high intrinsic thermal conductivity of ~310 W/(m∙K) 

leading to the remarkable enhancement in sensitivity  [34]. 

Finally, sensitivity and linearity are not the only evaluation criteria. The 

reversibility is also an important factor of investigation and consideration when 

evaluating a sensor performance. It can be seen that the resonant dip of the 

balloon-like structure with GNP coating SMF presents good reversibility for 

temperature sensing on account of the very small changes in the results between 

for the temperature increase and decrease cases.  

Table (3.1). Sensor response of different fabricated structures. 

Sensor Structure 

Sensitivity 

(nm∕°C)at a 

temperature 

range of 

(30-55)°C 

R
2
 at a 

temperature 

range of 

(30-55)°C
 

 

Sensitivity 

(nm∕°C)at a 

temperature 

range of 

(35-47) °C 

R
2
 at a 

temperature 

range of 

(35-47)°C 

Stripped off 

SMF 
–0.7606 0.96623 -0.310 0.9971 

retained original 

polymer coating 
-1.2857 0.97582 0.6473 0.99307 

based-PVA 

coating 
-1.4783 0.9918 -1.60179 0.98541 

10 nm gold 

coating 
-1.48943 0.98761 -1.876 0.997 

20 nm gold 

coating 
-1.6915 0.98699 -2.529 0.9908 

30 nm gold 

coating 
-1.5777 0.99206 -2.143 0.9944 
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3.6 The Rise Time and resolution of the temperature Sensor Based on a 

balloon-like fiber structure: 

Rise time is the time needed for the signal to rise from a certain low value 

10% to high-level value 90% of the signal maximum. In order to investigate the 

rise time of all fabricated sensors towards the temperature variation, each sensor 

was subjected to a sudden and quick change of the temperature. Then, the optical 

signal was monitored using a photodiode detector (Gentec TPM300CE) connected 

with a 1GHz oscilloscope (Tektronix MDO3102). Fig. (3.20 a-c) and Fig. (3.21 a-

c) show the response characteristics of all fabricated sensors. The estimated rise 

time is presented in Table (3.2). The rise time of the proposed sensor is 

considerably ultrafast than that in previously published works [90] . This fast esir 

time might be attributed due to the high thermal diffusivity of the silica of the 

SMF, the high thermal conductivity of the gold coating, as well the small size of 

the sensor head. 

 

Fig. (3.17): The response time measurement for the SMF with the (a) stripped-off coating and (b) 

polymer jacket retained. 

b a 
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Fig. (3.18): The response time measurement for the polyvinyl alcohol (PVA)-based fiber coating. 

         

                                         

Fig. (3.19): The rise time measurement for the proposed with (a) 10 nm gold coating thickness, 

(b) 20 nm gold coating thickness, and (c) 30 nm gold coating thickness.  

 

a 

 

a b 

c 
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Table (3.2). Rise time and resolution performance of the different fabricated 

sensors. 

Sensor Structure 
Rise time 

(ms) 

Resolution 

(
O

C)
 

Stripped off 

SMF 
2.96 - 

a retained 

original polymer 

coating 

2.86 - 

based-PVA 

coating 
2.78 3×10−4 

10 nm gold 

coating 
1.78  

20 nm gold 

coating 
1.73 

 

 7.59× 10
−3 

 

30 nm gold 

coating 
1.67  

 

3.7 Conclusions: 

In this work, an all-fiber optic sensor based on a Mach-Zehnder 

interferometer for thermometric measurements has been demonstrated 

experimentally. The sensor structure was formed through bending a standard SMF 

into a balloon-like shape. The radius of the balloon-like was optimized to 5 mm. A 

novel structure offering a high-sensitivity temperature sensor based on a balloon-

like SMF configuration with a stripped-off, a retained polymer jacket, PVA 

polymer based-coating fiber and encapsulated with GNP has been fabricated and 

demonstrated. Interesting techniques for enhancing the sensitivity were carried out 
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by combining balloon-like configuration with a polymer coating layer and a 

metallic nanomaterial coating , which allows for an increase in sensor sensitivity 

by many orders of magnitudes. The influence of the GNP coating thickness in 

terms of tuning the sensor sensitivity has been studied. The measured sensitivity 

after the deposition of the GNP upon the active sensing segments was much greater 

than that of the uncoated fibre by about fourfold. The structure comprised of a bent 

SMF encapsulated within a 20 nm GNP coating showed the highest sensitivity of 

about −2.65 nm/ºC. To the best of authors' knowledge, this is the highest 

sensitivity obtained for such temperature structures. With the benefits of excellent 

sensitivity, cost-effective manufacture, simple configuration, good measurement 

repeatability, short response time, and good resolution with suitable 

biocompatibility, make the designed temperature sensor appropriate for 

temperature detection in the fields of chemical, molecular, and biological analysis. 

This fiber temperature sensor exhibits particular promise as a candidate for a 

precision thermometric device.  

 

3.8 Future Work 

1. Studying the effect of adding more thickness layers of PVA.    

2. Try a different type of polymer coating. 

3. Examining the proposed sensor performance with different metal oxide 

nanoparticles as sensitive material. 

4. Using balloon-like MZI based gold coating with fiber laser system as a 

tunable filter. 
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ةالخلاص  

لمراقبة درجة الحرارة نظرًا  متازةأنها طريقة رائعة م( FOS)لقد أثبتت مستشعرات الألياف الضوئية 

، والمتانة ،  و صغر الحجم، خفة الوزن التداخل الكهرومغناطيسي ، ومثل المناعة من ،  عديدةلفوائدها ال

ا في هذ. مما يسمح لعدد كبير من أجهزة الاستشعار بالعمل في نفس النظام  اليوعرض النطاق الترددي الع

 عرضهو Mach-Zehnderعلى مقياس التداخل جديد قائم مستشعر درجة حرارة  اقتراح، تم العمل 

 ً تم و.في تكوين يشبه البالون( SMF)الاستشعار عن طريق ثني ألياف أحادية النمط كون هيكل يت. تجريبيا

الألياف مع طلاء بوليمر واقٍ : ستة أقسام مختلفة من الألياف درجة الحرارة علىل المستشعرفحص أداء 

، وألياف تعتمد ( PVA)أصلي ، وألياف مع طلاء بوليمر واقي منزوع ، وألياف مع طلاء كحول بولي فينيل 

مستشعر أظهر ال و(. نانومتر 30، و  20،  ( ~ 10بسماكات مختلفة( GNP)نانوية ذهبية  أغشيةعلى طلاء 

أفضل أداء مع حساسية ممتازة ووقت صعود سريع ودقة  GNPمن  نانومتر 20 المقترح المطلي بسمك طبقة

. درجة مئوية ، على التوالي  10-4 × 1.82مللي ثانية ، و  1.73،  درجة مئوية /نانومتر  2.56–ممتازة 

الاستفادة من مزاياها الممتازة المتمثلة في التكوين البسيط والتصنيع السهل والخصائص الحرارية الضوئية ب

الجيدة والقوة الميكانيكية العالية ، يمكن أن يكون مستشعر درجة الحرارة عالي الحساسية هذا مرشحًا تنافسياً 

الصناعات الغذائية والتحليل الكيميائي لعمليات مراقبة درجات الحرارة المختلفة مثل جسم الإنسان و

على حد علمنا ، هذه هي المرة الأولى . واكتشافات التحليل الجزيئي والطب الحيوي الخالي من الملصقات

في تصنيع مستشعر  SMFعلى Sputtering) ) باستخدام تقنية  GNPترسب فحص تأثير التي يتم فيها 

 .ليدرجة حرارة يعتمد على مقياس التداخل الك
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