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Chapter 5 

Applications of Fiber Optic Displacement Sensor 

 

5.1  Introduction 

  As discussed in earlier chapters, fiber-optic displacement sensors (FODS) have 

many advantages such as low cost, ease of installation and high sensitivity. This sensor 

facilitates optical multimode plastic bundled fiber as probe in conjunction with 

intensity modulation technique. The proposed FODSs are capable of providing a large 

sensing dynamic range, which in turn allows a more accurate displacement 

measurement. Beside displacement measurement, the FODS can also be used to sense 

many other parameters such as temperature, pressure, refractive index, strain, mass and 

etc [1-3]. In this chapter, applications of FODS such as detection of metal surface 

roughness, liquid refractive index, liquid level, as well as vibration will be discussed. 

In the detection of metal surface roughness, a light beam is launched onto the metal 

surface via a bundled fiber. The reflected light from the surface is collected by the 

bundled fiber and routed to a photodiode. The output voltage from the photodiode is 

measured as a function of distance between the bundled fiber output and metal surface 

to estimate the surface roughness. On the other hand, application of FODSs in liquid 

refractive index measurement is investigated theoretically and experimentally and a 

FODS is used for sensing of glucose concentration in distilled water.  
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Continuous monitoring of liquid level is also demonstrated using FODS. For 

vibration measurement, a simple sensor design is proposed using FODS with a bundled 

fiber probe.  

 

5.2  The Estimation of Metal Surface Roughness 

FODS offers the possible development of a variety of sensors for a wide range 

of applications [4]. One of the applications is to estimate the surface roughness of 

various materials. Quantitative estimation of surface roughness can be obtained by 

various mechanical and optical techniques [5]. The advantages of optical technique over 

their mechanical counterparts include their non-contact nature and in-situ measurement 

as well as rapid measurement capability [6-7]. Application of FODS as displacement 

sensor involves a transmitting fiber which incident a laser beam onto the target surface 

and multiple receiving fibers surrounding the transmitting fiber to collect the reflected 

light off the target surface. Displacement measurement is based on the comparison of 

reflected light intensity against that of the launch light. For surface roughness estimation, 

FODS is based on intensity modulation technique and the object is placed within the 

linear response range of the displacement curve.   

Experimental set-up of the fiber optic sensor is shown in Fig. 5-1.  It consists of 

a light source, chopper, concentric type bundled fiber and a silicon detector connected 

to a lock-in amplifier and a computer for signal analysis. The bundled fiber is 2m long 
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and consists of one transmitting fiber with diameter of 1mm and surrounded by 16 

receiving fibers with diameter of 0.25mm. The light source is a He-Ne laser with a peak 

wavelength at 594nm. The light source is externally modulated by a chopper at 200Hz 

and is used in conjunction with lock-in amplifier to reduce noise resulting from DC drift 

and interference of ambient stray light. This sensor uses a real reflecting object as target, 

which is displaced from the bundled fiber end facet using a translation stage. The stage 

is driven by a piezoelectric motor to provide a fine movement of the real object. 

In this experiment, the lock-in amplifier output voltage resulting from the 

reflected light is recorded automatically by a computer at various displacement 

distances from the object using Delphi software via serial port RS232. The piezoelectric 

picometer used in the experiment provides a precise step of 25-30nm for every positive 

pulse applied. Displacement measurement is carried out with distance steps of 13µm. 

The surface roughness of the real object is estimated from the displacement curve of the 

sensor. The light beam leaving the transmitting fiber is reflected back in the form of 

expanding cone of light towards the receiving fiber, which routes the collected light into 

silicon photo-detector where its intensity is measured. The intensity of the collected 

light is a function of lateral movement of the object while the surface of metals is 

maintained perpendicular to the displacement axis. The experiment is then repeated 

using three different metal; stainless steel, aluminum and copper.  
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surface texture of the metal and stand-off distance between the surface and fiber tip. Fig. 

5.3 (a) shows the output voltage as a function of the position of surface aluminum for 5 

lines scanning. As shown in the Fig.5.3 (a), the output voltage has an almost constant 

value for the whole surface of the metal with a small fluctuation.  Fig. 5.3(b) shows 3D 

views of level roughness of the aluminum surface, which was obtained by 28 lines of 

scanning on the surface at various lateral position. The 5 lines and 28 lines scanning are 

means vertical and horizontal detection points. Surface roughness is defined as the 

difference in detected intensity between the smallest and largest displacements between 

the fiber tip and the metal surface. The level of roughness is obtained at around 27%, 

which corresponds to distance variation or maximum gap of about 52µm.  

The experiment was then repeated for stainless steel with the results shown in 

Figs. 5.4 (a) and 5.4 (b). As shown in both Figs, the level of roughness is obtained at 

around 26%, which corresponds to distance variation or maximum gap of about 37µm. 

Figs. 5.5 (a) and 5.5 (b) show the results of surface roughness measurements for the 

copper surface. These results show that the level of roughness is approximately 20% 

which corresponds to distance variation or maximum gap of about 37µm. Table 5.2 

summarizes the experimental results for all metal surface roughness. The surface 

roughness parameter used throughout in this work is the average surface roughness (Ra) 

as it is the most widely used parameter by researchers and in the industry as well. It is 
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5.3  Liquid Refractive index Detection Using the FODS 

The FODS has a capability to measure physical quantities such as displacement, 

vibration, strain, pressure, etc [8-10]. However, the use of FODS sensors for detection 

of environmental refractive index change has not been fully explored. Refractive index 

sensing is important for biological and chemical applications since a number of 

substances can be detected through measurement of their refractive index. In the 

development of a liquid refractive index sensor (LRIS) [11-15], the use of intensity 

modulation in conjunction with multimode plastic fiber is the most suitable technique 

due to its non-contact sensing nature and efficient signal coupling. 

A FODS based refractive index measurement using a bundled fiber is first 

introduced by Suhadolnik et al. in 1995 [11].  Later, Chaudhari and Shaligram reported 

the study of LRIS using various types of optical sources [12]. In our earlier work, FODS 

based on two asymmetrical fibers for liquid refractive index measurement was proposed 

[13] as shown in section 3.2.3. In this section, a new LRIS technique is studied and 

demonstrated by using paired fibers bundled at various inclination angles, and the 

experiments are carried out by the sensing of the refractive index of isopropyl alcohol, 

water and methanol, as well as an alternative approach is proposed for sensing of 

glucose concentration in distilled water based on a FODS, experimentally.  

5.3.1 Theoretical analysis and numerical results of proposed LRIS 
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The structure of the proposed LRIS is shown in Fig. 5.6, which consists of a pair 

of transmitting and receiving fiber. We assume that the transmitting and receiving fibers 

have inclination angles of θ1 and θ2, respectively against the y-axis. The image of 

transmitting fiber is located opposite the mirror with the same distance. The center of 

the receiving fiber and the image of transmitting fiber are marked as O' and O, 

respectively. From the geometrical analysis of Fig. 5.6, the angle )/(sin 1 nNA and 
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wherer is the radial coordinate, z is the longitudinal coordinate. ( )z is the beam radius 

expressed as a function of z, 
2

( ) 10
z

z
zR

  
 
  
 

. The waist radius 0  and Rayleigh 

range Rz are the important parameters in the Gaussian Beam function and the detailed 

description can be found in ref. (2). Eq. 5-8 shows that the light intensity decays 

exponentially as it moves away radially from the center of the light circle. The radial 

coordinate r of Eq. 5-8 can be determined by; 

 ' sinr OO                                                                 (5-9) 

The longitudinal coordinate is the distance between the sensor probe tip and the virtual 

laser source point O, 

                          ' cosz OO                                                                    (5-10) 

For points situated in the far-field Rz z , the beam radius of the virtual point source 

can be derived as [9], 

( )z z                                                                             (5-11)
 

By the approximation,   

         1 tana ar z z                             (5-12) 

Based on the properties above, the power harnessed by the receiving fiber, P can be 

evaluated by integrating the Gaussian distribution function of Eq. 5-8 over the area of 

the of receiving fiber end facet Sr, 

                        
( , ) ( , )

r

r
S

P r z I r z dS 
                                                            

(5-13) 
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where the core area of the receiving fiber is  

2 2 2
1r aS r z                                                           (5-14)  

By combining and substituting Eqs. (5-9), (5-10), (5-11) and (5-14) into Eq. (5-

13), the proposed LRIS response can be summarized as; 

22 2

( ) 2 2 2 2 2,
22 2 2exp exp

( ) ( )
a EE

rz r
z PP r rP S

z z z z  
   

      
                     

(5-15) 

This equation shows that the liquid refractive index response of the sensor is a 

function of displacement x and refractive index n of surrounding medium while the 

sensor probe is designed with inclination angles of θ1 and θ2.  Therefore, based on Eq. 

(5-15), the proposed LRIS can be used to detect liquid refractive index where the sensor 

probe is immersed in the liquid to be measured.  

 The mathematical model of the proposed LRIS is simulated using MATLAB 

program. In the simulation, the wavelength of the laser source  and numerical aperture 

NA is set at 594nm and 0.32, respectively. The fiber core radius r1 and r2 are set at 

0.25mm and 0.5mm while the fiber diameters rd1 and rd2 are set at 0.5 mm and 0.75mm, 

respectively.  

Simulation results are illustrated in Fig. 5.7. This figure shows the relationship 

between the sensor response and probe inclination angles θ1and θ2 in the measurement 

of three different refractive indices 1, 1.3 and 1.6 based on probe inclination with same 

angles of 0, 10˚ and 20°C.  In Fig. 5.7, the output powers are normalized to 1 and the 
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Inset of Fig. 5.7 shows the maximum normalized output of the sensor as a 

function of refractive index for various inclination angles. The normalized outputs were 

taken at the sensor probe positions of 1.1 mm, 2.0 mm and 3.4 mm for inclination 

angles of 20˚, 10˚ and 0˚, respectively, which is indicated by vertical dash lines in Fig. 

5.78. It was found that the sensitivities of the sensor increases with the increment of 

probe inclination angle. As shown in the inset of Fig. 5.7, the highest sensitivity of 

0.8235 is achieved by the use of probe with inclination angle of 20˚ which is almost 13 

times higher than that in zero inclination. Fig. 5.8 shows the simulation curves of the 

LRIS at various inclination angles for the receiving and transmitting fibers when the 

refractive index of liquid is set at 1.3. It is clearly seen that the inclination angle of 

receiving fiber θ1 has a stronger effect in the sensor output compared to the angle of the 

transmitting fiber, θ2. As shown in Fig. 5.8, the highest output power is achieved by the 

combination of inclination angles θ1 = 20˚ and θ2 = 10˚. The lowest output power is 

observed when the inclination angles of θ1 and θ2 are set at 0˚ and 10˚, respectively. 

These results show that the sensor sensitivity can be increased by increasing the 

inclination angle especiallyθ1. However, increment of the inclination angle is very 

difficult to be implemented in the experiment unless we can control the position of both 

fibers to a high degree of precision. 
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Fig. 5.8: The output power against displacement for various probe inclination angle 

combinations when the refractive index is set at 1.3. 

5.3.2 Experiment setup and measurement results of isopropyl alcohol, water and 

methanol 

Fig. 5.9 shows the experimental set-up, which consists of a 594nm yellow He-

Ne laser as a light source and a bundled fiber as probe. The emitted laser light has an 

average output power of 3.0mW, beam diameter of 0.75mm and beam divergence of 

0.92 mRads. The external chopper modulates the light at a frequency of 200 Hz before 

it is coupled into the transmitting fiber. The transmitting fiber transfers the modulated 

light from the laser source to the reflector mirror while the receiving fiber collects the 

reflected light and channels it to the detector. The sensor probe is mounted on the stage 

controlled by NewFocus Picomotor for the displacement measurement. Silicon detector 

measures the received light and converts it into electrical signal which is then analyzed 

using the lock-in amplifier. During the measurement, the room temperature is kept at 28 

ºC to avoid the change of liquid refractive index with temperature. 
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speed photodiode detector housed in a “connector-less” style plastic fiber optic package. 

Optical response of silicon detector extends from 400 to 1100 nm. 

The displacement of the fiber optic probe is achieved by mounting it on a 

piezoelectric-meter, which is rigidly attached to a vibration free table. The fiber optic 

probe is immersed into the measuring liquid (solutions of glucose in distilled water). 

Light from the He-Ne laser (peak wavelength at 594 nm) is coupled into the 

transmitting fiber. The probe rise vertically from the initial zero point, where the 

reflective surface and the probe are in close contact.  The light source is modulated 

externally by a chopper with a frequency of 200 Hz and is used in conjunction with 

lock-in amplifier to reduce DC drift and the interference of ambient stray light. Signal 

from the detector is converted to voltage and is measured using a lock-in amplifier. The 

fiber optic probe is first immersed in distilled water; the output intensity is measured by 

changing the position of the fiber optic probe from 0 to 10 mm in steps of 50 μm. The 

measurements are then carried out for glucose solutions (Merck KGaA Darmstadt, 

Germany) with concentrations of 2.5, 5.0, 7.5, 10 and 12.5 g per 50 ml of distilled water. 

During the experiment, error due to temperature variation is negligible as the 

temperature is kept constant at 25°C.  
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5.4  The Monitoring of Liquid Level Using A FODS 

          Liquid level measurement is important in many areas such as fuel storage system, 

chemical processing, etc. Liquid level can be detected by mechanical, electrical and 

optical methods [16-18]. Electrical liquid-level sensors (LLS) are widely employed, but 

they might not be suitable if the liquid to be measured is conductive, potentially 

explosive or erosive. Fiber-based LLSs offer many advantages under these challenging 

conditions since the fiber-optic sensors are non-conducting, anti-erosion and immune to 

electromagnetic interference. Recently, various approaches have been reported on fiber-

optic LLS such as using a fiber Bragg grating (FBG) with bending cantilever beam [19] 

as well as a technique based on the bending of a multimode fiber [20]. In both methods, 

the sensing elements need to be submerged inside the liquid to operate. However, the 

applicability of these immersed sensing elements might be limited in applications 

involving harsh environments and acidic solutions. 

 In this section, a simple, cost effective and non-contact intensity based LLS is 

demonstrated. In the proposed LLS, the sensing probe is linked to a float which is in 

contact with the measured liquid. This sensor is a type of fiber-optic displacement 

sensors (FODSs), which simply transforms the sensing of position into the measurement 

of displacement. The performance of the sensor using two different reflectors is 

investigated. 

The sensing principle and sensor setup 
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 The basic principle of the sensor is the measurement of vertical float 

displacement resulting from liquid level change. Fig. 5.15 shows a schematic setup of 

the proposed fiber optic LLS. The setup consists of a water tank, a properly designed 

float and a concave mirror based FODS. The FODS uses a He-Ne laser operating at 

wavelength of 594 nm with an average output power of 3.0 mW. The laser beam 

diameter is 0.75 mm while beam divergence is 0.92 mRads. The light is modulated at a 

frequency of 200 Hz by an external chopper before being launched into the transmitting 

fiber. A concave mirror (or flat mirror), located at the end of the transmitting fiber, 

reflects the guided light from the transmitting fiber into a receiving fiber which is 

bundled together with the transmitting fiber. Meanwhile, both fibers are attached to an L 

shape cantilever beam which is connected to a float inside the tank. The receiving fiber 

guides the light into the photo detector which converts the light power into voltage. A 

model SR-510 lock-in amplifier is connected to the chopper and photo detector. It 

functions as a data-acquisition system, matching the phase between the modulated light 

and chopper and removes the noise generated by laser source, photo detector and 

amplifier [21].  
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concave mirror D for setup with concave mirror as reflector and by the core radial ratio 

k for setup using flat mirror. As such, the proposed LLS is widely compatible with the 

various type of FODSs while circumventing the design trade-off in the selection of 

sensitivity and measurement range which is a typical constraint for conventional fiber 

optic LLS. Furthermore, no other parameters affect the sensor response except those 

specified in Eqs.(5-16) and (5-17). Hence, the proposed LLS is insensitive to the 

surrounding environments.  

Results and discussions 

Fig. 5.16 depicts the experimental result when the liquid level is moving upward. 

In this experiment, a concave mirror with a focal length of 10 mm and a diameter of 24 

mm is used as reflector. The sensor output intensity is modulated by the rise of the 

liquid level and the response has six linear slopes of which four of them are located 

within the vicinity of twice the distance of the focal length (20 mm). This property 

enables flexible sensing based on the liquid level range of interest by properly choosing 

the desired focal length. The maximum measurement range of about 25 mm is obtained 

using a mirror with focal length of 10 mm. The performance of this sensor at various 

monitoring points or slopes is summarized in Table 5.4. The maximum sensitivity of 

1.3015 mV/mm is obtained in a liquid level range of 20.1 mm to 20.9 mm. 
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Table 5.4: The sensitivities and measurement ranges of proposed LLS 

Methods 
Monitoring 

point 

Sensitivity

(mV/mm) 

Measurement 

range (mm) 

 

 

Concave 

mirror 

k=1 

Point 1 1.4026 0-0.8 

Point 2 0.2649 0.8-3.8 

Point 3 0.1625 14-18.8 

Point 4 1.030 18.9-20 

Point 5 1.3015 20.1-20.9 

Point 6 0.1821 21-25 

Flat 

mirror 

k=0.5 

Point 1 0.9529 0.1-1.4 

Point 2 0.3443 1.4-3.5 

Flat 

mirror 

k=1 

Point 1 1.4533 0-0.84 

Point 2 0.3951 0.84-3 

 

5.5  Vibration measurement 

Vibration sensors are useful for monitoring the condition of rotating machinery, 

as overheating or excessive vibration indicates excessive loading, inadequate lubrication, 

or bearing wear [24]. Traditional magneto-electric vibration sensors and servo 

accelerometer have severe shortcomings when used to measure vibration where low 

frequency components predominate. Mechanical and electrical vibration sensors require 

physical contact during measurement. On the other hand optical sensor is used to 

measure low frequency vibration and does not require any physical contact and do not 

perturb the source of vibration [25].Fiber-optic vibration sensor can be classified into 
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three categories according to their working principle; wavelength, phase and intensity 

modulation based sensors. The first type is based on the measurement of wavelength 

changes due to vibration signals.  This technique normally requires specially designed 

mechanical devices (transducers) to enhance its sensitivity. The second type uses an 

interferometer such as Michelson or Mach-Zehnder [26] to interrogate the phase shift of 

the sensor caused by vibration and has very high sensitivity but they exhibit low 

stability and impose stringent mechanical requirements because the alignment is critical. 

These approaches are characterized by excellent performances but require complex and 

expensive setups and are not economical for mapping of vibration amplitude at several 

test points. The third type takes the advantage of change in intensity with vibration. This 

intensity modulated extrinsic sensor normally used a plastic optical fiber (POF) as probe 

and therefore provides many advantages such as small size, light weight, geometrical 

versatility, EMI immunity and ease of multiplexing and de-multiplexing [27]. 

In this section, a rugged, low cost and very efficient FODS is proposed for the 

measurement of amplitude and frequency of vibration of load speaker using the third 

approach. The schematic representation of the experimental set-up for fiber optic 

vibration sensor is shown in Fig. 5.18. The sensor device consists of a fiber optic 

transmitter, bundled POF probe, load speaker, audio amplifier and a silicon detector. 

The fiber optic probe consists of two POFs of length 2m, which consists of one 

transmitting fiber with diameter of 1.0mm and 16 receiving fibers with diameter of 0.25 
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from 0.22 mm to 0.44 mm within a frequency range of 200 to 350 Hz. As shown in Fig. 
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spectral response clearly shows that output from the vibration sensor can be resolved 

into corresponding characteristic frequencies of the measured vibration. The spectra 

also show higher harmonics. Possible sources of error in current sensor operation are 

light source fluctuation, stray light and possible mechanical vibrations. To reduce these 

effects a well-regulated power supply is used for the yellow He-Ne laser and this 

minimizes the fluctuation of source intensity. The sensor fixture is also designed so that 

stray light cannot interfere with the source light. To reduce mechanical vibrations, the 

experimental set-up is arranged on a vibration free table. The simplicity of the design, 

high degree of sensitivity, dynamic range and low cost of fabrication make it suitable 

for field applications.  
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Fig. 5.22: FFT signal from fiber optic vibration sensor (a) 300Hz and (b) 350Hz. 

 

5.6 Summary 

 Four applications of FODS are reviewed in this chapter. In these applications, 

the estimation of surface roughness of metals is first discussed. It is based on intensity 

modulation technique and uses a multimode plastic bundled fiber as probe and He-Ne 

laser as light source.  The surface roughness of three types of metals is investigated by 

fixing the object within the linear range of the front slope and measuring the output 

voltage as a function of lateral displacement. The level of roughness for aluminum, 

stainless steel and copper samples are estimated to be approximately 27%, 26% and 20% 

respectively.  

            In the following section, a simple liquid refractive index sensor is theoretically 

and experimentally demonstrated using FODS with a pair of bundled fiber which is 

angled to increase the sensitivity, and a detection concentration of glucose also 
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demonstrated based on a FODS with a concentric type of sensor probe. Through the 

theoretical analysis, a highest sensitivity of 0.8235 is achieved with the probe inclined at 

20˚ which is almost 13 times higher than that with 0˚ inclinations. Both theoretical and 

experimental results show that the peak power and the location of the displacement 

curve changes with refractive index. It was also found that the sensitivity of the sensor 

with 10° inclination shows a higher sensitivity compared when a straight probe is used. 

The sensitivities are obtained at 0.11/mm and 0.04/mm for sensors with 10° and 0° 

inclination angles respectively. In the experimental of detection glucose concentration 

in distilled water, the experimental results show that the peak voltage or light intensity 

and its position increase linearly with the glucose concentration. The sensitivity is 

measured to be around 0.0103mV/(%) when the glucose concentration is varied from 0 

to 25%.   

           An extra-low cost, ultra-high sensitivity, and widely compatible fiber optic LLS 

is proposed and demonstrated in the next section. A float which is in contact with the 

liquid surface converts the position of the liquid level to the distance between of the 

fiber probe and the reflector.  This is done via an L-cantilever beam which is fixed to 

the sensor probe. The response of the sensor probe is influenced by the distance 

between the probe and the reflector. The sensor probe is not in contact with the 

measured liquid. Three various experiments are conducted to prove the proposed sensor 

has very wide compatibility with other type of FODSs. With a concave mirror, six 
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measurement slopes within a range of 25 mm are observed with the maximum 

sensitivity of 1.3015mV/mm. With a flat-mirror two measurement slopes are observed 

with the highest sensitivity of 1.4533mV/mm and the longest measurement range of 

4.8mm. A flexible selection of sensitivity and measurement range is achieved by 

proposed sensor from free choose of FODSs.  

           In the fourth section, an extrinsic bundled POF displacement sensor has been 

proposed for the measurement of amplitude and frequency of vibration. The 

displacement curve exhibits the maximum output voltage of 1.65mV at a distance of 

1.2mm between the reflective surface of the speaker and the fiber optic probe. The 

sensor is capable of measuring vibration amplitude ranging from 0.22 mm to 0.44 mm 

within a frequency range of 200 to 350 Hz. The sensitivity of the sensor is found to be 

0.0029mV/m over 325 to 650µm range and -0.0005mV/m over 1300µm to 3500µm 

range.  
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