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Abstract 

Multicore fibers (MCFs) are optical fibers which have several cores integrated into a 

common cladding. As one type of space-division multiplexing, MCFs have been 

widely investigated in optical communication to improve the data capacity limit. Due 

to the intrinsic advantages such as small size, well-defined core separation, improved 

isothermal behaviour, light weight, immunity to electromagnetic interference, MCFs 

have also attracted extensive interests for optical sensing applications. This thesis 

focuses on investigating and fabricating MCF-based sensors with high performances 

by post-processing techniques such as inscribing gratings or introducing helical 

structures into the MCFs. 

In this thesis, we first review the background knowledge and development of MCF-

based sensors. And then we detail the working principles, fabrication methods and 

experimental results of three sensors based on a heterogeneous MCF. 

 The first one is a directional bending sensor based on a heterogeneous MCF with 

fiber Bragg gratings (FBGs). To date, several types of sensors based on FBGs inscribed 

in homogeneous MCFs have been reported. However, due to the homogeneous 

properties of the multiple cores, simultaneous interrogation of the FBGs in the multiple 

cores demands high precision and cumbersome alignment with, for example, a coupler 

and a ball lens, or customized and complicated fan-out devices. Therefore, to realize 

an easier interrogation of the FBGs in different cores, we propose to inscribe FBGs in 

heterogeneous MCFs. As the heterogeneous MCFs have non-identical cores, FBGs 

with different resonant wavelengths can be written simultaneously into the multiple 

cores in only one process with the scanned phase mask method. The MCF we used has 

a center core and six identical outer cores located respectively at the corners of a regular 

hexagon. The refractive index of the center core is a little lower than that of the outer 

cores. Due to the refractive index difference between the center core and outer cores, 

the FBGs with obviously different central wavelengths can be measured by only 

splicing a segment of a multimode fiber (MMF) between the MCF and the lead-in 

single mode fiber (SMF). The curvature sensitivity of the FBG in the outer core 
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depends on the bending orientation in the form of a sine function. The maximum linear 

curvature sensitivity is about 0.128 nm/m-1. The proposed sensor offers advantages of 

flexibility in fabrication, simple interrogation, and capability of eliminating the cross-

sensitivity to temperature or externally applied axial strain.  

The second one is a highly sensitive strain sensor based on a helical structure (HS) 

fabricated in the MCF. The MCF was locally twisted into an HS permanently by a CO2 

laser splicing system and then spliced between two short sections of MMFs to construct 

an in-line Mach-Zehnder interferometer. In the region of the HS, the outer cores were 

deformed into helical cores while the center core was kept straight. Due to the HS, a 

maximum strain sensitivity as high as −61.8pm/µε was experimentally achieved. It is 

the highest sensitivity among interferometer-based strain sensors reported so far, to the 

best of our knowledge.  Moreover, the proposed sensor has the ability to discriminate 

axial strain and temperature, and offers several advantages such as repeatability of 

fabrication, robust structure, and compact size, which further benefits its practical 

sensing applications. 

Based on the MCF with the HS, we also propose and demonstrate a sensor for 

directional torsion and temperature discrimination. By introducing the short HS, the 

fiber circular asymmetry was achieved, which made the sensor have the ability of twist 

direction discrimination. The maximum torsion sensitivity of the proposed sensor 

reaches −0.118 nm/(rad/m) for the twist range from −17.094 rad/m to 15.669 rad/m. 

Compared with the previously reported torsion sensor schemes utilizing micro-

machining means, the proposed sensor not only owns the capability of the 

discrimination of directional torsion and temperature but also takes the merits of easy 

fabrication and good mechanical robustness. 
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Chapter 1  Introduction 

 

This chapter introduces the background of optical fibers and multicore fibers (MCFs)  

based sensors. The motivation and objectives of this project are clarified. Finally, the 

thesis outline is presented. 

1.1 Background 

The concept of guiding light via total internal refraction dates back to the 1840s, 

physicists Daniel Colladon and Jacques Babinet demonstrated that light could be 

guided in water jets, and Jacques Babinet extended the principle of the light guiding 

along bent glass rods [1]. However, fiber optics was utilized for practical applications 

until the1950s.  Narinder S. Kapany and Harold H. Hopkins, and Abraham C. S. Van 

Heel almost simultaneously reported the creation of transporting optical image with 

fiber bundles for medical applications in 1954 [2, 3]. In the 1960s, the laser invention 

generated a wave of research interest in transmitting information with light. In 1961, 

Elias Snitzer reported a theoretical description of single mode fibers (SMFs) which 

could transmit light with only one mode [4]. However, at that time, the loss of the fibers 

was too large for optical communication. In 1964, Charles K. Kao and George 

Hockham theoretically demonstrated that the loss in optical fibers could be decreased 

dramatically below 20 dB/km by removing the impurities, which would make optical 

fibers possible for long distance optical communication [5]. This work, which made 

optical fibers as the practical transmission medium in optical fiber communication, is 

now recognized as the beginning of the optical fiber revolution. Charles K. Kao won 

the 2009 Nobel prize in physic for his contribution to optical fiber communication. In 

1970, the first fiber with a loss less than 20 dB/km was demonstrated by the scientists 

Robert Maurer, Donald Keck, and Peter Schultz from Corning [6].  During the 

following few years, with the accelerated development of fiber design and fabrication, 

the fiber loss decreased dramatically. By 1979, the optical fiber loss dropped to 0.2 

dB/km at the wavelength of 1550 nm [7]. Subsequently, optical fibers have been widely 
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used for fiber lasers [8], sensing applications [9], optical fiber communications [10] 

and become the backbone of the global telecommunication systems. 

By definition, the simplest basic structure of a conventional silica optical fiber 

consists of a core, a cladding, and a coating layer, as shown in Fig. 1.1. It is a cylindrical 

waveguide. The refractive index of the core coren is larger than that of the cladding. This 

type of fibers are generally referred to step-index fibers. The light is guided in the fiber 

core through total internal reflections. The coating layer is used to enhance the 

mechanical strength of the fiber and protect it from the physical damage. 

 

Figure 1.1. Cross-sectional schematic diagram of an optical fiber basic structure. 

 

Figure 1.2. Schematic diagram of total internal reflection in an optical fiber. 
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Figure 1.2 illustrates the case of the light incident on the fiber end face from the air. 

Assuming that the incident angle from the air to the fiber is 1q , the angle of the refraction 

is 2q , the incident angle at the interface between the cladding and the core is j . The 

refractive indices of the air, the core, and the cladding are An , coren , claddingn , respectively. 

According to Snell’s law for the optical fiber, we have: 

1 2sin( ) sin( )A coren nq q=                                         (1.1) 

The critical angle cj for total internal reflection is defined as: 

sin( ) .c cladding coren nj =                                        (1.2)  

When cj j> , the light ray will reflect totally at the core-cladding interface and 

propagate along the fiber core. The standard measure of the light-acceptance of the 

optical fiber is defined as numerical aperture (NA).  Since 1An » , 

2 2
1sin( ) .A core claddingNA n n nq= = -                                       (1.3) 

The guiding properties of an optical fiber can be characterized by V  parameter 

(normalized frequency) which is defined as [11]: 

2 .V aNAp
l

=                                                    (1.4) 

The designed fibers with 2.405V < can only support one mode, which is called SMFs. 

The progress in the fields of optical fibers, optical fiber devices, and optoelectronic 

instruments, especially the key components in optical fiber communication systems 

such as light sources, optical spectrum analysers, optical signal interrogators and 

photodetectors, has contributed to significantly decreasing the cost of optical fiber 

sensors (OFSs) and helped promote the development and widespread applications of 

OFSs. OFSs have a number of advantages. For example, the small size of OFSs enables 

them to be easily embedded into the structures of the objects under monitoring; all-

optical signal feature makes them immune to electromagnetic interference. Also, they 

have a light weight, a simple interrogation for remote sensing, good repeatability, high 
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sensitivities, capability of monitoring multiple environmental parameters, and ability 

of point, quasi-distributed or distributed sensing, etc. Due to these intrinsic advantages, 

OFSs have been widely used as the sensors for monitoring temperature [12], humidity 

[13], strain [14],  bending [15], vibration [16], gas pressure [17], refractive indices of 

liquids [18, 19], fluid level [20], water flow [21], current [22] and magnetic field 

[23]and so on. Such widespread applications of OFSs show their great potential for the 

Internet of Things (IoT) referring to the technologies which make things sense each 

other and their surrounding environment [24]. As an important part of the new 

generation of information technology, IoT will play an important role in our daily life.  

With the fast development of the information technology in recent decades, the 

communication capacity demand has been increased dramatically. Over the past four 

decades, the capacity of an SMF has risen by about ten times every four years. 

Transmission technologies breakthroughs have been able to keep up with the 

exponential growth of the Internet data traffic. Nowadays, the communication capacity 

demand can be satisfied by SMF-based wavelength-division multiplexing (WDM) 

systems. However, it is estimated that the WDM systems will reach their Shannon 

capacity limit in the next decade or so [25]. The capacity of an SMF typically increases 

with the transmitted power, but optical fibers are Kerr nonlinear mediums, the 

transmitted signal with high power results in the refractive index change of the fiber 

core by the Kerr nonlinear effect, which will result in distortion of the WDM channels 

[26]. The capacity limit is not particular to a certain transponder standard or modulation 

format. For an SMF, the capacity limit is 100 Tbit/s [25]. Therefore, to keep up with 

the data traffic demand, more SMFs will be needed. Without further innovative 

techniques, the communication system with parallel fibers will make the energy 

consumption and cost increase linearly with the capacity [25]. 

To overcome the Shannon capacity limit of SMF-based WDM systems, a solution 

is to utilize space division multiplexing (SDM) which has attracted extensive research 

interests in recent years [25]. The idea of using SDM to increase the capacity of an 

optical fiber dates back to almost 40 years ago [27]. In SDM systems, several different 

signals can be transmitted simultaneously through multiple spatially distinguishable 
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paths in a single fiber. Basically, there are two methods to introduce multiple signal 

paths into a single fiber. The first one is based on weakly-coupled MCFS which contain 

several separate cores, and all the adjacent cores have sufficiently low crosstalk. In 

1979, S. Iano et al. proposed the first and most obvious method of implementing SDM 

by utilizing weakly-coupled MCFs [27]. The second approach is based on mode 

division multiplexing (MDM), which was proposed by S. Berdague et al. in 1982 [28]. 

MDM-based approach can be realized by using few-mode fibers (FMFs) or multimode 

fibers (MMFs) or strongly-coupled MCFs. In a strongly-coupled MCF, the larger 

crosstalk between the adjacent cores is purposely designed by decreasing the distances 

between the adjacent cores. Due to supporting several super-modes, strongly-coupled 

MCFs can be considered as a type of MMFs.  In MDM-based systems, because of the 

mode dispersion, different modes exhibit different mode group delays, complex 

multiple-input-multiple-output digital signal processing techniques are required at the 

receiver [29]. Weakly-coupled MCF-based SDM is a promising and straightforward 

method to improve the transmission capacity of a single fiber. To further improve the 

spatial channel number of SDM fibers, the way of combining weakly-coupled MCFs 

and FMF concepts (i.e. each core of the MCFs can support a few modes) has also been 

demonstrated [30-32].  

Thanks to MCFs attracting considerable interests, the fabrication methods and 

types of MCFs have been extensively developed in the last decade. From the core point 

of view, MCFs can be mainly classified into two categories, namely homogenous 

MCFs and heterogeneous MCFs. All the cores of a homogenous MCF are identical. 

For a heterogeneous MCF, there are two or more distinct cores. In the past few years, 

MCF-based sensors have become a very attractive research topic, due to their intrinsic 

advantages, for example, multiple channels, well-defined core separation, small size, 

light weight, repeatability, etc. MCFs have further advantages over bundles of fibers 

because all the cores of an MCF share the same cladding, which means that MCFs have 

an improved isothermal behaviour. MCF-based sensors can be utilized for sensing 

temperature, axial strain, directional bending, twist and 3D shape, and so on. So far, 

there are a few methods of implementing MCF-based sensors, such as fabricating fiber 
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Bragg gratings (FBGs), long-period fiber gratings (LPFGs), or in-line Mach-Zehnder 

interferometers (MZIs) in MCFs. 

1.2 Motivation and objectives 

FBGs are widely utilized as strain and temperature sensors. Generally, the practical 

sensing applications of FBGs in conventional SMFs often encounter an issue, i.e. cross-

sensitivities. For instance, since FBGs respond sensitively to both temperature and 

strain changes, the temperature-strain cross-sensitivity has to be eliminated when 

monitor strain or temperature. To solve the problem of cross-sensitivities, a few 

methods have been proposed and demonstrated, for instance, utilizing the combination 

of axially arrayed an LPFG and an FBG [33], two FBGs with different diameters [34], 

dual-wavelength superimposed FBGs [35]. However, these methods increased the 

sensor complexities, and the applied temperature perturbation may be non-uniform for 

the axially arrayed gratings, which will affect the sensing accuracy. Since all the cores 

of an MCF are integrated into a common cladding, all the cores can experience the 

same temperature perturbation at any particular positions along the MCF. Thus, the 

cross-sensitivities between temperature and other parameters can be eliminated for 

MCF-based sensors. In recent decade, there is an extensive interest in expanding the 

sensing applications of MCFs. MCFs with FBGs have been widely used for fabricating 

various types of sensors, especially for monitoring multidimensional bending or 3D 

shape measurement. To date, almost all the previously reported MCFs for fabricating 

FBGs-based sensors are homogenous. Because of the two hurdles, the lens effect of the 

fiber cladding and the shadow effect, it is tough to fabricate FBGs with uniform Bragg 

wavelengths in different cores in homogeneous MCFs with lateral UV exposure. Many 

efforts have been previously made to improve the uniformity of the FBGs in different 

cores. However, the non-uniformity has not been eliminated. On the contrary, to avoid 

the two hurdles of the FBG fabrication in homogeneous MCFs, one way is to increase 

the wavelength difference between the FBGs in different cores. This goal can be 

realized by fabricating FBGs in heterogeneous MCFs.  
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Moreover, to collect the reflected signals of the FBGs in a homogeneous MCF, a 

complicated and expensive fan-out device is essential. On the contrary, due to the FBGs 

fabricated in heterogeneous MCFs having obviously different wavelengths, only 

splicing a segment of MMF between the MCF and the lead-in SMF can collect the 

reflected signals.  

Strain measurement, one of the most important applications of OFSs, has been 

widely applied in many fields, especially in structural health monitoring for aircrafts, 

dams, towers, bridges, skyscrapers, railways, highways, and so on. Fiber-based strain 

sensors have been demonstrated with various schemes, such as an FBG, an LPFG, or 

an MZI in different types of fibers including MCFs. Their sensitivities to strain were 

typically about 1 pm/µε for FBGs, less than 10 pm/µε for LPFGs or MZIs. Therefore, 

to further enhance the strain sensitivity, new designs are needed. Fabricating a helical 

structures (HS) in an MCF to form an MZI is an excellent choice to realize a strain 

sensor with a much higher strain sensitivity. 

In addition, MCFs with HSs have other good sensing performances needed to be 

investigated. For instance, they can be used as torsion sensors. The twisted MCF-based 

torsion sensors have the ability to discriminate the clockwise and anticlockwise rotation 

of the fiber, and the temperature cross-sensitivity can be eliminated. 

The objectives of this thesis are to explore and develop high-performance sensors 

based on MCFs by post-processing techniques such as grating fabrications or twisting 

MCFs. The first objective is to demonstrate our proposal of fabricating FBGs in a 

heterogeneous MCFs with a UV laser, collecting the reflected signals of different FBGs 

by utilizing a segment of MMF instead of a fan-out device, and then investigating its 

sensing performances and comparing the experimental results with theories. The 

second objective is to design and fabricate a novel strain sensor with a much higher 

strain sensitivity by introducing an HS into an MCF, and theoretically analyze its 

working principle. The third objective is to explore and investigate the sensing 

applications of the MCF with an HS. 
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1.3 Thesis outline 

This thesis consists of 6 chapters. Chapter 1 introduces the background, motivation, 

and objectives of this project. Chapter 2 reviews the types of MCF-based sensors and 

their recent developments, as well as their working principles. Chapter 3 presents the 

background of fabricating FBGs in MCFs, and our work on inscribing FBGs in a 

heterogeneous MCF. A directional bending sensor based on the MCF with FBGs is 

demonstrated, the sensor exhibits the capability of eliminating the temperature or strain 

cross-sensitivities. Chapter 4 starts with the state-of-the-art of optical fiber strain 

sensors and then proposes a strain sensor with a much higher sensitivity based on an 

HS in an MCF. The process of fabricating HSs in a non-twisted MCF is introduced in 

detail. Based on the HS, an in-line MZI sensor with an ultra-high strain sensitivity is 

proposed and demonstrated. The proposed sensor has the ability to discriminate axial 

strain and temperature and offers several advantages such as repeatability of fabrication, 

robust structure, and compact size. Chapter 5 shows the experimental results of a 

directional torsion sensor with temperature discrimination based on the MCF with an 

HS. Compared with the previously reported torsion sensor schemes utilizing micro-

machining means, the proposed sensor not only owns the capability of the 

discrimination of directional torsion and temperature but also takes the merits of easy 

fabrication and good mechanical robustness. Finally, Chapter 6 concludes this thesis 

and recommends the future work prospects in the research field for MCF-based sensors. 
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Chapter 2  Sensing Principles and Developments 

of MCF-based Sensors 

 

MCFs have been reported as sensors based on various approaches such as FBGs, 

LPFGs, MZIs, Michelson interferometers (MIs), Fabry-Perot interferometers (FPIs). In 

this review chapter, the various approaches of implementing sensors based on MCFs 

and their working principles will be discussed. 

2.1 FBGs in MCFs  

Fiber gratings are a type of optical diffraction gratings [36], which have periodic 

structures along the fiber axis direction. From the period point of view, fiber gratings 

can generally be divided into two types, short-period gratings and LPFGs. Short period 

gratings also called FBGs, which have the capability of reflection. In an FBG, the light 

coupling occurs between the forward-propagating mode and the backward-propagating 

mode in the fiber core.  

The phase condition for a fiber grating can be expressed as [36]   

2 1
2m pb b= +
L

                                                         (2.1) 

where 1b , 2b represent the propagation constants of the two coupling modes, 

respectively. L  is grating period. Usually, the first order diffraction dominates in a 

fiber grating, and 1m = - . 

In an FBG, 1 coreb b= , 2 coreb b= - , where coreb  denotes the propagation constant of 

the core mode. Since ,2core eff corenb p l= , where l  is the wavelength and ,eff coren  is the 

effective refractive index of the core mode, according to Eq. (2.1), the center 

wavelength of the reflected light of an FBG can be described as [36, 37]: 
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,2B eff corenl = L                                                      (2.2) 

 2.1.1 Sensing principles of FBGs 

When axial strain e is applied to the fiber with a length l , the period L  of the FBG and the 

effective refractive index ,eff coren  will be changed, which will cause a wavelength shift of the 

Bragg wavelength. e is defined as /l le = D , where lD is the length change of the fiber. 

Because the axial strain is uniform along the fiber, the relative length change of the FBG, or 

the relative change of the period, will be equal to the relative change of the fiber, thus, 

/l le =D =DL L. The wavelength shift of the FBG induced by the axial strain is given by 

[38, 39]: 

,
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                                          (2.3) 

The axial strain induced grating period increment can be expressed by eDL = L , thus the 

second term in Eq. (2.3) equals to the unit. The refractive index change of the pure silica caused 

by photo-elastic effect can be described by [40-42]: 

3
0 12 11

0 0
[(1 ) ]

2
n p vpn p ne

n e e- -
D = - =                                      (2.4) 

where 2
0 12 11[(1 ) ] / 2p n p vpe n= - - - usually denotes the effective photo-elastic coefficient. 

11p and 12p are photo-elastic coefficients, v is the Poisson’s ratio, and 0n is the refractive index 

before applying strain to the fiber. The typical values for silica fibers are 11 121p = ,

12 0.270p = [43] and 0.16v = [44]. For a typical germanosilicate optical fiber, pe is about 

−0.22 [45]. According to Eq. (2.4), the effective refractive index change of the core mode can 

be approximately described by ,eff eff coren p ne eD = . Thus, the strain-induced Bragg wavelength 

shift can be further approximately rewritten as [46]: 

(1 )B B pel l eD = +                                                    (2.5) 
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Due to the thermal-optic effect and thermal expansion effect, the temperature change will 

also result in the Bragg wavelength shift, which can be described as [47]: 

 ( )B B n Tl l a aLD = + D                                              (2.6) 

where (1/ )( / )TaL = L ¶L ¶ is the thermal expansion coefficient for silica (about 

60.55 10-´  /℃), (1/ )( / )n n n Ta = ¶ ¶ represents the thermal-optic coefficient with a 

value of about 68.6 10-´  /℃. As na is much larger thanaL , the wavelength shift is 

mainly affected by the refractive index change.  

If a fiber is bent with a curvature radius R , e can be described by [41]: 

Cxe = -                                                       (2.7) 

where C is the curvature value, 1/C R= . x is a coordinate along a line connecting the 

curvature center and the fiber center, the positive direction is defined to be from the 

fiber center to the curvature center, the origin of the coordinate is at the center of the 

fiber. The part of the fiber at the inner side of the x positive direction will be compressed 

while the part at the outer side will be stretched. If two cores with FBGs of an MCF are 

used for bending sensing, when they lie at a certain position with different x values, the 

two FBGs will have different bending sensitivities. Considering the simplest case, 

when both the cores lie at the bending plane, the difference of the strain applied on the 

two FBGs can be given by: 

dCeD =                                                       (2.8) 

where d is the distance between the two cores. Thus, the difference of the wavelength shifts of 

the two FBGs caused by the applied curvature C can be described by [48]: 

(1 )B p dCel lD = +                                               (2.9) 

According to Eq. (2.5), Eq. (2.6), and Eq. (2.9), by monitoring the wavelength shift 

of the FBG, the applied strain, temperature variation, and curvature can be obtained, 

respectively. 
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2.1.2 Sensing applications of FBGs in MCFs 

By inscribing FBGs, MCF-based sensors exhibit great potentials for sensing 

applications, especially for directional bending sensing or shape sensing. To date, 

several kinds of bending sensors based on FBGs in homogeneous MCFs have been 

proposed. For example, a single-axis bending sensor by utilizing FBGs in two cores of 

a four-core fiber (FCF) was experimentally demonstrated by M. J. Gander et al. in 2000 

[48]. The cores of the FCF were nominally at the vertices of a square with the side of 

52 µm. All the cores were designed for single mode operation over the wavelength 

range from 1300 nm to1550 nm. Prior to FBG inscription, the FCF was photosensitized 

by hydrogen loading at 150 bar at room temperature for two weeks. Then FBGs were 

inscribed into two cores with the two-beam holographic technique [49]. The light was 

launched into the two gratings simultaneously with a 50:50 directional coupler and two 

standard SMFs. Since the core separation of the FCF was less than that of the two SMFs, 

a ball lens with a diameter of 2 mm was used to image the output from the coupler to 

the FCF. Then the reflections were coupled back into the coupler and combined into an 

SMF. When the two FBGs laid in the bending plane, the bending sensitivity was 48.9 

pm/m-1. And the FBGs showed temperature sensitivities of 10.3 pm/K and 10.4 pm/K, 

respectively. 

In 2003, G. M. H. Flockhart et al. reported a two-axis curvature sensor with another 

type of FCF [50]. The cores located at the corners of a square with a core separation of 

about 44 µm. The cladding diameter was about 125 µm. The FBGs were inscribed into 

the cores simultaneously by utilizing scanned phase mask method. The end facet of the 

FCF was shown in Fig. 2.1 (a). The unstrained FBGs reflection spectra for the cores 1, 

2, 3 were measured, as shown in Fig. 2.1(b), Fig. 2.1(c), and Fig. 2.1 (d), respectively. 

The differences among the reflection spectra of the three gratings were caused 

by the rotational alignment of the fiber relative to the UV laser beam and the 

uneven UV exposure during the grating inscription process. Since there was 

overlap between the three reflection spectra, a fan-out device was fabricated to 

interrogate each core independently. The sensor was able to monitor the curvature 
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magnitude and two bending planes simultaneously (horizontal and vertical planes in 

the axial direction of the fiber) [50].  

 

Figure 2.1. (a) Microscope photograph of the cleaved facet of the FCF; (b), (c), (d) 

Reflections spectra of the unstrained FBGs in cores 1, 2, and 3, respectively [50]. 

Furthermore, shape sensors which can monitor distributed bending and bending 

direction have also been demonstrated by utilizing FBGs inscribed in tri-core [51], 

four-core [52-54] and seven-core fibers [55]. In [51], a research group from NASA 

reported a shape sensor based on FBGs written in a tri-core fiber.  The tri-core fiber 

had a symmetrical structure, the core distance, cladding diameter, and coating diameter 

were 68 µm, 330 µm, and 510 µm, respectively. The FBGs located in each core with 

intervals of 10 mm along the fiber. The experimental results still showed an error of 

7.2 %. In [52], a twisted four-core fiber was designed and fabricated for simultaneous 

measurement of bending and twist. A permanent twist bias was induced into the fiber 

during the fiber drawing. Fig. 2.2 depicts the schematic diagram of the FCF-based 

sensor. The three twisted outer cores were widely spaced in azimuthal angle for 
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unambiguous bend monitoring. As the FBG in the straight center core is insensitive to 

bending or twist variation if it locates at the centerline of the fiber, the FBG in the 

center core can be utilized as the reference for temperature or axial strain change. The 

twist measuring accuracy was limited 25 degrees/meter. The present accuracy level 

was too low for practical applications. In [53, 54], multipoint curvature shape sensors 

were reported based on FBGs arrays inscribed in each core of a non-twisted 

homogenous FCF, the schematic view of the sensors was shown in Fig. 2.3.  The four 

identical cores located at the corners of a square lattice with a side length of 36 µm. All 

the cores were designed for single mode operation. The curvature magnitude and 

direction can be obtained simultaneously. In [55], P. S. Westbrook et al. demonstrated 

an optical shape sensor module based on continuous weak FBGs fabricated in a twisted 

seven-core fiber. The cladding diameter and core-to-core distance of the seven-core 

fiber were 125 µm and 35 µm, respectively. To ensure the strength, the fiber was coated 

by a UV transparent layer. The FBGs was inscribed with the standard scanned phase 

mask method. 

 

Figure 2.2. Bending and twist sensor based on four-core fiber [52]. 
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Figure 2.3.  Schematic diagram of the multipoint curvature sensor. (a) A general view 

of the multi-point curvature sensor. (b) A segment of the bent optical fiber with one 

group FBGs, F is defined as the external force. (c) Cross-sectiontional view of the 

optical fiber, where r, do, and θd represents the radius of curvature, the distance from 

the origin of the neutral axis to the center of the cores, and the direction of curvature, 

respectively [54]. 

 

Figure 2.4. Schematic diagram of a fan-out device connecting seven SSMF to a seven-

core fiber [55].  

It is worth noting that simultaneous interrogation of the multiple cores demands 

high precision and cumbersome alignment with a coupler and a ball lens [48] or fan-

out devices [54, 56]. In most cases, fan-out devices are utilized to couple the light into 

different cores of weakly coupled MCFs. However, the fabrication of fan-out devices 

is relatively complicated, and they will increase the cost. Figure 2.4 shows a fan-out 

device which is designed for connecting seven single mode fibers (SSMFs) to a seven-

core fiber. 
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2.2 LPFGs in MCFs 

LPFGs are transmission gratings, no light can be reflected from LPFGs. In an LPFG, 

the light coupling occurs between the modes propagating in the same direction. As the 

modes propagate in the same direction, thus 2 0b > , according to Eq. (2.1), the resonant 

wavelengths of an LPFG can be described by [36, 41, 57]: 

( ), ,i eff core eff in nl = - L                                              (2.10) 

where ,eff coren  is the effective refractive index of the core mode,  and ,eff in represents the 

effective refractive index of the i-th order cladding mode. By comparing Eq. (2.2) and 

Eq. (2.10), we can find that for a certain resonant wavelength, an LPFG will have a 

much larger grating period than an FBG. 

2.2.1 Sensing principles of LPFGs 

LPFGs can respond to a few of parameters such as temperatureT , strain e , and 

curvature C , these parameter variations will result in wavelength shifts of the resonant 

wavelengths, which can be expressed as [58] 

T CS T S S Cel eD = D + D + D                                     (2.11) 

where TD , eD and CD are temperature variation,  strain variation, and curvature 

variation, respectively. TS , Se and CS represent the sensitivities to temperature, strain, 

and curvature, respectively. The sensitivities can be described as Sx l x= ¶ ¶  , wherex  

representsT , e , orC . According to Eq. (2.3), the sensitivities can be rewritten as [58] 

, ,
, ,

( )
( )eff core eff i
eff core eff i

n n
S n nx x x

¶ -é ù¶L
= L + -ê ú¶ ¶ë û

                         (2.12) 

In Eq. (2.12), the first term corresponds to the changes of the propagating modes 

and their effective refractive indices caused by the environmental factors, i.e. the applied 

parameters, and the second term corresponds to the grating period variations.  
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After obtaining the sensitivities of an LPFG by calibration, the temperature 

variation, applied strain, and curvature can be calculated respectively according to Eq. 

(2.11) by monitoring the wavelength shift of an LPFG. 

2.2.2 Sensing applications of LPFGs in MCFs 

It is well known that the resonant dips of LPFGs can be affected by several physical 

parameters, such as temperature, strain, refractive index, thus the cross-sensitivity is an 

issue needed to be considered for LPFG sensing applications. Thanks to the SDM 

advantages of LPFGs in MCFs, multiparameter sensing without cross-sensitivities can 

be realized. In 2017, Ruoxu Wang et al. fabricated spatially arrayed LPFGs in a 

heterogeneous seven-core fiber based on electrical arc discharge mechanism. By using 

a pair of fan-in/fan-out devices, different transmission spectra of seven LPFGs in the 

seven cores were obtained. Thanks to the low negligible crosstalk between the center 

core and the outer core, LPFGs fabricated in the seven cores were highly independent 

and could act as independent sensing units. By monitoring the wavelength shifts of the 

LPFGs in the center core and one outer core, and constructing a matrix consisting of 

the temperature and strain sensitivities, simultaneous measurement of temperature and 

strain has been demonstrated [59]. In 2017, David. Barrera et al. proposed a selective 

LPFG inscription technique and demonstrated a directional bending sensor based on 

LPFGs inscribed in a seven-core fiber [60]. The LPFGs were selectively fabricated into 

the center core and two outer cores which were in the same planes, as shown in Fig. 

2.5(a). After three times of LPFGs fabrication, the center core contained three LPFGs 

with different resonant wavelengths, and each outer core only had one particular LPFG, 

as shown in Fig. 2.5(b). The LPFGs in the outer cores showed linear curvature 

sensitivities whereas the LPFGs in the center cores exhibited negligible curvature 

sensitivities. The sensor exhibited the ability of curvature sensing for a curvature range 

from 0 m-1 to 1.77 m-1 and bending directions from 0° to 360°, the maximum curvature 

sensitivity was 4.85 nm/ m-1. 
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Figure 2.5. (a) Schematic diagram of the MCF cross-section and the defined planes for 

LPFG inscriptions. (b) The scheme of the LPFGs fabricated in the seven cores [60]. 

2.3 MZIs in MCFs 

2.3.1 Sensing principles of MZIs 

MZIs have widely used in diverse optical fiber sensing applications due to their flexible 

configurations. A basic MZI has two arms, as shown in Fig. 2.6, inI  represents the 

intensity of an input signal in the lead-in fiber, which is split into two arms by coupler 

1. The intensities of the signal in the two arms are 1I and 2I , respectively. After 

propagating through the two arms, the light is recombined into a lead-out fiber by 

coupler 2. Because of the optical path difference (OPD) between the two arms, the 

recombined light will generate interference. For sensing applications, one arm is used 

as a reference which is isolated from external perturbation. As the sensing arm, the 

other arm will be affected by the sensing parameters such as strain, temperature, and 

bending. Any perturbation of the sensing arm will result in OPD variation and then 

changes the interference signal. The intensity of the output interference signal can be 

described as [61]: 

1 2 1 22 cos( )out MZII I I I I f= + +                                          (2.13) 

where MZIf represents the accumulated phase difference caused by the OPD, it can be 

obtained from 
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1 1 2 2
2 ( )MZI n L n Lpf
l

= -                                            (2.14) 

where 1n and 2n  , 1L and L2 denote the refractive indices , and the lengths of the two 

arms, respectively. 

 

Figure 2.6. Schematic of a basic MZI. An input beam is split into two arms by coupler 

1, and then recombined together by coupler 2.  

The scheme of using two separate arms to form an MZI has some drawbacks, for 

example, it is difficult to keep the reference arm unaffected by environment. To replace 

the basic scheme, various optical fiber in-line MZIs have been demonstrated [62]. For 

in-line MZIs, the reference and sensing arms are in the same fiber and have the equal 

physical length, but still have OPD due to the modal dispersion, and Eq. (2.14) can be 

rewritten as: 

2
MZI eff MZIn Lpf

l
= D                                           (2.15) 

where effnD is the effective refractive index difference between the two interference 

modes, MZIL denotes the interaction length. When (2 1) , ( 0,1, 2...)MZI m mf p= + = , the 

intensity of the interference pattern will have a minimum value at the wavelengths [63]  

,

2
2 1
eff MZI

m MZI

n L
m

l
D

=
+

                                                 (2.16) 

Variations of temperature, strain or other physical parameters applied on the MZI 

will change the refractive indices or the physical length, according to Eq. (2.16), the 

resonant wavelengths will shift.  



20 

	

2.3.2 Sensing applications of MZIs in MCFs 

In recent years, many schemes of MZIs based on MCFs have been demonstrated for 

sensing applications. These schemes can be roughly divided into two categories. The 

first one is fabricating an MZI by just splicing a segment of MCF automatically 

between two SMFs without lateral offset by using a fusion splicer. The second category 

is making an MZI by splicing a section of MCF between two SMFs with a lateral offset, 

or splicing a section of MCF between two MMFs and then connected to two SMFs, or 

tapering the MCF.  

The MZIs of the first category have been demonstrated based on a twin-core fiber 

(TCF) [64], FCF [65], or strongly coupled seven-core fiber [66-69]. Figure 2.7 shows 

the microscope images of a TCF, FCF and strongly coupled seven-core fiber which 

have been used for forming the first category of MZIs. In 2009, Suchun Feng et al. 

reported a compact in-fiber MZI based on a TCF spliced two SMFs for temperature 

and strain sensing. The temperature and strain sensitivities of the sensor were about 

0.037 nm/°C and 0.866 pm/με, respectively [64].  In 2016, Chao Li et al. demonstrated 

an MZI based on a FCF spliced two SMFs, the responses to strain, curvature and 

refractive index of the sensor have been investigated. The experimental results showed 

that the strain, curvature, and refractive index sensitivities were 2.21 pm/με, 2.55 nm/m-

1 and 113.27 nm/RIU, respectively [65]. A few reports about MZI sensors based on 

strongly coupled seven-core fiber have been demonstrated for sensing force and 

temperature [66], high-temperature [67], curvature [68] and accurate vibration [69]. 

 

Figure 2.7. Microscope images of the MCFs spliced directly between two SMFs, (a) 

twin-core fiber [64], (b) four-core fiber [65], (c) strongly coupled seven-core fiber [66]. 
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For the second category of MCF based MZIs, usually, to couple light into all the 

cores, the methods of splicing the MCF and SMF with lateral offset, splicing a segment 

of MMF between the MCF and SMF, or tapering the MCF were used. In 2013, Zhiyong 

Zhao et al. demonstrated a seven-core fiber-based multipath MZI by offset splicing the 

MCF between two SMFs for temperature sensing [70], the schematic diagram of the 

sensor structure and the cross-sectional microscope image of  MCF, are shown in Fig. 

2.8 (a) and Fig. 2.8(b), respectively. The obtained highest temperature sensitivity of the 

sensor was 130.06 pm/°C, and the strain sensitivity was less than 0.284 pm/με. In 2016, 

Lin Gan et al. proposed and demonstrated spatial-division MZIs by tapering an MCF 

for simultaneous measurement of strain and temperature. The structure of the MZI and 

the cross-sectional image of the MCF are illustrated in Fig. 2.8 (c) and Fig. 2.8(d), 

respectively. By using a pair of fan-in/fan-out devices, seven channels of MZIs can be 

interrogated independently. The MZI in the center core showed a temperature 

sensitivity of 47.73 pm/°C, and a strain sensitivity of 1.10 pm	με. The MZI in the outer 

core exhibited a temperature sensitivity of 53.20 pm/°C, and a strain sensitivity of 0.84 

pm/με. Multiparameter sensing can be realized by parallel monitoring MZIs in 

different cores [71]. In 2017, Xiaoliang Wang et al. fabricated an MCF-based MZI for 

temperature and curvature sensing. The MZI was fabricated by splicing a segment of 

MCF between two short MMFs and then connecting two SMFs. One MMF was used 

to couple the light to the cladding and all the cores of the MCF, the other one was used 

to couple the light back to the lead out SMF. Figure 2.8 (e) and Figure 2.8 (f) show the 

schematic diagram of the MZI structure and the cross-sectional image of the 

corresponding MCF, respectively. The sensor showed a temperature sensitivity of 

55.81 pm/°C and a very high curvature sensitivity of 31.54 nm/m-1. 
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Figure 2.8. Schematic diagrams of the MCF-based MZI structures and the cross-

sectional images of the MCFs. (a) MZI was formed by offset splicing the MCF between 

two SMFs [70]. (c) MZI was based on a tapered MCF [71]. (e) MZI was formed by 

splicing the MCF between two MMFs then connecting to two SMFs [72]. (b), (d) and 

(f) show the cross-sectional microscope images of the MCFs used in the three types of 

MZIs [70-72], respectively. 

2.4 MIs in MCFs 

2.4.1 Sensing principles of MIs 

Optical fiber sensors based on MIs have similar structures with the sensors based on 

MZIs. The difference between MIs and MZIs is that an MI only need one fiber structure 

such as an LPFG or a tapered region as the splitter and combiner. In addition, MZIs 
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work in the transmission direction, whereas MIs work in reflection direction which 

makes MIs suitable to act as probe sensors. The fundamental working principle is based 

on the interference between the light beams reflected from the mirrors at the end of two 

arms, as shown in Fig. 2.9 (a). MIs can have more compact size and are more 

convenient for practical applications than MZIs [73]. The two independent arms of the 

basic MI are easily affected by different perturbations, which will result in sensing 

errors. Thus, in-line MIs have been attracted more attention than the basic MIs, 

especially for monitoring temperature and the refractive index of liquids. Figure 2.9(b) 

illustrates the schematic diagram of an in-line MI, in which the light is coupled to the 

cladding and the core and reflected back by the mirror at the end face. 

 

Figure 2.9. (a)  Schematic diagram of the basic configuration of an MI. (b) Schematic 

diagram of an in-line fiber MI [62]. 

Since the light propagates twice along the two arms in an MI, according to Eq. 

(2.15), the accumulated phase difference between the two interference modes of an MI 

can be described by: 

 
4

MI eff MIn Lpf
l

= D                                                     (2.17) 

where MIL  represents the physical length. When temperature, strain, or other external 

stimuli change, the refractive index or the fiber length will also be affected, which will 

result in wavelengths shift of the resonant dips. Thus, by monitoring the resonant dips, 

sensors based on MIs can be realized. 

2.4.2 Sensing applications of MIs in MCFs 
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To date, both weakly-coupled MCFs and strongly-coupled MCFs have been 

demonstrated for implementing MIs. In 2016, Li Duan et al. proposed and 

demonstrated a compact high temperature sensor based on an MI consisting of a lead-

in/lead-out SMF and a segment of a weakly-coupled MCF. The MI was fabricated by 

tapering the splicing region between an SMF and an MCF, and then the end face of the 

MCF was made into a spherical reflective mirror by arc-fusion splicing. The structure 

of the MI and the cross-sectional image of the MCF are illustrated in Fig. 2.10(a) and 

Fig. 2.10(b), respectively [74]. The tapered region acted as the first coupler, the light 

was coupled into all the seven cores and the cladding, and then reflected at the spherical 

mirror. Thanks to the multipath interferences, the sensor exhibited an enhanced 

temperature sensitivity of 165 pm/°C up to 900°C. In 2017, Joel Villatoro et al. 

demonstrated an accurate strain sensor and a vibration sensor based on MIs in a type 

of strongly-coupled MCFs [75, 76]. The schematic diagram of the accurate strain 

sensor and the cross-sectional image of the strongly-coupled MCF are shown in Fig. 

2.10 (c) and Fig. 2.10 (d), respectively. Due to the axial symmetry of the MI structure, 

only two supermodes can be excited in the MCF when the light propagated from the 

SMF to the MCF [75, 76]. The two supermodes formed interference and reflected by 

the mirror at the end of the SMF, as shown in Fig. 2.10(c).  The sensor with 14.9 cm of 

the MCF showed a strain sensitivity of 1.7 pm/µε, which was about 40% higher than 

that of conventional FBGs [77]. The vibration sensor was also based on the similar 

strongly coupled MCF. Its structure is illustrated in Fig. 2.10 (e). The MCF was spliced 

to an SMF, and the end face of the MCF acted as a mirror. Then a segment of a capillary 

tube (CT) was spliced to the MCF to protect the MCF end. The resonance frequency 

of this vibration sensor can be tuned from a few Hz to several kHz [76]. 
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Figure 2.10. (a)Schematic diagram of the MI based on the weakly-coupled MCF for 

high temperature sensing [74]. (b) Cross-sectional image of the weakly-coupled MCF 

[74]. (c) Schematic diagram of the MI based on a strongly-coupled MCF for accurate 

strain sensing. The MCF was spliced between two SMFs, one of the SMFs has a mirror 

at the end [75]. (d) Cross-sectional image of the strongly-coupled MCF [75]. (e) 

Schematic diagram of the MI based on the strongly coupled MCF for vibration sensing 

[76]. 

2.5 FPIs in MCFs 

2.5.1 Sensing principles of FPIs 

An FPI is generally constituted of two parallel reflective surfaces with a certain distance 

between them [62].  The interference happens due to the multiple superpositions of the 

reflected or transmitted light at the two mirrors. Optical fiber-based FPIs can generally 

be divided into two groups, one is extrinsic FPI (EFPI), the other one is intrinsic FPI 

(IFPI) [78]. In EFPIs, the light can exit the fiber and propagate in an external cavity, 

the interference is formed by the light reflected from an external cavity. IFPIs can also 

be referred to as in-line FPIs or in-fiber FPIs [79], in which the reflecting interfaces 
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locate in the fibers, and the light is confined within the fibers [62, 78]. Figure 2.11 (a) 

and Figure 2.11 (b) illustrate the schematic diagram of an EPFI and IFPI, respectively. 

Most of the optical fiber-based FPIs work in the reflection mode which is more 

convenient in practical applications 

 

Figure 2.11. (a) Schematic diagram of an EFPI formed by an external air cavity, usually 

the cavity-supporting structure is a capillary tube [62]. (b) Schematic diagram of an 

IFPI, the two mirrors located inside the fiber [62]. 

If the reflectivities of the mirrors are very low, for example, silica-air interfaces act 

as the mirrors, although multiple reflections and transmissions occur at the silica-air 

interfaces, the multiple-beam interference model of the electric fields of FPIs can be 

simplified as a two-beam interference by using the two-beam approximation [80]. The 

reflection or transmission interference is mainly caused by the accumulated phase 

difference between the two beams reflected at the two mirrors. The accumulated phase 

difference can be described as: 

 
4 ,FPI FPI FPIn Lpf
l

=                                               (2.18) 

where FPIn and FPIL  denote the refractive index and physical length of the cavity, 

respectively. l  represent the working wavelength. When the phase difference satisfies 

the condition (2 1) , ( 0,1,2,...)FPI m mf p= + = , the interference resonant dips locate at 

[81, 82] 

 ,
4 .
2 1
FPI FPI

m FPI
n L
m

l =
+

                                             (2.19) 

When the external perturbation is applied to the FPI, the OPD variation of the 

interferometer will be changed which will result in wavelength shifts of the resonant 

dips. For instance, external strain applied on to the FPI can change the physical length 
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of the cavity and/or the refractive index of the cavity material. As a result, the 

wavelengths of the dips will shift. Thus, the applied strain can be measured by 

monitoring the wavelength shifts of the dips. 

2.5.2 Sensing applications of FPIs in MCFs 

In 2016, Yaxun Zhang et al. proposed and demonstrated a Michelson Fabry-Perot 

hybrid interferometer sensor based on a TCF and a silica capillary [83]. The schematic 

diagram of the hybrid interferometer is shown in Fig. 2.12(a). The MI was formed by 

taper splicing one end of the TCF to an SMF, and the FPI cavity was formed by splicing 

a segment of the capillary between the TCF and an SMF.  The sensor had the ability of 

simultaneous measurement of radial bending and axial strain. Moreover, the 

temperature cross-sensitivity can be compensated automatically.  

 

Figure 2.12. (a) Schematic diagram of the Michelson Fabry-Perot hybrid 

interferometer sensor [83]. (b) Microscope photograph of the cross-section of the TCF 

[83]. (c) Microscope photograph of the FP cavity based on the silica capillary [83]. 

The large size and complexity of the hybrid interferometer reported in [83] limited 

the potential applications of the sensor. In 2017, Yang Ouyang et al. proposed and 

demonstrated a simpler sensor for directional bending and strain sensing based on 

spatially arrayed dual air-cavity FPIs, which were fabricated by splicing a dual side-

hole fiber between a seven-core fiber and an SMF, as shown in Fig. 2.13(a) [84]. The 

two FPIs were parallel and mutually independent, which could implement 

simultaneous measurement of directional bending and axial strain. The cross-

sensitivity between the bending and strain could be avoided.  The bending sensitivities 
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of the two FPIs were highly dependent on the bending direction.  As shown in Fig. 

2.13(a), when the bending direction was 0°, FPI1 and FPI2 exhibited bending 

sensitivities of 120.5 pm/m-1 and −122 pm/m-1, when the bending direction was 180°, 

FPI1 and FPI2 exhibited bending sensitivities of −121.1 pm/m-1 and 110.4 pm/m-1, 

respectively. The strain sensitivities of the two FPIs were 1.59 pm/με and 1.52 pm/με, 

respectively. 

 

Figure 2.13. (a) Schematic diagram of the spatially arrayed dual air-cavity FPIs. Cross-

sectional microscope images of (b) the seven-core fiber and (c) the dual side-hole fiber. 

(d) Microscope image of the sensor [84]. 

2.6 Summary 

In this chapter, optical fiber sensors based on MCFs have been reviewed. To date, many 

schemes of implementing MCF-based sensors have been demonstrated, such as 

inscribing FBGs or LPFGs in MCFs, fabricating MZIs, MIs or FPIs based on MCFs. 

The sensing principles of these schemes and the developments of the corresponding 

types of sensors have been introduced.  
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Chapter 3  FBGs in Heterogeneous MCF for 

Directional Bending Sensing 

 

Typically, one key technical challenge for inscribing uniform FBGs in a homogenous 

weakly-coupled MCF by using a UV laser is the lens effect caused by the fiber cladding. 

In this chapter, the previously reported methods to improve the uniformity of FBGs in 

a homogeneous MCF will be reviewed. These methods can make the uniformity a little 

better, but the non-uniformity still cannot be eliminated. On the contrary, fabricating 

FBGs in heterogeneous weakly-coupled MCFs with distinctly different Bragg 

wavelengths is an alternative way to avoid the challenge. The fabrication of FBGs in a 

trench-assisted heterogeneous seven-core fiber will be presented. This seven-core fiber 

has six identical outer cores and one center core. The refractive indices of the six outer 

core is a little larger than that of the center core. Two apparently different Bragg 

reflection peaks are obtained due to the slight difference of refractive indices between 

the center core and the outer cores. The sensing performances of the two FBGs will be 

characterized [85].   

3.1 Background and literature review 

In the past few years, MCFs have attracted extensive interests for various applications, 

including high-capacity optical communications, fiber lasers, sensing, etc. This is 

mainly due to the intrinsic advantages of MCFs, such as well-defined core separation, 

improved isothermal behaviour, small size, light weight, repeatability, immunity to 

electromagnetic interference, etc. By inscribing FBGs, MCF-based sensors exhibit 

great potentials for directional bending sensing applications. Several kinds of bending 

sensors based on FBGs in homogeneous MCF have been proposed so far. For instance, 

in 2000, M. J. Gander et al. demonstrated a single-axis bending sensor by utilizing 

FBGs in two cores of an FCF [48]. Subsequently, in 2003, G. M. H. Flockhart et al. 

reported a two-axis bending sensor based on FBGs in three cores of an FCF [50]. 
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Furthermore, three-axis shape sensors which can monitor distributed bending have also 

been demonstrated by utilizing FBGs inscribed in MCFs [51-55]. However, 

simultaneous interrogation of the multiple cores demands high precision and 

cumbersome alignment with a coupler and a ball lens [48], or fan-out devices [50, 51, 

53, 55]. To fabricate FBGs in an MCF, the MCF can be exposed to a set of UV fringes 

which are generated by the interferometric technique or scanned phase mask method. 

For inscribing FBGs simultaneously into homogeneous MCFs with lateral UV 

exposure, one of the key challenges is the uneven UV exposure which is caused by the 

lens effect of the fiber cladding. As shown in Fig. 3.1, when the UV light is incident to 

the MCF laterally, the cross-section of the fiber will act as a lens which will focus the 

incident UV light [86]. As a result, the intensity distribution of the UV light is 

nonuniform at different cores, which result in different UV-induced refractive index 

modulations in different cores. Consequently, each core will have a different 

transmission/reflection profile, and the FBGs’ performance of eliminating selectively 

and strongly given narrow bands, for example, the OH emission lines [87], is 

undermined [88, 89].  

 

Figure 3.1. Schematic diagram of the lens effect of the fiber cladding for a four-core 

fiber [86]. 

In order to improve the uniformity of the FBGs in different cores of MCFs, two 

options have been reported. The first one is to tailor the positions and compositions of 

the cores [86]. In 2007, by using this method, C. G. Askins et al. significantly improved 

the reflectivity uniformity of the FBGs inscribed in four cores of an MCF by altering 

the photo-sensitivities and asymmetrical distributions of the cores in the MCF. 
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However, obvious differences of the Bragg wavelengths of the four FBGs still existed 

[86]. The second option is to modify the incident field so that the intensity distribution 

uniformity of the UV light can be improved. In 2012, P. S. Westbrook et al 

demonstrated parallel fabrication of distributed feedback (DFB) laser based on FBGs 

in a seven-core fiber. For the FBGs fabrication, in order to improve the uniform 

irradiation of all the cores, they adjusted the transverse dimension of the UV laser beam 

to about 370 µm which was relatively larger than the fiber diameter. Figure 3.2(a) 

shows the cross-section of the MCF. Ray tracing of the UV inscription beam applied 

on the MCF is shown in Figure 3.2(b). As can be seen from Fig. 3.2(b), even though 

core 2 and core 3 located directly behind of core 6 and core 5 in the direction of the UV 

light propagation, respectively, all the cores can be irradiated because of the lens effect 

of the fiber. Figure 3.2(c) illustrates the transmission spectra of the seven FBGs 

inscribed in the seven cores, as can be seen, the transmission windows of the FBGs in 

different cores still vary largely from each other [90]. 

 

Figure 3.2. (a) Microscope image of the cross-section of an MCF and the incident 

direction of the UV light beam. (b) Schematic diagram of ray tracing of the UV 

inscribing beam showing on the MCF. (c) Transmission spectra of the FBGs inscribed 

in each core measured. Zero wavelength offset corresponds to 1545.762 nm [90]. 
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In 2014, E. Lindley et al. proposed to utilize a side-polished capillary covering the 

MCF to mitigate the lens effect for fabricating uniform FBGs in a seven-core fiber [89]. 

The cladding diameter of the seven-core fiber and the inner diameter of the tapered 

side-polished capillary was 125 µm and 140 µm, respectively. Figure 3.3(a) and Fig. 

3.3(b) show the cross-sectional microscope images of the MCF and the polished 

capillary, respectively. The transmission spectra of the seven cores written FBGs 

without covering the side-polished capillary is shown in Fig. 3.3(c). As can be seen, 

the wavelengths reflected by the FBGs vary obviously from each other. The uniformity 

of the transmission spectra of the FBGs become much better when the MCF was 

covered by the side-polished capillary during the FBG fabrication process, as shown in 

Fig. 3.3(d). However, there are still differences between the reflected wavelengths [89].  

 

Figure 3.3. (a) Microscope image of the cross-section of the seven-core fiber.  (b) 

Microscope image of the polished capillary tapered to an inner diameter of 140 µm. 

(c) Transmission spectra of the seven cores with FBGs written without the polished 

capillary. The inset is the diagram of core numbering. (d) Transmission spectra of the 

seven cores with FBGs written with the polished capillary [89]. 
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Figure 3.4. Reflection spectra of the FBGs inscribed in an FCF [53]. 

Furthermore, in order to reduce the influence of lens effect on the simultaneous 

FBGs inscription in all cores, the UV light beam can be defocused before it passes 

through the phase mask [53]. Figure 3.4 shows the reflection spectra of the FBGs 

inscribed in a homogeneous FCF. We can see that the four reflection peaks still differ 

obviously from each other. 

From the aforementioned methods for improving the uniformity of the FBGs in 

different cores, we can see that even though the results become a little better, but all 

the complicated schemes still cannot eliminate the non-uniformity. Alternatively, to 

avoid the challenge of fabricating FBGs in MCFs, another approach is not to improve 

the uniformity, but to increase the difference of the Bragg wavelengths. This goal can 

be realized by fabricating FBGs in heterogeneous MCFs. However, there is very little 

work reported on it, to the best of our knowledge.  

In our work, FBGs were fabricated in a trench-assisted all-solid heterogeneous 

MCF. Differing from the homogeneous MCFs we previously fabricated [91-93] the 

MCF used in this work has six identical outer cores and a center core with a little lower 

refractive index. Due to this difference, the reflection peak of the FBG in the center 

core is separated from that in the outer cores. Thus, the reflections from the center core 

and the outer cores can be simultaneously detected by only inserting a segment of MMF 

between the MCF and the lead-in SMF. The bending response of the two FBGs was 
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analyzed in detail. Moreover, the temperature and strain responses were also 

investigated. Compared with the previous bending sensors based on FBGs in 

homogeneous MCFs [48, 50, 51, 53, 55], the present sensor has a much simpler 

interrogation method. In addition, there is no need to consider the uneven UV exposure, 

which is usually a bothersome issue for FBGs fabrication in homogeneous MCFs [86, 

89]. 

3.2 Sensor design and fabrication 

Figure 3.5(a) shows the microscope image of the cross-section of the MCF used in our 

experiment. The index profiles of the outer cores and the center core are illustrated in 

Fig. 3.5(b) and Fig. 3.5(c), respectively. The six outer cores have the same refractive 

index which is slightly higher than that of the center core. Comparing with the 

refractive index of the cladding (pure silica), the refractive index differences Δ1, Δ2, Δ3, 

Δ4 at 670 nm were measured to be about 0.0053, −0.0038, 0.0047, −0.0006, respectively.  

The materials of the regions with refractive indices higher than that of the cladding and 

the index-depressed trenches are germanium-doped silica and fluoride-doped silica, 

respectively. The core diameter, overall fiber cladding diameter, and the distance d 

between adjacent cores are about 8.4 µm, 125 µm and 42 µm, respectively. All the 

seven cores were designed for single mode operation. The large core-to-core distance 

and trenches ensure mode isolation between the adjacent cores [85].  

 

Figure 3.5. (a) Microscope image of the cross-section of the MCF. Refractive index 

profiles of the (b) outer core and (c) center core. 



35 

	

 

Figure 3.6. Effective refractive index curves of the center core mode and outer core 

mode. 

According to the Sellmeier equation, the refractive index of pure silica can be 

calculated by the following equation [94]: 

2 2 2

2 2 2 2 2 2

0.6961663 0.4079426 0.8974794( ) 1
0.0684043 0.1162414 9.896161

n l l ll
l l l

= + + +
- - -

         (3.1) 

It is worth noting that the unit of wavelength in Eq. (3.1) is μm. For germanium-

doped silica or fluoride-doped silica, the refractive index can be approximately 

calculated by adding an offset (refractive index difference) to Eq. (3.1) [95]. 

The supported center core mode and outer core mode of the MCF were simulated 

by using COMSOL Multiphysics 5.0. The calculated effective refractive indices of the 

two core modes were obtained for the wavelength range from 1540 nm to 1620 nm, as 

depicted in Fig. 3.6.  According to Eq. (2.2), the relationship between the FBG resonant 

wavelength Bl   and the grating pitch L  can be described by ,(2 )B eff corenlL = , where 

,eff coren represents the effective refractive index of the corresponding core mode. Based 

on the calculated effective refractive indices, the relationships between the grating 

pitches and the resonant wavelength are derived and plotted in Fig. 3.7(a), and a zoom 

over the wavelength range from 1599 nm to 1601 nm is illustrated in the inset.  For a 

given grating pitch, e.g. 553.56 nm, the Bragg wavelength in the outer core is a little 

larger than that of the center core, as shown in the inset of Fig. 3.7(a). The dependence 
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of the wavelength spacing between the Bragg wavelengths of the center core and that 

of the outer cores on the grating pitch can be calculated according to the expression

,2B eff corenlD = D L , where ,eff corenD  represents the effective refractive index difference 

of the two type of core modes, the result is plotted in Fig. 3.7(b). When the grating 

pitch is 553.56 nm, the theoretical Bragg resonant wavelengths of the center core and 

outers are 1599.98 nm and 1600.53 nm, respectively. The wavelength spacing of the 

two Bragg resonant wavelengths is about 0.554 nm, which is large enough to avoid 

overlap between the center core FBG and outer core FBG. Thus the reflected signal of 

the two FBGs can be simultaneously detected by only splicing a segment of MMF 

between the MCF and SMF 

 

Figure 3.7. (a) Calculated grating pitches against Bragg resonant wavelength for the 

center core and outer cores. The inset shows a zoom over the wavelength range from 

1599 nm to 1601 nm. (b) Calculated wavelength spacing between the Bragg resonant 

wavelengths of the center core and that of the outer cores against the grating pitch. 
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Figure 3.8. Schematic diagram of the proposed direction bending sensor. 

 

Figure 3.9. Schematic diagram of the scanned phase mask method for FBG fabrication. 

The configuration of the proposed directional bending sensor is illustrated in Fig. 

3.8. Only one outer core and the center core were utilized. The MMF acted as a coupler 

to couple the light into the center core and outer core, and recouple the reflected signal 

to the lead-in SMF. The other five outer cores provide added flexibility in 

manufacturing [55]. The sensor was fabricated by two main steps: FBGs fabrication 

and core-offset splicing. The FBGs in this heterogeneous MCF were inscribed with the 

scanned phase mask method. 

Figure 3.9 illustrates the schematic diagram of the FBG fabrication system, which 

consists of a linear scanning stage supporting the mounts of a mirror and a cylindrical 

lens. The cylindrical lens is utilized to concentrate the laser in the inscribing area of the 

fiber. The fiber shoud be fixed straightly in close proximity behind the phase mask with 

a distance at few micrometers level [37], and the direction of the fiber should be kept 

perpendicular to the fringes of the phase mask. When the incident UV laser passes 

through the cylindrical lens diffraction occurs and interference is generated by the plus 
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one and minus one orders of the diffraction [96].  During the grating fabrication process, 

the UV interference pattern induces a refractive index modulation into the core of the 

photosensitive fiber. The period of the index modulation (the pitch L  of the grating) 

equals to half of the pitch pmL of the phase mask, i.e., / 2pmL = L  [97].  

 

Figure 3.10.  Transmission (blue) and reflection (red) spectra when the MCF was 

spliced between two SMFs without lateral offset. 

Here, the pitch of the phase mask is 1107.12pmL = nm, thus the pitch of the 

corresponding FBG is 553.56L =  nm. Prior to the FBGs inscription, the MCF was 

photosensitized via hydrogen loading at 12 MPa at 80 ℃ for 9 days. For monitoring 

the inscription process, a segment of the hydrogen-loaded MCF was spliced between 

two SMFs by matching their cores to the MCF’s center core. Then, it was connected to 

a broadband light source (BLS) (Infinon Research) and an optical spectrum analyzer 

(OSA) (YOKOGAWA, AQ6370C). A 244 nm frequency-doubled Argon laser with the 

power of 95 mW was used as the UV light source. Since all the cores were made of 

germanium-doped silica, the FBGs in these cores could be inscribed simultaneously. 

The scanning speed and inscription length were 0.035 mm/s and 14 mm, respectively. 

After inscription, the MCF with FBGs was annealed in a chamber at 100 ℃ for 24 

hours to stabilize the FBG wavelengths. The transmission and reflection spectra of the 

center core are shown in Fig. 3.10. There are only one obvious notch and peak that can 

be found in the transmission and reflection spectra, respectively. Since the MCF was 
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spliced to SMFs without any core offset, this reflected peak located at around 1599.75 

nm should come from the FBG in the center core. 

After the FBG fabrication, the MCF was cleaved at both ends. In order to 

simultaneously couple the Bragg reflections of the outer core and the center core back 

to the core of the lead-in SMF, a segment of MMF was spliced between the SMF and 

MCF. The MMF with the length of about 1 mm was spliced to the lead-in SMF without 

a lateral offset. The core diameter and cladding diameter of the MMF were 105 µm and 

125 µm, respectively. During the process of splicing the MCF to the MMF, the near-

field image at the output facet of the MCF was monitored by using a beam view system 

with a microscope objective lens, a CCD camera (COHENREN, E-7290) , and a laser 

(ANDO, AQ4321D) at 1580 nm, as shown in Fig. 3.11. In order to avoid splitting or 

broadening of the Bragg reflections when the MCF is bent, only one outer core and the 

center core are desired to reflect the light. By trial and error, when the MCF was spliced 

to the MMF with a lateral offset of about 13 µm, the near-field image was recorded as 

shown in Fig. 3.12. The light was mainly coupled into the center core and one outer 

core. Then another segment of SMF was spliced to the MCF without a lateral offset. 

This SMF was utilized for fixing the sensor in the following experiments. The 

reflection spectrum of the sensor was measured by the OSA with a resolution of 0.02 

nm, as shown in Fig. 3.13. The central wavelengths of the two reflection peaks are 

about 1599.75 nm and 1600.31 nm, respectively, and the wavelength spacing between 

the two peaks is about 0.56 nm. The measured results of the Bragg wavelengths and 

wavelength spacing coincide well with the theoretically calculated ones in the fourth 

paragraph of section 3.2. The shorter wavelength reflection peak in Fig. 3.13 

corresponds to the reflection peak of the center core shown in Fig. 3.10. The longer 

wavelength reflection peak in Fig. 3.13 cannot be attributed to the cladding modes, but 

to the FBG inscribed in the outer core.  

  

Figure 3.11. Schematic diagram of the beam view system 
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Figure 3.12. Near-field image at the output facet of the MCF with a lateral offset 

between the MMF and MCF. 
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Figure 3.13. Reflection spectrum of the proposed sensor with lateral offset splicing 

between the MMF and MCF. 

3.3 Principle of operation 

Figure 3.14(a) shows the schematic diagram of the experimental setup for directional 

bending sensing. In order to avoid externally applied axial strain during the bending 



41 

	

experiment, the sensor was placed into a capillary which was fixed on the bottom side 

of a plastic beam, as shown in Fig. 3.14(a) with the red curve. The inner diameter of 

the capillary is about 252 µm. The ends of the fiber were fixed by the clamps of rotator-

1 and rotator-2 so that the sensor can be rotated simultaneously without inducing twist 

during the experiments. Both rotator-1 and rotator-2 can rotate 360°, and the angular 

accuracy is about 2°. The plastic beam was fixed on the two translation stages. One of 

the two translation stages was fixed while the other one could be moved back and forth 

along the z-axis to change the curvature of the sensor. During the process of changing 

the curvature, the sensor can bend freely and will experience no externally applied axial 

strain but only bend-induced strain. The bending lies in the vertical plane, i.e., x-z plane. 

Forward movement of the movable stage can increase the curvature. Light from the 

BLS was launched into the sensor through an optical circulator (OC), the reflection 

spectrum was monitored by the OSA.  

 

Figure 3.14. (a) Experimental characterization setup of the proposed curvature sensor. 

(b) Theoretical definition of the bending orientation angle q . (c) Schematic diagram 

of bending when 270q = °  . 

Assuming that only one outer core is involved for the proposed curvature sensor. 

Then the bending orientation angle can be theoretically defined as illustrated in Fig.  
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3.14(b), where the two dark blue circles represent the center core and the corresponding 

outer core. The center of curvature locates at the positive direction of x coordinate and 

the origin point of the coordinate is set at the center of the fiber. Figure 3.14(c) shows the 

schematic diagram of bending when 270q = ° . When the beam is bent, the bending 

beam and fiber can be treated approximately as an arc of a circle [98]. Thus all the 

sensor region nearly has the same curvature.  The applied curvature C can be calculated 

by [99]: 

( )sin
2 2

D D CDC -Dæ ö =ç ÷
è ø

                                           (3.2) 

where D is the initial separation between the two fixed ends of the beam without 

bending, DD  represents the distance of the movable stage moving forward to the fixed 

one. In our experiment, D was set as 249.5 mm.  

According to Eq. (2.7), when the fiber is bent with a curvature radius R , the z-

component (axial component) e of the bend-induced strain can be described by 

Cxe = - . The inner side of the bending fiber ( 0x > ) will be compressed while the 

outer side ( 0x < ) will be stretched. And the z-component of bend-induced strain along 

the sensor is the same. 

Based on Eq. (2.5), the curvature caused wavelength shift ,B clD of an FBG can be 

described by [48]: 

, ( 1)B c B p Cxel lD = - +                                                 (3.3) 

According to the Eq. (3.3), when the outer FBG locates at the inner side ( 0x > ) of 

the bent fiber, the FBG wavelength will shift to shorter wavelength side with increasing 

the curvature. On the contrary, when the outer FBG locates at the outer side ( 0x < ), 

the FBG wavelength will shift to longer wavelength side with increasing the curvature. 

As the distance between the outer core and the center core is d, so the central 

wavelength shift of the investigated outer FBG is approximately determined by

sin( )Cd q . Therefore, the outer FBG is directionally sensitive to the curvature variation, 

and a sine function with a period of 360° could be utilized to describe the relationship 
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between the curvature sensitivity (wavelength shift divided by the curvature variation) 

of the outer FBG and the bending orientation angle. As the FBG in the centric core is 

insensitive to curvature [41, 100], it can be utilized for compensating temperature or 

externally applied axial strain. 

3.4 Experimental results and discussion 

Since the experimental bending orientation angle eq may be deviated from the 

theoretically defined bending orientation angleq , a calibration for the bending angle is 

required. During the calibration, the initial eq was first chosen as zero degree. Then, the 

curvature was increased from 0 to 1.896 m-1 step by step and the corresponding 

reflection spectra were recorded. After completing the data collection, the movable 

stage was carefully moved back to its original position and then both of the two rotators 

were rotated by the same angle simultaneously. After the rotation, the reflection spectra 

were measured again with increasing the curvature as mentioned above. These 

measurements were repeated for eq  with different values. Figure 3.15 shows the 

central wavelength shifts of the center FBG and the outer FBG at fourteen different eq . 

The central wavelength was calculated as the mid-point at the -3 dB threshold of the 

peak. In accordance with the theoretical prediction [41, 100], no obvious wavelength 

shift of the center FBG was observed during the whole bending process for all the 

different eq . It can be further demonstrated by the inset of Fig. 3.15 which illustrates 

the wavelength fluctuations of the center FBG. All the values are less than or equal to 

0.02 nm. In contrast, the outer FBG presents negative or positive curvature sensitivity 

when the corresponding outer core locates at the inner side or the outer side of the 

bending fiber, respectively. Comparing with the outer FBG, the wavelength shifts of 

the center FBG are negligible. The outer FBG is insensitive to bending for the curvature 

range from 0 m-1 to 0.176 m-1, which is mainly caused by the resolution limitation (0.02 

nm) of the OSA. The wavelength shifts caused by the small curvature are not large 

enough for the OSA distinguishing them accurately. All the lines in Fig. 3.15 are the 

linear fitting between the central wavelength of the outer FBG and the curvature from 

0.176 to 1.896 m-1 for the fourteen different eq . The slope (curvature sensitivity), R2 
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value of the linear fitting line, and the corresponding eq are listed in Table 3.1. As can 

be seen from Table 3.1, the difference of the bending orientation angles between the 

two smallest curvature sensitivities (the corresponding eq are 60° and 240° ) is180° . 

Similarly, the difference of the bending orientation angles between the two largest 

curvature sensitivities (the corresponding eq are 150° and 330° ) is also 180° . This 

phenomenon accords with the principle that the curvature sensitivity of the outer FBG 

varies with respect to the bending orientation angle in the form of a sine function with 

a period of360° . We also notice that when eq equals to30° ,60°  and 240° , the linearity 

is relatively poor. It is caused by a small curvature sensitivity and the resolution 

limitation of the OSA. 

 

Figure 3.15. Central Wavelength shifts versus curvature for the two FBGs at different 

bending directions. The inset shows the central wavelength fluctuations of the center 

FBG at different bending directions over the curvature range from 0 to 1.896 m-1.  
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Table 3.1. Results of linear fitting between the central wavelength of the outer FBG and 

curvature for different eq  

eq  (◦) Slope (nm/m-1) R2 eq  (◦) Slope (nm/m-1) R2 

0 0.09828 0.998 180 -0.09643 0.997 

15 0.07341 0.993 210 -0.05137 0.996 

30 0.04393 0.960 240 0.01386 0.958 

60 -0.01789 0.974 270 0.07407 0.994 

90 -0.08383 0.996 300 0.11943 0.996 

120 -0.11899 0.999 330 0.12257 0.998 

150 -0.12101 0.999 360 0.09315 0.994 

 

Based on the results in Table 3.1, the relationship between the curvature sensitivity of the 

outer FBG and the experimental bending orientation angle eq was fitted with a sine function, 

as shown in Fig. 3.16 (a). The obtained fitted equation is given by:  

( )0.1252sin 231.64 0.0017C eS q= - ° -                            (3.4) 

where CS  represents the curvature sensitivity. For the calibration of the bending 

orientation angle, 231.64eq q= - ° . According to the theoretical definition of the 

bending orientation angle shown in Fig. 3.14(b), the corresponding outer FBG and the 

neutral axis of the fiber locating simultaneously in the bending plane will result in 

maximum curvature sensitivity. Therefore, the bending sensor should have a maximum 

curvature sensitivity when 321.64eq = °or 141.64eq = °which should be corresponding 

to 90q = ° or 90 (270 )q = - ° ° , respectively. 



46 

	

 

Figure 3.16. (a) Relationship between curvature sensitivity and experimental bending 

orientation angle eq  . (b) Central wavelength of the outer FBG versus curvature for

142eq = °    and 322eq = °. Spectral responses of the FBGs with varying curvature for 

(c) 142eq = ° , (d) 322eq = ° . 

Since the proposed experimental setup only has an angular accuracy of about 2° , the 

spectral responses of the bending sensor to the curvature variation for the maximum curvature 

sensitivity were measured when eq  were 142°and322° . The central wavelength of the outer 

FBG has a good linear response to curvature variation with the R2 value of 0.999 for both 142°

and 322° . The curvature sensitivities are -0.122 nm/m-1 and 0.128nm/m-1, respectively, as 

shown in Fig. 3.16(b). The maximum curvature sensitivity is much higher than the previously 

reported results [48, 50, 101, 102]. As illustrated in Fig. 3.16(c) and Fig. 3.16(d), there is nearly 

no wavelength shift of the center FBG when the curvature increases for both of the two selected 

bending orientations. For the outer FBG, the wavelength shifts to shorter wavelength side when 

142eq = ° , whereas it presents red-shift when 322eq = ° . The main reason for this 

phenomenon is that when 142eq = ° , the outer FBG located at the inner side of the bending 
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fiber, and the FBG experienced a compressive axial component of bend-induced strain. While 

when 322eq = °, the outer FBG located at the outer side of the bending fiber and experienced 

a tensile axial component of bend-induced strain. No obvious splitting is observed for the 

reflection peak of the outer FBG when the curvature increases, as shown in Fig. 3.16(c) and 

Fig. 3.16(d). It indicates that this reflection peak comes from only one outer core rather than 

multiple cores. 

Table 3.2. Curvature sensitivity SC, measured values 1l , 2l  , measured curvature C', 

applied curvature C, and the measurement relative error for different eq  

eq  Sc Measured value C' C Relative 

(°) (nm/m-1) λ1 (nm) λ2 (nm) (m-1) (m-1) error a (%) 

160 -0.1205 1600.31 
1600.22 0.9227 0.8967 2.90 

1600.18 1.2546 1.2562 0.12 

190 -0.0849 1600.32 
1600.26 0.8825 0.8967 1.58 

1600.23 1.2359 1.2562 1.62 

220 -0.0269 1600.33 
1600.31 0.9193 0.8967 2.52 

1600.30 1.2910 1.2562 2.77 

a	Relative	error / 100%C C C= ¢ - ´ 		

In order to further evaluate the performance of the proposed bending sensor, we 

measured the bending response of the sensor again for several other eq , i.e., 160° , 190°  

and 220° . The relative errors of curvature measurement for the three different eq were 

investigated. The applied curvature C and curvature sensitivity SC for each eq can be 

calculated by Eq. (3.2) and Eq. (3.4), respectively. The measured curvature can be 

calculated by C¢=(l2-l1)/S+0.176, where 1l  is the central wavelength of the outer FBG 

for the applied curvature C=0.176 m-1, and 2l is the central wavelength of the outer 

FBG after increasing the applied curvature. 1l was utilized as the reference wavelength 

and 2l  was collected for two different applied curvature values (0.8967 m-1 and 1.2562 

m-1) for each eq , respectively. The three experimental bending orientation angles eq , 



48 

	

curvature sensitivity SC, measured 1l  and 2l , measured and applied values of curvature, 

and the relative error of curvature measurement are listed in Table 3.2. As shown in 

Table 3.2, the relative errors are satisfied with the values within 2.90 %. Larger 

curvature sensitivities should have smaller relative errors. According to the results 

shown in Table 3.2, except the relative error in the first row, all other data coincide 

well with this expectation. The data in the first row, a larger sensitivity has a larger 

error, it should be caused by the experimental error of the data collection.” 

For a curvature sensor, the cross-sensitivity to temperature or externally applied 

axial strain is an important issue needs to be taken into consideration. The temperature 

response of the proposed sensor was measured by putting the sensor in the straight 

groove of an electric controlled oven with temperature precision of 0.1℃ without 

bending. Tuning the temperature from 23 ℃ to 95 ℃, the central wavelength shifts of 

the center FBG and outer FBG were recorded as shown in Fig. 3.17(a). The temperature 

sensitivities obtained by linear fitting were about 0.00992 nm/℃ (R2=0.999) and 

0.00998 nm/℃ (R2=0.999), respectively. The two FBGs nearly had the same 

temperature sensitivities. It’s because all the cores were in good thermal contact, 

thermal gradients between the cores could be neglected. Thus this sensor exhibits good 

isothermal behavior. It can be used in an environment with uncontrolled temperature. 

To investigate the response to the externally applied axial strain of the proposed 

sensor, the sensor was clamped straightly between two stages with a distance of 

245.0	± 0.1 mm. One stage was fixed, the other one could be moved by a micrometer 

to stretch the fiber. When the externally applied axial strain increases from 0 to 1102.04 

µε, the central wavelengths of the two FBGs shift to longer wavelength with the same 

tendency. In addition, the two FBGs have the same axial strain sensitivity of 1.01 pm/µε, 

as shown in Fig. 3.17(b). Since the two FBGs experienced the same axial strain, and 

the difference between the central wavelengths of the two FBGs was very small, thus 

the two FBGs nearly had the same response to externally applied axial strain. 
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Figure 3.17. (a) Temperature responses of the central wavelengths of the FBGs. (b) 

Externally applied axial strain responses of the central wavelengths of the FBGs. 

Both of the central wavelengths of the two FBGs can be utilized as two indicators, 

the curvature sensitivity of the outer FBG for a certain bending orientation can be 

calculated by Eq. (3.4), and the curvature sensitivity of the center FBG is approximately 

0. In addition, the temperature sensitivities and external applied axial strain sensitivities 

of the two FBGs have been obtained. Therefore, when the curvature sensitivity of the 

outer core is not equal to zero, by constructing a matrix consisting of the curvature and 

temperature sensitivities [103] or curvature and externally applied axial strain 

sensitivities [104], the influences of temperature or externally applied axial strain on 

directional bending measurement can be eliminated.  

3.5 Summary 

In conclusion, the methods of improving the uniformity of the FBGs fabricated in 

MCFs have been reviewed. The nonuniformity of the FBGs is very difficult to 

eliminate. On the other hand, fabricating FBGs with obviously different Bragg 

wavelengths in heterogeneous MCFs have several advantages, for instance, it can avoid 

the technical challenge of FBGs fabrication in homogeneous MCFs, and the FBGs can 

be interrogated without complicated fan-out devices.  We have successfully inscribed 

FBGs into a trench-assisted all-solid heterogeneous MCF with the scanned phase mask 
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method. Due to the difference in refractive indices between the center core and outer 

cores, two FBGs with obviously different central wavelengths were measured by only 

splicing a segment of MMF between the MCF and the lead-in SMF. Since no 

complicated and expensive fan-out device was used, the proposed sensor offers several 

advantages, such as low cost and flexibility in fabrication. The detailed relationship 

between the curvature sensitivity of the outer FBG and the experimental bending 

orientation angle was obtained. The maximum curvature sensitivity of 0.128 nm/m-1 is 

much higher than the previously reported results based on eccentric FBG [48, 50, 101, 

102]. Moreover, the cross-sensitivity to temperature or externally applied axial strain 

can be eliminated. With the development of heterogeneous MCFs with three or more 

different kinds of cores, the scheme of fabricating the proposed sensor is promising for 

designing shape sensors without using fan-out devices. 
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Chapter 4  Highly Sensitive Strain Sensor Based 

on Helical Structure in MCF 

 

Optical fiber sensors for strain measurement have been playing important roles in 

structural health monitoring for buildings, tunnels, pipelines, aircrafts, and so on. This 

chapter presents a highly sensitive strain sensor based on an HS assisted MZI in an all-

solid heterogeneous MCF. Due to the HS, a maximum strain sensitivity as high as

61.8- pm/µε was experimentally achieved. This is the highest sensitivity among 

interferometer-based strain sensors reported so far, to the best of our knowledge.  

Moreover, the proposed sensor has the ability to discriminate axial strain and 

temperature, and offers several advantages such as repeatability of fabrication, robust 

structure, and compact size, which further benefits its practical sensing applications 

[105].  

4.1 Background and literature review 

Optical fiber sensors have attracted considerable attention due to the advantages such 

as compactness, light weight, high stability, repeatability, and immunity to 

electromagnetic interference. Strain measurement, one of the most important 

applications of optical fiber sensors, has been widely applied in many fields, especially 

in structural health monitoring for aircrafts, dams, towers, bridges, skyscrapers, 

railways, highways, and so on. In the past few years, fiber-based strain sensors have 

been demonstrated with various types of schemes, for example, an FBG in a 

waveguide-array microstructured optical fiber [102] or an all-solid photonic bandgap 

fiber [106], an LPFG in an index-guiding photonic crystal fiber (PCF) [107] or an 

MCF[108], in-line MZIs [71, 93, 106, 109] and all-fiber FPIs [79, 110-112]. Their 

sensitivities to strain were typically about 1 pm/µε for FBGs, less than 10 pm/µε for 

LPFGs or MZIs, and less than 16 pm/µε for FPIs. In order to further enhance the strain 

sensitivity, some additional designs have been demonstrated based on FPIs. For 
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instance, an FPI based on a rectangular-shape air cavity with the wall thickness of about 

1µm achieved a strain sensitivity as high as 43.0 pm/µε [113]. By combining Vernier 

effect, another FPI consisting of two cascaded air cavities was reported to achieve a 

strain sensitivity of 47.14 pm/µε [114]. However, because of the air-cavities of FPI 

structures, the devices have a low mechanical strength [110]. The previously reported 

sensing schemes encounter the problems of a relatively low sensitivity or weak 

mechanical strength. Therefore, strain sensors with a high sensitivity and a robust 

mechanical structure are in high demand. 

In this chapter, we will demonstrate another approach to achieve an ultra-high strain 

sensitivity by introducing an HS into an MCF. HSs in optical fibers, also called chiral 

structures, refer to the fiber structures that are deformed into helical  shapes rather than 

conventional fibers with straight cores. This special structure is usually fabricated by 

continuously twisting optical fibers when they pass through a miniature heat zone [115, 

116]. Since V. I. Kopp et al. reported two types of chiral LPFGs by twisting an optical 

fiber with a noncircular core into HSs in 2004 [116], such particular fiber structure has 

attracted increasing interests due to its unique polarization dependence as well as very 

promising sensing applications [117, 118]. For example, V. I. Kopp’s group 

demonstrated sensors for measurement of liquid level and temperature [117], pressure 

and temperature [119]. Besides, P. St. J. Russell’s group demonstrated helical PCFs to 

convert the fundamental core mode to a series of cladding orbital angular momentum 

states at certain wavelengths，causing a few dips in the transmission spectrum [120]. 

Afterwards, they reported a sensor for simultaneous measurement of axial strain and 

twist by utilizing a helical PCF, the strain sensitivity was about 1.18 pm/µε [121].  

In our work, an all-solid heterogeneous MCF was locally twisted into an HS and 

then spliced between two short sections of MMFs to construct an in-line MZI. The HS 

was fabricated in the MCF by a CO2 laser splicing system (Fujikura, LZM-100). In the 

region of the HS, the outer cores were deformed into helical cores while the center core 

was kept straight. Due to the HS, a maximum strain sensitivity as high as 61.8- pm/µε 

was achieved. It is about 56 times higher than that of the same MCF-based MZI [71]. 

Since the sensor is composed of all-solid fibers which have the same cladding diameter, 
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it has a relatively better mechanical strength compared with air-cavity-based schemes. 

Furthermore, the proposed sensor can also measure strain and temperature 

simultaneously. The cross-sensitivity to temperature can be eliminated. 

4.2 Sensor design and fabrication 

The MCF used in this work is the same with that shown in Fig. 3.5. Figure 4.1(a) 

illustrates the measured refractive index profile of the MCF, the inset of Fig. 4.1(a) is 

the microscope image of the cross-section of the MCF. The six outer cores are designed 

with G.657.B3 refractive index profile, and they have deep trenches. The center core is 

designed with G.652 refractive index profile and a shallow trench. Compared with the 

pure silica cladding, the refractive index differences of the outer cores, center core, 

trenches of the outer cores and trench of the center core are about 35.3 10-´ , 34.7 10-´ , 
33.8 10-- ´ and 46 10-- ´ , respectively. More geometrical information about the MCF 

can be found in Fig. 3.5. Figure 4.1(b) illustrates the schematic diagram of the proposed 

in-line MZI-based sensor structure, in which a segment of MCF with a HS is spliced 

between two segments of MMFs, and then connected to a light source and an OSA with 

SMFs. One of the MMFs is utilized to couple the light into all the seven cores and the 

cladding of the MCF, while the other MMF is used to recombine the light into the lead-

out SMF. It should be noted that all the fusion splicing is implemented without a lateral 

offset. The cladding diameter and core diameter of the MMFs are 125 µm and 105 µm, 

respectively. The lengths of the two MMFs should be chosen to be as short as possible 

so that the phase differences of their guided modes could be neglected [122].   



54 

	

 

Figure 4.1. (a) The measured refractive index profile of the MCF. The inset is the cross-

sectional microscope image of the MCF. (b) Configuration of the proposed in-line MZI 

based sensor. 

To investigate the influence of the MMF length, a segment of MMF with three 

different lengths was spliced between two SMFs, and the transmission spectra were 

recorded, respectively. For easy fabrication, the lengths of the MMF were selected to 

be 1 mm, 2 mm and 3 mm. The spectra of the SMF-MMF-SMF structures are illustrated 

in Fig. 4.2. As can be seen, when the length was 1 mm, almost no interference was 

generated, hence the phase difference of its guided modes can be neglected. The 

interference appeared when the length was 2mm, and more obvious interference was 

formed for the length of 3 mm. Thus, for the proposed sensor, as the MMF length was 

1 mm, the MMF almost did not generate interference spectrum by itself.  

Even though the MMF length can affect the coupling efficiency, larger or smaller 

insertion loss caused by MMFs will not apparently affect the proposed sensor 

performance. To further investigate the influence of the MMF length on the coupling 

efficiency, beam propagation method (BPM) was utilized to simulate the light 

propagation in an SMF-MMF-MCF structure. Since the interference appeared when 

the MMF length was 2 mm, to avoid the MMF generating interference by it itself, the 

MMF length should be less than 2 mm. For the simulation, the length of the SMF, 

MMF and MCF were 500 µm, 2000 µm and 2500 µm, respectively. The refractive 
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indices were set to be 1.4607/1.444, 1.449/1.444 for the core/cladding of the MMF and 

SMF, respectively. The core diameter and length of the SMF were set to be 8.2 µm and 

500 µm. Figure 4.3(a) shows the simulated electric field distribution along the SMF-

MMF-MCF structure at the wavelength of 1550 nm. Figure 4.3(b) shows the simulated 

normalized propagating powers along the SMF-MMF-MCF structure for pathway 1 

and pathway 2. Pathway 1 was from the SMF core to the MMF core, and then to one 

of the outer cores of the MCF. Pathway 2 was from the SMF core to the MMF core, 

and then to the center core of the MCF. As shown in Fig. 4.3(b), the normalized 

propagating powers decreased dramatically along the first 500 µm section of the MMF. 

During the section from 500 µm to 2000 µm of the MMF, the powers changed slightly. 

Thus, for easy fabrication of the sensor, the lengths of the MMFs were chosen to be 1 

mm. 

 

Figure 4.2. Transmission spectra of the SMF-MMF-SMF structures 
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Figure 4.3. (a) Simulated distribution of the propagating field and (b) normalized 

propagating power along the SMF-MMF-MCF (without a HS) structure. 

To demonstrate that the light can be coupled into all the seven cores of the MCF 

within the proposed sensor, BPM was utilized to simulate the light propagation in an 

SMF-MMF-MCF structure by setting the length of the MMF as 1 mm. It’s worth noting 

that, to simplify the simulation, the MCF section was set to be without an HS. In the 

simulation, the length of the MCF was set to be 3500 µm. Figure 4.4 shows the 

simulated electric field distribution along the SMF-MMF-MCF structure at the 

wavelength of 1550 nm when the MMF length was 1 mm. As can be seen, the incident 

light from the SMF expanded obviously in the MMF section and then was coupled into 

the center core, outer cores and cladding of the MCF. The outer cores have stronger 

field distribution than the center core. And the field distribution in the outer cores has 

minimum value on the axis. This phenomenon should be mainly caused by the cladding 

modes coupling with the core mode. Furthermore, the near-field light distribution at 

the end facet of the MCF without an HS was measured by utilizing the beam view 
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system mentioned in chapter 3. As shown in Fig. 4.5, all the seven cores were coupled 

with light obviously and a proportion of light was distributed in the cladding as well. 

The light in the center core was stronger than that in the outer cores. The measured 

result is accordance with the simulation result. 

 

Figure 4.4. Simulated distribution of the propagating field along the SMF-MMF-

MCF(without an HS) structure when the length of the MMF is 1 mm. 

 

Figure 4.5. Measured light distribution at the end facet of the  MCF without an HS. 
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The HS was fabricated by using the CO2 laser splicing system with the manual 

controlling mode. The total twisted angle of the HS for the proposed sensor sample 

used in this work was 6 π rad. Figure 4.6 illustrates the process of the HS fabrication 

in the MCF. It involves three main steps. In step 1, as shown in Fig. 4.6(a), a segment 

of the MCF with the coating layer stripped was fixed straightly between the two stages 

of LZM-100. The distance between the two stages was about 45mm. In step 2, as shown 

in Fig. 4.6(b), the rotation motor of one stage was rotated by 1 π. Then the 1 π pre-

torsion was distributed along the whole MCF between the two stages. In step 3, as 

shown in Fig. 4.6(c), after using the CO2 laser to heat the MCF, the pre-torsion of 1 π 

was concentrated into a small region. Since the tuning range of the torsion for the two 

rotation motors is from -1 π to 1 π, in order to apply larger pre-torsion into the MCF, 

the rotation motor of the other stage was rotated by -1 π, then the MCF was heated by 

the laser. Thus a pre-torsion of 2 π was introduced into the small region of the MCF. 

Then the angles of two rotation motors were set to be0° , and the two theta motors 

rotated automatically to their original position along the same direction. The 

aforementioned steps were repeated until a total pre-torsion of 6π was applied into the 

MCF.  Figure 4.6(d) illustrates the microscope image of the side view of the HS with a 

total pre-torsion of 6π. The length of the twisted region is approximately 750 µm. 

Owing to the programmable controller and the stability of LZM-100, the HS fabrication 

is repeatable and simple. Furthermore, the twisted angle can also be controlled flexibly.  

 

Figure 4.6. Schematic diagrams of the process of the helical structure fabrication. (a) 

Before adding pre-torsion. (b) The pre-torsion is distributed along the MCF without 
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laser heating. (c) The pre-torsion is concentrated into a small region after heating by 

the CO2 laser. (d) Side view microscope image of the MCF with an HS.   

4.3 Principle of operation 

For our proposed sensor, the length of the twisted part is about 750 µm (only very few 

periods), which are too few to generate apparent LPFG effect compared with the chiral 

LPFG reported by V. I. Kopp [118]. On the other hand, the refractive index differences 

among the center core, outer cores, and cladding, and the length difference between the 

center core and the outer cores induced by the HS, will result in phase differences 

among the modes propagating along the MCF. Thus, a series of Mach-Zehnder 

interferences can occur among the outer cores mode, center core mode, and cladding 

modes. Hence, we will focus on the operation principle of our proposed sensor 

configuration by analyzing the interferences in it. For an interference pattern generated 

by N different compositions, the intensity can be expressed as [123]: 

                                                                          (4.1) 

where iI and jI represent the intensities of i-th mode and j-th mode. ijf  denotes the 

accumulated phase difference between i-th mode and j-th mode. Despite the fact that 

more than one cladding modes may be excited and propagate through the MCF, it can 

be assumed that only one cladding mode dominates the interference with the core 

modes [62, 124]. In addition, since all the six outer cores have the same specifications, 

the light in the six outer cores is regarded as a whole to be involved in the interferences. 

When the light passes through the sensor, the accumulated phase differences 

between the center core mode and cladding mode, the center core mode and outer core 

mode, the outer core mode and cladding mode, can be expressed by the following three 

formulas, respectively: 
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where ce
effn ( ceH

effn ), cl
effn  ( clH

effn ) and ou
effn ( ouH

effn ) represent the refractive indices of the center 

core mode, the cladding mode and the outer core mode in the non-helical part (helical 

part), respectively. L , HL  and ouHL  represent the lengths of the total MCF, the center 

core and outer cores in the helical part, respectively. l  is the operating wavelength. 

The physical length of the outer cores in the helical part can be calculated by  

2 2(2 ) [2 / ]
,

2
H

ouH

d L
L

y p p y
p
+

=                                    (4.5) 

where d is the distance between the outer core and the center core, y represents the 

total torsion angle of the helical structure. 

When the phase difference (2 1)mf p= + , (m=0, 1, 2, 3…), the destructive 

interference condition is satisfied.  By substituting this condition into Eq. (4.2), Eq. 

(4.3) and Eq. (4.4), the respective resonant wavelength dips can be written as: 
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When external axial straine is applied to the sensor, the dimension of the sensor 

and the refractive indices of the propagating modes will be changed. e is defined as the 

relative length physical change of the fiber, i.e. / /H HL L L Le = D = D , where LD and 

HLD represent the strain-induced length changes of the whole MCF and the center core in 
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helical part, respectively.  The radial strain re ne= - ,n is the Poisson’s ratio with a typical 

value of 0.16 for optical fibers [44]. Hence, the distance between the outer core and the 

center core under the external axial strain e  can be expressed as (1 )d v de e= - . 

According to Eq. (4.6), the axial strain induced wavelength shift for 1l can be 

approximately expressed as [125, 126]: 
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It is worth noting that the subscript “ε” means the variables are under axial strain. 

Since ( ), /HL Le e e¶ - ¶ and , /HL e e¶ ¶  can be approximated as ( )HL L-  and HL , 

respectively, , ,
ce ceH
eff effn ne e» , , ,

cl clH
eff effn ne e» , and Le is much larger than ,HL e . Thus Eq. (4.9) 

can be simplified as:  
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When axial strain is applied to the fiber, the radii and refractive indices of the fiber 

core and fiber cladding decrease, which results in a reduction in the normalized 

frequencyV . More power can be coupled into the cladding from the core, therefore, the 

difference of the effective refractive indices between the core and cladding decreases 

[126]. The influence of the sensor length increase has a smaller impact than the 

reduction of the effective refractive indices difference on the resonant wavelength, thus 

the resonant wavelength will shift to shorter wavelength side when the axial strain 

increases i.e., 1, 0elD < [20]. Typically, for the conventional MZIs, the resonant 

wavelengths show linear strain sensitivities [127, 128]. 
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Similarly, the strain-induced wavelength shifts for 2l  and 3l can be approximately 

described by: 

(4.11)  

        (4.12)                

where LouH ,ε = ψ dε( )2 + LH ,ε2⎡
⎣⎢

⎤
⎦⎥
0.5

. For both Eq. (4.11) and Eq. (4.12), the first terms 

change linearly while the second terms change nonlinearly with axial strain variation. 

Therefore, both 2l  and 3l will shift nonlinearly to axial strain variation. 

To demonstrate the HS can improve the strain sensitivity, we analyze Eq. (4.11) for 

the two cases, i.e. y=0 and y>0. If y=0, which means no HS is involved in the MCF, 

then	𝐿%&',) = 𝐿',), and , /ouH z HL Le e¶ ¶ = .Thus, according to Eq. (4.10), Eq. (4.11) can 

be simplified as:  
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If y>0, ,ouH HL Le > and , /ouH HL Le e¶ ¶ < . In addition, / 0ou
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Since 2, , 0 0e jl =D < , wheny>0, according to Eq. (4.11) and inequality (4.14), 

Δλ2,ε ,ψ =0 < Δλ2,ε ,ψ >0 , which shows that the corresponding wavelength dip can have a 

larger wavelength shift when fabricating an HS in the MCF. In other words, the HS in 

the MCF can improve the strain sensitivity. 

To investigate the influence of HL on the strain sensitivity, the variations of 

,( )ouH HL Le - and ,( / )ouH HL Le e¶ ¶ - with increasing HL for a certain strain (e.g. 

200e = µε), were calculated, the results are shown in Fig. 4.7. For a certain total torsion 

angle, e.g. 6y p= rad, ,( )ouH HL Le - decreases and ,( / )ouH HL Le e¶ ¶ - increases 

nonlinearly with increasing HL , as shown in Fig. 4.7. These variation trends result in 

2,elD decreasing. In other words, for a certainy , the strain sensitivity becomes smaller 

with increasing HL . When the applied strain increases, HL is stretched to be longer, 

thus the strain sensitivity decreases. This reveals that the wavelength dips generated by 

the outer core mode interfering with the cladding mode or the center core mode have 

nonlinear strain responses. 

 

Figure 4.7.	Variations of ,( )ouH HL Le - and ,( / )ouH HL Le e¶ ¶ - with increasing HL

when 6y p= rad.  
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When the temperature is changed, both the refractive index and dimension of the 

sensing fiber will be changed. Since the thermal-optic coefficient ( 68.6 10-´ /°C) is 

much larger than the thermal expansion coefficient ( 75.5 10-´ /°C) for silica [129], the 

dimension change induced by temperature variation can be neglected. Therefore, the 

wavelength shifts of the three resonant dips due to the temperature variation TD can be 

described by the following formulas, respectively:  
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where T represents the temperature. According to Eq. (4.15), Eq. (4.16) and Eq. (4.17), 

all the dips will shift linearly to longer wavelengths with temperature increasing. The 

thermal-optic coefficient of the pure silica cladding is smaller than that of the 

germanium-doped silica cores [130]. In addition, the thermal-optic coefficients of the 

center core and outer cores are similar, although there is a slight difference in the 

doping concentrations between the center core and outer cores. Therefore, the 

difference of the thermal-optic coefficients between the center core and outer cores is 

smaller than that between the cladding and cores. In other words, ( ) /ou ce
eff effn n T¶ - ¶ is 

smaller than ( ) /ce cl
eff effn n T¶ - ¶ and ( ) /ou cl

eff effn n T¶ - ¶ , which results in that the resonant 
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dip generated from the interference between the center core mode and outer core mode 

has a smaller temperature sensitivity than the other two types of resonant dips.  

4.4 Results and discussions 

To measure the transmission spectra of different cores of the MCF with the fabricated 

HS, the MCF with a total length of about 20 mm was spliced between a pair of fan-

in/out 1x7 multiplexers. The total insertion loss of the two fan-in/out multiplexers is 

about 5 dB.  The green curve and dark yellow curve in Fig. 4.8(a) represent the 

measured transmission spectra of the center core and one outer core, respectively. As 

shown, no obvious dips were observed in the spectra for both the center core and outer 

core. The spectrum of the outer core had a larger loss, which was mainly caused by the 

larger structure deformation and relatively larger mode-field mismatch with the 

multiplexers. The transmission spectra were measured again when the MCF with the 

HS was spliced between two segments of MMFs and then spliced between two SMFs. 

The lengths of the MMFs were about 1 mm. The total insertion loss of the devices was 

about 17 dB. The blue curve and red curve in Fig. 4.8(a) represent the transmission 

spectra when the lengths of MCF were about 21.5 mm and 7.8 mm, respectively. As 

shown, obvious inhomogeneous interferences spectra were obtained. This result 

suggests that the interference patterns were a superposition of multiple interferences 

with different free spectrum ranges (FSRs). It is further validated by the corresponding 

spatial frequency spectra obtained by taking fast Fourier Transform (FFT), as shown in 

Fig. 4.8(b).  

For a normal MZI, e.g., if the MCF is not twisted, the relationship between the 

differential modal group index and spatial frequency can be described by [131]: 

2
0 / ,eff MZIm LxlD =                                                 (4.18) 

where effmD , x , 0l and MZIL represent the differential modal group index, the spatial 

frequency, the center wavelength and the interferometer length, respectively. For our 

proposed sensor structure, since the length of the twisted region was much smaller than 

the total length of the MCF, we can still use Eq. (4.18) to roughly analyze the spatial 
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frequency. When the length of MCF was 21.5 mm, there were three strong peaks and 

a few weaker peaks in the spatial frequency spectrum. The three strongest peaks located 

at 0.01 nm-1, 0.0253 nm-1, and 0.0379 nm-1. The effmD corresponding to peak 0.01 nm-1 

was approximately calculated to be 49.8 10-´ , which is close to the material refractive 

index difference between the center core and the outer cores. For 0.0253 nm-1 and 

0.0379 nm-1, the corresponding effmD were calculated to be 32.8 10-´  and 33.7 10-´ . 

Moreover, the order of magnitude of the material refractive index difference between 

the center core and cladding, as well as that between the outer cores and cladding is 

minus three. Hence the inhomogeneous interference pattern should be mainly caused 

by the superposition of the interferences between the center core mode and outer core 

mode, center core mode and cladding mode, outer core mode and cladding mode. The 

weaker peaks in the spatial frequency spectrum could be attributed to non-uniformity 

of the outer cores and the excited high-order cladding modes. When the length of the 

MCF was 7.8 mm, the spatial frequency spectrum only had two dominant peaks 

locating at 0.0075 nm-1 and 0.015 nm-1. Their corresponding effmD were calculated to 

be 32.0 10-´ and 34.0 10-´ . It implies that the total interference pattern contained at 

least the interference between the center core mode and cladding mode and that 

between the outer core mode and cladding mode. The spatial frequency component of 

the interference between the center core mode and outer core mode was missing in the 

FFT spectrum due to the limit range of the measured optical spectrum shown in Fig. 

4.8(a) and its much larger FSR. The FSR of the interference between the center core 

mode and outer core mode was around 450 nm, which could be estimated by FSR

( )2
0 / effm Ll» D . Nevertheless, it is still possible that one of the resonant dips shown in 

Fig. 4.8(a) with red curve was generated from the interference between the center core 

mode and outer core mode. The resonant dips originated from different interferences 

are expected to respond differently to strain, temperature, or other parameters.  
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Figure 4.8. (a) Transmission spectra of the MCF with the HSs for different 

configurations. The green curve and dark yellow curve represent the measured 

transmission spectra of the center core and one outer core, respectively, when the MCF 

was spliced between a pair of fan in/out devices. The red curve and blue curve are the 

measured transmission spectra of the MZI structures when the length of MCF was 21.5 

mm and 7.8 mm, respectively. (b) Spatial frequency spectra of the corresponding 

transmission spectra.  
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As shown in Fig. 4.1(b), the configuration with the total MCF length of 7.8 mm 

was utilized as our proposed sensing head. In order to investigate its strain response, 

the proposed sensor was clamped straightly between two stages with a distance of about 

250 mm. One of the stages was fixed, while the other one was moved axially to the 

opposite direction to stretch the sensor. As the cross-sectional area and Young’s 

Modulus of the MCF are almost the same with those of the MMFs and SMFs, the axial 

strain e  applied on the sensor can be calculated by the relative length change of the 

fiber. When the axial strain was increased from 0 to 880 µε, Dip A, Dip B, and Dip C 

shifted to shorter wavelengths, as illustrated in Fig. 4.9(a). The interference dip 

wavelength of Dip A responded to axial strain linearly and the corresponding 

sensitivity was measured to be 0.011-  nm/µε with the coefficient of determination (R-

square) of about 0.995, as shown in Fig. 4.9(b). Different from Dip A, both Dip B and 

Dip C shifted to shorter wavelengths nonlinearly with different strain sensitivities. By 

piecewise linearly fitting the measured wavelengths, the linear strain sensitivities of 

Dip B and Dip C were 0.0618- nm/µε and 0.0393- nm/µε in the strain range from 0 to 

200 µε, 0.0327- nm/µε and 0.0244- nm/µε in the strain range from 200 to 480 µε, 

0.0146- nm/µε and 0.0104- nm/µε in the strain range from 480 to 880 µε, respectively, 

as shown in Fig. 4.9(c).  The strain responses of Dip B and Dip C were nonlinear for 

whole strain range from 0 to 880 µε, and their strain sensitivities were much smaller in 

larger strain range. According to the aforementioned theoretical analysis on the strain 

responses, Dip A should be generated from the interference between the center core 

mode and cladding mode because of its linear response to the axial strain, while Dip B 

and Dip C should be dominated by the outer core mode interfering with the cladding 

mode or the center core mode.  
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Figure 4.9. (a) Spectral shift of Dip A, Dip B and Dip C with varying axial strain. (b) 

Wavelength response of Dip A to axial strain. (c) Wavelength responses of Dip B and 

Dip C to axial strain.   
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Temperature responses of the three dips were characterized by putting the fiber with 

the sensor head in the groove of a column oven with temperature precision of 0.1℃. 

To be kept straight, the fiber was stretched with a tiny tension. As shown in Fig. 4.10(a), 

all the three dips shifted to longer wavelengths when the sensor was heated from 25 ℃ 

to 95 ℃ with a step of 10 ℃. The corresponding temperature sensitivities of Dip A, Dip 

B, and Dip C, as shown in Fig. 4.10(b), were measured to be 0.056 nm/℃, 0.026 nm/℃, 

and 0.044 nm/℃, respectively. Comparing with Dip A and Dip C, Dip B has a much 

smaller temperature sensitivity. Since the difference of the thermal-optic coefficients 

between the center core and outer cores is smaller than that between the cladding and 

cores, the resonant dip generated from the interference between the center core mode 

and outer core mode has a smaller temperature sensitivity than the resonant dips 

generated from the interference between the cladding mode and center core mode as 

well as that between the cladding mode and outer core mode. Therefore, Dip B should 

be generated from the interference between the outer core mode and the center core 

mode. Combining all the aforementioned discussion, we can infer that Dip C should be 

dominated by the interference between the outer core mode and cladding mode. The 

experimental results of the characterizations of axial strain and temperature responses 

match the theoretical prediction very well. 

Moreover, since the three dips response differently to axial strain and temperature, 

by selecting two dips as the sensing indicators, e.g., Dip A and Dip B, the proposed 

sensor can be utilized to measure axial strain and temperature simultaneously by 

constructing matrixes [102]: 
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Figure 4.10. (a) Transmission spectra of the proposed sensor with varying temperature. 

The insets show the spectral shifts of Dip B and Dip C. (b) Wavelength responses of 

Dip A, Dip B and Dip C to temperature variation. 
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4.5 Summary  

In this chapter, we have proposed and experimentally demonstrated a highly sensitive 

strain sensor with a compact size based on a helical structure fabricated in an all-solid 

heterogeneous multicore fiber. The fabrication of the helical structure was introduced 

in detail. The length of the sensor head is about 1cm. The proposed sensor exhibits a 

high strain sensitivity of 61.8- pm/µε in the strain range from 0 to 200 µε. To the best 

of our knowledge, this is the highest strain sensitivity comparing with the previously 

reported strain sensors based on all-fiber interferometers. Furthermore, this sensor can 

be applied to discriminate axial strain and temperature. Besides, this device has a 

relatively better mechanical strength because all the segments are all-solid fibers with 

the same physical diameter. With the advantages such as low cost, repeatability of 

fabrication, compact size, robust structure, high sensitivity, and strain-temperature 

discrimination, the proposed strain sensor shows great potential in the applications of 

structural health monitoring. 
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Chapter 5  Directional Torsion Sensor with 

Temperature Discrimination  

 

At the beginning of this chapter, the optical fiber-based torsion sensors are briefly 

introduced. Then, a directional torsion sensor based on an MZI formed in an MCF with 

a ~570 µm-long HS is proposed and experimentally demonstrated. The HS was 

fabricated into the MCF by simply pre-twisting and then heating with a CO2 laser 

splicing system. This device shows the capability of directional torsion measurement 

from −17.094 rad/m to 15.669 rad/m with the sensitivity of ~0.118 nm/(rad/m). 

Moreover, since the multiple interferences respond differently to torsion and 

temperature simultaneously, the temperature cross-sensitivity of the proposed sensor 

can be eliminated efficiently. Besides, the sensor owns other merits such as easy 

fabrication and good mechanical robustness [132]. 

5.1 Background and literature review 

Torsion is one of the most important mechanical parameters for monitoring structures 

and recently torsion sensors are widely used in many practical applications, for instance, 

structural health monitoring [133], robot position tracking [134]. Thanks to the intrinsic 

advantages such as compact size, easy integration, immunity to electromagnetic 

interference and high sensitivity, optical fiber based torsion sensors have attracted 

extensive research interests and have been demonstrated with different schemes such 

as fiber gratings or fiber interferometers. Due to the circular symmetry of normal fibers, 

most of the fiber-based torsion sensors can only measure quantitatively the applied 

torsion but without the twist direction. In order to achieve the capability of twist 

direction discrimination, some approaches have been demonstrated to break fibers' 

circular symmetry. The first approach is using an asymmetric fiber as the sensing unit 

such as polarization-maintaining fiber (PMF) or photonic crystal fiber based Sagnac 

interferometers [135, 136]. The second approach is using various kinds of micro-
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machining means to achieve the fibers’ asymmetry such as fabricating an LPFG in a 

single SMF with a CO2 laser [137] or a phase-shifted FBG in an SMF with a 

femtosecond laser [138], and introducing two dissimilar abrupt tapers in a highly Er/Yb 

co-doped fiber [139] or a twisted taper in a PMF [140]. Another micro-machining 

method, fabricating HSs in fibers, has received considerable attention recently. For 

instance, a helical LPFG (HLPFG) [141] or paired HLPFGs [142] were inscribed in 

SMFs by CO2 lasers. L. A. Fernandes et al. proposed an interesting scheme for torsion 

sensor by fabricating a helical waveguide (HW) in the cladding of an SMF by a 

femtosecond laser [143]. The aforementioned approaches exhibited good performance 

but still had some drawbacks. For instance, the fabrication of PCFs is costly and 

relatively complicated, which are the barriers to widespread applications of PCF-based 

torsion sensors. The conventional LPFG or HLPFGs usually encounter a problem of 

temperature cross-sensitivity [137, 141]. The fabrication of the phase shifted FBG or 

HW by a femtosecond laser requires ultrahigh precision and the process is complicated, 

because not only the laser beam needs to be precisely aligned and focused inside the 

fiber, but the fiber and the objective lens need to be immersed in index-matching oil 

[138, 143]. The taper regions result in a relatively worse mechanical strength [139, 

140]. The paired HLPGs is easily affected by non-uniform external temperature 

perturbation due to its long length of about 60 mm [142]. Thus, an easy method of 

fabricating a torsion sensor with twist direction discrimination and eliminating 

temperature cross-sensitivity is in high demand. 

In chapter 4, we have proposed and demonstrated the fabrication of HSs in an MCF 

by utilizing a CO2 laser splicing system. The fabrication process of the HS is easy and 

repeatable [105]. In this chapter, we experimentally demonstrate a torsion sensor based 

on an MZI formed in an all-solid MCF with an HS. The length of the HS is about 570 

µm, which is much shorter than that of the whole MCF. The proposed sensor can 

measure torsion and determine the twist direction simultaneously, and the temperature 

cross-sensitivity can be eliminated. In addition, the proposed sensor offers easy 

fabrication and has good mechanical strength due to all the segments of the sensor 

having the same cladding diameter and all-solid structures. 
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5.2 Configuration and principle 

The configuration of the HS-based sensor is depicted in Fig. 5.1, the inset shows the 

cross-sectional microscope image of the MCF used in this work, it is the same with that 

in chapter 3 and chapter 4. The   . In the HS region, the outer cores and cladding were 

twisted into helical shapes while the center core was almost kept straight. As a result, 

the effective optical path lengths, and thus the effective refractive indices of the outer 

core mode and cladding mode were increased, while that of the center core mode was 

almost kept unchanged [144]. To construct the sensor, firstly, an ultra-short HS was 

permanently introduced into the MCF, the description of the HS fabrication method 

can be found in [105]. Then a segment of the MCF with the fabricated HS was 

connected between two MMFs via fusion splicing. The cladding and core diameters of 

the MMFs are 125 µm and 105 µm, respectively. Since different modes passing through 

the MMFs will accumulate phase differences, in order to reduce their influence on the 

interference spectrum of the sensor, the lengths of the MMFs should be chosen as short 

as possible [122]. In this work, the lengths of the MMFs were about 1 mm. At last, the 

sample was spliced with the lead-in and lead-out SMFs. One of the MMFs acts as a 

splitter coupling light from the lead-in SMF into all the seven cores and cladding, while 

the other one acts as a combiner coupling the light back to the lead-out SMF.  

 

Figure 5.1. Configuration of the proposed sensor structure. The inset illustrates the 

cross-sectional micrograph of the MCF. 

When the light propagates through the proposed structure, a series of interferences 

will occur among the center core mode, outer core mode, and cladding modes. The 

intensity of an interference generated by N different compositions can be expressed by 
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Eq. (4.1). When ( )2 1ij mf pD = + , where 0,1, 2, 3...m = , the destructive interference 

will result in the resonant dips locating at [105]: 
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n n L n n L

m
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                             (5.1) 

where , ,( )H
eff i eff in n , , ,( )H

eff j eff jn n  and ( )s HL L  are the refractive indices of the i-th and j-th 

modes, and the physically propagating lengths in the straight region (pre-twisted 

region), respectively. 

When external torsion is applied on the fiber, the photo-elastic effect will result in 

refractive index change, which can be described as [144, 145] 

2 2 1/2 2 2
0 0( ) (1 ) (1 2),n n nt r t r t= + » +                               (5.2) 

where 0n is the refractive index for the untwisted case, r is the radial distance to the 

center of the fiber, andt is the twist rate. In the HS region, since a permanent torsion 

0t has been pre-induced into the fiber and caused refractive index change, the 

corresponding refractive index with applied torsion can be written as 
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                                  (5.3) 

where “+” and “−” means the applied torsion is in CW and CCW directions, 

respectively. As the radius of the center core is much smaller than r of the cladding and 

outer cores, the torsion induced refractive index change of the center core is almost 

zero, whereas that of the cladding and outer cores cannot be neglected [146]. 

According to Eq. (5.1), the applied torsion variation tD  caused wavelength shift 

can be approximately expressed as: 
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For the dips 1l generated from the interference between the center core mode and 

the cladding mode, the torsion variation caused wavelength shift can be expressed as: 

[ ]2
, 0
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eff cl cl s H Hn L L L
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r t t t
l

- + ± D
D »

+
                              (5.5) 

where ,eff cln and clr  are the effective refractive index and the average radius of the 

cladding mode respectively. When 0t is much larger thant , the right side of Eq. (5.5) 

is mainly determined by 0 HLt , which implies the wavelength shift almost linearly to

tD in a certain range. According to Eq. (5.5), the dips generated from the interference 

between the center core mode and the cladding mode will shift to shorter wavelength 

or longer wavelength when the applied torsion is increased in CW direction or in CCW 

direction, respectively.  

Similarly, for the dips generated from the interferences between the center core 

mode and outer core mode, the outer core mode and cladding mode, the wavelength 

shifts can be expressed, respectively: 
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            (5.7) 

where ,eff oun is the effective refractive index , our represesnts the average radius distance 

of the outer core mode. Comparing with 1lD , 2lD and 3lD change in an opposite trend 

with varyingt . In other words, the dips generated from the interferences between the 

outer core mode and other modes, will shift to longer wavelengths or shorter 

wavelengths when the applied torsion is increased in CW direction or CCW direction, 

respectively.   
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5.3 Results and discussion 

Figure 5.2 (a) illustrates the side-view microscope photograph of the MCF with the 

fabricated HS. The total pre-twisted rotation angle of the HS was 4 π. As shown, only 

screw-type deformation was introduced into the MCF while it was still kept straight as 

a whole. After the HS fabrication, the sensor was fabricated according to the 

configuration shown in Fig. 5.1. The lengths of the HS and the whole MCF were about 

570 µm and 18.5 mm, respectively. The transmission spectrum of the sensor was 

measured by using a BLS (Infinon Research) and an OSA (Yokogawa AQ6370c). 

Several inhomogeneous interference notches can be observed in the spectrum as shown 

in Fig. 5.2(b). By using the FFT, the corresponding spatial frequency spectrum with 

three strong peaks was obtained, as shown in Fig. 5.2(c). The three strong peaks located 

at 0.0078 nm−1, 0.0240 nm−1 and, 0.0320 nm−1, respectively. 

 

Figure 5.2. (a) Side-view microscope photograph of the MCF with the fabricated HS. 

(b) Transmission spectrum of the proposed sensor. (c) Spatial frequency spectrum of 

the transmission spectrum.   
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Usually, to analyze the interference compositions, the differential modal group 

index mD  can be calculated according to the spatial frequency. The differential modal 

group index of a conventional MZI without pre-twisted interference arms can be 

approximately derived from the spatial frequency by Eq. (4.18) [131]. Since the length 

of the whole MCF is much larger than that of the HS, Eq. (4.18) can be still used to 

roughly analyze the interference compositions of the spectrum shown in Fig. 5.2(b). 

Here 0l and L are 1520 nm and 18.5 mm, thus the mD corresponding to 0.0078 nm−1, 

0.0240 nm−1 and 0.0320 nm−1 were calculated to be 9.7x10−4, 3.0x10−3 and 4.0x10−3, 

respectively. 

To further analyze the interference, the guided modes of the MCF and their 

corresponding effective refractive indies were simulated by using COMSOL 

Multiphysics 5.0 according to the MCF’s physical parameters and refractive index 

profile. A perfect match layer (PML) was added to the outside of the cladding to absorb 

completely all the electric and magnetic field extending into the region [147]. The 

simulated mode-filed distributions of the center core mode, outer core mode and the 

first order cladding mode at 1520 nm are shown in Figs. 5.3(a)-(c). Their effective 

refractive indices are 1.4461, 1.4466 and 1.4441, respectively. The effective refractive 

index differences between the center core mode and outer core mode, the center core 

mode and the first order cladding mode, the outer core mode and the first order cladding 

mode, are 5x10−4, 2.0x10−3, and 2.5x10−3, respectively.  

Comparing the simulated effective refractive index differences of the supported 

modes with the calculated differential modal group indices, the fact that the peak with 

the spatial frequency of 0.0078 nm−1 should be corresponding to the interference 

between the center core mode and outer core mode can be inferred. The other two peaks 

with the spatial frequencies of 0.0240 nm−1 and 0.0320 nm−1 could be attributed to the 

interferences between the center core mode and cladding mode, outer core mode and 

cladding mode respectively. The weak peaks observed in the spatial frequency 

spectrum could be mainly attributed to the higher order cladding modes.  
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Fig. 5.3. Simulated transverse mode field distribution of (a) center core mode, (b) outer 

core mode and (c) the first order cladding more.  
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Figure 5.4. (a) Wavelengths responses of Dip A and Dip B to TR. (b) Transmission 

spectral evolutions of Dip A and Dip B with varying the twist rate. 

In order to investigate the response to externally applied torsion, the sensor was 

stretched slightly and clamped between two fiber rotators (Thorlabs, PRM1/M) with a 

distance of about 245 mm. One rotator can be rotated in CW or CCW direction while 

the other one was fixed. The transmission spectra of the sensor were recorded with 

varying the rotation angle by a step of 20 degree corresponding to a twist rate step of 
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1.4245 rad/m. The twist rate was increased step by step to 22.792 rad/m in CW or CCW 

direction. The twist rate value was defined as positive in CW direction while negative 

in CCW direction. The wavelength responses of Dip A and Dip B to the twist rate 

variation are depicted in Fig. 5.4(a). As shown, when the twist rate was increased in 

CW direction, Dip A shifted linearly to shorter wavelengths for the twist rate up to 

15.669 rad/m, and shifted back to longer wavelengths when the twist rate was larger 

than 15.669 rad/m. Different from Dip A, Dip B shifted to shorter wavelengths for the 

whole twist rate range up to 22.792 rad/m. When the twist rate was increased in CCW 

direction, both the two Dips shifted longer wavelengths firstly and then shifted back 

slightly. By linearly fitting the measured wavelengths, Dip A showed a torsion 

sensitivity of −0.115 nm/(rad/m) with the coefficient of determination (R-square) of 

about 0.993 within the TR range from −19.943 rad/m to 15.669 rad/m, and Dip B 

exhibited a torsion sensitivity of −0.118 nm/(rad/m) with R-square of about 0.992 

within the twist rate range from −17.094 rad/m to 22.792 rad/m. As both the two dips 

showed blue shifts in CW direction and red shifts in CCW direction when the twist was 

increased, they should be generated from the interference between the center core mode 

and cladding mode. The two dips only showed linear responses to the twist rate 

variation for certain twist rate ranges, this phenomenon should be mainly caused by the 

twist-induced circular birefringence in the whole fiber between the two rotators [148]. 

To illustrate the transmission spectral evolutions of the dips clearly, the transmission 

spectra according to the twist rate range from −17.094 rad/m to 14.245 rad/m with a 

step of 2.459 rad/m are shown in Fig. 5.4(b).  

The temperature responses of the dips were also investigated. To characterize the 

temperature responses, the sensor was fixed in a digital-controlled oven and kept 

straight under slight tension. The oven has a temperature precision of 0.1 °C. The 

transmission spectra were measured by increasing the temperature from 30 °C to 90 °C 

with a step of 5 °C. Both the dips exhibited red shifts with increasing the temperature, 

as shown in Fig. 5.5(a).  Figure 5.5(b) shows the relationships between the collected 

wavelengths of the two dips and the temperature variation. The temperature 

sensitivities of Dip A and Dip B were measured to be 0.101 nm/°C and 0.054 nm/°C 

by linearly fitting, respectively.  
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Figure 5.5. (a) Transmission spectral evolutions of the two dips with temperature 

variation. (b) Relationships between the wavelength shift and temperature for the two 

dips. 

The wavelength shifts of Dip A or Dip B caused by ambient temperature and applied 

torsion change can be expressed as: 

          , ( , ),i i TiS S T i A Btl tD = D + D =                                       (5.8) 
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where iSt , TiS and TD represent the torsion sensitivity, temperature sensitivity, and 

temperature change, respectively. Since Dip A and Dip B response linearly and 

differently to temperature and torsion for the twist rate range from −17.094 rad/m to 

15.669 rad/m, the torsion and temperature variations can be measured simultaneously 

by constructing the following matrix based on Eq. (5.8): 

1

.A TA A

B TB B

S S
S ST
t

t

lt
l

- DD é ù é ùé ù
= ê ú ê úê ú DDë û ë ûë û

                                               (5.9) 

According to the experimental results, Eq. (5.9) can be rewritten as: 

10.115 0.054
, 17.094 15.669.

0.118 0.101
A

BT
lt

t
l

- DD - é ùé ù é ù
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        (5.9) 

5.4 Summary 

In this chapter, we demonstrated a sensor for simultaneous measurement of directional 

torsion and temperature based on an in-line MZI formed in an MCF with a very short 

helical structure. By introducing the helical structure, the fiber circular asymmetry was 

achieved. The multiple interferences originated from the center core mode, outer core 

mode, and cladding mode was revealed by both FEM simulation and experimental 

spectrum analysis. The maximum torsion sensitivity of the proposed sensor reaches 

−0.118 nm/(rad/m) for the twist range from −17.094 rad/m to 15.669 rad/m. It is 

comparable with the sensitivity of the HLPG-based or HW-based torsion sensor [141, 

143]. Although it is still lower than those of a twisted taper in a PMF [140] or paired 

HLPGs [142], the proposed sensor is valuable by overcoming their respective shortages 

such as a relatively worse mechanical strength for tapered fibers [140] and influence of 

non-uniform external temperature perturbation [142]. Compared with the previously 

reported schemes utilizing micro-machining means, the proposed sensor not only owns 

the capability of the discrimination of directional torsion and temperature but also takes 

the merits of easy fabrication and good mechanical robustness. 
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Chapter 6  Conclusions and Recommendations 

 

6.1 Conclusions 

MCFs based sensors have become a very attractive research topic, due to their intrinsic 

advantages, such as well-defined core separation, small size, light weight, repeatability, 

multiple channels, etc. MCFs have further advantages over bundles of fibers because 

all the cores of an MCF share the same cladding, which means that MCFs have an 

improved isothermal behaviour. The aims of this Ph.D. study are to explore and 

develop high-performance sensors based on MCFs by post-processing techniques such 

as grating fabrications or twisting MCFs. Three main works of my Ph.D. study have 

been presented in this thesis. 

In chapter 1, the background, motivation, and objectives for my Ph.D. study have 

been introduced. In chapter 2, the types of MCF-based sensors and their recent 

development, as well as their working principles have been reviewed. 

In chapter 3, my first work on inscribing FBGs in a heterogeneous MCF and its 

application for directional bending sensing has been presented. Due to the difference 

in refractive indices between the center core and outer cores, two FBGs with obviously 

different central wavelengths were measured by only splicing a segment of MMF 

between the MCF and the lead-in SMF. Since no complicated and expensive fan-out 

device was used, the proposed sensor offers several advantages, such as low cost and 

flexibility in fabrication. The maximum curvature sensitivity was about 0.128 nm/m-1 

is much higher than the previously reported results based on eccentric FBGs [48, 50, 

103, 104]. In addition, the sensor exhibited the capability of eliminating the temperature 

or strain cross-sensitivities.  

In chapter 4, a highly sensitive strain sensor based on the MCF with an HS was 

proposed and demonstrated. The strain sensitivity is dozens of times higher than that 

of the sensors based on interferometers in MCFs [70, 71, 75, 149]. The process of 
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fabricating the HS in a non-twisted MCF was introduced in detail. Based on the HS, an 

in-line MZI sensor with an ultra-high strain sensitivity was proposed and demonstrated. 

The proposed sensor had the ability to discriminate axial strain and temperature, and 

offers several advantages such as repeatability of fabrication, robust structure, and 

compact size.  

In chapter 5, a sensor for simultaneous measurement of directional torsion and 

temperature based on a segment of the MCF and an HS has been proposed and 

demonstrated.  Compared with the previously reported torsion sensor schemes utilizing 

micro-machining means, the proposed sensor not only owns the capability of the 

discrimination of directional torsion and temperature but also takes the merits of easy 

fabrication and good mechanical robustness.  

6.2 Recommendations for research 

Firstly, with the development of heterogeneous MCFs with three or more different 

types of cores, the scheme of fabricating FBGs by the scanned phase mask method in 

such heterogeneous MCFs is promising for designing shape sensors without using fan-

out devices. Comparing with the method of implementing a 3D shape sensor by 

fabricating Bragg grating waveguides one by one in a coreless optical fiber [150], our 

proposed method is much easier. 

Secondly, spatially arrayed parallel channels of FPIs combined the Vernier effect 

can be fabricated based on MCFs, this scheme has the potential for directional bending 

with high sensitivities. 

Thirdly, twisting MCFs with the CO2 splicing system can result in structural 

deformation of the MCFs. Due to the helical shapes of the deformation, spatially 

arrayed parallel HLPFGs can be formed in the MCFs. After twisting, the structures of 

the formed HLPFGs in the outer cores are significantly different from that in the center 

core, they will have obviously different responses to stimuli, which make the HLPFGs 

suitable for multiparameter sensing with high sensitivities. 
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Torsion can generate axial strain which is mainly distributed in the cladding region 

[15], and axial strain increases the length of the fiber, in return, results in the twist rate 

decreasing. Thus, torsion and axial strain can affect each other, there is a cross-

sensitivity between them. Designing a sensor based on MCF with HS for discriminating 

torsion, axial strain and temperature can be a research direction. 
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