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Abstract 

   During the last twenty years, there has been a massive progress in the field of optical fiber technology 

targeting sensing, switching, actuating and imaging applications. The evolution from conventional optical 

fibers that provide light guidance through total internal reflection to a different type of optical fibers, that of 

microstructured optical fibers (MOFs), in which light transmission is achieved by modified total internal 

reflection or by photonic bandgap effect, opened up new paths into the development of complex and multi-

functional optical fiber devices. The structure of the MOFs, with a number of air capillaries running along the 

length of the fiber, provides inherent optofluidic capabilities by merging together photonics and fluidics. Thus, 

microstructured optical fibers constitute a versatile platform for optofluidic applications due to the potential of 

hosting tunable infiltrated elements such as fluids with magneto-rheological properties. Ferrofluids appear to 

be particularly attractive artificial materials for optofluidic actuation inside MOFs because they are easily 

tuned by the application of external magnetic fields and they are also biocompatible, so their potential use on 

endoscopic devices is promising. Consequently, the above have stimulated an increasing interest into the 

exploration of the magneto-rheological devices development in Microstructured Optical Fibers. 

   The purpose of the present thesis is the experimental investigation and development of devices based on 

Microstructured Optical Fibers (MOFs) infiltrated with magneto-rheological fluids. The use of magnetic field 

stimulus for tuning the spectral transmission properties of different types of microstructured optical fibers 

utilizing either infiltrated or outcladding ferrofluids was examined and as a result three state-of-the-art devices 

were experimentally demonstrated.  

   The first device constructed combines the technology of multicapillary microstructured optical fibers with 

the functionalities of the ferrofluids. The device was spectrally characterized and tuned under magnetic field 

fluctuations. The results led to an extremely sensitive magnetic field sensor. Moreover, the possibility to use 

this in-fiber ferrofluidic device for endoscopic imaging applications was also investigated. 

  The second device demonstrated in the current thesis was based on a non-adiabatically tapered PENTA 

microstructured optical fiber. The interference between the fundamental and higher order modes in tapered 

region of MOF was observed by strong spectral modulation. We proved that the modal interference patterns of 

a ferrofluid infiltrated tapered MOF can be manipulated utilizing magnetic field stimulus leading to a photonic 

device with high sensitivity in magnetic field changes.  

  The last device developed was a power routing device that combines the technology of tapered, multicore 

microstructured optical fibers with ferrofluidic overlayers over the tapered region. Power coupling between 

the central core and the adjacent cores of the tapered multicore MOF was demonstrated, utilizing magnetic 

field stimulus into a ferrofluidic outcladding surrounding the optical fibre taper, leading to a sensitive power 

exchanging device. 
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Περίληψη 

    Κατά τη διάρκεια των τελευταίων είκοσι ετών, έχει σημειωθεί σημαντική πρόοδος στο πεδίο των οπτικών ινών, 

ιδιαίτερα σε εφαρμογές που χρησιμοποιούν οπτικές ίνες στην κατασκευή αισθητήρων, οπτικών διακοπτών καθώς και 

συσκευών απεικόνισης. Η εξέλιξη από τις συμβατικές οπτικές ίνες,  στις οποίες η κυματοδήγηση πραγματοποιείται μέσω 

διαδοχικών ολικών εσωτερικών ανακλάσεων, στις μικροδομημένες οπτικές ίνες, στις οποίες η κυματοδήγηση 

επιτυγχάνεται μέσω τροποποιημένης εσωτερικής ανάκλασης ή μέσω φωτονικών διακένων, αποτέλεσε σταθμό για την 

ανάπτυξη καινοτόμων συσκευών και διατάξεων στηριζόμενων στις οπτικές ίνες. Η εσωτερική δομή των 

μικροδομημένων οπτικών ινών παρέχει τη δυνατότητα συγχώνευσης της φωτονικής με την τεχνολογία των ρευστών, 

καθώς το πλήθος μικρομετρικών καναλιών αέρα τα οποία διατρέχουν κατά μήκος τις μικροδομημένες οπτικές ίνες 

μπορεί να φιλοξενήσει πληθώρα ρευστών ή αέριων υλικών με μεταβαλλόμενες ιδιότητες. Οι μικροδομημένες οπτικές 

ίνες αποτελούν ευέλικτη πλατφόρμα για την ανάπτυξη καινοτόμων φωτονικών διατάξεων, οι οποίες συνδυάζουν τις 

μοναδικές ιδιότητες κυματοδήγησης που παρέχουν, με την αλληλεπίδραση των εγχεόμενων σε αυτές ρευστών. Τα 

μαγνητορευστά αποτελούν χαρακτηριστικό παράδειγμα ρευστών που εγχέονται σε μικροδομημένες οπτικές ίνες, καθώς 

οι ιδιότητες τους μεταβάλλονται εύκολα υπό την επίδραση εξωτερικού μαγνητικού πεδίου. Επιπρόσθετα, η 

βιοσυμβατότητα των μαγνητορευστών τα καθιστά ελκυστικά για την ανάπτυξη βιοαισθητήρων όπως επίσης και για την 

κατασκευή ενδοσκοπικών συσκευών απεικόνισης. Κατά συνέπεια, τα αναφερθέντα ενισχύουν το ενδιαφέρον ανάπτυξης 

μανγητο-ρεολογικών φωτονικών διατάξεων σε μικροδομημένες οπτικές ίνες.  

   Σκοπός της παρούσας μεταπτυχιακής διπλωματικής εργασίας είναι η πειραματική μελέτη και ανάπτυξη φωτονικών 

διατάξεων οι οποίες βασίζονται σε μικροδομημένες οπτικές ίνες διηθημένες με μαγνητορευστά. Κατά την εφαρμογή 

εξωτερικού μαγνητικού πεδίου μεταβάλλονται ελεγχόμενα οι φασματικές  ιδιοτήτες διάδοσης του φωτός μέσα σε τρία 

διαφορετικά είδη μικροδομημένων οπτικών ινών που περιέχουν μαγνητορευστά, γεγονός που καθιστά τη σύνδεση των 

μαγνητο-ευαίσθητων υγρών με την τεχνολογία των οπτικών ινών θεμελιώδη για την ανάπτυξη ρηξικέλευθων φωτονικών 

συσκευών. 

   Η πρώτη συσκευή η οποία αναπτύχθηκε συνδυάζει την τεχνολογία των μικροδομημένων οπτικών ινών πολλαπλών 

καναλιών με τις ιδιότητες των μαγνητορευστών. Η υψηλή ευαισθησία σε εξωτερικά μαγνητικά πεδία διαφορετικών 

εντάσεων και κατευθύνσεων καθώς και σε διαφορετικές καταστάσεις πόλωσης, κατέστησαν τη συγκεκριμένη φωτονική 

συσκευή λειτουργική ως αισθητήρα ανίχνευσης μαγνητικού πεδίου μέσω οπτικών φασματικών μετρήσεων. 

Επιπρόσθετα, μελετήθηκε η δυνατότητα χρήσης της ίδιας συσκευής σε ενδοσκοπικές εφαρμογές απεικόνισης. 

   Η δεύτερη συσκευή η οποία παρουσιάζεται στην παρούσα εργασία βασίζεται σε μη-αδιαβατικά εφελκυσμένες 

μικροδομημένες οπτικές ίνες διηθημένες με μαγνητορευστά. Η συμβολή μεταξύ των ρυθμών διάδοσης στην περιοχή 

εκλεπτυσμού της εν λόγω μικροδομημένης οπτικής ίνας παρατηρήθηκε μέσω διακυμάνσεων στα φάσματα διέλευσης. 

Πειραματικές μετρήσεις με χρήση εξωτερικά εφαρμοζόμενου μαγνητικού πεδίου, απέδειξαν αξιοσημείωτη μεταβολή 

των φασματικών μοτίβων συμβολής με κάθε αλλαγή της έντασής του. Η υψηλή ευαισθησία της συσκευής την καθιστά 

χρήσιμη ως αισθητήρα ανίχνευσης μαγνητικού πεδίου. 

   Η τελευταία αναπτυχθείσα συσκευή λειτουργεί ως οπτικός μεταγωγέας σήματος βασισμένος στον συγκερασμό της 

τεχνολογίας των πολυ-πύρηνων θερμικά εφελκυσμένων μικροδομημένων οπτικών ινών και των ιδιοτήτων των 

μαγνητορευστών. Με την τοποθέτηση μαγνητορευστών πάνω στην περιοχή εκλεπτυσμού επιτυγχάνεται σύζευξη 

ενέργειας μεταξύ διαφορετικών πυρήνων, η οποία μπορεί να οδηγήσει σε συσκευή υψηλής ευαισθησίας μέσω 

διακυμάνσεων του εφαρμοζόμενου μαγνητικού πεδίου. 
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Chapter 1.  Introduction  

 

1.1   Optical fibers and relevant components 

 

    During the last decades there has been a significant progress in the field of optical fiber 

components. Optical fibers are cylindrical geometry dielectric waveguides that can transmit light in 

low loss propagation. They consist of an inner, high refractive index core surrounded by a lower 

refractive index concentric cladding. In conventional optical fibers, light guidance is achieved 

through Total Internal Reflection (TIR) mechanism, according to which the light is confined into the 

higher refractive index core totally reflected in the interface between core and cladding [1]. Starting 

from standard light-guiding bundles, optical fibers have gained exceptional interest based on the 

ability to construct an extremely wide range of demanding, relatively inexpensive and portable 

devices. Optical telecommunication systems utilize standard optical fibers for signal transmission, 

however the increased need for new applications and devices led to the development of new types of 

optical fibers [2]. 

    On year 1996, a unique type of optical fiber was proposed using distinct physical mechanisms of 

guidance, that of Photonic Crystal Fiber (PCF). The operation of this specialty optical fiber is based 

either on a modified form of total internal reflection or on the photonic bandgap effect, depending on 

the different possible optogeometrical structure of the optical fiber. The name Photonic Crystal 

Fibers (PCFs) indicates the existence of a periodic structure along the fiber that exhibits frequency 

intervals within the light propagation is restricted. Photonic Crystal Fibers, a type of the larger 

family of Microstructured Optical Fibers (MOFs), provide significant properties compared to 

standard optical fibers [2], [3]. 

    Microstructured Optical Fibers appear to be particularly attractive components for serving in 

various future photonic applications due to their structure which provides fluidic functionalities 

inside the fiber. A number of micro-capillaries (air holes) running along the optical fiber’s length 

enables controllable fluid infiltration [4]. The exploitation of fluidic actuation into a MOF can be 

combined with other optical fiber processing procedures, such as tapering and Bragg grating 

inscription, in order to demonstrate advanced devices with many functionalities and improved 

performance. The infiltration of PCFs and MOFs with fluidic media allows them to gain optofluidic 

functionality. Optofluidics is the field of controlling the propagation, scattering, absorption and 

refraction of light utilizing fluids and fluidic operations [5]. 
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    An emerging but important optofluidic application is based on ferrofluid infiltrated MOFs. 

Ferrofluids are stable colloidal suspensions of sub-domain magnetic nanoparticles dispersed inside a 

liquid carrier undergoing magneto-induced effects under the application of an external magnetic 

field and they have attracted considerable interest because of their magneto-tunable optical 

characteristics. By infiltrating the capillaries of a microstructured optical fiber with a fluid with 

magnetic properties, the guidance characteristics of the optical fiber can be controlled. As a result, 

the tunability of ferrofluids inside MOFs can lead to the construction of important photonic devices 

such as sensors and optical actuators. In parallel, the progress noticed in the field of magneto-

rheological sensing and switching photonic devices based on microstructured optical fibers, has 

given birth to new research paths that different research groups are invited to explore [6]. 

 

 

 

1.2    Microstructured  Optical  Fibers  (MOFs)  

 

    Microstructured Optical Fibers (MOFs) are a distinct type of optical fibers in which periodically 

or randomly arranged micro-capillaries (air holes) are extended axially in the cladding area [2], [3].  

MOFs differ from conventional fibers in which light is confined to a higher refractive index core by 

total internal reflection due to their ability to guide light either through modified total internal 

reflection or by using Photonic Bandgap effect (PBG). The general idea behind the construction of 

PCFs was the transition from one-dimensional (1-D) Photonic Bandgap effect structures to two-

dimensional (2-D) PBG dielectric waveguides like optical fibers [2]. 

    According to Photonic Bandgap effect, the highly periodic structure of the air holes in the 

cladding of the fiber creates a photonic bandgap. Light of certain values of frequency within this 

PBG is not allowed to propagate through the cladding and as a result is trapped in the core of the 

fiber. The core of the fiber is a defect in the centre of the fiber and it can be either hollow or solid 

(Figure 1.2.1).Taking these into account, light can propagate in a lower refractive index core 

compared to the refractive index of the surrounding material or even in the air [7], [8], [9]. 
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Figure 1.2.1 Schematic representation of (a) solid-core MOF and (b) hollow-core MOF with 

capillaries arranged in a triangular lattice [6]. 

 

    As it is previously mentioned, in Photonic Crystal Fibers (PCFs), a particular type of 

Microstructured Optical Fibers (MOFs), light can be guided through two basic mechanisms: by a 

modified form of Total Internal Reflection (m-TIR) or by the Photonic Bandgap effect (PBG). The 

guidance mechanism depends on the special microstructure of the optical fiber’s cladding as well as 

on the refractive index difference between the materials that optical fiber is constructed. The 

fundamental characteristics of a photonic-crystal structure are determined by (a) the pitch of the 

micro-capillary (air hole) Λ, (b) the diameter of the air hole d and (c) the number of micro-capillaries 

surrounding the core of the fiber [9]. The calculation of d/Λ parameter, also known as air-filling 

fraction, is critical not only during the fabrication procedure of the MOF but also for the calculation 

and controlling of the number of modes propagating through the fiber [2]. By changing the structural 

parameters of the optical fiber, d and Λ, we can achieve a selective transition from the one basic 

wave-guiding mechanism to the other. 

    In order to determine the propagation properties of light through a PCF it is convenient to use a 

propagation diagram as shown in Figure 1.2.2. The horizontal axis represents the normalized 

wavevector component βΛ and the vertical axis represents the normalized frequency kΛ. Light 

propagation is forbidden in the black regions due to either Total Internal Reflection (TIR) or 

Photonic Bandgap effect. Light is completely cut off in region 4. In a specific optical frequency, the 

maximum possible value is βΛ=kΛn, where n is the refractive index of the region of interest.  

(a) 

 

(b) 
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  For β < kn (region 1) light is allowed to propagate in all regions, for β > kn (region 2) is able to 

propagate also in the photonic crystal cladding and for β=kn the total internal reflection takes place 

for light from a medium with refractive index higher than n [2]. 

 

 

Figure 1.2.2 Propagation diagram for a MOF (PCF) with d/Λ=0.45 [2]. 

    The most representative types of MOFs can be divided into two main categories depending on the 

physical mechanism that provides guidance [2]. The MOFs operating by a modified form of Total 

Internal Reflection (m-TIR) are referred to as Index-guiding fibers and the other category consisting 

on fibers which guide light through PBG effect and are referred to as Photonic Bandgap fibers. Each 

of the two main classes can be divided into a number of subcategories which are identified by the 

structural properties of the fiber and their specific characteristics (Table 1.2.1) [10], [11]. 

 

Microstructured Optical Fibers (MOFs) 

Index-guiding fibers Photonic Bandgap fibers 
High-index core fiber Low-index core fiber 

Large mode area fiber Bragg fiber 

Highly non-linear fiber Hollow core fiber 

 
Table 1.2.1 Typical MOFs separation based on structure and guiding mechanisms 

      

    Exemplary Microstructured Optical Fibers designs are presented in the Figure 1.2.3. With their 

core having lower refractive index than their cladding, Hollow-core MOFs can guide light most 

usually via Photonic Bandgap effect. The light in such a type of fiber is confined and guided in the 

air-core by the surrounding photonic structure [12]. The cladding of a Bragg fiber is composed by 
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annular layers of alternately high and low refractive indices expanded around a central core. Bragg 

fibers are Photonic Bandgap fibers in which light is confined in the core by Bragg reflection [2], 

[15]. It is also worth mentioning two representative types of Index-guiding fibers.  Large Mode Area 

(LMA) fiber has relatively large dimension and small refractive index contrast between core and 

cladding. Highly non-linear fiber is a type of index-guiding fiber with a very small core in order to 

increase the nonlinearities by modal confinement [2], [3]. 

 

  

  
 

Figure 1.2.3 Examples of typical MOFs. 

Photonic Bandgap fibers (a) Hollow-core MOF [15], (b) Bragg fiber [9] 

Index-guiding fibers (c) Large mode area (LMA) PCF [13], (d) highly non-linear fiber [14] 

 

    Nowadays, there is an extremely wide range of Microstructured Optical Fibers fabricated for 

serving in various applications [2]. In Microstructured Optical Fibers presented in this thesis, the 

guidance of light relies on the mechanism of modified total internal reflection and it will be 

discussed in the second chapter. Most of the MOFs utilized in experiments are solid-core and the  

multicapillary fiber used, provides index-guidance by changing selectively the refractive index 

contrast between the solid-areas and the empty capillaries. 

(a) (b) 

(c) (d) 
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1.3   Introduction to Magnetically tuned fluids 

 
1.3.1  Ferrofluids 

 

    Magnetically tuned fluids, in the form of  ferrofluids (FF), are colloidal suspensions comprised of 

nano-scale magnetic particles dispersed in a liquid carrier. The most familiar magnetic nanoparticles 

that ferrofluids consisted of are iron oxides, like magnetite Fe3O4 or maghemite γ-Fe2O3. Each 

particle is a constant magnetic dipole moment proportional to its size and can be instantaneously 

aligned with an external magnetic field allowing spatial fluid translation following the dynamic lines 

of the applied field. Ferrofluids belong to the broader category of magnetorheological fluids. In 

contrast to magnetorheological fluids that appear a solid-like behavior under the application of an 

extremely intense magnetic field, ferrofluids preserve their fluidity under strong field application. 

Ferrofluids do not exist in nature and they are artificially synthesized with a variety of chemical 

procedures [16].  

    A fundamental property of ferrofluids is that in the presence of a non-homogenous magnetic field, 

B(r), they are attracted to the maximum field intensity area. This is the result of magnetic moments 

(m) of individual atoms rotation to the minimum energy direction (      ) which is parallel to 

magnetic field. Subsequently the ferrofluid is pulled by the force              in the 

direction of field gradient. If the orientation of the magnetic field changes abruptly, each particle of 

the fluid exhibits a magnetic moment accompanied by rotation [16]. There are two dominant 

mechanisms for the rotation of magnetic moments in ferrofluids. The Debye or Brownian rotation, 

which is correlated with the rotation of magnetic particle inside the liquid carrier and appears even in 

absence of a magnetic field. Magnetic particles rotate due to the thermal collisions which cause the 

Brownian motion. Under magnetic field, the magnetic particles depart from the Brownian motion 

statistics while rotating and moving along the dynamic lines of the applied magnetic field. 

   The relaxation time of Brownian rotation for spherical particles is: 

                       

where   is the volume of each particle and   the viscosity of the liquid carrier [16], [17]. 

    The Neel rotation is the rotation of magnetic moment with respect to the particle. The relaxation 

time for Neel rotation is: 

      
                         

where f0 is the Larmor frequency and   is the anisotropy constant of the particle and is strongly 

dependent on the volume and the shape of the particle as well as the temperature [18].  
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  In a real ferrofluid, any relation between    and    is possible to be achieved. Furthermore, it is 

worth mentioning that the equality        can be fulfilled at a certain nanoparticle diameter ds  

since    increases exponentially with the increase of the particle volume   while    is proportional 

to   [20]. A schematic representation of the basic principle ferrofluids are based on is shown in 

Figure 1.3.1. 

 

 

 

Figure 1.3.1. Magnetic particles are suspended within a liquid carrier, randomly distributed. 

When magnetic field is applied, particles tend to be aligned along the lines of the magnetic flux. 

 

1.3.2  Ferrohydrodynamics and Langevin function 

 

    The field of ferrohydrodynamics is associated with the mechanics of fluid motion affected by 

strong forces of magnetic fields [17]. In contrast to magnetohydrodynamics, in ferrohydrodynamics 

(FHD) there is no need of electrical current flowing in the fluid. Actually, the main force in 

ferrohydrodynamics is the material magnetization in the presence of a magnetic field. The most 

common fluid media in FHD are colloidal ferrofluids [17]. 

    On the approach of ferrohydrodynamics developed below, we have assumed a quasi-stationary 

model which provides an irreproachable description of any ferrohydrostatic problem. The concept of 

internal rotation which taking into consideration both the visible (orbital) and the internal (spin) parts 

of the angular momentum of each particle, has proved to be very fruitful in FHD analysis, however it 

will not be included in the present thesis [20]. 
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    In consonance with the quasi-stationary model, the relationship between magnetic induction  , 

magnetic field   and magnetization   is defined by: 

                     

where   is the magnetic permeability. In a vacuum this is the permeability of free space,   .The 

relation between the magnetization induced to a material   and the external magnetic field   is 

given by: 

                 

where parameter     is known as the bulk magnetic susceptibility of the material and it can be a 

complicated function of orientation, temperature, state of stress and applied field but it is often 

treated as a scalar. The magnetic field   and magnetic induction   are described by the 

magnetostatic limit of Maxwell’s equations in the absence of electric currents [19]. 

           (1.5) 

               (1.6) 

    A specific relation between magnetic and rotational degrees of freedom of suspended 

nanoparticles of the ferrofluid provides a coupling of the magnetization M with the fluid dynamics. 

Consequently, there is a complete set of equations in ferrohydrodynamics including the Maxwell 

equations, the magnetization equation as well as the equation for the ferrofluid motion. Starting from 

the equation of ferrofluid motion (1.7), where   is the mass density,   the velocity of ferrofluid,   

the pressure and   the shear viscosity of ferrofluid,  

 
  

  
                         

it is essential to introduce the Langevin approximation formula [20]. 

     According to that function, the statistic average of the magnetic moments is oriented along the 

applied magnetic field and the amplitude is: 

                       

where    is the individual magnetic moment of a single magnetic particle,          for an 

applied magnetic field   and      is the Langevin function.  

The analytical expression for the Langevin function is presented in equation (1.9) 

           
 

 
            

                     

where   is the magnetic moment of an individual nanoparticle and   the density of magnetic 

particles. This simplified model of ferrohydrodynamics can be applied in all ferrofluids and is the 

fundamental principle for further analysis of the FHD field [20]. 
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1.3.3  Magneto-induced effects in ferrofluids 

 

    By utilizing magnetic field, the ferrofluid is attracted and attached on the surface of a magnet, 

especially in certain places also known as poles [17]. More precisely, in the absence of a magnetic 

field the magnetic moments   have a random orientation and the net average magnetization of the 

ferrofluid is zero. When a magnetic field is applied, there is a tendency of the nanoparticles to be 

aligned in the direction of the field [17]. 

 

1.3.3.1    Photonic Hall and other scattering effects  

    The application of magnetic field in ferrofluids introduces a number of magneto-optical 

phenomena such as the Photonic Hall scattering effect, refractive index variations, magnetoviscosity 

and magneto-optical anisotropy which are induced by the orientation of magnetic moments of the 

nanoparticles [21]. 

    Photonic Hall Effect (PHE), less popularly known as Magneto-transverse light diffusion, is 

inextricably connected with the Faraday Effect which turns up inside dielectric scatterers. The size 

of the scatterers can be much larger than the wavelength of the incident light (Mie scattering regime) 

or much smaller than the wavelength (Rayleigh scattering regime) [21]. The geometry of this effect 

is called magneto-transverse because the magnetic field and the incident light are perpendicular. In 

the longitudinal configuration, in which the wave vector of incident light is aligned along the applied 

magnetic field, the eigenmodes of the electric field are circularly polarized waves. The difference in 

speed and absorption of these waves lead to magneto-optical effects like circular birefringence and 

dichroism correlated also with Faraday Effect. On the other hand, in the magneto-transverse 

configuration the eigenmodes of the electric field are linearly polarized waves so they induce linear 

birefringence and dichroism which are both functions of the magnetic field.  [21], [22]. Linear 

birefringence and dichroism are well explained by Langevin theory [23]. 

 

 

    The PHE is qualified by the difference between the intensities       and       normalized by the 

average of the scattered intensities in the absence of any magnetic field    given by the quantity  . 
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Figure 1.3.2 Schematic representation of the Photonic Hall Effect (PHE) in ferrofluids. The 

magnetic scatterer is shown as a cylinder. The scattered intensities above and below the plane are 

called respectively I
+ 

and I
-
. The incident light direction is perpendicular to magnetic field B. 

 

   Excluding the Photonic Hall Effect and by taking into account the microscopic parameter   in 

conjunction with the macroscopic magnetic field  , a series of magneto-optical effects could be 

briefly discussed. One of these magneto-induced phenomena is the magneto-deflection of light in 

which a magnetic-field-induced displacement of light is being observed upon propagation in 

homogeneous dielectrics in a transverse magnetic field [22]. Furthermore, there is an extensive 

investigation over the affection of magnetic field in the optical properties of heterogeneous dielectric 

media like small spherical particles. Magneto-Mie scattering and multiple magneto-scattering of 

light are representative examples of the currently discussed effect in which particles considered as 

scatterers that undergo Faraday Effect [22].  
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    1.3.3.2    Magneto-refraction  

   Under the influence of external magnetic fields, ferrofluids experience also significant changes 

related to their refractive index. This magneto-induced diversity can lead to unique optical 

capabilities [24], [25].  

   The details of magnetic-field dependence of the refractive index are related with a number of 

parameters such as the concentration of ferrofluid, the type of magnetic nanoparticles and the liquid 

carrier, as well as with the direction of the external magnetic field. The magnetic dipole moments 

begin to align with the external field under the stimulus. This is counteracted by the thermal energy 

that tends to randomize the orientation of dipole moments. During this process, the magnetic 

nanoparticles of the ferrofluid form ordered chains along the magnetic field direction and this 

microscopic structural change in the magnetization leads to the refractive index changes of the 

ferrofluid. It is proved that by increasing the intensity of the external magnetic field, the refractive 

index of the ferrofluid tends to increasing until it becomes saturated. The refractive index is 

magnetically modulated and this manipulation plays an important role in the optical properties of the 

ferrofluid [24]. 

   Consider these, it is obvious that the refractive indices of magnetic fluids can be manipulated 

through the careful selection of magnetic particles and liquid carriers. Moreover, the variation in 

refractive index of the ferrofluid with the magnetic field strength and the temperature is attributed to 

the chain formation and is expressed by modified forms of the aforementioned Langevin function 

[25].  

 

1.3.3.3    Magnetoviscosity  

    The magnetic field dependent viscosity, magnetoviscosity, is increased significantly by the 

application of an external magnetic field [26]. The mechanism of magnetoviscosity was interpreted 

in terms of the hindrance of the suspended particles’ rotation under the application of the magnetic 

field. It is well known that when a magnetic field is applied to a ferrofluid the magnetic moment   

of the particles will be aligned with the field direction. Assuming that the ferrofluid is under the 

influence of a shear flow, the magnetic nanoparticles will rotate in the flow due to the mechanic 

torque produced by viscous friction in the fluid. When field direction and vorticity of the fluid’s flow 

are collinear, the magnetic alignment will lead to the alignment of magnetic moments of the particles 

with the direction of the vorticity.  
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   Although, if the vorticity and field direction are perpendicular, the mechanic torque will force a 

misalignment of the magnetic moment of the particle and the field direction. An angle between the 

mutual directions of magnetic moments and the field will give birth to a magnetic torque which 

tends to realign magnetic moment and the applied field.  

   This consequent torque acts opposite to mechanic torque and causes an obstacle to the free rotation 

of the particle in the flow. As a result, the flow resistance is increased and thus the ferrofluid exhibits 

an increased viscosity [26], [27]. Taking also into consideration the Brownian motion (rotation of the 

particle in the flow) of the ferrofluid nanoparticles, an expression describing the change in viscosity-

termed rotational viscosity    - is arisen:    

   
 

 
   

       

       
                    

where    denotes the viscosity of the fluid in the absence of magnetic field,   is the volume 

concentration of the magnetic particles including the surfactant and   is the angle between vorticity 

and field direction. The Langevin parameter   is the ratio of magnetic and thermal energy of the 

particles and is described by: 

  
    

  
             

where    denotes the vacuum magnetic permeability,   is the magnetic moment of each particle,   

the strength of magnetic field,   Boltzmann’s constant and    the absolute temperature. Rotational 

viscosity refers to highly diluted suspensions with negligible particle interaction while the term 

magnetoviscous effect is adopted for concentrated suspensions where particle interaction plays a 

significant role and is more complicated [26] [27]. 

    Summarizing this section of the first chapter, the ferrofluid behaves like a normal suspension of 

non-magnetic particles without the application of an external magnetic field. By utilizing magnetic 

fields, ferrofluids undergo diverse magneto-optic effects that open new possibilities for tunable 

applications. All these optical properties of ferrofluids that described before are closely related with 

the microscopic distribution of magnetic nanoparticles’ behavior in the ferrofluid under the 

application of a magnetic field. Particularly, ferrofluids with their magneto-tunable optical properties 

constitute suitable candidates for optofluidic applications and other microfluidic configurations. 
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1.4      Devices and applications based on ferrofluid infiltrated 

microstructured optical fibers 
      

    Microstructured Optical Fibers appear to be attractive components for serving in various 

demanding sensing, actuating and switching applications in the research fields of Metrology, 

Biomedical and Structural Sensing, Optofluidics and Imaging [5]. In this manner, microstructured 

optical fibers have increasingly attracted the academic interest of different research groups around 

the world.   

    Their cladding structure configuration, with air-channels all over the length, enables MOFs to be 

strong candidates for developing optofluidic devices elaborating the “Lab-In-a-Fiber” protocol 

according to which every process is taking place inside the capillaries of the microstructured optical 

fibers [28], [29]. 

    By infiltrating MOFs with suitable liquid and gas matrices, versatile functionality and improved 

performance devices can be developed. As a consequence, a variety of liquid matrices such as 

ferrofluids [30], [31], [32], liquid crystals [33], [34] and biological samples [35], [36], [37] are 

infiltrated inside the capillaries of the microstructured optical fiber. Liquids injected inside MOFs 

feature promising tunable properties because they can be controlled by external stimulating 

parameters. 

    The fluidic actuation inside MOF’s capillaries is being investigated in order to demonstrate  all-in-

fiber optofluidic platforms [38], [39].  

    More precisely, optofluidic magnetometers have been developed inside microstructured optical 

fibers [30] utilizing magneto-fluidic effects of ferrofluids in conjunction with variations in strength 

and spectral shift caused by changes in a Bragg-grating [30], [40]. The manipulation of small 

volumes of ferrofluids inside microstructured optical fibers by magnetic field stimulus can be also 

combined with Bragg-gratings, in order to demonstrate sensing smart pads used for health 

applications [41]. These specific sensing elements have the ability to identify shear-stress, 

temperature and pressure variations through the ferrofluid infiltrated Bragg-grating and consequently 

can be embedded in rehabilitation beds and wheelchairs in order to monitor the pressure ulcers of 

patients [41]. 

    On the other hand, devices based on liquid crystals have been demonstrated while exploiting 

thermo-optical [42] and electro-optical [43] effects, manifested in refractive index tunability and 

birefringent induction. 
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    Focusing on ferrofluid infiltrated microstructured optical fibers there have been designed devices 

exploiting both magneto-viscosity and fluidic effects.  

    As an example, an in-fiber magnetic field sensor based on Photonic Hall scattering effect has been 

developed. According to that, the specific sensing probe can detect magnetic field values at a defined 

point and also provides potential for directional measurements of the magnetic field [44].  

    In another fashion, an in-fiber interferometer based on magnetic-field-induced volume variations 

of magnetic fluids has been proposed. It is proved that the volume of the ferrofluid inside the 

capillaries of microstructured optical fiber can be tuned by externally applied magnetic field and 

sensor applications can be derived by this principle [45]. 

    Furthermore, tapered microstructured optical fibers have also been used as hosts for magneto-

tunable devices utilizing ferrofluids. Exemplary, a magnetic field sensor has been fabricated based 

on the modal interference in tapered microstructured optical fiber and the properties of ferrofluids 

[46]. 

  

 

1.5      Subject and motivation of this thesis 
  

    The main objective of this thesis is the experimental investigation and construction of devices that 

merge the advantages of microstructured optical fibers with those of ferrofluids which exhibit 

magneto-rheological-optical properties allowing tunability of the guiding characteristics. To achieve 

such an objective, different types of MOFs are infiltrated or covered with ferrofluids investigating 

how the different magnetic fields affect the guidance and the spectral properties of the 

microstructured optical fibers. 

Three different types of magneto-fluidic devices have been investigated in the present thesis: 

   The first attempt focuses on the construction of a device that combines the technology of 

multicapillary microstructured optical fibers with the functionalities of the ferrofluids, for tuning 

both their spectral as well as the amplitude modulation functions utilizing external magnetic field 

stimulus. To achieve this target, a short length of multicapillary MOF is infiltrated with ferrofluid for 

tuning its image transmission function. Such a type of device may provide dynamic endoscopic 

imaging capabilities and may also constitute element for multi-mode interference fiber 

magnetometers.  
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    The ultimate goal to be achieved is the construction of an in-fiber ferrofluidic endoscopic device 

for imaging applications, utilizing magnetic fields for tuning the contrast of the image as well as the 

polarization state. 

   In the second device, microstructured optical fibers are tapered in order to change their 

propagation properties. More specific, a solid-core index guiding microstructured optical fiber with 

five air-holes in the cladding is being heated and pulled until an abrupt angle taper is created. The 

non-adiabatic tapered region, as it will be examined in the second chapter, excites higher order 

propagation modes and as a result, the interference between the fundamental mode and higher order 

modes is manifested in strong spectral modulation. Different refractive index liquids are infiltrated 

inside the tapered region of the optical fiber in order to study the influence of refractive index 

differences in modal interference. Subsequently, a small volume of ferrofluid is infiltrated in the 

capillaries and directed in the taper of the optical fiber. Under the application of different magnetic 

fields, changes on taper modal beating are observed. In this way, we try to prove experimentally that 

ferrofluid infiltrated tapered microstructured optical fibers constitute elements for novel sensing 

applications. 

   Finally, multicore all-solid microstructured optical fibers are experimentally studied. A tapering 

process is performed to a solid-core microstructured optical fiber with seven cores in order to excite 

the cores surrounding the central one. By tapering the multicore optical fiber at a specific diameter, 

the excitation of all the cores through the central one is achieved. The basic aim of this project is to 

tune the optical properties of the tapered multicore fiber while changing the refractive index in the 

outcladding ferrofluid covering the tapered region. To characterize this device, different refractive 

index liquids as well as ferrofluid are poured over the tapered area.  

    In brief, we present the experimental investigation of three microstructured optical fiber systems 

utilizing ferrofluids for achieving tuning of their spectral characteristics. It is confirmed that by 

controlling magnetorheological fluids with external magnetic field stimulus, optical properties of 

microstructured optical fibers that host the fluids are manipulated. This opens up new prospects for 

novel applications utilizing magnetorheological fluids as well as microstructured optical fibers. 

 

 

 

 

 

 

 



16 
 

1.6        Outline of this thesis 

 
Chapter 1 presents the motivation of this thesis and introduces Microstructured Optical Fibers 

(MOFs) and their general properties. The fundamental theory regarding magnetically tuned fluids as 

well as the basic principles of their behavior under an external magnetic field are also discussed. The 

last section of the chapter describes numerous devices developed and designed by employing 

ferrofluid infiltrated MOFs. 

 

Chapter 2 is devoted to a detailed approach of light propagation in optical fibers. Starting from 

Maxwell’s equations, modal solutions in cylindrical waveguides are derived. Subsequently, the 

principles of modified total internal reflection as well as the theory of tapered optical fibers are 

expanded in this chapter. Optical fiber bundles used for endoscopic imaging applications are also 

introduced in the chapter. 

 

Chapter 3 The experimental setups, the magneto-rheological fluids used in experiments and 

experimental methodology employed are described in detail in the sections of this chapter, including 

the infiltration methods and the tapering processing followed. 

 

Chapter 4 contains the experimental investigation and experimental results involving the spectral 

tuning of multicapillary MOFs infiltrated with ferrofluid under the application of external magnetic 

field stimulus. Imaging capabilities of the infiltrated multicapillary MOFs are also presented. 

 

Chapter 5 contains experimental results related to the investigation of ferrofluid infiltrated tapered 

MOFs. The spectral response of beating between the modes in the non-adiabatic taper is tuned by 

infiltrated refractive index liquids as well as by infiltrated ferrofluids under magnetic field stimulus. 

The results of the mode coupling will be presented in the fifth chapter of the dissertation. 

 

Chapter 6 presents experimental findings related to the development of a device based on tapered 

multicore MOFs with outcladding ferrofluids. A tapering procedure is suggested in order to couple 

light from the central core to others while different refractive index liquids are injected outside to 

optimize the coupling conditions. In the end, the tapered region of multicore MOF is covered by an 

outcladding ferrofluid to investigate the coupling behavior under magnetic field fluctuations. 

 
Chapter 7 includes the final conclusions of this research and summarizes the experimental project 

carried out in this thesis. 
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Chapter 2.  Light propagation in optical fibers  

 
2.1     Waveguide modes in standard optical fibers 

 

    Propagation of electromagnetic waves in cylindrically symmetric dielectric waveguides is 

significantly important in the field of fiber optics. Maxwell’s equations constitute the fundamental 

background for optical fiber modal analysis. The equations (2.1) - (2.4) provide the mathematical 

formula for the description of the electric and magnetic waves propagation through the matter further 

defined by exploiting specific boundary conditions for optical fibers. The dielectric material that 

optical fibers consist of is assumed to be isotropic, linear and homogenous without free charges and 

currents [1], [2]. Then the differential form of Maxwell equations for these becomes:  

     
  

  
   

  

  
         

    
  

  
  

  

  
                 

                 

                 

In the above relations the field quantities   and   represent, respectively, the electric and the 

magnetic field as well as    and   are the electric and magnetic displacements described by (2.5) 

and (2.6) : 

               

                

According to that, the homogenous form of the electromagnetic wave equation is described by (2.7): 

      
  

   
   

      

      
                  

The solution of electromagnetic wave equation describes the propagation of energy in the medium 

under consideration and is given by: 
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in which every component of the field vector assumes the same   and   dependence of           for 

propagation along the axis of the optical fiber (z axis) [1]. 

   It is worth at this point mentioning that the cross section of a standard optical fiber (Figure 2.1.1) 

consists of two regions, the core of the fiber with refractive index    and the cladding with refractive 

index    where       [3]. 

 

Figure 2.1.1 Cross section of a standard optical fiber 

 

    All dielectric waveguides support a finite number of guided modes in addition to the infinite 

continuum of radiation modes that are not guided by the structure but they are solutions of the 

boundary problem [3]. Starting with the time-independent wave equation in cylindrical coordinates 

(2.9), a detailed analysis of the guided modes in optical fibers is presented. The homogenous wave 

equation in optical fibers is fully separable into the   and   components according to the structural 

symmetry:  

 
  

   
 

 

 
 
 

  
 

 

  

  

   
           

      
      

              

where         
 

 
            is the wavenumber and         is the refractive index of 

the dielectric medium. Since the refractive index profiles of most optical fibers are cylindrically 

symmetric, it is convenient to use the cylindrical coordinate system [1].  
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Maxwell’s curl equations written in terms of the cylindrical components are given by:  

             
 

 
 
   

  
             

             
   

  
               

              
 

 
 
   

  
              

               
   

  
            

The field components are   ,   ,   ,   ,    and    

   
   

     
 
 

  
   

  

 

 

   
                 

   
   

     
 

 

   
   

  

 

 

  
                

   
   

     
 
 

  
   

  

 

 

   
                   

   
   

     
 

 

   
   

  

 

 

  
                 

According to the above relations, it is sufficient to determine the     and    components to specify 

uniquely the wave solution [1], [2]. Time-independent wave equation for    and    in cylindrical 

coordinates has taken the form:  

 
  

   
 

 

 
 
 

  
 

 

  

  

   
          

  

  
              

The derivation of the simplified guided modes of the optical fiber makes use of the longitudinal 

components    and   . The partial differential equation (2.12) is separable and the solution is 

described by [3]:   

 
       
       

                       

where              so that: 
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where            , so that    and    are single-valued functions of  . 

Consequently, equations (2.12) and (2.13 b) are transferred into equation (2.14) known as Bessel’s 

differential equation [1], [3]:                

 
  

   
 

 

 
 
 

  
        

  

  
                    

The general solution of Bessel function is (2.15) divided into: 

      
                                

         

                                      
            

   To obtain the proper field configurations in an optical fiber, appropriate cylindrical function 

solutions of Bessel equation must be selected, satisfying the physical requirements. Since the electric 

and magnetic fields have to be finite at the center of the optical fiber core     , a Bessel function 

       is used. The field components at this case (       are given by: 

                
               

                
               

On the other hand, the fields in the cladding of the optical fiber decay in an exponential form 

of      . A modified form of Bessel function        is used to describe the decaying behavior of the 

electric and magnetic field in the cladding (       

                
               

                
               

where A, B, C, D are unknown constants that can be calculated utilizing the boundary conditions and 

the field components. 

   In case that    , the solutions correspond to hybrid modes       and        in which all the 

components, of electric and magnetic field, are non-zero. Replacing the equations (2.16 a),    (2.16 b) 

and (2.17 a), (2.17 b) into the equations (2.11 a) - (2.11 d) for the electric and the magnetic field 
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components, we derive the following set of equations for the transverse field components for 

hybridic mode propagation: 

         

 
 

   
 

  
     

       
   

  
                 

   
 

  
     

       
   

  
                 

                                  

         

 
 

   
 

  
 
  

 
        

  

 
    

               

   
 

  
 
  

 
        

  

 
    

              

                                  

         

 
 

   
 

  
     

       
    

  
                 

   
 

  
     

       
    

  
                

                                  

         

 
 

   
 

  
 
  

 
        

   
 

   
                 

   
 

  
 
  

 
        

   

 
    

              

                                  

 

   Taking into consideration the equations (2.18 a) – (2.18 d) for the field components as well as the 

continuity equation of the electric field components           and    at the interface between the 

core and the cladding,          the following equations are derived  

                                

  
 

   
           

  

  
  
          

 

   
           

  

  
  

                     

                                

 
   
  

  
          

 

   
          

   

  
  

          
 

   
                      

 By solving the above system of equations we can determine the relation between the A, B, C, D 

coefficients. 
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    The following conditions must be applied in order to achieve wave guidance through the core of 

the optical fiber: 

        
   

                             

and 

        
   

                                  

where   is the radius of the fiber core. It is obvious that           
    

    
   because the 

parameters       
    

    
       and       

    
    

        are real, positive numbers. In 

the general solution (2.15), Bessel functions     and    are being rejected for the reason that they tend 

to infinity for     and      respectively. Acceptable solutions for the   ,    components have 

the general form:  

           
       

       
                    

    
               

           
       

       
                    

    
             

where             and    ,    are coefficients determined by the boundary conditions. 

When                       , the solutions correspond to transverse electric        modes 

and when                       , the solutions correspond to transverse magnetic,       

modes. In the weakly guiding approximation            considerable simplifications arising.   

 

    By executing extensive calculations utilizing Bessel equations as well as boundary conditions for 

the geometry of optical fibers, an overlapping between the basic modes arises. The linear 

superposition of          and          modes constitutes the Linearly Polarized,        modes as 

presented in Figure 2.1.2 [3].  
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Figure 2.1.2 Correlation between the electric field vectors and intensity profiles of the three 

first       modes and conventional modes [4]. 
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In order to determine graphically the cut-off wavelength of each        mode, the Figure 2.1.3 is 

introduced.  

 

Figure 2.1.3        guided modes of a standard optical fiber where   is the radial order of the 

mode and   the azimuthal order [3]. 

The above diagram shows the normalized propagation constant    as a function of normalized 

frequency   for the guided modes of a standard optical fiber. The number pairs written on each 

curve give the values of    and   of the        modes. The values of    and    are given by the 

equations (2.20) and (2.21) respectively [3]. 

                                  

  
  

 
    

    
               

    The cutoff normalized frequency for the first higher mode        occurs at           as it is 

determined by figure 2.1.3. For a single-mode propagation of the fundamental mode        the 

condition          is required.   
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2.2     Tapered optical fibers 

 
    As it has been discussed previously, the light propagation in standard single-mode optical fibers is 

achieved when the fundamental mode        is confined in the high refractive index core and the  -

number cutoff determines the restricted transmission of higher-order modes. However, for other 

opto-geometrical designs, optical fiber structure can be multi-modal. An example of multi-modal 

optical fibers is the optical fiber tapers. An optical fiber taper is a locally thinned optical fiber where 

the mode propagates at the cladding in a specific point through modal transformation at a 

geometrically gradient section. The taper can be produced by applying tensile force in a standard 

optical fiber while the fiber is being heated until its softening point [5], [6]. After the heat-and-pull 

technique, the optical fiber is divided in three basic regions (Figure 2.2.1), the untapered part, the 

taper transition and the taper waist which is the region with the most decreased diameter of the 

tapered optical fiber. 

 

 

Figure 2.2.1 Schematic representation of the basic regions on a tapered optical fiber. 

 

    Initially, the electromagnetic wave that is propagating through the taper encounters a gradually 

diminishing core radius and hence a gradually decreasing of   -number (equation 2.23). As a result, 

the field distribution of the fundamental mode changes progressively along the tapered optical fiber.  

Depending on the rate of diameter change, the energy transfer from the fundamental mode to the 

closest higher order modes varies [6], [7]. For a specific wavelength and core-cladding refractive 

index difference, there is a core radius at which the light has escaped from the core and is guided by 

the interface between the cladding and the external medium surrounding the optical fiber. This point 

is termed as taper transition, where the      of the mode at the fiber core and the fiber cladding are 

the same. Beyond the tapered transition region, the optical fiber is no longer single-mode and there 

can be a coupling to higher order modes. By assuming that the taper is axially symmetric, the 

fundamental mode        can couple only to higher order modes with the same azimuthal symmetry, 

       modes [7]. 
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    Straightforward, we may conclude that the mode coupling inside a taper is strongly related to the 

taper geometry. Subsequently, the adiabaticity criterion for tapered optical fibers is introduced in 

order to determine the propagation properties of modes in the taper [8]. According to this, a tapered 

fiber can be considered as adiabatic if most of the energy remains coupled into the fundamental 

mode and does not couple into higher order modes throughout the propagation along the fiber [8], 

[9]. 

    The adiabaticity criterion can be derived by relating the length associated with the tapering angle 

  at the local core radius        with the beating length between two modes    ). The inequality 

(2.24) provides the adiabaticity condition in which the beat length between fundamental and first 

higher order mode has to be smaller than the local taper length [8], [9]. 

 

                           
 

   
  

     
            

where    is the fundamental mode propagation constant at radius   and    is the propagation 

constant of the first excited mode at radius   and the local taper length can be expressed as: 

   
 

    
               

where   is the angle between the tangent to the core-cladding interface and the fiber axis   . 

From the above equations and by utilizing the rate of change of local core radius: 

      
  

  
             

the adiabaticity criterion can be written as a function of local core radius as follows: 

 
  

  
  

 

  

 
   

 
  

 
 

  
                

And expressed in terms of local cladding radius     :  
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    Equations 2.28 and 2.29 suggest that the taper has to be gradual enough in order to prohibit any 

coupling from the fundamental to higher order modes. Inversely, if the taper angle is too steep, the 

mode evolution is non-adiabatic and higher modes excitation is observed [9]. 

    The description of the propagation in a tapered fiber could be also discussed in terms of the 

evanescent field component (Figure 2.2.2). In the initial, untapered region of the taper, light is well 

confined to the core and is guided by the core-cladding interface. As a result, the evanescent field 

component spreads into the cladding of the optical fiber. On the other hand, in a tapered optical 

fiber, the core has become negligible in the taper waist and light is guided through the cladding-air 

interface so that the evanescent field leaks from cladding to the external environment [9]. 

 

Figure 2.2.2 Evanescent field component in the untapered region of the fiber and in taper waist 

respectively. Evanescent field decays exponentially in the medium with lower refractive index. 

 

  A more representative scheme of a tapered optical fiber is shown in figure 2.2.3. The fundamental 

mode (pink colored) has spread enough so that the evanescent field of the higher order mode (blue 

colored) interacts with the external environment. The evanescent field of higher order mode induced 

by the parameters of the taper construction also interacts with the environment and as a result the 

light propagation can be modified by external disorders in the interaction area. In the tapered region, 

the fundamental and the higher order mode interfere with each other creating a modal beating.  
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Figure 2.2.3 Tapered microstructured optical fiber. In tapered region the core mode spreads out 

while higher order modes can be also excited. 

 

     

2.3     Modified Total Internal Reflection in microstructured optical fibers 

(MOFs) 

 

    The light in index-guiding microstructured optical fibers, as we briefly discussed in the first 

chapter of the thesis, is guided through one or more solid-cores by Modified Total Internal 

Reflection (MTIR) mechanism. In contrast to standard optical fibers, in which the light is confined 

into a high refractive index core by Total Internal Reflection (TIR) on the core-cladding interface, 

MOFs present a different behavior due to their special structural characteristics [10]. Although the 

guidance in some MOFs resembles conventional total internal reflection, it turns out to have unique 

features that distinguish it from standard optical fibers [10], [11].  

    In modified TIR, the presence of the air filled capillaries in optical fiber’s structure decreases the 

average refractive index             of the cladding and leads to a structure with a high-index 

core surrounded by a lower refractive index cladding and as a result light is propagated in a way 

similar to standard optical fibers [11]. The advantage in this type of microstructured optical fibers 

relies on the fact that they can be constructed using a single material surrounded with air holes, 

instead of using different materials for the core and the cladding respectively [11]. 

    In addition, another convenience index-guiding optical fibers provide is that the refractive index 

of the cladding is strongly dependent to a specific wavelength in contrast to standard optical fibers 

behavior [10], [11]. 

    To understand the operation of high-index core microstructured optical fibers, the diagram of 

normalized frequency             
       

     as a function of ratio      is presented in Figure 

2.1.3.  It is obvious from figure 2.1.3 that the number of guided modes        is almost 
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independent of wavelength at high frequencies     ). The effective refractive index of the 

cladding approaches the effective refractive index of the core at the high frequency regime and the 

disappeared index contrast between the core and the cladding suppresses the higher-order guided 

modes [11].  

 

Figure 2.1.3      parameter of a solid core MOF as a function of       for different values of 

air-filling fraction      [10]. 

    The periodic structure of the microstructured optical fiber works as a modal filter. When the lobe 

of fundamental guiding mode        is close to     and the relative capillary size     is small 

enough, the fundamental mode is trapped in the solid core although higher order modes are able to 

escape in the interstitial solid areas between the capillaries. As a result, the optical fiber is endlessly 

single-mode and supports only the fundamental mode  [11],[12] On the other hand, when air-filling 

fraction is increased, higher order modes are trapped in solid core(s) as well as they cannot escape in 

the interstitial areas of MOF [10]. 

  

Figure 2.1.4 Modal filtering in a MOF. (a)        mode is trapped. (b) Higher order modes leak 

away through the interstitial areas between the empty capillaries. 

(b) 

 

(a) 
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    Summarizing, the most important difference between index-guiding and conventional optical 

fibers is that index-guiding MOFs do not exhibit any higher order mode guidance over the studied 

wavelength range and remain single-mode over a specific frequency range at the solid areas [11]. It 

is also worth mentioning that by changing the refractive index parameters of the micro-structure of 

the MOF, different guidance capabilities are achievable. Both the structural parameters of the 

microstructured optical fiber as well as the infiltration of the fiber with different refractive index 

liquids, have the ability to provide a special type of modified light propagation. Exemplary, by 

infiltrating an index-guiding microstructured optical fiber with a higher refractive index, compared 

to the solid core/cores, liquid, the light is guided through the increased index infiltrated capillaries.  

 

2.4     Theory of optical fiber bundles and mode coupling 

 

     A standard optical fiber bundle is a composition of single mode fibers organized in a bundle. In 

contrast to conventional optical fiber bundle, Coherent Fiber Bundle (CFB), or imaging fiber bundle 

as it is also termed, consists of tightly packed, regularly ordered individual high refractive index, 

single mode cores in a common low-refractive index cladding assembled together so that the relative 

orientation of each one of the cores is maintained throughout the length of the bundle [13]. The cores 

are strictly organized in periodicity of the hexagonal lattice and by controlling the parameters such 

as core size, lattice constant and numerical aperture, guiding and imaging characteristics can be 

modified. In addition, the periodic structure of the individual cores incorporates CFB in the category 

of microstructured optical fibers. The coherency preservation in the optical fiber bundles makes 

them promising components for serving in various endoscopic applications due to their ability to 

transfer images [13], [14]. The image transmission capability in optical fiber bundles is based on the 

principle that each pixel or image element can correspond uniquely with the high refractive index 

core of the CFB. 

    In particular, when an electromagnetic field is coupled into a coherent fiber bundle, several 

supermodes are excited. The term supermode refers to a system of more than one coupled 

waveguides. The overall electric field can be determined by the linear superposition of the CBF’s 

individual guided eigen-modes. The supermodes have different propagation constants and resulting 

in a periodic fluctuation of the power within the cores [13], [15] 
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  The exchange of power between guided modes of adjacent waveguides is described by the coupled 

mode theory.  On the specific approach, the proximity of one waveguide to another is considered as 

a dielectric perturbation on the second waveguide and reversely [2], [3]. The transverse electric field 

distribution is a superposition of the unperturbed modes (2.28).  In the absence of coupling,      

and       are independent of z and of each other.  The tapered fiber is a characteristic example of a 

coupled mode system. The section of the fiber that has a decreased radius is a perturbation of the 

untapered, cylindrical optical fiber. In another fashion, modes are being coupled when separate 

waveguides are in close enough proximity so that the evanescent fields of their modes penetrate in 

the neighbor waveguide [2]. 

                
                       

                           

where      and      are the amplitudes of the transverse electric field for the two waveguides,   
   

 

and   
   

 are the transverse electric field for a particular guided mode of waveguide   and   (Figure 

2.4.1) respectively and their propagation constants    and    given by (2.31): 

      

  

 
              

When coupling is occurring, the field amplitudes       and      are distance-dependent and 

described by the equations (2.32) and (2.33) 

  

  
                                   

  

  
                                 

         
   

 
         

           
     

 

  

  
   

  
   

           

where        
     is the refractive index distribution under coupling conditions while       

     is the 

refractive index distributions for the waveguides in the absence of coupling. The terms    ,    

(2.35) represent a non-negligible correction to the propagation constants    and    respectively 

because of the presence of the perturbation [2], [3]. 
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Figure 2.4.1 Coupling modes for two individual waveguides a and b. The interference between 

them can be either constructive or destructive. 

 

   As a conclusion, coherent optical fiber bundles contain thousands of individual fiber elements that 

transmit an image from the input surface of the fiber bundle to the output [13]. The light can be 

coupled between the adjacent waveguides of the bundle. Precisely, in the experimental part of the 

present study, the microstructured optical fiber bundles consist of accurately aligned capillary arrays 

instead of solid cores so that the guidance takes place in the interstitial high-refractive index areas of 

the optical fiber and will be described in the following chapter. When a higher than interstitial area 

refractive index liquid is injected in the capillaries, each capillary behaves as a solid core and light 

propagation is described by coupled-mode theory. Furthermore, the non-adiabatic tapered MOFs 

utilized in experiments provide unique propagation capabilities because of the excitation of higher 

order modes that can be coupled with the fundamental mode and can be strongly modified by 

changing the refractive indices in tapered region as indicated from the coupled mode theory. 

 

 

 

(b) (a) 
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Chapter 3.  Materials and methods  

 
    The primary objective of the present MSc thesis is to investigate the spectral tuning of different 

microstructured optical fibers by employing fluids with magneto-rheological properties under 

external magnetic field stimulus.  In the effort to construct novel photonic devices based on 

ferrofluid infiltrated or covered MOFs, we have investigated different experimental setups as well as 

three types of microstructured optical fibers. The experimental setups, microstructured optical fibers 

used in experiments, ferrofluids and experimental procedures regarding infiltration and tapering are 

described in detail in the following sections of the chapter.  

 
3.1 Experimental setup for multicapillary MOF characterization  

    The purpose of this project is to construct a new type of device that combines the technology of 

multicapillary microstructured optical fiber bundles, as endoscopic application candidates, with the 

functionalities of ferrofluids.  

    To achieve such an objective the experimental setup shown in Figure 3.1.1 is utilized. Light from 

a supercontinuum source (SuperK Compact, NKT Photonics) was coupled into the ferrofluid 

infiltrated multicapillary microstructured optical fiber using a 10x microscope objective lens while 

the output was collected with a 25x objective lens to an SMF-28 optical fiber connected to the 

optical spectrum analyzer (OSA). The light coupling in the multicapillary MOF was achieved by 

utilizing xyz translation stages (Thorlabs). Broadband spectral measurements were performed, 

covering a spectral window from 500nm to 1100nm. For magnetic-field transmission measurements, 

two different magnets were placed close to the ferrofluid infiltrated region of the MOF. In order to 

obtain transmission measurements with radially applied magnetic field, a permanent cylindrical 

magnet with internal diameter of 3cm and maximum strength up to 1100 Gauss was located around 

the holder of the infiltrated fiber providing a uniform magnetic field distribution. The cylindrical 

magnet was moving forward and backward along the fiber axis (z-axis) over a one-axis transition 

mount so that the microstructured optical fiber was positioned in the center of the dynamic lines of 

the generated magnetic field. Subsequently, for the transmission spectra measurements with 

perpendicularly applied magnetic field, a permanent rectangular magnet was located vertical to the 

optical fiber axis, providing a maximum magnetic field up to 1600 Gauss. For magnetic field 

calibration, a magnetometer (Hirst Gaussmeters) with an axial and a transverse Hall probe for radial 

and perpendicular magnetic field respectively, was aligned close to ferrofluid area for accurate 

measurement of the actual magnetic field applied. 



40 
 

    However, in order to carry out imaging measurements, a modified optical experimental setup is 

introduced. On the output of ferrofluid infiltrated MOF, a beam splitter divides the beam into two 

equal intensity beams. At the angle of 90 degrees, vertical to the axis of optical fiber, a digital 

CMOS camera was located and connected to a computer for the image depiction. 

 

Figure 3.1.1 Schematic of the experimental setup used for spectral and imaging measurements 

of the infiltrated multicapillary microstructured optical fiber. 

 

 

Figure 3.1.2 Photograph of the experimental setup used for both spectral and imaging 

measurements of the infiltrated multicapillary microstructured optical fiber. 

CMOS 

BS 

50/50 
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Figure 3.1.3 Photograph of the experimental setup used for both spectral and imaging measurements 

of the infiltrated multicapillary microstructured optical fiber. A negative test target (NTT) (Thorlabs) 

is located on the input of optical fiber system to provide image transmission through the fiber 

utilizing a set of microscope objectives (MO) 

 

    Finally, for obtaining polarization dependent transmission measurements, a calibrated Glan-

Thompson polarizer was placed on the output of the infiltrated multicapillary MOF. 

 

 Multicapillary microstructured optical fiber  

The microstructured fiber which used for the initial set of experiments consists of hundreds of empty 

micro-capillaries stacked together into a hexagonal lattice structure (Figure 3.1.4). The diameter of 

each capillary was measured approximately to be       , while the external diameter of the MOF 

was between 160μm-165μm. Specifically, the multicapillary microstructured optical fiber appears a 

typical hexagonal capillary arrangement with a lattice pitch constant         and air-filling 

fraction          . The multicapillary MOF was made of borosilicate glass with a refractive index 

              so that the guidance of light was performed in the interstitial glass areas through the 

mechanism of modified total internal reflection. When the capillaries of the multicapillary MOF are 

infiltrated with a higher than glass refractive index liquid, light is confined into the high index 

capillaries, reversing the guiding mechanism. It is worth mentioning that the cleaving of the 

multicapillary MOF was performed manually with a ceramic knife. Multicapillary MOFs were 

constructed using stack and draw technique by the team of Professor Ryszard Buczynski (University 

of Warsaw) collaborating with the team of Professor Heidi Ottevaere (Brussels Photonics Team). 

NTT 

MOF 
MO 
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Figure 3.1.4 (a) Scanning Electron Microscopy (SEM) photo of the endface of the multicapillary 

MOF (b) The hexagonal arranged lattice. The diameter of each air hole estimated to be 

d=3.09μm. 

 

 

3.2 Experimental setup for five-capillary (PENTA) MOF investigation 

 
    A different experimental setup is proposed for experimental measurements regarding non-

adiabatic tapered microstructured optical fibers. Light from a supercontinuum white light source was 

launched into a single mode optical fiber and coupled into the tapered microstructured optical fiber 

by utilizing bare fiber adapter. The signal from the output of infiltrated tapered MOF was collected 

by a single mode optical fiber, SMF-28, and directed to optical spectrum analyzer (OSA). For the 

experiments with ferrofluid infiltrated tapered MOFs, a permanent rectangular magnet was used, 

located vertical to the axis of optical fiber (Figure 3.2.1). Magnetic field fluctuations were accurately 

measured with the transverse Hall probe of the magnetometer which was located close to ferrofluid 

infiltrated tapered area.  

(a)  

 

(b)  
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Figure 3.2.1 Schematic of the experimental setup of the ferrofluid infiltrated tapered 

microstructured optical fiber. The same setup configuration is also used for refractive index 

liquid infiltrated tapered MOFs. 

 

 

The spectral response of the mode beating into the tapered microstructured optical fiber can be tuned 

by employing either different refractive index infiltrated liquids or ferrofluids infiltrated into the 

tapered region.  

 

 

Figure 3.2.2 Photograph of the experimental setup used for ferrofluid infiltrated tapered MOFs.  
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 Five-capillary (PENTA) microstructured optical fiber  

The second microstructured fiber used into the MOF tapering device consists of five air holes of 

20.8μm diameter each, arranged around a solid core segment, similar to a “grape-fruit” in geometry 

(Figure 3.2.3). The five capillaries form an outer core with diameter equal to 16.1μm, while the 

internal 3.5%wt Ge-doped core has a diameter of 8.5μm. The diameter of the cladding is 125μm and 

is fabricated by fused silica with refractive index              at the wavelength of 1.55μm. The 

internal Ge-doped solid core provides light guidance through modified total internal reflection. 

 

  

Figure 3.2.3 (a) Scanning Electron Microscopy (SEM) photo of the endface of the five air-holes 

(penta) MOF. (b) The “grapefruit” arranged lattice. The diameter of each capillary is 16.1μm. 

 

The five capillary (PENTA) microstructured optical fibers utilized in the experiments was 

constructed by Professor Walter Margulis (Acreo Sweden). 

 

 

 

 

 

 

(b)  

 

(a)  
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3.3 Experimental setup for ferrofluid overlaid multicore MOF 

 
    The principal components of the experimental setup utilized for spectral measurements of 

ferrofluid overlaid multicore MOFs are shown in Figure 3.3.1. Light from a superluminescent diode 

at the 1.5μm wavelength band, is coupled into a single mode optical fiber (SMF-28) spliced to the 

central core of the multicore tapered optical fiber. The output light from the tapered multicore MOF 

is selected individually for each core using a Zing polarizing fiber (Fibercore Ltd) connected to the 

optical spectrum analyzer (core-to-core coupling). In order to characterize the transmission behavior 

of the multicore MOF and define how the light is coupled between the cores, spectral measurements 

for three different cores were performed. The light was selected from the central core and two 

adjacent cores, covering the hexagonal symmetry of the multicore MOF and coupled to the optical 

spectrum analyzer (OSA). 

   Initially, the power coupling between the cores was characterized utilizing different refractive 

index liquids overlaid outside the transition area of the multicore taper. Then, the tapered region of 

the multicore MOF was sealed into a capillary tube filled with ferrofluid for magneto-tunable 

characterization of the optical device. Two cylindrical magnets were placed vertical on both sides of 

the fiber axis, providing a strong and relatively uniform magnetic field for magnetically inducing 

tuning of the power coupling between the fiber cores. 

 

Figure 3.3.1 Schematic of the experimental setup utilized for spectral measurements of the 

ferrofluid overlaid tapered multicore MOFs. The refractive index liquids used for tuning as well 

as the ferrofluid for magneto-controllable measurements were sealed outside the tapered region 

of the multicore MOF utilizing a capillary tube. 
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Figure 3.3.2 Photograph of the experimental setup used for tapered multicore MOFs utilizing 

out-cladding ferrofluids for power coupling between the cores. 

 

 

 Multicore microstructured optical fiber  

The multicore microstructured optical fiber was drawn by Fibercore Ltd and consists of seven solid-

cores with a diameter of 6.1μm each arranged in a hexagon around the central core    (Figure 3.3.3). 

The overall diameter of the MOF is 125μm while the spacing between the individual cores is 

approximately 35μm. As a result the light guidance is achieved through the central high-index solid 

core under regular circumstances. When the multicore MOF is tapered in a specific diameter, light 

from the central core is coupled into the six surrounding cores with different intensities and the 

specific multicore MOF can be used in sensing applications by taking advantage of the tunable 

coupling between the core modes. 

Magnets  

Fusion 

splicing 

ferrofluid 
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Figure 3.3.3 (a) Scanning Electron Microscopy (SEM) photo of the endface of the seven solid-core 

microstructured optical fiber, (b) Hexagonal lattice arrangement of the six cores around the central 

one. The overall diameter of each core is 6.1μm. 

 

3.4 Ferrofluids utilized in experiments 

    Ferrofluids are colloidal liquid suspensions of magnetic nanoparticles which undergo significant 

changes related to their viscosity and their refractive index under the application of an external 

magnetic field stimulus. A commercially available ferrofluid in different concentrations was used for 

the experiments. The EMG905 ferrofluid manufactured by Ferrotec is dispersed in synthetic 

isoparaffinic solvent (liquid carrier) and presents initial volume concentration of nanoparticles equal 

to 7.1%. The particles are iron oxides consist of magnetite Fe3O4 and are predominantly spherical 

and the diameter of each particle is 10nm. The EMG905 ferrofluid exhibit 440 Gauss saturable 

magnetization and 9mPas viscosity at room temperature [1]. 

    In order to infiltrate the specific ferrofluid in the capillaries of a microstructured optical fiber, we 

diluted the initial 7.1% volume concentration in the liquid carrier to approach lower concentrations. 

The final concentrations of the diluted solutions used for experiments were: (a) 2% volume 

concentration of magnetite Fe3O4 and (b) 0.5% volume concentration with refractive indices 

                      and                           respectively, measured by an Abbe 

refractometer. 

 

(a)  

 

(b)  
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3.5 Infiltration apparatus and procedures  

 
    After presenting the major components comprising the experimental setups used as well as the 

microstructured optical fibers and the ferrofluids utilized, the following two sections of the chapter 

are dedicated to describing the most important steps of the fluidic infiltration and tapering 

procedures.  

    To begin with, the structure of microstructured optical fibers with air channels drawn into their 

cladding provides the capability of infiltration with liquid matrices such as ferrofluids. Ferrofluid is 

infiltrated in the micro-capillaries of a microstructured optical fiber by exploiting capillarity forces. 

In the first process, a well-cleaved endface of the multicapillary MOF is placed in a holder and 

pushed inside a bubble of ferrofluid. The bubble is created by the needle of a ferrofluid infiltrated 

syringe (Figure 3.6.1). When the multicapillary MOF is in contact with the ferrofluid bubble, the 

fluid flows into the air channels by capillary forces. The infiltration length of the MOF is typical few 

centimeters and is strongly dependent by the duration time of infiltration, the viscosity of ferrofluid 

and the diameter of the capillaries as this is described by Hagen-Poiseuille law. Experimentally, this 

procedure was followed for lengths of ferrofluid infiltration varying from 5mm to 10mm and took 

place under a microscope for high precision.  

   Additionally, there is another infiltration process which used when the required infiltration length 

is larger or when we aim at moving the liquid in a specific position inside the microstructured optical 

fiber. The microstructured optical fiber is sealed with a special designed holder connected to the 

mechanical vacuum pump (Figure 3.6.2).  

 

   

Figure 3.5.1 Microscopy images of the ferrofluid infiltration procedure utilizing capillary forces. 

A ferrofluid bubble is injected in the capillaries of the MOF. The infiltration time is typically few 

seconds. 
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    Moreover, it is worth noting that in order to transfer the ferrofluid to a desired region of a MOF, a 

different procedure is followed. Initially the capillaries are functionalized using 

polyvinylpyrrolidone (PVP) diluted in water. The homogenous solution of PVP is injected in the 

MOF’s capillaries utilizing a vacuum pump and then expelled out of the capillaries by employing 

compressed nitrogen leaving a thin layer on the capillary walls [3]. Afterwards the modified 

microstructured optical fiber undergoes twenty hours annealing at          in a vacuum oven. By 

functionalizing the inner surface of the capillaries, the hydrophilic properties of them are enhanced 

so that the mobility of ferrofluid inside the capillaries is easily achieved. Additionally, after this 

modification, utilizing a vacuum pump, the ferrofluid can be selectively positioned in the tapered 

region of the MOF for experimental investigation [2], [3]. 

 

Figure 3.5.2 Photo of the ferrofluid infiltration process utilizing vacuum pump. 

 

3.6 Tapering processing   

 
    As we discussed in the second chapter of thesis, an optical fiber is being tapered by the application 

of heat in one region of the fiber up to its softening point while afterward undergoes a tensile force 

to reach the desirable dimensions. Several methods are currently being pursued to fabricate tapers in 

microstructured optical fibers. Thus, the use of a machine with precise settings for temperature and 

tension control is the most accurate.  

     All the MOF tapers utilized in the present thesis were fabricated by the use of Vytran GPX-3300 

(Thorlabs) tapering station. A picture of the machine is shown in Figure 3.7.1. 

 The fiber is hold by two moving holding stages which have the ability to move in order to apply 

tension to the fiber. Between the stages there is a furnace that provides necessary temperature for the 

MOF 

vacuum 

pump 

ferrofluid 
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softening of the fiber. The furnace consists of an iridium filament and when the optical fiber is 

placed in the groove of the filament, the temperature is homogeneously distributed. A constant 

argon-gas flow in the furnace of the machine is essential in order to keep the optical fiber clean as 

well as it protects the filament from corrosion [4]. 

 

Figure 3.6.1 Photo of the Vytran GPX-3300 used for the fabrication of tapered microstructured 

optical fibers. 
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Chapter 4.  Ferrofluid infiltrated multicapillary MOFs 

 

     Multicapillary microstructured optical fibers appear to be attractive components for serving in 

demanding imaging applications, while can attain further functionalities when infiltrated with 

ferrofluids. Herein, experimental findings related to a preliminary device that combines the 

technology of multicapillary MOFs with the functionalities of ferrofluids, for tuning both their 

spectral and amplitude modulation functions utilizing external magnetic field stimulus, are 

presented. Such a type of photonic device may also lead to the development of dynamic endoscopic 

imagery. 

    A short length (  5mm) of 2%vol. concentration oil based ferrofluid was injected inside the 

capillaries of the multicapillary microstructured optical fiber described in section 3.1. The refractive 

index of the infiltrated ferrofluid was estimated to be             , thus light guiding was performed 

within the interstitial glass areas (           ). By utilizing the experimental setup that was 

described in detail in section 3.1, broadband spectral measurements were carried out for this 

ferrofluid infiltrated MOF, covering a spectral window from 500nm to 1100nm.  

    Under the application of different magnetic fields up to 1100 Gauss azimuthally to the optical 

fiber axis, magneto-driven optical loss effects were observed in the transmission spectra (Figure 

4.1.1 and Figure 4.2.1). These transmission spectral changes of the infiltrated ferrofluid were 

attributed to the Photonic Hall effect presented in the first chapter of the thesis. More specific, the 

orientation of nanoparticles inside the ferrofluid under magnetic field stimulus, leads to observation 

of magneto-induced scattering effects that affect the spectral behavior of the ferrofluid [1], [2]. 

    Interestingly, the most noticeable transmission losses were observed in the spectral vicinity of 

750nm, for most of the different intensities of the magnetic field applied. The overall transmission 

losses were      for radial magnetic field (Figure 4.1.2 and Figure 4.2.2). These experimental data 

are related to the mechanisms that provide the sensing operation of the ferrofluid infiltrated MOF. 

The spectral behavior can be described as a combination of the mechanisms related to the ferrofluid 

itself and to the special design of the multicapillary MOF utilized in experiments. Precisely, 

magnetoviscosity changes occurring in ferrofluids under the application of magnetic field are 

accompanied by overall increase of the transmission loss and the refractive index of the infiltrated 

ferrofluid, reducing the guiding contrast in the interstitial areas of the multicapillary MOF [3]. This 

expands the interstitial area modes further out of the glass area, increasing their interaction with the 

highly scattering and absorption ferrofluid, thus increasing the transmission losses. 
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    However, when the ferrofluid is infiltrated in a multicapillary microstructured optical fiber, the 

transmission losses were occurred by the overlap of the guiding supermode in the MOF and by the 

magnetic nanoparticles magneto-driven aggregation. The agglomeration of the infiltrated ferrofluid 

was induced by the magnetic field fluctuations and led to the observation of magneto-induced light 

scattering effect, also known as Photonic Hall effect [4].  

    As a result, the magneto-tunable refractive index and loss modulation can constitute the 

fundamental basis for the development of sensing devices controlled by external magnetic fields. 

 

 

Figure 4.1.1 Transmission spectrum of the ferrofluid infiltrated multicapillary MOF without 

(black line) and with (colored lines) magnetic field perturbation applied radially to the fiber axis 

for different magnetic field strengths up to 1100 Gauss. 
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Figure 4.1.2 ΔT (Delta Transmission) of the ferrofluid infiltrated multicapillary MOF versus 

magnetic field applied radially to the optical fiber axis. Delta transmission is the transmission 

difference at a specific wavelength (λ=750nm) obtained by subtracting the value of transmission 

for zero magnetic field from that of different magnetic field strengths. 

 

 

    In order to confirm the magneto-tunable behavior of multicapillary MOF, the same experimental 

setup and measurements were carried out for a smaller external diameter multicapillary MOF with 

the same design and geometry (      ) and capillary size       . The spectral measurements 

were repeated for magnetic field fluctuations radial to the fiber axis (Figure 4.2.1).The overall 

transmission losses were approximately 7dB and the most noticeable losses were observed at the 

wavelength of 750nm as previously (Figure 4.2.2). Magneto-induced transmission losses are 

described by the Photonic Hall effect and applied similar with the experimental results presented for 

the larger diameter multicapillary infiltrated MOF. Therefore the slight decrease of the capillary size 

in these experiments did not produce any pronounced change into the magnetically-induced loss 

behavior of the ferrofluid infiltrated multicapillary MOF. 
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Figure 4.2.1 Transmission spectrum of the ferrofluid infiltrated multicapillary MOF without 

(black line) and with (colored lines) magnetic field perturbation applied radially to the fiber axis. 

 

 

Figure 4.2.2 ΔT (Delta Transmission) of the ferrofluid infiltrated multicapillary MOF versus 

magnetic field applied radially to the optical fiber axis. Delta transmission is the transmission 

difference at a specific wavelength (λ=750nm) obtained by subtracting the value of transmission 

for zero magnetic field from that of different magnetic field strengths. 
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    On the other hand, spectral transmission measurements of the ferrofluid infiltrated MOF under the 

application of perpendicular magnetic field stimulus were additionally performed for magnetic flux 

intensities up to 1600 Gauss (Figure 4.3.1). It is worth mentioning that by the observation of 

transmission spectra peak, magneto-induced losses were significantly increased at the spectral region 

of 750nm approximately. By plotting the transmission signal at the specific wavelength area versus 

magnetic field fluctuations, we can notice an exponential-like dependence of the magnetic field 

intensity (Figure 4.3.2).  

    When the magnetic field intensity was increased, the transmission signal was decreased and vice 

versa. As a consequence, the magnetic field induced losses were increased in higher magnetic field 

intensities and this increment is presented in Figure 4.3.3. The magnetically induced loss was 

calculated by subtracting the transmission of the unperturbed infiltrated multicapillary MOF from 

that of the MOF under magnetic field stimulus. The mechanisms dominating the lossy behavior in 

the transmission spectra have been described previously for the radially applied magnetic field. 

 

Figure 4.3.1 Transmission spectrum of the ferrofluid infiltrated multicapillary MOF without 

(black line) and with (colored lines) magnetic field perturbation applied perpendicularly to the 

optical fiber axis for different magnetic field strengths up to 1600 Gauss. 
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Figure 4.3.2 ΔT of the ferrofluid infiltrated multicapillary MOF versus magnetic field applied 

perpendicularly to the optical fiber axis.  

 

 

Figure 4.3.3 Magnetically induced losses at 750nm versus magnetic field applied 

perpendicularly to the fiber axis. 
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    By placing a Glan-Thompson polarizer after the microscope objective lens on the output of 

infiltrated multicapillary MOF, measurements for polarizations of light parallel and vertical to the 

magnetic field direction were performed. The experimental measurements are carried out under 

perpendicularly to the fiber axis magnetic field application. It was observed (Figure 4.4) that the 

vertical to magnetic field lines polarization state undergoes greater magnetically induced losses 

compared to the parallel one. Polarization dependent loss effects as well as anisotropy effects have 

been observed in transmission of light through ferrofluids due to the directed aggregation of the 

magnetic nanoparticles [5]. 

 

Figure 4.4 Polarization measurements versus perpendicularly applied magnetic field 

fluctuations. 
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Attempts to transfer images through a ferrofluid infiltrated multicapillary 

microstructured optical fiber 

   Microstructured optical fibers can also support imaging capabilities and as a result they can be 

used for endoscopic applications. Fibers with multiple, parallel capillaries, like MOFs, perform 

image transmission through a solid-core or a hollow-core microstructured optical fiber with a large 

number of capillaries/cores. Each capillary or core forms the pixel of the transmitted image. Image-

guiding fiber bundles can also be infiltrated by fluids, constituting state-of-the-art platforms for 

tunable endoscopic devices [6], [7]. 

   In an effort to achieve image transmission through a multicapillary microstructured optical fiber, 

we infiltrated the whole length of the MOF with a liquid of refractive index higher than that of the 

borosilicate glass [7], [8]. It was proved that when light guidance was performed in the interstitial 

glass areas the transmission of an image was not successful (Figure 4.5a). 

   Coherent imaging was achieved when the whole fiber length was infiltrated with a high refractive 

index liquid in order to provide light guidance through the liquid-filled capillaries of the 

multicapillary MOF. Subsequently, the empty air holes were turned into high-index individual cores 

that guided light and the multicapillary MOF was able to operate such as a coherent fiber imaging 

bundle (Figure 4.5b). Then ferrofluids with refractive index greater than that of the multicapillary 

MOF glass was infiltrated inside the capillaries of the optical fiber.  

   By stabilizing the experimental environment (higher refractive index inside the capillaries of the 

fiber) and utilizing different magnetic fields, we tried to achieve image transportation and 

simultaneously spectral tuning of the transmitted image, however the transmission of image with the 

ferrofluidic infiltration was unsuccessful. 

   For the image transmission through the high-index-liquid infiltrated multicapillary MOF, a 

negative test target (Thorlabs) with overall diameter 25.4mm was used. The test target consists of 

different sizes of numbers and line patterns and was utilized to determine the resolution of the 

imaging system. When the test target was located in a correct distance before the input endface of 

the infiltrated multicapillary MOF, image transmission was achieved (Figure 4.5c). The number 

three (3) was transferred from the input to the output of the optical fiber bundle and detected with a 

CMOS camera allowing observation of image transmission in real time. The size of the transmitted 

image element was approximately 25μm X 20μm. The guided light inside a high-index core formed 

one pixel of the image following the one-core-one-pixel approach [6], [7]. The irregularities of the 

transmitted image (Figure 4.5c) were caused by the constant movement of the high-index liquid 

inside the capillaries and they could not be avoided.  
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Figure 4.5 (a) Guidance within interstitial borosilicate glass areas,                                     

(b) Multicapillary optical fiber infiltrated with high refractive index liquid,                . Light is 

guided within the capillaries (c) Initial image transmission through multicapillary MOF with high 

refractive index capillaries. A negative test target was placed in front of microscope objective system 

in order to achieve one-capillary-one pixel-approach transmission through the fiber. The transmitted 

number “3” was recorded by a CMOS camera located in the output of the optical system.  

 

 

 

(a) 

(c) 

(b) 
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   In summary, a magneto-tunable device based on ferrofluid infiltrated multicapillary MOFs was 

presented. The specific device has the ability to detect magnetic field fluctuations up to 1600 Gauss 

for both radially and perpendicularly to the fiber axis magnetic fields. The spectral transmission 

changes showed a great sensitivity in directional magnetic field measurements as well as in different 

polarization states measurements. As a result, the specific multicapillary MOF constitutes an 

attractive component in magneto-sensing applications. Furthermore, the capability of the 

multicapillary MOF to transfer images opens up new paths for investigation of endoscopic imaging 

devices utilizing ferrofluids and multicapillary MOFs.  
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Chapter 5.  Tapered PENTA MOFs infiltrated with ferrofluids 

 
     Tapered microstructured optical fibers provide interesting light propagation properties, 

constituting versatile platforms for the development of spectrally tunable photonic devices. The 

tapered MOFs discussed in the present chapter of thesis were constructed by a common fusion 

splicer (Vytran GPX 3300). Namely, this technique leaded to the development of short length optical 

fiber tapers of non-adiabatic behavior which leaded to a strong spectral beating [1].  

   The final diameter of the PENTA MOF taper fabricated, also known as waist diameter, was 

approximately 45μm in all of the tapers constructed and the transition taper region was         so 

that the fabricated tapers were non-adiabatic.  

   From the rate of initial and final diameters   
    

     
        it was possible to calculate the size of 

the capillaries into the waist of the taper (Figure 5.1). The five capillaries of the PENTA 

microstructured optical fiber were reached a diameter of         from the initial diameter of 

20.8μm. In the non-adiabatic taper, light from the fundamental mode excited into the Ge-doped core, 

can be coupled into higher order modes propagating into the extended silica core, leading to distinct 

beating features (Figure 5.2) 

 

 

 

Figure 5.1 Optical microscopic photographs of non-adiabatic tapered MOF with five capillaries 

(PENTA) (a) transition region of the taper with taper waist 45μm, (b) the sharpness and 

shortness of the taper provide non-adiabaticity. 

(a) 

(b) 
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  Transmission spectra measurements were obtained, covering a wavelength range varying from 

1300nm to 1650nm. The spectral response of the non-adiabatic tapered MOF shown in Figure 5.2 

indicates a strong modulation in transmission. This mode beating was calculated as the difference 

between the peaks and valleys of the spectra and its maximum value was up to        repeating 

every 15nm to 20nm. 

 

 

Figure 5.2 Transmission spectrum of non-adiabatic tapered MOF with       mode beating. 

 

   The oscillation pattern in the transmission spectra of the tapered MOFs was arisen from the 

coupling between the fundamental and the higher order modes exciting into the tapered region of the 

optical fiber. The interference between the modes varies, depending on the refractive index liquids 

infiltrated into the five capillaries as well as on the wavelength of propagation.  

   A series of simulations utilizing COMSOL Multiphysics software are presented in the Table 5.1 

for the same tapered five-capillary MOF infiltrated with different refractive index liquids in the 

tapered region. The simulations proved that by infiltrating the tapered MOF with a higher than silica 

refractive index liquid, the field, either for the fundamental or for the second order mode, spreads out 

of the core and leaks into the capillaries. 

 

 

 

10dB 

15-20 nm 



63 
 

mode 

order 

      empty fiber 

 taper waist: 45μm 

         methanol 

          n=1.327 

 

        ethanol 

        n=1.362  

 

     isopropanol 

        n=1.376 

 

        toluene 

         n=1.49 

 

LP01  

 

 

 

 

 

 

 

 

 

 

 

 

 

LP02  

 

 

 

  

 

 

 

 

 

 

 

 

Table 5.1 Simulations for different refractive index liquids infiltrated into the capillaries of a tapered 

MOF with waist diameter 45μm (COMSOL). The mode profiles presented correspond to the fundamental 

propagation mode as well as to a higher order mode. 

 

 

Figure 5.3 Transmission spectra variations of non-adiabatic tapered PENTA MOF for empty and 

different refractive index liquids infiltrated taper. The modal beating in transmission varies from  

      for the empty taper up to         and is wavelength dependent.  
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   The constructed device was spectrally characterized utilizing several index liquids infiltrated into 

the tapered region of the MOF. In Figures 5.3 and 5.4 the modal beating between the       mode 

excited into the Ge-doped core and the higher order mode       localized into the greater core of the 

PENTA MOF, lead to significant spectral intensity modulations up to       for empty tapers and up 

to          for liquid infiltrated taper for the same spectral window [1], [2] 

 

 

Figure 5.4 Transmission spectra variations of non-adiabatic tapered MOF for an empty taper 

compared to a methanol infiltrated tapered region. 

 

   Afterwards the non-adiabatic tapered PENTA MOF was prepared for the infiltration with 

ferrofluid.  On that purpose, it was functionalized with polyvinylpyrrolidone (PVP) diluted in water 

in order to improve the mobility of the ferrofluid in the capillaries of the optical fiber and reduce the 

residue of the ferrofluid inside them [3]. The transmission spectrum of the functionalized tapered 

MOF is presented in Figure 5.5.The modal beating between the fundamental mode and the higher 

order mode did not changed a lot with the PVP functionalization and it varies from       to     . 

   Then, a low concentration ferrofluid, c=0.5% vol. (EMG 905, Ferrotec), with refractive index 

                was injected in the capillaries and placed in the tapered region of the optical fiber 

using a strong magnet, as shown in Figure 5.6.  

6 dB 
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Figure 5.5 Transmission spectra variations of non-adiabatic tapered MOF with a PVP layer on 

the walls of the capillaries. The PVP functionalization did not change significantly the spectra of 

the empty tapered PENTA MOF. 

 

 

 

Figure 5.6 Tapered PENTA microstructured optical fiber infiltrated with low-concentration 

ferrofluid in the tapered region. 
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  By utilizing the experimental setup described in detail in section 3.2, spectral measurements were 

carried out for the ferrofluid infiltrated tapered PENTA MOF, covering a spectral window from 

1400 nm to 1500 nm. Under the application of different magnetic fields up to 1200 Gauss 

perpendicularly to the tapered optical fiber axis, magneto-driven optical loss effects were observed 

in the transmission spectra (Figure 5.7, Figure 5.8). The transmission spectral changes of the 

infiltrated ferrofluid were attributed to the Photonic Hall effect presented in the first chapter [4]. 

 

 

Figure 5.7 Transmission spectra variations of the ferrofluid infiltrated tapered MOF without 

(black line) and with (colored lines) magnetic field perturbation applied perpendicularly to the 

tapered optical fiber axis. 
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Figure 5.8 Transmission at the wavelength area of 1460nm versus magnetic field applied 

perpendicularly to the taper axis. 

 

   It is also worth mentioning that except the transmission losses attributed to the magneto-induced 

optical effects, an amplitude modulation was observed at a specific wavelength explained by the 

coupling between the modes while changing with different magnetic field strengths (Figure 5.9). 

 

Figure 5.9 Amplitude modulation versus magnetic field applied perpendicularly to the taper 
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  Summarizing, the changes in light propagation through the tapered MOF induced by the infiltrated 

ferrofluids can constitute an actuating mechanism that alerts the spectral response of the 

transmission. More specific, the response of the investigated device based on ferrofluid infiltrated 

tapered PENTA MOFs under magnetic field fluctuations, indicates that it can be an attractive 

candidate for sensing applications utilizing ferrofluids. 
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Chapter 6.  Multicore tapered MOFs with out-cladding ferrofluids 

 
     In this last section of the thesis, we present the experimental implementation of a power routing 

device that combines the technology of tapered, multicore microstructured optical fibers (MOFs) 

with ferrofluidic overlayers. Namely, power coupling between different cores of a tapered, multicore 

microstructured optical fiber is demonstrated, utilizing magneto-viscosity effects induced by external 

magnetic field stimulus into a ferrofluidic out-cladding surrounding the multicore optical fiber taper. 

 

  The design and the arrangement of the seven cores of the multicore optical fiber does not allow any 

power coupling between the central one and the surrounding cores, if the optical fiber is untapered. 

In that case, the light is propagated only through the central core. By tapering this multicore optical 

fiber (Vytran GPX-3300), both the distance between the allocated cores decreases and 

simultaneously the guiding field of the individual cores expands by scaling down the core size 

diameter, expanding the guiding fields into a super-mode covering the whole area of the fiber 

cladding, while allowing sufficient interaction with the outcladding environment. 

    In order to achieve a strong power coupling between the central and the six surrounding cores, the 

multicore fibre was tapered down to a waist diameter of 40 μm, a corresponding core diameter 1.95 

μm, and a distance between the cores Λ= 11.2 μm. A simulation software (RSoft beam PROP) was 

used to calculate the desired taper waist diameter utilizing beam propagation method (BPM) for 

optical fiber devices (Table 6.1). The tapering procedure leaded to a well-defined guidance in the 

seven cores of the optical fibre so that the light is coupled from the central core to the others as 

shown in Figure 6.1. 

 

Figure 6.1 Photo of the tapered multicore microstructured optical fiber captured with a CMOS 

camera using a 25x microscope objective at the endface of the tapered multicore MOF. 

Core 1 

Core 2 
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fiber diameter D 

core diameter d  

 

 D=125 μm 

 d=6.1 μm 

 

 D=62.5 µm 

d=3 µm 

 

 D=40 µm 

d=1.95 µm 

 

  D=35.7 µm 

  d=1.74 µm 

 

n=1 

 

  

 

  

 

 

 

 

 

n=1.45 

 

   

 

  

 

 

Table 6.1 Simulations of multicore microstructured optical fiber using RSoft software environment. 

 

   In order to characterize the transmission behavior of the multicore MOF and define how the light 

is coupled between the cores, spectral measurements for three different cores were performed. The 

light was selected from the central core and two adjacent cores (Core 1 and Core 2 in Figure 6.1), 

covering the hexagonal symmetry of the multicore MOF and coupled to the optical spectrum 

analyzer (OSA). 

   Initially, the power coupling between the three cores was characterized utilizing different 

refractive index liquids overlaid outside the transition area of the multicore taper (Figure 6.2). 
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Figure 6.2 Spectral characterization of tapered multicore optical fiber utilizing several           

out-cladding refractive index liquids (a) central core, (b) core number 1 and (c) core number 2. 

 

     Then, the tapered region of the multicore MOF was sealed into a capillary tube filled with 

ferrofluid for magneto-tunable characterization of the optical device. Two cylindrical magnets were 

placed vertical on both sides of the fiber axis, providing a strong and relatively uniform magnetic 

field for magnetically inducing tuning of the power coupling between the fiber cores. More specific, 

a low concentrated oil based ferrofluid with concentration 1% vol. (EMG905, Ferrotec) was 

encapsulated in a micro-capillary outside the tapered region of the multicore optical fibre. The 

refractive index of the ferrofluid was measured to be             . A strong interaction between the 

evanescent field of the tapered region of the multicore fibre with the out-cladding ferrofluid was 

observed (Figure 6.3). 

(a) (b) 

(c) 
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   Under the application of magnetic field up to 2500 Gauss, magneto-induced optical response in the 

transmission spectra was observed, leading to coupling ratios up to 36 % depending upon the 

magnetic field applied and the orientation of its dynamic lines (Figures 6.3-6.5).  

   The coupling ratio of the optical power from one core to the central one was calculated by equation 

6.1: 

  

     
           

 

where    is the optical power of the infrared source,    is the optical power selected by the central 

core and    is the optical power collected by the adjacent core at a specific wavelength. 

   Changes in the optical coupling conditions were attributed both to photonic Hall scattering effect 

and to refractive index variations. Transmission spectra measurements of the individual cores prove 

that light covering wavelengths from 1520nm to 1570nm can be manipulated by magnetic field 

stimulus in different cores and a power exchange between them is achievable. 

 

Figure 6.3 Transmission spectra variations of the central core of tapered multicore MOF with 

out-cladding ferrofluid without (black line) and with (colored lines) magnetic field perturbation. 
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Figure 6.4 Transmission spectra variations of the down core (Core 1) of tapered multicore MOF 

with out-cladding ferrofluid without (black line) and with (colored lines) magnetic field 

perturbation  

 

 

Figure 6.5 Transmission spectra variations of the down-right core (Core 2) of tapered multicore 

MOF with out-cladding ferrofluid without (black line) and with (colored lines) magnetic field 

perturbation  
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Figure 6.6 Transmission at the wavelength area of 1550 nm versus magnetic field stimulus for 

three different cores of the tapered multicore MOF. 

 

   Ongoing investigations include measurements with different directions of magnetic field applied to 

the tapered optical fibre and different out-cladding ferrofluids for the optimum tuning of the energy 

coupling between the surrounding cores and the central core. We anticipate that such a type of 

magneto-tuneable power-coupling photonic device utilizing out-cladding ferrofluids and tapered 

multicore MOFs can find applications in optical magnetometry, imaging and optical 

communications [1], [2]. 
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Chapter 7.  Conclusions and Summary 

 
    In the present MSc thesis we have focused on the development of three different types of photonic 

devices that can be used in various demanding applications of sensing, switching and imaging. More 

specific, all the devices are based on microstructured optical fibers (MOFs) that can be infiltrated or 

covered with ferrofluids, providing the necessary tunability to the device utilizing external magnetic 

field stimulus. The three types of magneto-fluidic devices that have been investigated in the present 

thesis are the following: 

    The first optical device developed in the present thesis combines the technology of the 

multicapillary microstructured optical fibers (MOFs), as promising platforms for endoscopic 

applications, with the functionalities of the ferrofluids for tuning both their spectral as well as the 

amplitude modulation functions utilizing external magnetic field stimulus. On that purpose, a short 

length of multicapillary MOF was infiltrated with ferrofluid for tuning its transmission function. The 

transmission spectra measurements showed great sensitivity to the externally applied magnetic fields 

and significant polarization sensitivity. However, the ultimate goal to be achieved on this project was 

the construction of an in-fiber ferrofluidic device for endoscopic imaging applications, utilizing 

magnetic fields for tuning the contrast of the images as well as the polarization state. The 

transmission of an image through the multicapillary MOF could be possible under certain 

circumstances. Such a type of device could be used as a magnetic field sensor and it can also provide 

dynamic imaging capabilities or even constitute an element for multi-mode interference fiber 

magnetometers.  

    In the second device, five-capillary microstructured optical fibers (MOFs) were tapered in order to 

change their propagation properties. More specific, a solid-core index guiding microstructured 

optical fiber with five capillaries in the cladding, (PENTA), was being heated and pulled until an 

abrupt angle taper was created. The non-adiabatic tapered region excited higher order propagation 

modes and as a result, the interference between the fundamental mode and higher order modes was 

manifested in strong spectral modulation in transmission. Different refractive index liquids were 

infiltrated inside the tapered region of the microstructured optical fiber in order to investigate the 

influence of refractive index differences in modal interference. Then, a small volume of ferrofluid 

was infiltrated in the capillaries and directed in the tapered region of the MOF. Under the application 

of different magnetic fields, changes on the modal beating of the tapered optical fiber were observed. 

As a result, such a type of photonic device based on ferrofluid infiltrated tapered MOFs could be 

used in sensing and switching applications utilizing magnetic field stimulus. 
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   Finally, the third device developed was based on tapered multicore microstructured optical fibers 

(MOFs) utilizing out-cladding ferrofluids in the tapered region. By tapering the multicore all-solid 

microstructured optical fiber at a specific diameter which was calculated through a set of 

simulations, the excitation of all the adjacent cores through the central one was achieved. Then, the 

tapered region of the multicore MOF was sealed into a capillary tube filled with ferrofluid for 

magneto-tunable characterization of the optical device. Transmission spectra measurements of the 

individual cores proved that light can be manipulated by magnetic field stimulus in different cores 

and a power coupling between them was achievable. Ongoing investigations on the specific device 

include measurements with different directions of magnetic field applied to the tapered optical fibre 

and different out-cladding ferrofluids for the optimum tuning of the energy coupling between the 

surrounding and the central cores. We anticipate that such a type of magneto-tuneable power-

coupling photonic device can find applications in optical magnetometry, imaging and optical 

communications. 

   It was confirmed that by controlling magneto-rheological fluids with external magnetic field 

stimulus, optical properties of microstructured optical fibers that host the fluids, either infiltrated or 

overlaid, can be manipulated. This opens up new prospects for novel applications utilizing 

magnetorheological fluids as well as microstructured optical fibers. Ongoing investigation of the 

capabilities of the three devices presented in this thesis is necessary in order to guarantee their 

development beyond a laboratory prototype, which can assist in their further commercialization. In 

particular, our investigations and the experimental demonstration of the above three magneto-tunable 

photonic devices based on ferrofluid infiltrated/covered microstructured optical fibers (MOFs) form 

an important milestone, which we expect to influence the further development and the 

commercialization of the state-of-the-art photonic devices. 

 
.  
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