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A refractive index sensor fabricated by splicing segments of multimode and single mode fibers was investigated for 

enhanced sensitivity. The investigation revealed that when this sensor is used in bent position its sensitivity is improved by a 

factor of 5 to 10 depending on its bend curvature. It was found that the sensitivity is enhanced as the curvature is increased. 
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1 Introduction 
 Refractive index (RI) apart from being a 

fundamental property of materials is also indicative of 

several physical and chemical parameters. That is 

why RI sensing has great application potential in 

chemical, biochemical, food, pharmaceutical, oil and 

gas, process control, biotechnology, medical analysis 

and numerous other fields. Optical fiber based sensors 

offer many advantages as compared to their 

traditional counterparts because of their inherent 

properties of being smaller size, lighter weight, 

chemical inertness and immunity to electromagnetic 

interference. They offer the possibility of remote 

measurements in case of hazardous environment and 

can withstand extreme temperatures. Moreover, a 

single fiber can accommodate multiple sensors 

enabling a distributed sensor network. Their compact 

size and high sensitivity are particularly useful in the 

field of biomedical technologies where measurements 

involve very small quantities (microliters) of fluids in 

very small space (µ-TAS) and/or very small changes 

in RI values (~ 10
−5

). In conventional optical fibers, 

light is guided in the core region so it is shielded from 

materials surrounding the fiber by cladding and 

protective jacket. Thus, the basic idea of optical fiber 

R1 sensor is to induce interaction between guided 

light and ambient material and various techniques 

have been reported to achieve this, e.g. Harmer has 

reported a refractometer using a series of bends with 

different curvatures in different directions
1
. After that 

use of twisted fiber pair
2
, the coupler

3
, side polished 

single mode fiber
4
, tapered multimode fiber

5
 (MMF), 

fiber Bragg grating
6
, long period gratings

7,8
 have also 

been reported. The best resolution was obtained with 

surface plasmon resonance technology
9
 (SPR) though 

it has limited applications. Recently, this guided light-

ambient material interaction was induced by splicing 

a section of a single mode fiber (SMF) between two 

multimode fibers (MMF) by Villatoro et al
10

. In the 

present paper, a MMF-SMF-MMF sensor has been 

reported with enhanced sensitivity achieved by 

inducing curvature in the sensing region of the fiber. 

The RI sensitivity was enhanced more than 10 times 

as compared to that with an unbent sensor. This 

method of improved RI sensitivity is straightforward, 

in-expensive and to the best of our knowledge has not 

been reported earlier. 

 

2 Theory  
 When the light launched through one of the MMF 

reaches MMF-SMF splice joint, the optical power 

undergoes redistribution. Most of the power goes into 

the cladding part of the SMF as its small core size can 

only accommodate very small fraction of power. The 

optical power in the cladding is distributed among 

various modes confined in the cladding region. All the 

rays incident on the glass-air interface at an angle 

greater than the critical angle undergo total internal 

reflection (TIR) and are guided. 

 The critical angle is given by the expression: 
 

Φc= sin
−1

n2/n1   …(1) 
 

where n1 is the RI of the cladding and n2 is the RI of 

the surrounding material in this case. Thus, when the 

refractive index of the surrounding material is greater 

than that of air but less than that of cladding the value 

of critical angle will exceed and the rays will be lost 

in the surrounding due to refraction, As a result, the 
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transmitted power is a function of the surrounding 

refractive index. For surrounding refractive index 

value greater than or equal to that of the cladding, 

there will be no guidance in the cladding but output 

power will not be zero as there will be guidance 

through the core. 

 For a straight fiber, the angle of incidence is 

constant but it changes as the fiber is bent. So, some 

rays will be incident at the cladding surrounding 

interface at an angle less than the critical angle and 

refracted in the surrounding media. This will cause 

additional loss in the output. At the opposite side of 

the bending, more and more rays from the MMF core 

will go into the SMF cladding making the device 

more sensitive for ambient refractive index. This 

sensitivity enhancement can be better interpreted in 

terms of mode profile. The mode profiles in different 

fiber segments of this sensor are very different and in 

such cases the major contribution of bend loss is due 

to mode coupling efficiency between MMF and SMF. 

As the curvature increases, the mode profile shifts 

away from the fiber axis resulting in (a) change in 

coupling efficiency between the fibers and (b) 

enhanced sensitivity towards ambient because the 

modes closer to cladding-surrounding interface are 

more affected by the surrounding. Even for the same 

mode profile, the effective refractive index of the bent 

fiber is a function of curvature
11

 because of 

photoelastic effect: 

 

( ) [ (0, ) ]exp
dn r

n R n
d R

 
= λ + ε  

ε  
 …(2) 

 

where n(0, λ) is the effective RI at λ for unbent fiber, 

r the radial distance from the center of the fiber to the 

point where effective RI is n(R), R the radius of 

curvature experienced by the fiber and ε is strain due 

to curvature. This equation indicates that effective 

index profile is non-uniform throughout the cladding 

region. Thus, the maximum sensitivity range for bent 

sensor should be larger than that for unbent sensor. 

 

3 Experimental Details 

 A number of MMF-SMF-MMF sensors were 

realized by splicing 10 mm length of SMF between 

two MMF sections of 50 cm length each. The sensing 

element is 10 mm SMF section that guides various 

cladding modes along with fundamental core mode 

and the former is very sensitive to change in ambient 

refractive index. Light from a stabilized white light 

source was launched through one of the MMF while 

other MMF was connected to an optical spectrum 

analyzer (OSA) to observe transmission spectrum and 

corresponding output power. The schematic of the 

experimental set-up is shown in Fig. 1. In the first part 

of the investigation, this sensor was kept straight to 

prevent any bending. The output was recorded in the 

wavelength range 1450-1600 nm first with air as 

material surrounding the sensing element and then 

with different standard refractive index liquids 

commercially available from Cargille.  

 In the second part of investigation, various 

cylindrical rods of aluminium with radius values 

varying between 0.8 to 5 cm were taken and both the 

MMF parts of the sensor were bonded on different 

aluminium rods using epoxy in such a way that the 

SMF part is never in contact with epoxy to facilitate 

its proper contact with refractive index liquids. 

Transmission was observed and recorded with the 

sensing element in air and in different refractive index 

liquids. After each observation, the sensor part was 

washed thoroughly using deionized water and acetone 

repeatedly and dried properly before using another 

liquid. The experiment was repeated for sensors 

bonded on rods of different curvatures. The output 

power values with each RI liquid were optimized with 

respect to the power with air as ambient material. All 

the results obtained in the investigation are shown in 

Figs 2 and 3. 

 

4 Results and Discussion 
 A MMF-SMF-MMF structure with different 

curvatures was used as a refractometer and 

investigated for sensitivity enhancement. As shown in 

Fig. 2, the RI sensitivity of the structure has improved 

with increasing curvature values and there is visible 

modification in the range of RI values for which this 

device is sensitive. Figure 3 shows the maximum 

sensitivity with respect to bend curvature. The sensor 

with the highest value of curvature gives a sensitivity 

 
 

Fig. 1 — Schematic of experimental set-up 
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that is ∼11 times more than the sensitivity obtained 

with the sensor without any curvature. The sensor 

without bending has maximum sensitivity in the RI 

range 1.455-1.460 while for sensor with maximum 

bend curvature this range is 1.445-1.46. 

 Additional loss due to bending is reflected in the 

initial power values for each curvature. The loss is 

more with higher value of curvature, but so is the 

refractive index sensitivity. In the present 

investigation, a bare fiber was used as the sensing 

element and bending the fiber with a curvature higher 

than or even equal to 130 was difficult. But even with 

the slight bending of sensor with a curvature value 20, 

the R1 sensitivity was improved by a factor of ∼4. 

 This being an intensity based sensor, a major 

problem is fluctuation at the light source and if that 

can be prevented, the resolution of the device would 

improve significantly. Firstly, the source and the 

detector (OSA) can be replaced by their much cheaper 

counterparts like LEDs and handy powermeters 

without any effect on sensor performance, Secondly, 

there is a need for making this sensor element robust 

so that it can withstand bending for a sufficient 

duration of time. 

 Although in terms of resolution, this sensor is not 

extraordinary, its advantages lie in its easy fabrication 

and requirement of low cost components. As it has all 

the advantages of optical fibers and is very  

in-expensive, it has great application potential in 

diverse fields.  
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Fig. 2 — Relative transmitted power for different RI liquids 

 

 
 

Fig. 3 — Maximum sensitivity for various curvatures 

 


