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SYNOPSIS 

 Presently, industries are moving towards better accuracy and faster inspection time to 

determine whether a given part conforms to the accepted quality characteristics. For proper 

working condition of the machines, all the components of the machines should be precisely 

positioned and aligned. Precise measurement of position and alignment involves finding 

accurate location of a target with respect to a reference object. If the components are not 

properly positioned and aligned, then during the operation it might lead to the unwanted 

vibrations resulting in the failure of machines. Position measurement and alignment are 

required in industrial applications such as in production engineering, positioning of tool to the 

command position on work-piece in CNC machines, assembly of pin to the target hole using 

robotics arm, differential gear alignment and wheels positioning in vehicles, alignment of 

fueling machines in nuclear reactors, shaft alignment, satellite antenna alignment, roller 

alignment in paper and steel industries etc. All these position measurement and alignment 

activities are now increasingly being carried out by different optical techniques as these are 

non-contact, fast, accurate, remotely monitored, and immune to electromagnetic interference 

(EMI) and can be implemented in hazardous environment.  

In the past two decades, rapid development of laser, optics, fiber optics and detector 

technology have taken place. Different optical measuring methods are now available for a 

variety of measuring and inspection tasks. Their applicability and benefits are demonstrated 

successfully for offline and online measurements of various physical and chemical quantities. 

Laser beams, due to its special characteristics such as high intensity and directionality, are 

generally used in optical sensors. In general, laser used in optical sensor can be He-Ne laser 

or diode laser. The beam is guided either directly in air or through the optical fiber to the 
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target. The reflected or transmitted beam is guided back to the detector to measure the 

required characteristics of the physical parameter. 

This thesis contributes towards the mathematical model, design and development of 

the intensity based-fiber optic sensors, confocal based sensors and laser triangulation sensors 

for both one and two-dimensional position measurements. By varying the parameters of these 

sensors as indicated in mathematical model, desired range and resolution could be achieved 

as per requirements of different applications. For example, due to the space constraints, a 

non-contact probe type position sensor or a laser triangulation sensor with long standoff 

distance are required. Therefore, to ensure reliable measurement under these conditions, a 

confocal optical fiber based axial position sensor was investigated. Then, a laser triangulation 

sensor with 1000 mm standoff distance was designed and tested. The prime challenge in this 

case was to keep the optical assembly compact without losing sensitivity. Since some 

applications located in hazardous environments containing radioactivity or electromagnetic 

noise demand remote measurement, we have also used linear optical fiber array combined 

with CCD camera as detector for the laser triangulation technique. The cylindrical objects 

(such as shafts, pipes etc.) play an important role in industries. The change in position and 

alignment of these from a particular co-ordinate system or from its aligning counterpart needs 

to be measured accurately to prolong life of machinery and to avoid accidents. Two-

dimensional position measurement of cylindrical target using two optical sensors is not 

available in literature. So, we have developed a mathematical model for above configuration 

taking curvature of surface into account and experimentally verified using the two-optical 

fiber array based laser triangulation sensors. These sensors can be used for fuel channel 

alignments in Nuclear reactors. Another improvement in the optical sensing method was for 

the 2-D position measurement of planar targets. Although measurement of lateral position in 

one-dimension is reported in literature by use of light coupling between single fiber to linear 
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fiber array, we have modified the technique by simultaneously measuring both axial and 

lateral position. Axial position was inferred from change in peak intensity and lateral position 

from change in centroid at CCD camera. As the measurement accuracy may be affected by 

intensity variation due to differing roughness of target surface, we have tested all the above-

mentioned sensors with targets of known (standard) roughness values. 

The thesis is organized into eight chapters. Chapter 1, which forms the introduction to 

the thesis, provides the requirement and challenges of position measurement and alignment in 

machines. Some of the industrial position and alignment problems such as shaft alignment, 

airframe assembly alignment, and fueling channel alignment of Pressurized Heavy Water 

Reactor (PHWR) is described. Brief introduction of contact and non-contact techniques for 

position measurement is given along with the need of optical techniques for measurement. 

Chapter 2 provides the comprehensive literature survey on different optical techniques 

for position and alignment monitoring. This chapter provides the working principle, 

mathematical model, range and resolution of the techniques such as intensity based fiber 

optic sensors, time of flight sensors, interferometers, confocal sensors and laser triangulation 

sensors. The advantages and disadvantages of these techniques are also described. 

In chapter 3, a non-contact intensity based axial position measurement system using a 

single optical fiber is designed, developed and demonstrated. The system comprises of Y 

optical fiber coupler and lens which together acts as a single probe for simultaneously 

transmitting and receiving signal for position change measurement. Lens confocally collects 

the backscattered light from the target and sends the imaged light back to the detector. At the 

focus point of the spot, the maximum intensity is received at the detector and the intensity 

decreases on the either side of standoff target position. Thus, the intensity variation is 

indicative of the axial position change of the target. The slope of the linear curve on the either 
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side of the intensity profile represents the positive and negative direction of position change. 

The standard target surfaces of different known roughness values were used and effect of 

surface roughness on the output was investigated. Overall, we could achieve a sensor 

resolution of 100 μm for targets with different roughness in a measurement range from 1000 

μm. 

Chapter 4 provides the design and performance of laser based position sensor for long 

standoff distance of the target. In the literature, most of the laser triangulation based position 

sensors are used for small standoff distances of the target. Sometimes it becomes difficult to 

place the sensor near the target to make the measurements. In this chapter, laser triangulation 

based long standoff distance position sensor is designed and to make the sensor compact, 

beam-folding technique was used in the path of the converging light from lens which 

ultimately falls on the position-sensing detector (PSD). Position resolution of 1 mm at a 

standoff distance of ∼1000 mm between target and light collecting lens was achieved for the 

developed sensor. The calibration of sensor was done based on the output voltage obtained at 

PSD with near and far displaced position of the target. The sensor output was found to be 

linearly varying with target position. The sensor performance was tested for different target 

roughness and different target tilts (maximum upto ± 10°). The effect of temperature on the 

output of developed sensor was also studied and the error in measurement was found to be 

within the sensor resolution. The developed sensor has many potential applications in 

industrial environment where the position has to be measured at long standoff distance of 

targets having different surface roughness and variable ambient temperature. 

Chapter 5 describes the development of linear optical fiber array based non-contact 

remote position sensor that uses oblique laser triangulation technique. Oblique triangulation 

method was selected as it has better resolution. In all the optical triangulation techniques 

reported in literature, scattered or reflected light from the target is collected by the lens and is 
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directly focused onto the CCD or PSD without use of optical fibers, and so these methods are 

not meant for remote measurement and thus cannot be used in the hazardous environments. 

In our case, the backscattered light from the target surface is collected by the lens and is 

focused to the individual fiber of the linear fiber array and the other end of fiber array is 

connected to the CCD Camera. The centroid of the image spot at CCD camera is measured, 

thus giving the position information. The given sensor was tested for different target 

roughness samples. The resolution achieved in our system for position measurement was 1 

mm at a standoff distance of ~100 mm between target and light collecting lens. It was seen 

that the error was minimum for target surface with 0.025 μm roughness and it was maximum 

for surfaces with roughness between 0.4 and 1.6 μm. This might be due to the fact that the 

wavelength of laser (0.638 μm) being much larger than the roughness 0.025 μm eliminates 

the possibility of diffraction effects changing the intensity pattern. For surfaces with 

roughness between 0.4 to 1.6 μm, wavelength of laser (0.638 μm) becomes comparable to it 

leading to diffraction and consequent change in intensity pattern. However, the roughness-

induced uncertainty in all the cases was found to be less than the resolution ~1%, which was 

acceptable.  

Chapter 6 presents a method for online measurement of position of cylindrical objects 

in a two-dimensional (2-D) plane using two linear optical fiber array based laser triangulation 

sensors placed in the perpendicular configuration. In industries, during the assembly of the 

cylindrical objects (shafts, pipes etc.) in heavy machines, change in position and alignment of 

these from a particular co-ordinate system or from its aligning counterpart needs to be 

measured accurately to prolong life of machinery and to avoid large-scale accidents. By 

measuring the two-dimensional positions at two different planes perpendicular to the axis of 

shaft, the alignment/tilt of the cylindrical shaft can be inferred. At first, a mathematical model 

was developed in order to deduce the 2-D position of target axis using two perpendicularly 
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placed sensors taking into account the curvature of target surface on measurements. Then, 

using the derived formulae and our recorded experimental data, the measurement of change 

in 2-D position of cylindrical object with both sensors placed remotely at 100mm standoff 

distance was done. The cylindrical target of 75 mm radius was displaced in all the four 

quadrants of XY plane using a two-dimensional micrometer stage and the outputs of both the 

sensors were monitored. Micrometer was given incremental displacement of ± 1 mm along 

both the axes. The outputs of both the sensors give the displacement of the image spot across 

the fiber at CCD in terms of pixel values. These pixels values were utilized in our derived 

formulae to estimate the 2-D displacement of target. The maximum error seen in the 

measurement was ~5%. The sensor can be helpful in determining the wobble effects in 

cylinders. Further, the given technique can be extremely useful for fuel channel alignment in 

Nuclear Reactors where one has to monitor the alignment remotely. 

In Chapter 7, instead of using 2 different sensors as explained in Chapter 6, 

transmission based two-dimensional (2-D) fiber optic position sensor is designed that utilizes 

the simultaneous measurement of the change in intensity and centroid of image on CCD 

camera. Jason et al used transmission configuration sensor only to determine lateral position 

in one-dimension by use of light intensity coupling between single fiber to linear fiber array. 

However, we have modified the technique by simultaneously measuring both axial and lateral 

position change of the target. Axial position change was inferred by the change in peak 

intensity at the CCD camera and lateral position change was measured by the change in 

centroid of image spot at CCD camera. The measurement data for two-dimensional position 

produced by our optical sensor were found to be reasonably matching with the values 

measured by the micrometer. The position resolution of the sensor was ~50 µm along both 

the dimensions. The maximum error was ~6% in our measurement range. In this 

measurement technique, the pitch of the fiber array determines the resolution of lateral 
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position and the sensitivity of axial position is decided by the diameter of optical fiber. This 

system can be used for position measurement and alignment monitoring in a 2-D plane for 

structural health monitoring, alignment monitoring of shafts etc. where the non-contact 

measurement is needed. 

Thus, this thesis contributes to the design, development and application of optical 

sensors for measurement of one dimensional and two-dimensional position changes of the 

planar and cylindrical targets. The optical sensors for measurement of position and alignment 

described in the thesis include intensity based fiber optic confocal sensor, laser triangulation 

sensor for long standoff distance, optical fiber array based laser triangulation sensor, 2-D 

position sensor for cylindrical target and 2-D position sensor for planar target. As industrial 

environment may be hazardous, hot or affected by EMI, suitable optical sensors need to be 

selected. This thesis gives the scope and choice to the user for a specific optical sensor to be 

selected depending upon requirement and industrial environment. 
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di: image distance 

f: focal length of lens 

m: magnification of lens 

n1: refractive index of core 

n2: refractive index of cladding 
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CHAPTER 1: INTRODUCTION 

1.1 REQUIREMENT & CHALLENGES FOR POSITION MEASUREMENT 

AND ALIGNMENT IN INDUSTRIES 

 Today, as manufacturing industries are growing and becoming very 

competitive, requirements for the production of precise and accurate mechanical 

assemblies or parts are in demand. Firstly, quality checks are the essential part of 

production industries to ensure precise dimensions and tolerances of product. 

Secondly, to ensure continuous production, periodic inspection of machine as part of 

preventive maintenance is necessary. Some inspection tasks are complex, time 

consuming and are difficult for human personnel due to hazardous environmental 

conditions, so there is a need for developing automated inspection systems and 

sensors, which can operate with high accuracy, without the intervention of humans 

and give the direct output. Continuous new development is going on to refine 

available sensors and design the new sensors to meet the measurement requirements. 

To cope up with the industrial demands, the scientific community is putting a large 

amount of efforts to evolve new futuristic technology, which can support production 

industries precisely and accurately.  

 Precise position sensing and alignment monitoring is a rapid developing 

technology which is applied in many different machines and instruments. Position 

measurement is defined as the accurate measurement of the location of the target 

(machine or mechanical components) with respect to some reference point or to a 

particular co-ordinate system. Alignment means adjusting the target in a specific line 

or plane by continuously monitoring the position of the target. During the installation, 
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maintenance and calibration of industrial equipment or during alignment of machines, 

there are some basic requirements, which are to be monitored such as straightness, 

flatness, angle or its distance from a specific position. If the components in machines 

are not properly positioned and aligned initially during the machine set-up, then 

during its operation, it might lead to the unwanted vibrations finally leading to the 

failure of machines. These failures of machines lead to the stoppage of production 

leading to the increase in the cost of production. Therefore, applications of precise 

position measurement and alignment are mostly needed in industrial environments 

such as manufacturing and production industries. Few examples where the accurate 

position and alignment needs to be measured are positioning of tool to the command 

position on work-piece in Computer Numerical Control (CNC) machines, assembly of 

pin to the target using robotics arm, differential gear alignment and wheels 

positioning in vehicles, alignment of fueling channels in nuclear reactors, shaft 

alignment, satellite antenna alignment, roller alignment in paper and steel industries 

etc. Mechanical engineers also benefit from a wide range of technologies and methods 

to accomplish their measurement and alignment needs. Some of the industrial 

applications for position measurement and alignment are described in detail in the 

following sections. 

1.1.1 Shaft Positioning and Alignment 

A shaft is an essential part of the rotating machine and is used to transmit 

power and motion from the driving shaft to the driven shaft. They can be divided into 

two categories as transmission shafts or machine shafts. A common problem 

associated within rotating machinery is shaft misalignment [1]. Shaft misalignment 

occurs when the center lines of rotation of two or more machinery shafts are not in 

line with each other [2]. In general, shaft misalignments are of three types: 
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(1) Offset: When the centerline of two shafts is parallel but is on separate lines as 

shown in Figure 1.1 (a). 

(2) Angular: When both the shafts are on same axis but are at the angle to each other 

as shown in Figure 1.1 (b).  

(3) Combined offset and angular misalignment: In reality, shaft misalignment would 

be a combination of both of these effects as shown in Figure 1.1 (c).  

 

Figure 1.1: Types of Shaft Misalignment [2] 

 Different types of misalignments of shafts have different effects at the output 

for e.g. power consumption in offset misalignment is more as compared to the angular 

misalignments. The process of shaft alignment is the positioning of the shaft center 

lines of the driving shafts and driven shafts to create collinear shafts, where the 

rotational center lines of the coupled shafts are parallel. In general, to measure the 

amount of shaft misalignment, the following methods are commonly used: 

(1) Straight edge: The straight edge is usually the first stage of inspection which is 

used to get an approximate reading before moving onto the more accurate 

methods. Figure 1.2 (a) gives the basic straight edge measurement technique. This 
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is a contact measurement technique and is based on the operator measurement 

skill. 

(2) Dial indicator: This is also a contact measurement technique using mechanical 

based reverse indicator method shown in Figure 1.2 (b). 

(3) Laser indicator: Recently, dial indicators have been replaced by laser based 

misalignment measurement methods, which are more accurate and can be 

automated to calculate the amount of shaft misalignment automatically. The 

measurement technique is shown in Figure 1.2 (c). High resolution (~10 microns) 

is achieved based on this technique, but the main disadvantage is that the given 

technique cannot be used in the EMI and radioactive environments as the 

electronic components get affected under these circumstances. Moreover, the 

components have to be fixed on the driving and driven shafts that add an extra 

weight. 

 

 

Figure 1.2:  Measuring Techniques of Shaft Misalignments [2] 

 

Shaft1 Shaft 2 
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Thus a non-contact optical measurement technique is required which not only 

helps in measuring the change in position but also gives the accurate and precise 

results. 

1.1.2 Positioning and Aligning of Parts in Airframe Assembly 

The process of positioning, mating and joining large airframe sub-assemblies 

are generally accomplished by using multiple mechanical actuators that are attached 

to the airframe structures. These mechanical actuators are driven by pneumatic motors 

to provide the motion to the desired assembly or part. Since each mechanical actuator 

in this conventional system is an independent device, factory personnel have to work 

in coordination with these actuators to move the individual parts to form an assembly. 

This is accomplished by moving a single actuator while communicating with others. 

Since the personnel cannot coordinate the movement of multiple actuators effectively 

and the part‟s movement may be along a complex path, the movement and assembly 

of parts can be inaccurate and unpredictable. Moreover, actuators used can potentially 

counteract each other, thus imparting unwanted forces to the airframe structure, 

adding stresses to the structures. This might lead to the internal cracks of the 

structures thus reducing the lifetime of the assembly.  
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Figure 1.3: Schematic for the use of laser based position sensor and alignment for 

aircraft assemblies 

 Unlike the conventional process, automated positioning relies on a control 

system to coordinate the motion of multiple mechanical actuators to manipulate 

aircraft parts in a known fashion [3]. For the above automated positioning 

measurement, as shown in Figure 1.3, a non-contact optical measurement technique is 

required that can give feedback signals during the positioning and aligning of the 

airframe structures and also does not add weight over them that might lead to the 

bending and adding stress which might lead to the crashing of air craft.  

1.1.3 Machine Tool Alignment 

The increase in the number of the complex application of the CNC machines 

in manufacturing industry has emphasized the need of positioning accuracy of the 

tool/cutter. In order to meet the quality requirements of the manufactured products 

and to minimize the waste, positioning and alignment of tools is essential. To 

precisely guide the tool/cutter to a desired location or along the desired path highly 

accurate position measurements in real time within the working space with the 
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automatic tool tracking ability is needed [4]. Therefore, a non-contact based position 

sensor is extremely important, as it does not intervene in the ongoing process. 

1.1.4 Fuel Channel Alignment in Pressurized Heavy Water Reactor (PHWR) 

In the nuclear industry, the alignment among the various components plays an 

important role considering the criticality of the job involved. Refueling operation is 

common to all the reactors for their continuous operation over their extensive lifetime. 

Refueling involves inserting new fuel bundles into the reactor and collecting the spent 

fuel bundles from the reactor. A specifically designed Fueling machine based on the 

reactor type performs these operations. The alignment between the Fueling Machine 

and the reactor core is critical to ensure the safety of the new fuel bundles and the 

spent fuel bundles while they are being transferred from the Fueling Machine to the 

reactor or vice-versa. On-Power refueling feature of the Indian PHWR reactors further 

adds to the importance of the alignment between the Fueling machine and the coolant 

channels to ensure the safety of the reactor and to prevent any radioactivity leakage.     

 The Fueling Machine must be precisely aligned with the End-fitting of the 

coolant channel before its head is clamped on to it. Nowadays, this alignment is 

generally measured using the Potentiometers (detail of working principle is explained 

in section 1.2.1) or Linear Variable Differential Transformers (LVDT) sensors (detail 

of working principle is explained in section 1.2.2). However, a non-contact type 

sensing mechanism is preferred as it does not disturb the End-fitting and gives a better 

result. 

 Some of the other industrial applications where the position measurement and 

alignment monitoring is needed are: steam turbine position and alignment, hinge 
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position and alignment, bore position and alignment, guide rail alignment, periscope 

alignment, antenna alignment, propeller shaft alignment etc. 

1.2 DIFFERENT TYPES OF POSITION AND ALIGNMENT MONITORING 

SENSORS WITH THEIR COMPARISON 

 For measuring the position and alignment, a number of techniques have been 

developed to make these measurements. However, many of them result in 

inaccuracies so high that proper operation of the equipment involved is compromised 

or seriously endangered. The sensing techniques used for measurement can be 

classified as contact and non-contact types [5-7]. As the name indicates, contact type 

sensors measure the position of a target by directly contacting it. Different types of 

contact and non-contact type position sensors are described below. 

1.2.1 Potentiometer or Variable Resistance Position Sensors 

 The potentiometer is the electrical sensor, which works on the principle of 

change of resistance of the wire with its length.  As the resistance of wire is directly 

proportional to the length of wire, therefore variation in resistance of wire gives the 

variation in length. The typical potentiometer is shown in the Figure 1.4. The point C 

is the slider, which is connected to the target whose position is to be measured. Here, 

the voltage Vs is applied across the two points of the wire A and B. As the length of 

wire AC changes, the voltage Vo also changes. 
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Figure 1.4: Schematic of working principle of potentiometer 

 

The Position change can be easily determined by measuring the voltage Vo between 

points A and C. These sensors are cheap and highly efficient. However, major 

disadvantage is that there is wear and tear due to the movement of slider thus reducing 

their life [6, 7]. 

The sensitivity of potentiometer depends upon the smallest change in potential 

that can be measured in response to the displacement. This can be done by increasing 

the length of the potentiometer wire or by decreasing the current in the wire (when the 

length of wire is fixed). The resolution is of the order of 0.1 mm. However, 

potentiometer technique being a contact type measurement, it may not be suitable in 

all applications. 

1.2.2 Linear Variable Differential Transformer 

 Linear Variable Differential Transformers (LVDT‟s) are the common type of 

electro-mechanical transducers that convert rectilinear motion of target to which they 

are coupled mechanically into the electrical signal. It consists of primary winding 

centered between pair of identically wound secondary windings. A rod shaped 
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magnetic core is placed centrally inside the coil assembly that provides the medium 

for linking the magnetic flux across the primary and secondary windings. 

 The LVDT's primary winding P is energized by a constant amplitude AC 

source. The core to the adjacent secondary windings S1 and S2 couples the magnetic 

flux developed due to the primary winding. If the core is located midway between S1 

and S2, equal flux is coupled to each secondary. So, the voltages E1 and E2 induced in 

windings S1 and S2 respectively are equal. At this reference midway core position, 

known as the null point, the differential voltage output (E1 - E2) is essentially zero. As 

shown in Figure 1.5, if the core is moved closer to S1 than to S2, more flux is coupled 

to S1 and less to S2.So, the induced voltage E1 is increased while E2 is decreased, 

resulting in the differential voltage (E1 - E2). Conversely, if the core is moved closer 

to S2, more flux is coupled to S2 and less to S1 resulting in the differential voltage (E2 - 

E1) [6, 7]. 

 

Figure 1.5: Working principle of LVDT 

 

Demerits of the contact type sensors are: they cannot be used for delicate 

target surfaces, components having high temperature and with the radioactive targets. 
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Moreover, these sensors need to be installed before the commissioning of the 

machinery. Therefore, to avoid such problems non-contact sensors are preferred. 

 Among the non-contact sensors, different types of sensors are available for 

position measurement based on capacitive, electromagnetic, ultrasonic and optical 

techniques as shown in Figure 1.6 [5, 6].  

 

Figure 1.6: Non-contact Position Measurement Techniques 

 

1.2.3 Capacitive Sensors 

 The capacitive sensors are non-contact sensors that work by measuring 

changes in capacitance. In typical capacitive sensing applications, the sensor is one of 

the conductive objects and the target whose position is to be measured is the other. 

The sizes of the sensor and the target are assumed to be constant as is the material 
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between them. Therefore, any change in capacitance is a result of a change in the 

distance between the probe and the target. The capacitance C is given as: 

𝐶 =
𝐷𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 × 𝐴𝑟𝑒𝑎

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
                                        (1.1) 

Thus, capacitance increases when the distance decreases from which information 

about change in position is inferred. Although the sensitivity of the capacitive sensors 

is high, they are highly dependent on the surrounding parameters such as temperature, 

dirt, moisture etc [6].  

1.2.4 Inductive Sensors 

 An inductive sensor is non-contact sensor that detects the metallic targets 

approaching the sensor. Their operating principle is based on a coil and oscillator that 

creates an electromagnetic field in the close surroundings of the sensing surface. The 

main components used in these are coil, oscillators, detectors and output circuit. The 

presence of a metallic object in the operating area causes a dampening of the 

oscillation amplitude. A threshold circuit that changes the output of the sensor 

identifies the rise or fall of such oscillation. The operating distance of the sensor 

depends on the actuator's shape and size and is strictly linked to the nature of the 

material. These sensors are accurate, have high switching rate and can work in harsh 

environments but have limited operating range and can detect only metallic targets 

[6]. 

1.2.5 Ultrasonic Sensors 

 Ultrasonic generally refers to a high pitch sound that is inaudible to humans 

having frequency greater than 20 kHz. Ultrasonic sensors measure the distance by 

using ultrasonic waves. The sensor head emits an ultrasonic wave and receives the 
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wave reflected back from the target. They measure the distance to the target by 

measuring the time elapsed between the emission and reception. So, detection in these 

sensors is unaffected by the target material and surface properties. Of course, since 

rough surfaces reflect the acoustic energy in multiple directions (diffuse); this can 

decrease the detection range of the sensor. 

1.2.6 Optical Sensors 

 An optical sensor converts the modulation in light rays into electronic signal. 

Optical Sensors are used for non-contact detection, counting or positioning of 

mechanical parts. Optical position sensors can be classified into optical fiber sensors, 

interferometers, time of flight sensors, confocal sensors and triangulation sensors. 

These types of sensors provide a “positional” feedback. One method of determining a 

position is to use either “distance”, which could be the distance between two points 

such as the distance travelled or moved away from some fixed point, or by “rotation” 

(angular movement). Details of different optical techniques used for position sensing 

and alignment monitoring are discussed in Chapter 2. Table 1.1 gives different non-

contact position measurement techniques. 

Table 1.1: Different non-contact position sensing technologies 

Technology Sensing Range  Applications  Target Materials 

to be aligned 

Inductive 4-40 mm Any close-range detection 

for ferrous materials 

Iron, steel 

Capacitive 3-60 mm Close range detection of 

non-ferrous materials 

Liquid, wood, 

plastic, glass etc. 

Optical/Laser 

based 

10 μm – 100 m Long range, small range, 

high resolution 

Any kind of 

targets, silicon, 
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paper, metals 

Ultrasonics 2 cm – 10 m  Long range detection of 

targets with complex 

surface properties 

Glass, 

liquid, metal 

 

1.3 WHY DO WE NEED OPTICAL OR LASER BASED SENSORS? 

From Table 1.1, one can observe that optical/ laser based sensors can be 

directly used as the measurement tool as they have maximum sensing range, high 

resolution and are suitable in hazardous/EMI affected environments. During the 

measurement, it is important that the measurement taken is both accurate and precise. 

Accuracy represents how close the measurement is to its true value whereas precision 

represents how close the series of measurements of the same parameter are to each 

other. Laser- based instruments are both accurate and precise. Lasers combining with 

optical fibers form a new sensing mechanism known as optical fiber sensors.  Optical 

fibers can be used for transmitting the information of the measured parameters sensed 

or can be directly used as the sensors. Optical fiber sensors have received 

considerable research efforts due to its potential sensitivity, detection speed and 

abilities to be used in hazardous environments. Other advantages of optical fiber 

sensors are compactness, low cost fabrication process and the compatibility with other 

optical components. Thus, the application of these sensors for position monitoring and 

alignment purpose is most suitable.  

 In laser-based sensors, as light travels in straight line, it can produce precise 

measurements that cannot be achieved by manual or mechanical methods. Level lines 

can be established over large distances so accurately that every point is exactly 
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perpendicular to the line of gravity. Right angles using them can be produced quickly 

and precisely with auxiliary components as mirrors and prisms. Moreover, the 

presence of electronic detector for various wavelengths have increased the 

applications of laser based instruments in the different types of applications. Not only 

the direct laser light but also the reflected and backscattered light from any target 

surfaces can be used for measurement [9]. The backscattered light from the target 

surface is spread over a large solid angle and so, a lens is used for focusing it on a 

detector. Thus, angular variation of the intensity or noise is averaged out. 

1.4 THESIS OUTLINE 

The thesis consists of following parts 

Chapter 1 gives the introduction to the thesis, provides the requirement and challenges 

of position measurement and alignment in machines. Some of the industrial position 

and alignment problems such as shaft alignment, airframe assembly alignment, and 

fueling channel alignment of PHWR are described. Brief introduction of contact and 

non-contact techniques for position measurement along with the need of optical 

techniques for measurement is presented. 

Chapter 2 gives the literature survey and comparative assessment of different optical 

techniques for position and alignment monitoring. The working principle of intensity 

based fiber optic sensors; time of flight, interferometers, confocal based sensors and 

laser triangulation sensors is described along with their working range and 

applications in different fields. 

Chapter 3 describes the axial position measurement of the target using single optical 

fiber and lens. The system comprises of an optical fiber coupler and lens which 
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together acts as a single probe for simultaneously transmitting and receiving signal for 

position change measurement. 

Chapter 4 gives a design and performance study of a laser triangulation based 

compact position sensor for long standoff distance (~1000 mm) using beam folding 

technique. The system is designed for the back scattered diffused light collection. The 

given sensor was tested for the different target roughness samples and the output was 

found to be independent of it. The effect of temperature on the output of developed 

sensor was also studied and the error in measurement was found to be within the 

sensor resolution. 

Chapter 5 gives the design and development of modified laser triangulation sensor. 

Here instead of directly using the detector, the light is transmitted through the linear 

optical array. The change in position of the image spot through the fiber array helps in 

determining the position change of the target. Thus, the given sensor system can be 

used for remote position measurement. 

Chapter 6 gives the mathematical model and experiment results for the measurement 

of the position of circular target in a two-dimensional plane using the in-house 

developed two linear fiber array based laser triangulation sensor. 

Chapter 7 describes the sensing principle of fiber optic transmission based position 

sensing in a two-dimensional plane by using the light coupling between the single 

fiber and linear fiber array. This technique directly measures the two-dimensional 

position change by sensing change of centroid and intensity distribution of image at 

CCD camera.  

Chapter 8 gives the conclusion and future scope for the thesis. 
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CHAPTER 2: LITERATURE SURVEY 

 With the advancement of lasers, optical fibers and optoelectronics in recent 

years, various types of optical and laser-based sensors have been developed for 

position measurement and alignment monitoring. Being non-contact in nature, these 

sensors have gained importance in various industries like automobiles, military, 

nuclear, power etc [5, 6, 8, 9]. For position measurement and alignment monitoring 

from a distance different kinds of optical sensors are available such as intensity based 

optical fiber sensors, interferometers, time of flight sensors, confocal based sensors 

and laser triangulation sensors [8, 9]. This chapter gives the comprehensive study of 

above-mentioned techniques for the position measurement, mathematics and physics 

behind their working, their range of operation and the factors causing the uncertainty 

in measurement in these techniques. 

2.1 INTENSITY BASED OPTICAL FIBER SENSORS 

 An optical fiber is a light waveguide that takes the form of a long cylindrical 

structure consisting of three layers viz. core, the cladding and the protective jacket. 

Both the core and cladding are made from either glass or plastic and the external 

jacket provides protection against the physical damage. The optical fibers can be of 

single mode (core diameter up to 10 µm) or multimode (core diameter from 50 µm to 

1000 µm) [10-14]. The capability of fibers for collecting or receiving the light is 

governed by the Numerical Aperture (NA) that is defined as the sine of angle of 

acceptance or emission cone. 

𝑁𝐴 =  sin 𝜃 =   (𝑛1
2 − 𝑛2

2)                                        (2.1) 
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Where, n1 is refractive index of core and n2 is refractive index of cladding and (n1 > 

n2). 

 Depending on the physical dimensions of the core/cladding, refractive index 

and wavelength, anything from one to thousands of modes can be supported within a 

single optical fiber. The two most commonly manufactured variants of optical fibers 

are single mode fiber (which supports a single guided mode) and multimode fiber 

(which supports a large number of guided modes). In multimode fibers, the spatial 

profile of light exiting the fiber core depends on the launch conditions, which 

determine the distribution of power among the spatial modes. In these fibers lower-

order modes tend to confine light spatially in the core of the fiber; higher-order 

modes, on the other hand, tend to confine light spatially near the core/cladding 

interface. 

 The number of modes propagating through the fiber is governed by the V-

number. V-number is a dimensionless quantity is proportional to the free space optical 

frequency but is normalized to guiding properties of an optical fiber. 

The V-number is defined as: 

𝑉 =  
2𝜋(

𝑑

2
)

𝜆
 ×  𝑁𝐴 

Where, V is the normalized frequency (V-number), d/2 is the fiber core radius, and λ 

is the free space wavelength. 

If V-number is less than 2.405 then the fiber is single mode but if V is greater than 

2.405 then fiber is multimode. 

V number is also related with the number of modes is the fiber as: 

For step index fiber no. of modes N = V
2
/ 2. 
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For Number of modes graded index fiber is N = V
2
/ 4. 

 For a multimode fiber, which accepts light over a wide NA, the condition of 

the light (e.g., source type, beam diameter, NA) coupled into the fiber, can have a 

significant effect on performance. An under-filled launch condition occurs when the 

beam diameter and NA of light at the coupling interface are smaller than the core 

diameter and NA of the fiber. Under-filled launches tend to concentrate light spatially 

in the center of the fiber, filling lower-order modes preferentially over higher-order 

modes. As a result, they are less sensitive to macro-bend losses and do not have 

cladding modes. The measured insertion loss for an under-filled launch tends to be 

lower than typical, with a higher power density in the core of the fiber. 

 Overfilled launches are defined by situations where the beam diameter and 

NA at the coupling interface are larger than the core diameter and NA of the fiber. An 

overfilled launch completely exposes the fiber core and some of the cladding to light, 

enabling the filling of lower and higher-order modes equally. This increased 

percentage of higher-order modes means that overfilled fibers are more sensitive to 

bending loss. The measured insertion loss for an overfilled launch tends to be higher 

than typical, but results in an overall higher output power compared to an under-filled 

fiber launch.  

 A larger acceptance angle of the fiber simplifies the launching of light, e.g. 

from a semi-conductor source. In addition, a high NA reduces the losses associated 

with fiber bending. Due to the effects of bending, the propagation direction of each 

individual ray is changed relative to the axis of the fiber. In the case of multi-mode 

fibers, a part of the rays is always extracted because the rays exceed the angle of total 

reflection at the interface between core and cladding. For fibers with a large NA, the 
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effect of a change in angle for a certain amount of bending is not so significant so that 

the bending losses diminish. 

The choice of a type of a light source for a certain optical fiber sensor 

application is very much dependent on the stability of the source and the power loss 

that occurs through the coupling of the light to the fiber. Light Emitting Diodes 

(LED's incoherent light sources) and laser sources (coherent light sources) are widely 

used based on the type of application required [10]. 

The intensity-based optical fiber sensors are the earliest and most widely used 

technology to date because of its low cost, easy installation and high sensitivity. The 

sensors that directly transform the measurands to the variation of light intensity on the 

receiving fiber are intensity-based optical fiber sensors. They can be classified as 

intrinsic or extrinsic type sensors [15]. In the intrinsic sensor, the measurand 

modulates the transmission properties of the sensing fiber whereas in extrinsic sensors 

modulation takes place outside the fiber. Extrinsic intensity-based optical fiber 

sensors generally have two configurations: transmission and reflective based sensors. 

In the transmission-based sensors, two fibers face each other at a certain distance 

while in the reflection-based sensors; one or more fiber transmits the light to a 

reflecting target while the other collects the light reflected from the target based on 

different configurations. In both the above-mentioned sensing techniques, optical 

fibers connected with the light source and detector is known as transmitting and 

receiving fiber respectively. Intensity based optical fiber sensors are widely employed 

for the measurement of deflection [16], pressure [17], liquid refractive index [18] and 

vibration [19-21] etc. They inherit two primary advantages; which include accurate 

and non-contact sensing and flexibility in incorporating the optical sensors into 

compact and composite structures without affecting the process. As the thesis is 
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concentrated on position sensing applications, the detailed mathematical descriptions 

of transmission and reflection type intensity-based position sensors are described in 

following sections. 

2.1.1 Transmission Type Optical Fiber Position Sensors 

 In general, most of the transmission or coupling based optical fiber position 

sensors utilize the single fiber-to-fiber light coupling, where the light is transmitted 

from one optical fiber to other with a known gap between them and output of 

receiving fiber is coupled to the detector [19-22]. This position is considered as the 

reference position where the maximum intensity is achieved at the detector.  As the 

position of receiving fiber changes (laterally or axially), the variation of intensity at 

the detector takes place which is finally interpreted to infer the position change along 

one-dimension. 

The optical fiber position sensor structure is shown in Figure 2.1. In this case 

geometrical model is considered, the light emitted from the fiber core is assumed to 

be circular. Let Pe be the optical power of light emitted from the transmitting fiber 

and Pr is the optical power received by the receiving fiber. Considering that the fibers 

have the same diameter d having θ as the emission angle related to the half-light cone 

and the distance between both fiber be x. The collected light depends on the optical 

power at the tip of receiving fiber that in turn depends on the distance between both 

fiber tips x and on the NA of transmitting and receiving fiber.  
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Figure 2.1: Schematic of the optical sensor arranged in transmission mode 

 

 Let ω is the radius of the circular cross section corresponding to the light cone 

at the receiving fiber. Then,   

𝜔 = (𝑎 +  𝑥) × tan𝜃                                              (2.2) 

𝜔 = (𝑎 +  𝑥) × tan(sin−1(𝑁𝐴))                                  (2.3) 

 Considering that the illumination I is constant over the entire surface of the 

receiving fiber, the power collected by the receiving fiber can be obtained by 

multiplying the corresponding illuminated area S of receiving fiber and the 

illumination value evaluated at the fiber tip. So, 

𝑃𝑟 𝑥 =  𝑆 × 𝐼 𝑥                                              (2.4) 

Where, 𝑆 =  𝜋  
𝑑

2
 

2

. Therefore, 

𝑃𝑟 𝑥 = 𝜋  
𝑑

2
 

2

×
𝑃𝑒
𝜋𝜔2

                                        (2.5) 

𝑃𝑟 𝑥 =  
 
𝑑

2
 

2

× 𝑃𝑒

  𝑎 +  𝑥 × tan𝜃 
2                                  (2.6) 
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As in Figure 2.1, 

𝑎 =  
 
𝑑

2
 

tan 𝜃
                                                 (2.7) 

From Eq.(2.6),when x=0, received power is equal to transmitted power. 

The sensitivity of the sensor with the change in position is given by, 

𝑑𝑃𝑟
𝑑𝑥

=  
2  

𝑑

2
 

2

× 𝑃𝑒

(tan𝜃)2 × (𝑎 +  𝑥)3
                                   (2.8) 

The above Eq. (2.6) is applied to study a sensor in transmission structure 

composed of two fibers with core diameter d = 1 mm and NA = 0.5 mm. Figure 2.2 

gives the simulated result of normalized output (the ratio between the received power 

and the input power) vs. axial position change. 

 

Figure 2.2: Normalized output vs. the axial position change (mm) 



 

38 

 

 

 From Eq. (2.8), position sensitivity is inversely proportional to the cube of 

distance between the fibers and directly proportional to the square of diameter of 

fiber. Therefore, transmitting and receiving fiber should be placed as close as possible 

and cross-sectional diameter of the fibers should be more. From the Eq. (2.6), we 

conclude that when the fiber tips are in contact, the received power is equal to the 

transmitted power. Otherwise, when there is a gap between the fiber tips, the ratio Pr 

/Pe (normalized output power) decreases as the inverse of the square of the distance. 

The relationship between the distance and the optical power collected by the receiving 

fiber helps in determining the axial position. Being intensity dependent, the light 

source used in the given sensing mechanisms should be stable. 

 Different researchers have modified these kinds of sensing systems to enhance 

the sensitivity of these sensors. As the light source intensity variation affects the 

output; Libo et al [23] have used the compensation mechanism based on light 

intensity distribution coming from the output fiber and the twin receiving fiber does 

the compensation. This is done by finding the ratio of the output of pair of detecting 

fiber that is independent of light source intensity and losses in optical fibers. 

 Jason et al [24, 25] have proposed a different intensity based sensor concept to 

determine the lateral position measurement by the by the use of light intensity 

coupling between single fiber to linear fiber array with CCD camera as a readout. 

They have simulated the system and experimentally demonstrated the lateral position 

change of transmitting fiber by calculating the centroid of the image spot received at 

the CCD camera.  

 Abdullah et al [26] also used the lateral displacement measurement by the 

light coupling between two optical fibers. They demonstrated the lateral sensing with 
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different diameter of optical fibers and the output profile for all the fibers was 

Gaussian.  The separate measurement of lateral and axial measurement was done and 

it was found that sensitivity of lateral sensor is seven times higher corresponding to a 

core diameter and has three times better performance than the conventional axial type 

displacement sensor. 

2.1.2 Reflective Configuration based Optical Fiber Position Sensors 

 The reflective configuration based fiber optic sensors is one of the most 

widely used intensity modulated sensors and are used as displacement sensors, 

vibration sensors, proximity sensors in robotics and automation control, pressure 

sensor etc. The basic configuration of these kinds of sensors has two parallel fibers 

and a reflecting target [27-29]. A light source is connected to the one fiber called as 

transmitting fiber and the receiving fiber coupled with detector collects the reflected 

light from the target. Single-fiber sensors are arranged in an anti-parallel geometry as 

shown in Figure 2.3. 

 

Figure 2.3: Basic Configuration of reflective configuration based fiber optic sensor 
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 Considering that, both the fibers are circular having cross-section of area S and 

diameter d and there is no space left between both fibers as shown in Figure 2.3.  The 

light leaving the transmitting fiber (Tx) is represented by perfectly symmetrical cone 

with the divergence angle θ and vertex O located at a distance a inside the 

transmitting fiber. Co-ordinates of point Q' i.e. the reflected image of receiving fiber 

(Rx) is given as (X= a + 2x, Y= d). Considering the geometrical approach, with the 

assumption is considered that intensity of light remains constant inside the cone 

throughout the x-axis and the intensity of light remains zero outside the cone.  

For x > 𝑎 

Intensity of light inside the cone is given as: 

𝐼 𝑥 =  
𝑃𝑒
𝜋𝜔2

                                                       (2.9) 

Intensity outside the cone: 

𝐼 𝑥 = 0                                                        (2.10) 

Where, Pe is the light transmitted by transmitting fiber, ω is the radius of circular 

cross-section of the cone of current co-ordinate x. So, 

𝜔 =  𝑎 + 2𝑥 × 𝑡𝑎𝑛 θ = (𝑎 + 2𝑥) ×
 

d

2
 

𝑎
                     (2.11) 

For 𝑥 <  𝑎, no overlap of reflected cone and receiving fiber core is observed. Hence, 

total received light intensity at the detector is zero. This range is called as blind 

region. 

For 𝑥 >  𝑎, two conditions arise: 
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(a) Partial overlap condition of light at receiving fiber 

This condition arises when during the position change; the reflected light intensity 

covers the part of the receiving fiber.  This condition is shown in Figure 2.4 (a). Here 

Q’P = d/2 i.e. radius of image of receiving fiber. OP = ω, i.e. the radius of light cone 

at the face of image of receiving fiber. 

 

Figure 2.4: (a) Partial overlap (b) Complete Overlap 

 

Calculation of overlap area: 

„S‟ is divided into 2 regimes of S1 and S2. For overall consideration, 

𝑆 =  2(𝑆1 +  𝑆2)                                                  (2.12) 

Where, S1: Semi-area of segment of circle ‘ω’ and angle α1, S2: Semi-area of segment 

of circle „d/2’ and angle α2. 

Both the areas can be calculated by applying the concept of area of sector and area of 

triangle. 
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S1 = Area of circular sector (ω, α1) – Area of triangle 

   𝑆1 =  
1

2
𝛼1𝜔

2 −
1

2
𝑥𝑎𝑦𝑎                                                    (2.13) 

S2 = Area of circular sector (d/2, α2) + Area of triangle 

𝑆2 =  
1

2
𝛼2  

d

2
 

2

−
1

2
𝑥𝑎(𝑦𝑎 − 2  

d

2
 )                                         (2.14) 

Where, P is the point of intersection of two circles having coordinates (𝑥𝑎 ,𝑦𝑎 ). 

𝑥𝑎 =  𝜔 sin 𝛼1 =  
d

2
 sin 𝛼2 =   𝜔2 − 𝑦𝑎2                              (2.15) 

𝑦𝑎 =  
1

4  
d

2
 
 𝜔2 + 3  

d

2
                                               (2.16) 

The ya equation is achieved by applying the distance formula in above Figure 2.4. 

Now substituting the values of S1 and S2 in S = 2 (S1 + S2) we get, 

𝑆 =  𝛼1𝜔
2 +   

d

2
 

2

 𝛼2 −
𝑥𝑎

 
d

2
 
 − 𝑥𝑎  

d

2
                           (2.17) 

Eliminating xa in the above equation, we get, 

𝑆 =  𝛼1𝜔
2 +   

d

2
 

2

 𝛼2 − sin𝛼2 − 𝜔  
d

2
 sin 𝛼1                  (2.18) 

The optical power 𝑃 𝑥  collected by the receiving fiber is now obtained by 

multiplying the illuminated area in 𝑆 by the light irradiance 𝐼 𝑥 . 

𝑃 𝑥 =   𝐼 𝑥 𝑑𝑠                                              (2.19) 
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𝑃 𝑥 =  
𝑃𝑒
𝜋𝜔2

. 𝑆                                                   (2.20) 

(b)Complete overlap condition 

For x ≥ a; considering Figure 2.4 (b) 

𝑃 𝑥 = 𝑃𝑒
 

d

2
 

2

𝜔2
                                                       (2.21) 

 An intensity-based sensor will have a response similar to the one shown in 

Figure 2.5 [9]. When the reflective target is very close to the transmitting fiber, no 

light is coupled to the receiving fiber. As the distance x increases, the reflective light 

from the target starts coupling to the receiving fiber and the power starts increasing. 

After complete overlap of light cone at the receiving fiber, the power starts decreasing 

as x increases, the increase of effective collecting area S, at receiving fiber tip 

increases thus decreasing the surface irradiance. 

 

Figure 2.5: Output response of reflective configuration based fiber optic sensors 
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The signal response of Figure 2.5 presents two opportunities for distance 

sensing, namely, the near and the far sides of the peak, designated, as the “front 

slope” and the “back slope” respectively.  The front slope usually exhibits higher 

sensitivity and lower dynamic range than the back slope. In order to use the sensor for 

measuring the absolute position to an object, the response curve must be known in 

advance; i.e., a calibration curve such as Figure 2.5 must first be obtained by using the 

specific object itself. Although different objects may exhibit calibration curves of 

similar shape, the signal amplitude at a certain distance is object dependent i.e. 

absolute reflectance and the diffusivity of the specific object. 

 Faria et al [27] has given the detailed analysis of geometrical and Gaussian 

beam approach for bifurcated fiber based position sensors. These sensors may use 

either single fibers or fiber bundles for illumination and detection. If an optical fiber 

bundle is used, then the transmitting and receiving fibers may be arranged in 

numerous ways as hemi-circular, concentric, or random [27-34]. The distance that 

yields the peak intensity, depends on the fiber diameters, numerical apertures (NAs) 

and the distance between both fibers and the geometrical distribution of illumination 

and detection fibers.  

Different researchers have modified the given configuration by varying the 

distance between the fibers, or by varying the core diameters of the transmitting and 

receiving fibers, or by varying the reflective target surfaces etc. Based on the 

applications one can select the type of the configurations needed for the 

measurements. Comparison among these is given in Table 2.1. 
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Table 2.1: Sensitivities and linear range of different configuration. 

Sensor Probe 

Configuration 

Reflective 

targets 

Sensitivity Linear 

range 

Ref 

50:50 coupler based 

fiber optic 

displacement sensors 

Mirror 0.0001 mV/µm 1500 µm Yasin et 

al[29] 

50:50 coupler based 

fiber optic 

displacement sensors 

Aluminium 1.7 mV/µm 1500 µm Yang et al 

[35] 

Two symmetric 

parallel fiber optic 

displacement sensors 

Mirror 1.9890 mV/µm 0.294mm Lim et al 

[45] 

Two asymmetric 

parallel fiber optic 

displacement sensors 

Mirror 1.7615 mV/µm 0.580mm Rahman et 

al [46] 

One SMF, One MMF 

based fiber optic 

displacement sensors 

Mirror 1.04m/W 240 µm Golnabi et 

al [28] 

Three Fibers: 1 

transmitting, 2 

receiving, based fiber 

optic displacement 

sensors 

Mirror 0.06 mV/mm 900 µm Harun et al 

[47] 

Two symmetric 

inclined fiber optic 

displacement sensors 

Mirror 10.5mV/ µm 800 µm 

 

Sakamoto 

et al [34] 

Two asymmetric 

inclined fiber optic 

displacement sensors 

Mirror 0.726mV/ µm 1000 µm Buchade et 

al [36] 
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Different parameters of the optical fiber used for the development of sensor 

affect the range and sensitivity of the sensor [29]. Table 2.2gives the parameters 

affecting the range and sensitivity on sensor. 

Table 2.2:  Effect of range and sensitivity on the optical fiber parameters 

Parameters  Sensitivity Linear Range 

 

Transmitting 

Fiber 

Diameter No effect No effect 

Numerical Aperture 

(NA) 

NA increases, 

Sensitivity 

increases 

NA increases, 

Linear Range 

Decreases 

 

Receiving 

Fiber 

Diameter Diameter 

Increases, 

Sensitivity 

Increases. 

Diameter 

Increases, Linear 

range decreases. 

Position of Receiving 

fiber w.r.t. transmitting 

fiber 

Increases Decreases 

 

Other literatures [30-36] have reported that the performances of fiber optic 

displacement sensors can be improved by using different kinds of fiber bundle 

structures and different inclination angles. The relationship between the blind region 

and peak position, inclination angle and gap spacing between the transmitting core 

and receiving core have also been investigated and reported in literatures [36-47].  

Some studies as discussed above are concentrated on the high resolution while 

others are oriented towards the long dynamic range. Based on the requirement user 

selects the type of the configuration needed, for measurement. Although easy and 

simple in operation, there are some disadvantages of these sensors, such as: pre-

calibration for all target objects is necessary, since the distance is derived from the 
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measured signal intensity and any change in the signal intensity will be interpreted as 

a distance change. Thus, illumination intensity variations, optical connection losses, 

variations of the target reflectivity, dust, dirt, etc. will be interpreted by default as a 

distance or position changes. 

2.2  TIME OF FLIGHT SENSORS (LASER RANGE-FINDER) 

 The Time-of-Flight sensor works on the principle of measuring the time 

interval between the emission of a signal and its return to the detector after being 

reflected by an object. The signal travels at constant velocity that allows the 

calculation of the distance [8]. Light is preferred over sound because it travels in 

straight line at high speed. The speed of light in vacuum (co) is the universal constant 

3⨯ 10
8
ms

-1
[48]. In a medium, light propagates at the lower speed (v) due to the high 

refractive index of the medium (n) as compared to the speed in vacuum (co).  Let D is 

the distance between the target and the start point, and td is the time taken by light for 

the round trip as measured by the detector, then  

𝐷 =  
𝑐𝑜
2𝑛

× 𝑡𝑑                                                 (2.22) 

The uncertainty δD in the measured distance is primarily due to the uncertainty δtd of 

the measured time t and is given as: 

𝛿𝐷 =  
𝑐𝑜
2𝑛

× δ𝑡𝑑                                              (2.23) 

This uncertainty in distance generally takes place due to the time jitter in the 

photodetectors, variations in rise times, and electrical noise in the pulses.  

 Most of the laser-based time-of-flight sensors operate by transmitting a 

nanosecond duration light pulse to the targets. These sensors require complex 
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electronics for the detectors since measured distance is related to time delay that is of 

the order of nanoseconds. For example, total flight time of light from a target at 1 m 

away is about 6.7 ns. Figure 2.6 shows the schematic of working principle of time of 

fight sensor. 

 

 

Figure 2.6: Schematic of time of flight measurement 

 

 An alternative approach to the pulse illumination is to use amplitude 

modulated continuous light. In this case, a phase shift (Δφ) in the modulation signal is 

measured between the launched and the returned light, and the time-of-flight is 

determined by dividing the phase shift by the modulation frequency (fm). The time of 

flight is given by: 

𝑡𝑑 =  
𝛥𝜑

2𝜋𝑓𝑚
                                                          (2.24) 
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 The uncertainty δtd in the measured time is primarily due to the uncertainty 

δ𝛥𝜑 of measured phase difference between emitted and received waves and is given 

as: 

𝛿𝑡𝑑 =  
𝛿𝛥𝜑

2𝜋𝑓𝑚
                                                          (2.25) 

 The true phase shift is the measured residual phase shift with an integral 

number of full cycles (2π phase shifts). This ambiguity can be eliminated by 

measuring the true phase shift at an additional non-harmonic frequency. This 

approach is most practical for measuring distances in the intermediate region from a 

few meters up to 50 m (times of flight a few times larger than typical short pulses), 

but more difficult for distances shorter than 1 m, as the required modulation rate 

approaches the gigahertz range [4, 9]. 

 Time-of-flight sensing is used for many civilian applications of range sensing, 

such as mapping and surveying. In these applications, resolution and accuracy 

generally depend on the accuracy of the electronics. The applicable maximum range 

distance will depend on the laser power, the detector sensitivity, the reflectivity and 

visibility of the target object, and the signal/noise ratio consequently obtained. A 

comparison table for different commercially available time of flight sensors is given 

in Table 2.3. 
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Table 2.3: Comparison between different readily available time-of-flight sensors 

Name  Modulation Meas. Range Accuracy Meas. Time 

Laser Tech. 

Impulse 100LR 

Pulse 0-575 m 3 cm @ 50 m, 

white target 

0.3 - 0.7 s 

Riegl FG21-HA Pulse 2-600 m ± 5 cm 0.1-1 s 

Riegl LD90-

3100VHS-FLP 

Pulse 2-200 m ± 2.5 cm 0.5 ms 

Laser Optronix 

LDM500 MIL 

Pulse 0-999 m ± 1 m  

Lecia DISTO pro Sine wave 0.3-100 m  ± 3 mm   0.5 - 4 s 

Laser Optronix PH 

30  

Sine wave 0-30 m ± 5 mm  

 

2.3  LASER INTERFEROMETERS 

 There exist many and varied reports in the literature of interferometric 

techniques for position and displacement measurements. General concept of 

interferometer is that a laser beam passes through a beam splitter and splits single 

beam into two beams (I1 and I2) as shown in Figure 2.7. 
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Figure 2.7: Schematic of Michelson Interferometer 

 

 Let, I1 is the intensity of the reference beam (from the reference mirror), and I2 

is the intensity of the beam from the target. One beam passes straight while other is 

reflected at 90˚, each beam then travels around the arm of interferometer and at the 

end of each arm a mirror reflects back the beam to the beam splitter where the two 

beams merge back to the single beam. On merging, the two beams interfere leading to 

the formation of bright and dark fringes. 

𝐼 =  𝐼1 + 𝐼2 + 2 𝐼1𝐼2 cos
4𝜋(𝑑 − 𝑥)

𝜆
                             (2.26) 

Eq. (2.26) assumes that the light is spatially and temporally coherent and that the 

interfering beams have not acquired a net phase shift due to reflections. Assuming for 
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the sake of simplicity I1 = I2, Eq. (2.26) shows that the combined intensity I varies 

from 0 to 4I1 depending on the value of d-x.  

If (d-x) = nλ/2 (n = 0,1,2...), a constructive interference occurs and the combined 

intensity is 4I1.  

For (d-x) = (n+1/2) λ/2, a destructive interference occurs and I = 0.  

Suppose that the location x of the reference mirror is such that the photodetector 

registers a maximum when the target is at location d. If the target now moves either 

away or towards the beam splitter, the photodetector will register a minimum and a 

maximum each time the target moves through a point that is (n+1/2)λ/2 and nλ/2, 

respectively away from the starting point. When both the mirrors are parallel and are 

at equal distance, the circular fringes are formed. If the reference mirror is inclined at 

a particular angle then shape of the fringes becomes linear. These spatial fringes are 

converted into temporal form using photodetectors. As the target mirror is moved, the 

fringe is shifted at the detector.  

Calculation for displacement using interferometer is represented as: 

𝐷 = 𝑁 ×
𝜆

2
                                                            (2.27) 

Where, N is no. of fringes, λ is the wavelength of light used; D is the displacement of 

target. 

 As open-air setup requires much more space, and alignment of components 

takes much more time, researchers have moved towards the fiber optic 

interferometers. The advantages of fiber optic sensors include insensitivity to 

electrical and magnetic noise (due to optical coupling), safe operation in explosive, 
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high-temperature; hazardous environments and high sensitivity. With inherent 

electrical isolation and immunity to electromagnetic interference, fiber-optic sensors 

(FOS) offer position measurements in highly localized parts of machinery. In these 

sensors, mechanical loading and wear problems do not exist because fiber optic 

position sensors have stationary sensor heads hence enabling position monitoring 

using compact and portable packages [49-50]. Various kinds of Interferometers used 

in fiber-optic sensing configuration are Mach-Zehnder, Michelson, Sagnac, and 

Fabry-Perot (FP) Interferometers [15]. In the Mach-Zehnder, Michelson and Sagnac 

Interferometers, light is divided into two arms, one reference and another measuring 

arm. Light from the measuring arm is back reflected from the vibrating object and 

then interferes with signal from the reference arm. This gives a modulated wave with 

interference fringes. 

In a fiber based Fabry-Perot Interferometer, both sensing and reference signal 

travel in the same fiber. This reduces the number of optical components as well as the 

cost unlike other fiber optic interferometers. Other advantages of Fiber based Fabry 

Perot Interferometer includes better sensitivity, frequency bandwidth and precision. 

Interference in Fabry-Perot Interferometer can be modeled as multiple beam 

interference model or two beam interference model. 

2.3.1 Multiple Beam Interference Model 

 In Fabry-Perot Interferometer, a cavity is formed between the fiber tip and an 

external reflector resulting in a transmitted and a reflected interference pattern [51]. 

This is shown in Figure 2.8. 
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Figure 2.8:  Multiple reflections in Fabry-Perot cavity 

 

If light is incident at the fiber tip with an intensity of Io and an angle of  𝛼  with the 

normal plane of the reflecting surface of fiber tip, then a phase difference is 

introduced due to path difference between the reflected light from the fiber tip and 

reflecting surface. The optical phase difference introduced due to this one round trip 

in the air cavity in-between is given by φ. 

φ =
4𝜋𝑛𝑥 cos𝛼

𝜆
                                          (2.28) 

Where λ is the wavelength of Laser, n is the refractive index of the cavity and x is the 

gap between the two surfaces. 

For air, n=1 and for perpendicular incidence α=0.Therefore the Eq
. 
(2.28) reduces to 

φ =
4𝜋𝑥

𝜆
                                              (2.29) 
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Figure 2.9 shows the reflection of the light diverging from the fiber tip from the 

reflecting mirror surface of the etalon. The intensity of the light coupled back to the 

fiber tip is a function of the gap in the etalon which is derived below. 

 

Figure 2.9: Equivalent Reflectivity of mirrored target 

 

Let the intensity at fiber tip P be Io. (Refer Figure 2.9) If NA is the numerical aperture 

of the fiber then assuming light diverges from O we have, 

𝑂𝑃 =
 
𝑑

2
 

tan (sin−1 𝑁𝐴)
                                                   (2.30) 

Where, d is the fiber core diameter. 



 

56 

 

 

The distance travelled by the beam before re-entering the fiber tip is given by the 

equation: 

𝑂𝑋 + 2𝑥 =
 

d

2
 

tan (sin−1 𝑁𝐴)
+ 2𝑥                                           (2.31) 

Where x is the etalon gap. 

If 𝐼𝑟  is the Intensity of light after one reflection at the fiber tip, then by Inverse square 

law, 

𝐼𝑜
(𝑂𝑋 + 2𝑥)2

=
𝐼𝑟
𝑂𝑋2

                                                  (2.32) 

If the reflectivity of the mirror is R, the intensity Ir can be thus written as
 

 𝐼𝑟 =   
 

d

2
 

 
d

2
 + 2𝑥𝑡𝑎𝑛[sin−1(𝑁𝐴)]

 

2

.𝑅. 𝐼0                           (2.33) 

The above equation can be written as 

 𝐼𝑟 =  𝑅2𝐼𝑜   

Where 𝑅2 is the equivalent reflectivity of the mirror and can be written as 

𝑅2 =  
 

d

2
 

 
d

2
 + 2𝑥𝑡𝑎𝑛[sin−1(𝑁𝐴)]

 

2

.𝑅                                   (2.34) 

Therefore, only a part of the transmitted light re-enters the fiber after reflection. R2 is 

the equivalent reflectivity of the 2
nd

 Interface and is a function of distance between 

fiber tip and the reflecting surface. Power reflectivity R1 at fiber tip is 4% for the 

interface between air and glass (Fresnel Reflection). 

Therefore, for power reflectivity R1 and R2 for fiber tip and reflective surface 

respectively, the normalized power reflection ratio is given by  
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𝐼𝑟
𝐼𝑜

=
𝑅1 + 𝑅2 − 2 𝑅1𝑅2 cosφ

1 + 𝑅1𝑅2 − 2 𝑅1𝑅2 cosφ
                                       (2.35) 

2.3.2 Two Beam Interference Model 

If the area of one of the parallel reflecting surface is very small, one can 

assume the interference occurring is two-beam interference. The beams interfering 

would be Fresnel reflected beam and the reflected beam from the target-reflecting 

surface, if the optical phase difference due to this one round trip in the air cavity in-

between is given by φ. The resulting intensity is as per two beam interference would 

be 

𝐼𝑟 = 𝐼1 + 𝐼2 + 2 𝐼1𝐼2 cosφ                                         (2.36) 

Where, I1is the intensity of back reflected beam from the fiber tip,I2 is the intensity of 

the light reflected from the target surface and φ is the phase difference between the 

two reflected beams. 

 The standard resolution of interferometer system is 
𝜆

2
. This resolution of 

system depends upon the wavelength of light used for the measurement. For 633 nm 

wavelength, the position resolution achieved is 316.5 nm. The resolution of the 

interferometers can be improved by the signal processing techniques; Pullteap et al 

[52] have claimed the resolution of 
𝜆

8
. The coherence length of the utilized laser light 

principally limits the measuring range of interferometric measurements. The 

uncertainty of measurement in interferometers is determined by wavelength stability 

of the laser, mechanical and thermal stability of the complete mechanical structure, 

resolution of the electronics, which evaluates the detector signals and by knowledge, 

constancy of the refractive index of the ambient air and temperature. 
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2.4 CONFOCAL SENSORS 

 Another type of optical sensor, generally applicable for accurate 

measurements of position change in distances of millimeters, is the confocal sensors. 

In these sensors, the light source is focused by the objective lens on the target and the 

back reflected light is collected by the very same lens and is deflected by a beam 

splitter towards a detector. The aperture present in front of detector defines the 

detector area.  Aperture area is set in a way that when the target is exactly in-focus, all 

of the back scattered light from the target reaches the detector. As the target position 

changes, de-focusing of the image spot takes place leading to the distribution of light 

energy in a large area around the detector that corresponds to a small detector signal 

as shown in Figure 2.10. Thus, one can measure the position change using this 

configuration.  

 Confocal sensors can further be classified as monochromatic confocal sensors 

[53, 54] and polychromatic confocal sensors [55-57]. Monochromatic confocal sensor 

generally used in closed loop, employing a feedback mechanism to ensure that the 

sensor is positioned to receive the maximum signal from the target. As the position of 

target changes, the defocusing of the spot takes place at the target and 

correspondingly intensity changes at the detector [59-61]. Common applications for 

such a sensor are minute position change measurements by feedback mechanism. 
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Figure 2.10:  Schematic of confocal based measurement technique. 

 

  In another configuration as shown in Figure 2.11, a Y optical fiber coupler is 

used for transmitting the light from one arm, a lens focuses the light emerging from 

the tip of an optical fiber to the target, the same lens collects light back reflected or 

scattered from the object back into the fiber. The other end of a Y coupler collects the 

light and is connected to the detector that is camera.  This process is most efficient 

when the target is located precisely at the image plane. As the target, gets displaced 

the intensity of light captured by the camera decreases in either direction, from the 

image plane. The resolution of these sensors depends on the core diameter of fiber, 

NA of fiber, diameter of lens used and the optical magnification.  
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Figure 2.11:Schematic of fiber optics based confocal position sensor 

  

 In polychromatic confocal sensor, broadband source or multiple wavelength 

[58, 60] is used and the chromatic dispersion of lens leads to the different wavelength 

components is being imaged at different longitudinal points along the optical axis. 

Thus in the region of the image plane, each point along the optical axis is the image 

point of a specific wavelength. This wavelength will be the dominant wavelength in 

the light backscattered confocally to the detector by an object at this point. 

Consequently, spectral measurement of the backscattered light can be translated very 

accurately to object position. However, this configuration requires costly components 

then the monochromatic confocal sensors. 

2.5 LASER TRIANGULATION SENSORS 

 Triangulation refers to a distance or position measurement technique from 

considerations based on the geometries of similar triangles. For determining, the 

position via triangulation, the source and detector angles as well as the distance 

between them is used. In general, a source is used to illuminate the target whose 
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position is to be measured. The back-scattered or reflected light from the target is 

captured by the lens and is imaged to the detector. As the target changes its position, 

there is the change in position of image spot at the detector. Thus, one can measure 

the change in the position of the target. As these sensors are based on the geometry, 

therefore there is limit on the minimum and maximum distance one can measure. 

Since the laser spot is imaged on the linear detector array, the nearest and farthest 

detector pixel locations, combined with the optical magnification, impose these limits.  

 Ji et al [62] have described the design analysis of optical triangulation sensors 

based on Scheimpflug principle. Zhuang et al [63]  has given the laser triangulation 

measurement principle using the two detectors for the measurement range of ± 2 mm. 

Song et al[64] described the design and analysis of laser triangulation sensors using 

PSDs, they compared PSD‟s with CCD devices and claimed that PSD‟s have high 

sensitivity, high response and has continuous sensing surface. Park et al [65] has 

developed an optical system that can measure the target displacement and vibration 

using the oblique ray method, by employing a single convex lens. Jung et al [66] 

studied on intensity control of triangulation based PSD sensor independent of object 

color variation. Dong et al [67] presented a study on the non-linearity of laser 

triangulation probes. The structure parameters of the probe, which influence the 

variables on non-linearity, were studied by response surface methodology, and the 

significant factors were identified. The laser triangulation technique gives the 

abundant information such as position, distance, vibration, thickness, shape [68], 

surface profile [69] etc. Most of the studies [70-76] on laser triangulation are done to 

improve the performance for small range of operation and small standoff distances. 

 In general, laser triangulation sensor can be specular-reflection based or 

diffused reflection based. This is dependent on the type of the surface under 
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consideration for measurement. The following section will give the detail 

mathematical model for the both the configurations. 

2.5.1 Specular-Reflection based Laser Triangulation Sensor 

In this technique, when the laser light is made to fall on a target at an angle, 

due to the target roughness, along with specular-reflected light that follows the Snell‟s 

law and some of the diffused light is scattered in all directions as shown in Figure 

2.12. The intensity of light reflected or scattered depends upon the type of surface i.e. 

the material of the target, roughness of the target, gloss of the target etc. If the surface 

is highly reflective then, most of light gets specularly reflected and very low light is 

scattered across the other directions.  

 

Figure 2.12: Schematic of diffuse and specular reflection from the target surface 
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Consider that laser is focused on the target surface at an angle θ. The lens 

collects the specular-reflected light and is focused to the detector. As the position of 

target changes normally, the reflected light is collected by the lens changes its 

position at detector. The schematic of the measurement system is as shown inFigure 

2.13. 

 

Figure 2.13: Schematic of specular-reflection based position measurement 

 

As shown in Figure 2.13, let the converging laser beam is incident at the target 

surface at point P. As the target moves vertically from P to R, the laser beam hits the 

object at point Q. Applying trigonometric relationship and concept of similar triangle; 

one can obtain an expression for transforming the position change of the image spot 

into displacements of the target. Figure 2.13, Δ is the target position change and 𝜹 is 

the image position change. 
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 Consider triangle PQR, 

tan 𝜃 =
𝑄𝑅

𝑃𝑅
=  

𝑄𝑅

𝛥
                                                      (2.37) 

cos𝜃 =  
𝑃𝑅

𝑃𝑄
=

𝛥

𝑃𝑄
                                                     (2.38) 

 As triangle POQ and triangle P′OQ′ are similar. Therefore, 

𝑃𝑄

𝑃𝑂
=  

𝑃′𝑄′

𝑂′𝑃′
                                                        (2.39) 

 Thus, 

𝛿 =  
𝛥

cos𝜃
×
𝑏

𝑎
                                                     (2.40) 

 As, magnification of lens m = b/a, so, 

𝛿 =  
𝛥

cos𝜃
× 𝑚                                                    (2.41) 

𝛥 =  
𝛿 × cos𝜃

𝑚
                                                     (2.42) 

Thus, from above equation, we can conclude that actual target displacement is 

directly proportional to the image displacement at the detector and is inversely 

proportional to the magnification of the lens of the system.  
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2.5.2 Diffused-Reflection based Laser Triangulation Sensor 

 In this type of measurement technique, instead of collecting the reflected light 

from the target, a diffused light intensity is collected from the target and is focused to 

the detector. As these sensors works on the diffused light collection, hence extremely 

suitable for variety of industrial surfaces. Moreover there is less chances of the 

detector being saturated used during the measurement. Diffused-reflection based laser 

triangulation can further be divided into two categories: 

(a) Direct Laser Triangulation 

 In direct laser triangulation, the focused laser is vertically incident on the 

target surface. The scattered light from the surface is captured by the focusing lens 

and then by the detector. In the Figure 2.14, 𝑑𝑜  is the object distance, 𝑑𝑖  is image 

distance, Δ is the displacement of the measured object surface from A to B, θ is the 

angle between the incident light axis and imaging optical axis, φ is the angle between 

photo detector sensitive surfaces and imaging lens optical axis (Scheimpflug 

condition), δ is image displacement. 

Since triangle BCO is similar to triangle B′C′O, 

𝛥 sin 𝜃

𝑑𝑜 − 𝛥 cos 𝜃
=  

𝛿 sin𝜑

𝑑𝑖 +  𝛿 cos𝜑
                                   (2.43) 

𝛥 sin 𝜃  𝑑𝑖 +  𝛿 cos𝜑 =  𝛿 sin𝜑  𝑑𝑜 − 𝛥 cos𝜃                 (2.44) 

𝛥(𝑑𝑖 sin 𝜃 + 𝛿sin𝜃 cos𝜑 + 𝛿 sin𝜑 cos 𝜃) =  𝑑𝑜𝛿 sin𝜑       (2.45) 

𝛥 =  
𝑑𝑜𝛿 sin𝜑

𝑑𝑖 sin 𝜃 +  𝛿 sin(𝜃 + 𝜑)
                                         (2.46) 
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When the detector is kept parallel to the lens i.e.  = 90°, the displacement at the 

detector is represented as, 

𝛥 =  
𝑑𝑜𝛿

𝑑𝑖 sin 𝜃 +  𝛿 cos𝜃
                                             (2.52) 

 

Figure 2.14: Direct Configuration based Laser Triangulation 

 

 Therefore, the actual target displacement Δ can be measured by the 

displacement of laser image spot 𝛿 at the detector. 

(b) Oblique Laser Triangulation 

In oblique laser triangulation, the focused laser is incident on the target surface 

at an angle. The scattered light from the surface is captured by the focusing lens and 

then to detector. In the Figure 2.15, 𝑑𝑜  is the object distance, 𝑑𝑖  is image distance, Δ is 
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the displacement of the measured object surface A to C, θ is the angle between the 

incident light axis and imaging optical axis, φ is the angle between photo detector 

sensitive surfaces and imaging lens optical axis (Scheimpflug condition), δ is image 

displacement. 

 

Figure 2.15: Oblique Configuration based Laser Triangulation 

 

Triangle BCO is similar to triangle B′C′O  

𝛥 tan 𝜃

𝑑𝑜 − 𝛥
=

𝛿 sin𝜑

𝑑𝑖 +  𝛿 cos𝜑
                                          (2.47) 

𝛥 =  
𝑑𝑜𝛿 sin𝜑

𝑑𝑖 tan 𝜃 +  𝛿 cos𝜑 tan𝜃 +  𝛿 sin𝜑
                         (2.48) 
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When the detector is kept parallel to the lens i.e  = 90°, the displacement at the 

detector is represented as, 

𝛥 =  
𝑑𝑜𝛿

𝑑𝑖 tan 𝜃 +  𝛿
                                              (2.49) 

Therefore, the actual target displacement Δ can be measured by the displacement of 

laser image spot 𝛿 at the detector. 

Again in Figure 2.15, 

        tan𝜃 =  
𝐵𝐶

𝐴𝐶
                                                          (2.50) 

𝐵𝐶 =  𝛥 tan𝜃                                                         (2.51) 

BC is the shift in point of striking of laser on the target when the target has moved 

from its reference position to the new displaced position. This acts as a disadvantage 

in the configuration, as the surface contact point with the laser changes.  

So, in this configuration, minimum target width is required for the measurement of 

target displacement. 

(c) Comparison of the sensitivity of Direct and Oblique Triangulation Technique 

 The displacement at detector 𝛿𝑑𝑖𝑟𝑒𝑐𝑡  for direct triangulation technique is given 

as, 

𝛿𝑑𝑖𝑟𝑒𝑐𝑡  =  
𝛥𝑑𝑖 sin 𝜃

𝑑𝑜 − 𝛥cos𝜃
                                                   (2.52) 

Similarly, the displacement at detector 𝛿𝑜𝑏𝑙𝑖𝑞𝑢𝑒   for oblique  triangulation is given as, 

𝛿𝑜𝑏𝑙𝑖𝑞𝑢𝑒  =  
𝛥𝑑𝑖 tan𝜃

𝑑𝑜 − 𝛥
                                                    (2.53) 
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So, simulation was done in order to study the sensitiveness of the both the techniques.  

The angle θ is varied from 5° to 45° and other parameters were taken as, focal length 

of lens 𝑑𝑖= 25 mm, 𝑑𝑜  = 100 mm and 𝛥 = 5 𝑚𝑚. Plots of displacement of image at 

the detector for direct and oblique triangulation techniques are shown in Figure 2.16. 

 

Figure 2.16: Displacement on Detector (mm) vs. working angle in (degrees) 

 

It is found that the image displacement in oblique case is more sensitive i.e.  

𝛿𝑜𝑏𝑙𝑖𝑞𝑢𝑒   > 𝛿𝑑𝑖𝑟𝑒𝑐𝑡   for the same displacement Δ of the target plane. Thus, higher 

resolution can be achieved in oblique triangulation as compared to the direct 

technique.  

Based on the requirement of the range and resolution one can select the type of 

configuration for measurement. 
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Summary 

This chapter gives the literature survey of different optical sensors used for position 

measurement and alignment. The sensor includes intensity based fiber optic sensors, 

time of flight sensors, interferometers, confocal sensors and laser triangulation 

sensors.Intensity based fiber optic sensors are generally used for measurement of axial 

displacement and vibration sensors. This is because, these sensors have small range of 

measurement in mm and resolution is in tens of microns. Time of flight sensors are 

generally used for long distance measurement applications such as in satellite 

positioning, missile tracking because they have measurement ranges in meters (1-

1000 m) and generally have the resolution in cm. Laser interferometric techniques are 

extremely precise and accurate for position measurements in nanometer range as it 

depends upon the wavelength of laser used. However, its range is limited due to 

coherence length of laser. So, it is generally used in diaphragm type pressure sensors, 

wobbling of machines, vibrometers, nanotechnology etc. Monochromatic confocal 

sensors offer micrometer distance resolution over a range of several millimeters. The 

working range typically may be from 1 mm up to several tens of millimeters which 

depends on the focal length of the optics. Owing to the requirement of tight focusing, 

longer working distances become impractical. So, these are used for short range 

measurements such as precise positioning of tools in CNC machines, height 

measurement of fuel rods in nuclear reactors, surface roughness measurement and 

small contours of mechanical parts. Laser triangulation sensors have sensitivity of 

~0.1 mm with operating range varying from 1 mm to 100 mm. So, these are generally 

used in applications such as robotics, rail road alignment system, rotating shaft 

alignment, online thickness measurement and fuel channel alignment in nuclear 

reactors. 
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CHAPTER 3: OPTICAL FIBER BASED AXIAL POSITION 

MEASUREMENT SENSOR 

 

After discussing different techniques for position measurement in Chapter 2, 

in this chapter, intensity based axial position measurement sensor using a single 

optical fiber is designed, developed and demonstrated. In these kinds of sensors, 

standoff distances and measurement ranges are in general larger than those used in 

profilometry applications. The sensor comprises of a Y optical fiber coupler and lens 

which together acts as a single probe for simultaneously transmitting and receiving 

signal from target to determine the change in its position. The lens collects the light 

reflected and scattered from the target surface and sends it back into the fiber and then 

to the detector. At the focus point of the light spot at the target, the maximum 

intensity is achieved at the detector and the intensity decreases on the either side of 

standoff target position. Thus, the variation in intensity profile is identified as the 

position change measurement. This variation in intensity is symmetric about the 

standoff or mean position of the target. The slope of the linear curve on the either side 

of the intensity profile represents the direction of change in position of target. The 

position resolution of 100 μm (with standard deviation~20 μm) was achieved using 

the sensing configuration given in this chapter. The sensor was calibrated using the 

micrometer having resolution of 10 μm. The standard target surfaces of different 

known roughness values were studied and effect of surface roughness at the output is 

investigated. 
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3.1 PRINCIPLE OF OPERATION 

A lens focuses the light emerging from optical fiber tip of a Y optical fiber 

coupler to the target surface which acts as a single probe as shown in Figure 3.1. The 

same lens collects light reflected or back- scattered from the target back into the same 

fiber tip and then to the detector. When the target is located at the focused point of 

light, the back reflected light has the maximum intensity received by the fiber tip due 

to the focusing of back scattered light at fiber tip and is transmitted to the detector. 

The output at detector decreases when the position of the target varies from the 

focused position in either direction. The intensity of back reflected light to the fiber 

therefore acts as a function of the change in position of the target. The Numerical 

Aperture (NA) of fiber defines the light divergence. The placement of lens is done at a 

position where all the diverged light from the fiber is collected by the lens. The fiber 

is placed behind the focal point of lens so that the light is focused to the target. 

From Figure 3.1, diverging light (geometric consideration) from the fiber tip is 

focused to the target using a lens. As the target is displaced to the new position away 

from the lens (v+Δ), the light spot at the target increases in diameter (2y) due to the 

defocusing of the light spot. As the lens also captures the backscattered light from the 

target and it focuses before the fiber tip leading to increase in diameter of the image 

spot (2y’). Similar process happens when the target is moved towards the lens. 



 

73 

 

 

 

Figure 3.1: Schematic of probe for position measurement 

 

The Numerical Aperture (NA) of the emission cone of fiber is given as 

NA =  sin𝜃                                                   (3.1) 

Let Rf be the radius of the optical fiber. So from the Figure 3.1, 

tan 𝜃 =  tan (sin−1(𝑁𝐴)) =  
𝑅𝑓
𝑎

                           (3.2) 

Let Rl be the radius of the lens, the light received by the lens from the optical fiber is 

given by 

tan𝜃 = tan (sin−1(𝑁𝐴))  =  
𝑅𝑙

𝑢 +  𝑎
                              (3.3) 

For the given focal length of the lens f, applying the lens formula,  

1

𝑓
=  

1

𝑢
+  

1

𝑣
                                                 (3.4) 

From the Figure 3.1, 

𝑅𝑙
𝑣

=  
𝑦

𝛥
                                                    (3.5) 

𝑦 =  
𝑅𝑙 × 𝛥

𝑣
                                                 (3.6) 

Where, y is the height of image spot at the target from the optical axis of lens. 
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As the fiber tip is at a fixed distance from the lens u and as the position of target is 

varying as v ± Δ, therefore, 

𝑦

𝑣 ± 𝛥
=  

𝑦 ′

𝑢
                                               (3.7) 

𝑦 =  
𝑦 ′ ×  𝑣 ± 𝛥 

𝑢
                                         (3.8) 

Now equating Eq.(3.6) and Eq. (3.8) we get y', 

𝑦 ′ =  
𝑅𝑙 × 𝛥 × 𝑢

𝑣 × (𝑣 ± 𝛥)
                                         (3.9) 

Where, y' is the height of the backscattered light captured by the fiber tip from the 

optical axis, '+' is for positive position change and '–' is for negative position change. 

Area of fiber tip Af  capturing the backscattered light from the target is given as 

𝐴𝑓 =  𝜋 × 𝑅𝑓
2                                              (3.10) 

Area of light cone Al formed at the fiber tip after the target is displaced is given as 

𝐴𝑙 =  𝜋 × (𝑦 ′)2                                           (3.11) 

𝐴𝑙 =  𝜋 ×  
𝑅𝑙 × 𝛥 × 𝑢

𝑣 ×  𝑣 ± 𝛥 
 

2

                                (3.12) 

As, power P is proportional to the area considering the power is constant throughout 

the illumination received at the tip of fiber. Therefore, the ratio of area of fiber tip and 

area of light cone formed at the fiber tip gives the power variation for the position 

change given as 

𝑃 =  
𝐴𝑓
𝐴𝑙

                                               (3.13) 
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𝑃 =  
𝜋 × 𝑅𝑓

2

𝜋 ×  
𝑅𝑙×∆×𝑢

𝑣×(𝑣±𝛥)
 

2                                       (3.14) 

𝑃 =  
𝑅𝑓

2

 
𝑅𝑙×𝛥×𝑢

𝑣×(𝑣±𝛥)
 

2                                           (3.15) 

Thus, for the known parameters, Rf, Rl, u and v, one can find the relation between the 

power received at the detector P to the change in target position 𝛥. 

 The standoff distance of target is governed by Eq. (3.3) and Eq. (3.4), such 

that all the light transmitted by the fiber is collected by the lens and is focused to the 

target. As the target is displaced by Δ away from the lens, light starts diverging, due to 

the fixed focal length of the system, the diameter of light cone received at the fiber tip 

also starts increasing as shown in Figure 3.1. This leads to the decrease in the 

intensity captured by the fiber.  

3.2 METHODOLOGY 

 The schematic for experimental setup is shown in Figure 3.2. The sensor setup 

consists of a light source, a Y optical fiber coupler, an aspheric lens and standard 

target surfaces of stainless steel of known roughness values. A Y optical fiber coupler 

having core diameter of 400 µm, cladding diameter 440 µm and NA 0.22 is used. The 

400 µm fiber was selected, in order to see the variation in power clearly at the 

detector with respect to the change in position of the target. If the diameter of fiber 

core is large, then the sensitivity will be low as light being collected over a large area 

will lead to small variation in total light falling on detector in response to change in 

target position. On the other hand, if the fiber core diameter is very small, it will lead 

to poor signal to noise ratio at detector as less power is received at the fiber tip. So, 
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the choice of choice of 400 µm fiber core was made so that good sensitivity can be at 

reasonable signal to noise ratio. An aspheric lens of F# 1 is used (focal length 25 mm, 

diameter 25 mm) for focusing the light to the target. Substituting the values of core 

radius, lens radius and NA in Eq. (3.2) and Eq. (3.3), we get the value of u = 54.45 

mm. By lens equation [Eq. (3.4)], the value of v = 46.36 mm. The light source is He-

Ne laser with wavelength of 633 nm and is continuous. So, although PORT 1 of 

optical fiber contains both incoming and outgoing light, the PORT 3 which is 

connected to detector contains only outgoing (or reflected) light. Thus, the outgoing 

light from the laser source is distinguished from the incoming light at the detector. 

A THORLAB power-meter with Si photo-diode (S-120C) is used as the 

detection unit. This detector provides a high-speed detection with the optical response 

of 400-1100 nm, making it compatible with wide range of applications. The sensor of 

power meter has resolution of 1nW with uncertainty in measurement of ± 3% for the 

wavelength range of 440-980 nm. He-Ne laser light is coupled to the PORT 1 of the Y 

coupler. The output of light diverges from the PORT 2 due to the NA of fiber. The 

backscattered and reflected light from the target is confocally collected by the lens 

and is focused back to the PORT 2. The light collected by PORT 2 is transmitted to 

photodiode via PORT 3. Thus, the power is measured for the corresponding change in 

the target position through micrometer stage. The output power is determined by the 

power-meter. 

The fiber tip, the lens and target were aligned with each other in a way that 

their centre axis lays on a same line. The target was displaced by mounting it on the 

micrometer translation stage, which is fixed on the vibration isolation table in order to 

reduce the effect of vibrations. 
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Figure 3.2: Schematic of experimental setup 

 

 The experiments were performed in both dark and ambient light conditions for 

the target surfaces having different roughness values (0.025 µm Ra, 0.05 µm Ra, 1.6 

µm Ra and 3.2 µm Ra) and the effect of output power with respect to the surface 

roughness was studied.  

3.3 RESULT AND DISCUSSION 

 The variation of the output power against position change of different target 

surfaces from the focus point is shown in Figure 3.3. Thus, the power variation is 

indicative of the axial position change of the target. This can be easily understood as 

the peak power was measured when the target was at the focus points and then 

decreases symmetrically on both the positive and negative side.  
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Figure 3.3: Output for the position change for target surfaces of different roughness 

with the error bars. 

 

 From the Figure 3.3 we can see that two linear slopes can be extracted from 

the sensor output, near linear slope (+ve) and far linear slope (-ve). Near linear slope 

corresponds to the target position change when it has moved towards the lens (i.e. 

negative direction) and far linear slope corresponds to the target position change when 

it has moved away (i.e. positive direction).  

Again, from the Figure 3.3, one can see that when the target has low 

roughness values (for Ra 0.025 µm), the intensity received at the detector is high and 

as the roughness of target increases, the intensity received at the detector decreases. 
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This is because as the roughness of the surface starts decreasing, specular reflection of 

light from the surface increases. This leads to larger reflection in case of less rough 

surface. Thus, the sensor needs to be calibrated for different target surfaces for 

measurement. Different target roughness corresponds to the different linear ranges. 

Figure 3.4 gives the sensitivity plot for different target roughness samples. Sensitivity 

is found to be more for smooth surface of the target. 

 

Figure 3.4: Sensitivity vs. Target Displacement plot. 
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Figure 3.5: Output power vs. axial position change for white paper as target 

(a) far linear region (b) near linear region  

(a) 

(b) 
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Figure 3.6: Output power vs. axial position change for target of roughness Ra 0.025 

(a) far linear region (b) near linear region 

 

 

(a) 

(b) 
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Figure 3.7: Output power vs. axial position change for target of roughness Ra 0.05   

(a) far linear region (b) near linear region 

(a) 

(b) 
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Figure 3.8: Output power vs. axial position change for target of roughness Ra 1.6     

(a) far linear region (b) near linear region 

(a) 

(b) 
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Figure 3.9: Output power vs. axial position change for target of roughness Ra 3.2     

(a) far linear region (b) near linear region 

(a) 

(b) 
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 From the Figure 3.5 to Figure 3.9, one can conclude that, sensitivity and range 

varies for different target surfaces. Hence, the system needs to be calibrated for 

different target surfaces. The slope of the curve explains the direction of the motion of 

the target. Table 3.1 gives the performance of the position sensor.   

Table 3.1: Performance of the Position Sensor 

 Near Linear Slope  Far Linear Slope 

Type of 

Surface 

Sensitivity 

(μW/μm) 

Linear Range 

(μm) 

Sensitivity 

(μW/μm) 

Linear Range 

(μm) 

Ra 0.025 µm 0.26 600 -0.243 600 

Ra 0.05 µm 0.123 700 -0.125 700 

Ra 1.6 µm 0.027 1000 -0.028 1000 

Ra 3.2 µm 0.0168 1000 -0.0144 1000 

White Surface 0.017 1000 -0.019 1000 

 

 From the Table 3.1, it is observed that sensitivity is decreasing with increase 

in roughness of the target surface. As the output of given sensing technique is 

expected to be symmetrical about the peak of the curve (for small displacements), 

both the rising and falling peaks slope should be equal. However, there is small 

amount of non-linearity seen in the slope of curves. This might be due to the slight 

angle of target surface from the optical axis of the lens, which leads to an offset in 

transverse direction of focused reflected light away from the fiber tip. 
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The measurements were performed in both the dark and ambient light 

conditions and effect of ambient light on measurement was found to be negligible. 

This is due to the fact that under the ambient condition (without laser), light coupled 

from the fiber to detector was found to be in nW and when the laser light is used, the 

measured values were in orders of tens of μW. The sensor performance depends upon 

the coupling efficiency between the laser source, optical fiber coupler, lens and 

detector. Thus, we could achieve a resolution of ~100 μm for targets with different 

roughness as given in Table 3.1.   

By appropriate choice of the optics i.e. the magnification of system and the 

fiber core diameter, one can control the width of the output response with respect to 

the target position change to be either sharp or broad. This allows to modify the 

response according to the specific requirements of a given application, which may 

require high resolution over a short range of displacements, or conversely, lower 

resolution over a broader range. The spot diameter on the target should be greater than 

the surface roughness of the object; otherwise, the reflected signal will be prone to 

erratic fluctuations according to the surface irregularities. 

3.4 CONCLUSION 

 A single optical fiber based sensor for non-contact axial position 

measurements is presented and its performance is evaluated. We have achieved 

resolution of ~100 μm with a range of ~1000 μm. Current state of the art of these 

sensors includes their application in nano-measurements and as reference sensors in 

metrological applications as reported by Felix G Balzer et al. [61]. In addition, Shafir 

et al. [59] have used confocal sensors for position, velocity and displacement 

measurements. However, range of measurements in case of both these researchers is 
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100 to 200 μm whereas in our case range is ~1000 µm. The sensor is developed by 

using Y-optical fiber coupler and lens. The position change is calculated by the 

variation in the output power received after reflection from the target surface whose 

position change has to be measured. The effect of target surface roughness is also 

studied based on the maximum output voltage received at the detector. For low 

roughness samples, higher light intensity is received and as the target roughness 

increases, the light intensity decreases at the detector. These sensors have advantages 

as same probe acts as a transmitting and receiving signal. The range and resolution of 

the sensor system can be configured by varying the fiber diameter and focal length of 

lens used. These sensors can be used for position measurement in hazardous regimes 

for real time applications. 
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CHAPTER 4: LASER BASED ONE-DIMENSIONAL POSITION 

SENSOR FOR LONG STANDOFF DISTANCE 

In the previous chapter, we have designed an optical fiber based axial position 

sensor that can measure the position change in one dimension with a range of 1 mm 

at a standoff distance of 46.36 mm. In this chapter, we design and demonstrate a 

compact laser based sensor for range ~100 mm at long standoff distance ~1000mm. 

Therefore, we go for a Laser triangulation based position sensor which is generally 

used for longer standoff distance. To make the sensor compact, beam-folding 

technique was used in the path of the converging light from lens, which ultimately 

falls on the position-sensing detector (PSD). Position resolution of 1 mm at a 

standoff distance of ∼1000 mm between the target and light collecting lens was 

achieved for the developed sensor. The calibration of the sensor was done based on 

the output voltage obtained at PSD with near and far displaced position of the target. 

The sensor output was found to be linearly varying with the target position. The 

sensor performance was tested for different target roughness and ± 10° variation in 

angle between laser and target surface. The effect of temperature on the output of 

developed sensor was also studied and the error in measurement was found to be 

within the sensor resolution. The developed sensor has many potential applications in 

industrial environment for the targets having different surface roughness and variable 

ambient temperature. 
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4.1 PRINCIPLE OF OPERATION 

 The principle of oblique configuration for laser triangulation was used for 

target position measurement. The configuration was selected as it has high resolution 

compared to the direct configuration as discussed in chapter 2. When the laser falls on 

the target, a negligible part of the incident energy gets absorbed and the reflected 

portion of the light is split into the two components i.e. specularly-reflective light and 

diffused-reflective light. The specularly reflected light has high intensity as compared 

to the diffused light. The diffused scattered light from the target surface is used to 

perform the measurement as it has low intensity (no saturation problem for PSD). 

Moreover, while using the specularly reflected light based measurement it will be 

difficult to maintain the laser axis and optical axis of the lens make same angle with 

the plane of the target for long measurement range. As wavelength of laser (0.65 μm) 

is more than the roughness of target surface, diffraction induced change in intensity 

pattern of diffused light is negligible as reported by Inari et al [77]. So, the diffuse 

light from the target surface will not cause measurement variability in our case. The 

back scattered light from the target surface is made to focus on the PSD via focusing 

lens and beam folding as shown in Figure 4.1. 

 As, the laser always makes an angle of 5° with the normal to the target surface 

whereas optical axis of lens makes 0° with the normal. This ensures that only diffused 

light is captured for measurement and at the standoff position of the target, the image 

of the laser spot is focused at the center of PSD. Thus, the reflected portion of light 

falls outside the area of lens and only diffused light is being captured from the 

surface.  
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As the target position is shifted from the standoff position, the focused spot 

moves towards the edges of PSD. By measuring the displacement of spot on PSD, 

target displacement and hence the position can be measured. 

 

Figure 4.1: Schematic of developed sensor 

 

Using the Eq. (2.57), the relation between the target displacement Δ and the image 

spot displacement δ at the detector is given as 
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𝛥 =  
𝑑𝑜𝛿 𝑐𝑜𝑠 𝜃

𝑑𝑖 𝑠𝑖𝑛 𝜃 ± 𝛿 𝑐𝑜𝑠 𝜃
=  

𝑑𝑜𝛿

𝑑𝑖 𝑡𝑎𝑛 𝜃±𝛿
                                       (4.1) 

In the Eq. (4.1), the measured surface moves down from the reference 

position, it is “−” in this formula, otherwise, it is “+”. Here, do is the standoff distance 

(object distance), di  is the distance between lens and detector (image distance) and θ 

is the angle of incidence. 

For𝛿 ≪ 𝛥, Eq. (4.1) can be written as, 

𝛥 =  
𝑑𝑜𝛿

𝑑𝑖 tan 𝜃
                                                    (4.2) 

𝛿 = 𝛥𝑚 tan𝜃                                                   (4.3) 

Where, m is magnification of lens, 

𝑚 =  
𝑑𝑖
𝑑𝑜

                                                       (4.4) 

 Eq. (4.3) shows that deviation of the beam spot on the PSD is directly 

proportional to the displacement of the target and magnification m of the lens. For 

long standoff distance applications, do is high which tends to reduce the value of m (or 

sensitivity). Therefore, to attain higher sensitivity in spite of high do, di should be kept 

high. In order to accommodate high di in a compact optical sensor, a beam-folding 

technique is required. This is why we have used the beam folding technique in the 

path of converging light coming from the lens.  

The position of fixing the PSD at the sensor is determined using the lens formula 

given by,  

1

𝑓
=  

1

𝑑𝑜
+  

1

𝑑𝑖
                                                     (4.5) 
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Where, f = focal length of lens, 𝑑𝑜  = object distance from lens at standoff distance, 𝑑𝑖  

= image distance from lens. 

4.2  SENSOR DESIGN AND DESCRIPTION 

 The developed sensor system comprises of a laser diode, a plano-convex lens 

of 48 mm clear aperture and a position-sensing detector (PSD-SL 15 of M/s UDT, 

effective length of PSD is 15 mm) having cross sectional area 15 mm
2
. The 

responsivity of detector is 0.4 A/W for 670 nm wavelength. The position detector 

error is about 15 µm over 80% of length and position detection drift is about 0.1 µm / 

°
C. The operating temperature range of detector is -10

°
C to 60

°
C.Laser diode used in 

the sensor has an advantage due to their optical characteristics, small size, and 

ruggedness. Coherence and single wavelength characteristics of laser diodes enable 

the outputs of these devices to be focused to a diffraction limited spot size. The size of 

the resultant spot is dependent on the wavelength of the laser - the shorter the 

wavelength of light, the smaller the size of the spot that can be generated. A 

continuous wave output diode laser (650 nm, 10 mW output power, Make: World 

StarTech) is inclined at the angle of 5˚ from the target surface as shown Figure 4.1. 

This small angle was selected such that base length of the developed sensor remains 

small. The diode laser produces a fine spot on the metallic target of ~ 1 mm. The 

target was at the 1000 mm standoff distance from the lens. The lens of focal length 

200 mm is used for the collection of scattered light from the target surface. To 

minimize the volume of the sensor without sacrificing sensitivity as explained in 

earlier section, a beam-folding technique has been used to focus the scattered light 

between the lens and PSD. This beam folding was achieved by the help of the two 

mirrors inclined at an angle of 45˚ as shown in Figure 4.1. The positioning of lens, 
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mirrors and detector was done in such a way that when the target is at a standoff 

distance, then the scattered light from the target is focussed at the centre of PSD. 

 In our case f = 200 mm, 𝑑𝑜 = 1000 ± 50 mm, so  𝑑𝑖  comes out to be 250 ± 3 

mm from Eq. (4.5). However, as PSD is kept at a fixed distance of 250 mm from the 

lens, any change in the position of the target is going to defocus the image. However, 

since the change in image distance is much less than the distance between the lens and 

PSD [(
3

250
)𝑋 100 ) = 1.2 %], we expect negligible defocusing and corresponding 

error. 

 As the sensor is developed for diffused light collection, we consider 

Lambertian model [75] ignoring the diffraction effects.  Eq. (4.6) gives the light 

power received by PSD as signal power Ps. 

𝑃𝑠 =  
𝑃𝑜Ω𝐷 cos𝜃

𝜋
                                                          (4.6) 

Where, Po is the laser transmitting power, 𝛺𝐷is the receiving solid angle subtended by 

the receiving lens aperture, θ is the angle between the laser line and the line joining 

the point of intersection of the target surface and lens.  

When the test surface has a position variation Δ, the receiving solid angle Ω𝐷  is 

computed as: 

Ω𝐷 =  
𝜋𝑑2

4𝑑𝑜2
 1 +

2𝛥

𝑑𝑜
cos𝜃                                           (4.7) 

Where, d is the clear aperture diameter of the receiving lens.  

Thus, the signal power at the detector can be stated as: 
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𝑃𝑠 =  𝑃𝑜
𝑑2

4𝑑𝑜2
 1 +

2𝛥

𝑑𝑜
cos𝜃 cos𝜃                                          (4.8) 

 In our case, as the sensor is developed based on the scattered light collection, 

for 10 mW incident laser power, signal power Ps received at the detector using Eq. 

(4.8) comes out to be 6 μW and 7.2 μW respectively at the far and near position for 

the target range. This Ps is the amount of signal power received at PSD. PSD‟s are 

continuous single element planar diffused photodiodes with no gaps. They provide 

direct readout by providing an analog output directly proportional to both the position 

and intensity of a light spot present on the detector active area. A light spot present on 

the active area will generate a photocurrent, which flows from the point of incidence 

through the resistive layer to the contacts. This photocurrent is inversely proportional 

to the resistance between the incident light spot and the contact. When the input light 

spot is exactly at the device center, equal current signals are generated. The signal 

generated at the output of PSD is proportional to the displacement of image spot from 

its center position of the measurement range. Any displacement of the target leads to 

shifting in laser spot on the PSD. The two electrodes of the PSD give the current 

output and the output current of PSD is converted into voltage with the trans-

impedance amplifier implementation using OPAMP (OP 27). The value of Cf = 12 pf, 

Rf = 47 kΩ. The feedback capacitor stabilizes the frequency dependence of the gain. 

The accuracy of VA+VB and VA-VB depends upon the bandwidth of the amplifier which 

in our case was 8 MHz. The two output voltages are normalized using analog 

multiplier wired as a divider and then reading is processed further via analog to digital 

conversion to calculate the displacement in a microcontroller. The schematic of the 

developed PSD circuit is shown in Figure 4.2. 
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Figure 4.2: Schematic of developed PSD circuit 

 

The spot position on the PSD is calculated by, 

Spot Position δ =  
𝐿

2
⨯ (

𝑉𝐵 − 𝑉𝐴
𝑉𝐵 + 𝑉𝐴

)                                            (4.9) 

Where, VA and VB are the two voltage outputs, L is the effective length of PSD. The 

sum (VB+VA) and difference (VB-VA) are determined using Op-Amp based adder and 

difference circuit. The (VB-VA) output contains the position information and (VB+VA) 

contains the total power of the incident beam.  

As the sensor is designed for standoff distance of 1000 mm and diameter of lens used 

for capturing the back scattered light is of 48 mm, the acceptance angle of lens α is 

given as: 

𝛼 =  tan−1
𝑑

2𝐿
= tan−1  

48

2 × 1000
 = 1.375° 
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Similarly, at 950 mm and 1050 mm target distance, acceptance angle comes out to be: 

1.4471 ̊ and 1.3093 ̊ respectively. Thus, the spherical aberration is negligible in our 

case due to the small acceptance angle of lens. 

4.3 CALIBRATION OF SENSOR 

 Calibration of the system is done by recording the location of the image spot 

position using Eq. (4.9) versus the known object movement through the measurement 

range. The schematic of calibration procedure of the sensor is done as shown in 

Figure 4.3. The laser is positioned in a way that the path of the laser and the optical 

axis form a horizontal plane and point C is the target position of interest.  U is the 

projection of point C on the image plane i.e. on PSD. A and B are two extreme points 

of the range used in the calibration of the system. 

 

Figure 4.3: Calibration of developed sensor system 
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D is the point of intersection of laser path and optical axis. Laser is angled in a way 

that point D is at the center of the range of interest, which is 1000 mm in our case.  

Applying similar triangle geometry in ΔAOX1 and ΔOO′U1 

𝑌1

𝑋1
=  

𝑈1

𝑓
                                                             (4.10) 

Similarly, 

𝑌2

𝑋2
=  

𝑈2

𝑓
                                                            (4.11) 

The origin of the coordinate system at the focal point O. The slope m of the laser path 

and the y-intercept c are given by 

𝑚 =  
𝑌2 − 𝑌1

𝑋2 − 𝑋1
                                                         (4.12) 

𝑐 =  𝑌2 −𝑚𝑋2                                                       (4.13) 

Substituting the values of  Y1 and Y2 we get, 

𝑚 =
𝑈2𝑋2 − 𝑈1𝑋1

𝑓 𝑋2 − 𝑋1 
                                                   (4.14) 

𝑐 =  
𝑈2𝑋2 − 𝑓𝑚𝑋2

𝑓
                                                   (4.15) 

From the Figure 4.3, the line UC passing through O is represented by: 

𝑌

𝑋
=  

𝑈

𝑓
                                                         (4.16)  

and the laser path is of the form: 

𝑌 =  𝑚𝑋 + 𝑐                                               (4.17)  

Solving for X, we get: 

𝑋 =
(𝑈1 −𝑈2)𝑋1𝑋2

𝑈(𝑋2 − 𝑋1) − (𝑈2𝑋2 −𝑈1𝑋1)
                                (4.18) 



 

98 

 

 

Where, 𝑋1 and 𝑋2are the target distance from the lens, 𝑈1 and 𝑈2are the output values 

of the PSD at 𝑋1 and 𝑋2 and X is computed in the given range by Eq. (4.18).  

Thus, we can easily compute the displacement in a given range without 

knowing the baseline separation or angles between the detector and laser source. The 

above-mentioned relation is used in microcontroller where for the known target 

distances X1 and  X2, the corresponding output voltages U1 and U2 help in determining 

the displacement. 

4.4 VARIATION IN SPOT SIZE OF LASER AT THE DETECTOR 

 As discussed in section (c) of 2.5 that oblique triangulation has greater 

sensitivity towards displacement than the direct one, so here we see how the spot 

varies at the detector. Considering that Laser is striking the target surface at point P 

and position I, making angle θ with the optical axes as shown in Figure 4.4, and the 

scattered light is focused through the converging lens at point O′. When the target is 

displaced by the distance X towards the sensor, is at position II, the Laser strikes at 

the point P1, and is focused at point P3. 

 When the target is at the original position I, then the position of spot size at 

CCD is at I′, i.e. the focus point of lens. As the target is displaced the spot size of 

Laser increases as shown in Figure 4.4. The main aim is to calculate the spot diameter 

represented as CE. 
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Figure 4.4: Schematic of geometrical ray diagram when target is moved closer to 

sensor and setup for Laser, Lens and CCD. 

 

According to the optical imaging principle, 

Where, a and b are the object distance and image distance, respectively, and f is the 

focal length of the receiving lens. 

1

𝑓
=  

1

𝑎
+  

1

𝑏
                                                             (4.19) 

Now applying the concept of similar triangles using Figure 4.4; 

Δ P1P2O  ̴  ΔOO′D 

𝑃1𝑃2

𝑂𝑃2
=  

𝑂′𝐷

𝑂𝑂′
                                                             (4.20) 

𝑃1𝑃2 = 𝑥𝑡𝑎𝑛𝜃                                                           (4.21) 

As, P1P2 = AO 
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So, 

𝑂′𝐷 =  
𝑙2 ⨯ 𝑥𝑡𝑎𝑛𝜃

𝑎
                                                     (4.22) 

Δ P1P2O  ̴  ΔOO′′P3 

𝑃1𝑃2

𝑂𝑃2
=  

𝑂′′𝑃3

𝑂𝑂′′
                                                      (4.23) 

So, 

𝑂′′𝑃3 =  
𝑏 ⨯ 𝑥𝑡𝑎𝑛𝜃

𝑎
                                               (4.24) 

As, 𝑂′′𝑃3 = 𝑂′𝐸 = 𝑂𝐵 

Using above equations, we get, 𝐷𝐸 = 𝑂′𝐸 − 𝑂′𝐷 

𝐷𝐸 =  
𝑏 ⨯ 𝑥𝑡𝑎𝑛𝜃

𝑎
−
𝑙2 ⨯ 𝑥𝑡𝑎𝑛𝜃

𝑎
                                (4.25) 

𝐷𝐸 =  𝑏 − 𝑙2 ⨯
𝑥𝑡𝑎𝑛𝜃

𝑎
                                      (4.26) 

Δ AOP3  ̴  ΔCDP3 

𝐴𝑂

𝑂𝑃3
=  

𝐶𝐷

𝐷𝑃3
                                                     (4.27) 

𝑂𝑃3 =   (𝑂′′𝑃3)2 + (𝑂𝑂′′)2                                     (4.28) 

𝑂𝑃3 = 𝑏 ⨯  
𝑥𝑡𝑎𝑛𝜃

𝑎
 

2

+ 1                                   (4.29) 

𝐷𝑃3 =   (𝐷𝐸)2 + (𝐸𝑃3)2                                     (4.30) 
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𝐷𝑃3 =  𝑏 − 𝑙2 ⨯  (
𝑥𝑡𝑎𝑛𝜃

𝑎
)2 + 1                                 4.31  

Now replacing the value of OP3 and DP3, we get; 

𝑥𝑡𝑎𝑛𝜃

𝑏 ∗   
𝑥𝑡𝑎𝑛𝜃

𝑎
 

2

+ 1

=  
𝐶𝐷

 𝑏 − 𝑙2 ⨯   
𝑥𝑡𝑎𝑛𝜃

𝑎
 

2

+ 1

                      (4.32) 

𝐶𝐷 =  
 𝑏 − 𝑙2 ⨯ 𝑥𝑡𝑎𝑛𝜃

𝑏
                                          (4.33) 

As, 𝐶𝐸 = 𝐶𝐷 + 𝐷𝐸 

𝐶𝐸 =
 𝑏 − 𝑙2 ⨯ 𝑥𝑡𝑎𝑛𝜃

𝑏
+  𝑏 − 𝑙2 ⨯

𝑥𝑡𝑎𝑛𝜃

𝑎
                       (4.34)  

𝐶𝐸 =
(𝑏 − 𝑙2)

𝑓
⨯ 𝑥𝑡𝑎𝑛𝜃                                         (4.35) 

From the calculation as, CD ≠ DE, this signifies that the shape of the Gaussian peak is 

changing as the target is displaced.  

The ratio of CD and DE will correspond to the shape change as imaged by CCD 

camera. So, 

𝐶𝐷

𝐷𝐸
=  

𝑎

𝑏
                                                          (4.36) 

Similarly, when the target is displaced away from the sensor the variation of image 

spot is given as shown in Figure 4.5. 
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Figure 4.5: Schematic of Geometrical ray diagram when target is moved away from 

sensor and setup for Laser, Lens and CCD. 

Again using the concept of similar triangle, the ratio of CD and DE will correspond to 

the shape change as imaged by CCD camera as given by: 

𝐶𝐷

𝐷𝐸
=  

𝑏

𝑎
                                                        (4.37)  

Thus, it can be seen that, shape of the Gaussian peak changes with the ratio of object 

distance to the image distance when the target is displaced toward the detector system 

and with the ratio of image distance to the object distance when the target is displaced 

away from the detector system. This case arises when the detector is kept parallel to 

the lens. 

4.5 EXPERIMENT 

The experiments were performed using the metallic target as in most of the 

industries, the shafts, pipes, spindles; fuel rods etc. whose position and alignment 

need be measured are metallic in nature.The target was fixed on the linear micrometer 



 

103 

 

 

stage and was kept at the standoff distance of 1000 mm from the developed sensor. 

The stray light was prevented by encasing the complete detection unit to an 

aluminium box, as it may change the PSD output current that can generate an error. 

The target was displaced gradually ± 50 mm from the standoff position and the 

outputs were measured. A large number of experiments were performed to test the 

developed sensor. The experimental setup along with the developed sensor is shown 

in Figure 4.6. 

 

Figure 4.6: Experimental setup and developed sensor 
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The effect of target inclination (± 10˚) at the output of developed sensor was studied. 

The developed sensor was also tested with standard surfaces of known roughness 

values (0.025 μm Ra, 0.05 μm Ra, 0.1 μm Ra, 0.2 μm Ra, 0.4 μm Ra).  

 Effect of temperature on the sensor readings was also studied. As the 

developed sensor head comprises of electronic components and aluminium 

mechanical assembly, there might be drift in the readings due to the change in 

temperature. In order to check the effect of temperature, the sensor reading was taken 

initially at room temperature of 25° C. Then it was heated using coiled heater wound 

for 1 hour 30 minutes and temperature of the sensor was elevated up to 50°C.  

4.6 RESULTS AND DISCUSSION 

 Results obtained are shown in Figure 4.7. It shows the linear relationship 

between the target displacements from the standoff position and developed sensor 

readings.  
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Figure 4.7: Measured target position by developed sensor (mm) vs true target position 

by micrometer (mm) 

 The maximum error in position was ± 0.1% (or ± 1 mm at a standoff distance 

of ~1000 mm). Error plot is presented in Figure 4.8. The major  source  of  error 

comes  from  the  estimation  of  image  centroid at  the  PSD  as the error  in  the  

micrometer  is  not  more  than  ~10  microns,  and rounding off the digits during 

calibration in microcontroller is also small. For the PSD (SL-15) used, the accuracy is 

about 15 μm (as per data sheet). Therefore, the uncertainty in measurement calculated 

using Eq.  (4.3)  ( for δ= 15 μm, m = 0.25 and θ = 5 )̊ comes  out  to  be  ~  0.7  mm  

which  explains  the  major  part  of observed error. 
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Figure 4.8: Error plot for the developed sensor. 

 The size of focused laser spot on target at 1000 mm standoff distance  is  ~1  

mm  and  at  the  extreme  ends  of  measurement range (950 mm and 1050 mm), size 

increases to ~1.2 mm. As magnification of our sensor is 0.25, image size at the 

detector is 0.25 mm at standoff distance and 0.3 mm at the extreme ends. This 

increase of image size at PSD might be causing the error in measurement to some 

extent. In general, read-out sensitivity generally depends on the noise floor of the 

detector and read-out electronics used. However, the output of the detector circuit 

when no laser light was present, the signal level was about ~10 µV that indicated the 

order of noise floor of the detector. When the laser is switched on, the output level of 

the signal is in mV. Thus, Signal to noise ratio is high in our case. 
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 Figure 4.9 describes the output of the displacement sensor corresponding to 

change in angular position of the target. During this study, distance of the point of 

intersection of laser and target from lens was kept constant while only the tilt angle of 

the target surface was varied. The readings were taken by rotating the target by fixing 

it on a rotating stage at the point of intersection of the laser with the target at distances 

of 950 mm, 1000 mm and 1050 mm. Position measured by the developed sensor is 

found to be quite insensitive to the angular position of target surface (for θ ≤ 10˚). 

 

Figure 4.9: Effect of target inclination on the sensor output 

 

 Figure 4.10 describes the effects of change in temperature at the sensor output. 

The sensor was used to measure the target position while keeping it at 25˚C and 50˚C. 
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Temperature induced error may due to the expansion of aluminum body due to 

increase in temperature that affects the optical alignment of the setup leading to the 

change of laser spot position on the PSD. It is well known that dark current of the 

detector increases in every 5-6˚ C temperature. The sensor current when laser falls on 

the detector was few microamperes whereas the dark current due to thermal 

phenomena was less than 300 nA upto 60 ˚C as per data sheet of detector. So, dark 

noise is not affecting the measurement. 

 

Figure 4.10: Effect of temperature on sensor reading 
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 Finally, the results of position measurement were found to be quite insensitive 

to the different target surface roughness (0.025 μm Ra, 0.05 μm Ra, 0.1 μm Ra, 0.2 

μm Ra, 0.4 μm Ra) as shown in Figure 4.11. 

 

Figure 4.11:  Results for position measurement for the target of different roughness 

samples 

4.7 CONCLUSION 

 In this chapter, laser- based position sensor for long standoff distance is 

developed to measure the position of the target in the range of ± 50 mm at 1000 mm 

distance with accuracy of ± 1 mm. The position sensor shows a linear relationship 

between the output signal and the actual displacement of target to measure the 

position. Compactness of the sensor without affecting the sensitivity was achieved by 
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incorporating beam-folding technique at the focusing side of the lens. At different 

angular inclinations of the target surface (±10 degrees from normal), it produced 

output within ±1 mm error. The sensor was also tested for the different standard 

surfaces with known roughness and was found to be working effectively. Effect of 

temperature on the sensor was also studied which was found to be negligible. The 

developed sensor is compact and can be used for reasonably accurate position 

measurement at long standoff distance of the target. 
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CHAPTER 5: DESIGN & DEVELOPMENT OF LINEAR FIBER 

ARRAY BASED POSITION SENSOR 

In the previous chapter, we have described the working principle of oblique 

laser triangulation sensor for long standoff distance. The position change of the target 

is measured based on the output voltage received at the PSD. Although the sensor 

measures accurate position for long standoff distance applications, the presence of 

electronics in the system is prone to give erratic results or can be damaged in case of 

radioactive or EMI/EMC environments. Therefore, to apply the technique in the 

aforesaid environmental conditions, we propose optical fiber based triangulation 

sensors in this chapter where the electronic components such as CCD camera can be 

located remotely. 

In this chapter, we describe development of linear optical fiber array based 

non-contact and remote position sensor that uses oblique laser triangulation technique. 

As discussed in Chapter 2, oblique triangulation method was selected as it has better 

resolution.  In all the optical triangulation techniques reported in literature, scattered 

or reflected light from the target is collected by the lens and is directly focused onto 

the CCD or PSD without use of optical fibers, and so these methods are not meant for 

remote measurement and thus not suitable in the hazardous environments. However, 

in our technique, instead of imaging directly on CCD camera position information is 

achieved using linear optical fiber array. This helps in placing the CCD camera 

remotely at the other end of linear optical fiber array. Determination of target position 

is done by finding the centroid of laser spot on camera using Fourier series method. 

Of course, due to oblique incidence of laser, the point of incidence on the target 

surface gradually changes its location with distance of separation and local surface 
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property can change the intensity pattern on lens ultimately introducing errors in the 

estimated position. To assess this effect, we have experimentally measured the 

position of standard surfaces with known roughness using our developed sensor and 

compared it with the true position measured by micrometer. Factors contributing to 

the errors are discussed in the chapter. 

5.1 DESIGN ASPECTS FOR REMOTE POSITION SENSOR 

 This section gives the design aspects of remote position sensor comprising of 

sensor head, linear fiber array, detection unit, and algorithm used for measurement. 

Sensor head can be mounted near the target whose position is to be sensed and 

detection unit is placed remotely. The information of position is transmitted 

continuously from the sensor head to the detection unit via linear optical fiber array.  

5.1.1 Sensor head 

 The sensor head is designed to hold all the optical components with 

mechanical stability and alignment. The sensor head configured for 100 mm standoff 

target distance comprises of  a diode laser (3 mW, wavelength 638 nm) having spot 

diameter of 1 mm at  target surface, an aspheric lens and a linear optical fiber array 

for non-contact position measurement. The laser diode provides a compact, efficient, 

long-lifetime light source for sensor. The working angle i.e. angle between normal of 

surface and laser line was 30°. An aspheric lens of focal length 25 mm is used to 

focus the light scattered from the target onto the linear fiber array. The aspheric lens 

helps in reducing the spherical aberration and distortion. Linear fiber array used in the 

system was fixed in such a way that at the standoff position of the target, the scattered 

light from the target is focused by the aspheric lens at the center fiber of linear fiber 



 

113 

 

 

array. Linear fiber array acquires the scattered light from target and transmits the 

information to the remotely placed CCD camera as shown in schematic Figure 5.1. 

 

Figure 5.1: Schematic of setup of laser triangulation based position sensor using linear 

fiber optic array 

 All the components in the sensor head were mounted such that center of diode 

laser, aspheric lens and linear fiber array all lie in same plane. The developed sensor 

head is shown in Figure 5.2 (a). The dimension of sensor head is 12.5 cm × 4.8 cm × 

3.2 cm. The schematic of fiber array is as shown in Figure 5.2 (b). 
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Figure 5.2: (a) Developed sensor head (b) Linear fiber array 

 

5.1.2 Selection of Linear Fiber Array 

 The resolution of the developed sensor is governed by the diameter of the each 

individual fiber in linear fiber array and pitch. When the fiber diameter is small, the 

spatial resolution is more. However, due to the relatively large area of the focused 

sensing spot on the fiber, the light collection efficiency of individual fiber would be 

poor. When the fiber diameter is large, the light collection efficiency would be good, 

but the spatial resolution would be poor. Therefore, the selection of optical fiber size 

has to be such that a balance between spatial resolution and light collection efficiency 

is maintained. 

 The commercially available linear fiber array of 5 m length with 12 multimode 

fibers is used in our experiment. The core diameter and Numerical Aperture (NA) of 

each fiber is 50 μm and 0.2 respectively. The pitch of the fiber array was 250 μm. For 

the standoff distance of 100 mm, by applying the lens formula, the magnification of 

the optical system is 0.33. Therefore, the image spot on the fiber tip was 330 μm. As 
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the image spot has more diameter than the pitch of fiber array, the image spot is 

coupled in two fibers for transmission to remotely placed CCD camera.  

5.1.3 Detection system 

 The detection system comprises of analog CCD Camera (area of sensor 640 × 

480 pixels with pixel size of 10 μm × 10 μm) placed remotely connected with the 

light receiving end of linear fiber array. The camera is running in the scan mode and 

the readout pattern is global shuttering. A CCD is a highly sensitive photon detector, 

which is divided into a large number of light-sensitive small areas (known as pixels) 

and is used to build up an image. A photon of light that falls within the area defined 

by one of the pixels causes flow of electrons and the number of electrons collected is 

directly proportional to the intensity of the image at each pixel. When the CCD is 

clocked out, the number of electrons in each pixel is measured and the image can be 

reconstructed. As position of target changes, the corresponding position of laser spot 

shifts across the fiber array and finally at the CCD camera. The change in centroid of 

laser spot determines the change in the position of the target. There are various 

techniques such as centre of intensity, least square technique and the Fourier method 

[78-80].  

Centre of intensity method is used for calculating the centroid of the image spot. In 

this method, the intensity values for each pixel are treated as weights and the centroid 

is calculated as per the following formulas. 

x =  
 xI(x, y)dxdy

 I(x, y)dxdy
                                                           (5.1) 

y =  
 yI x, y dxdy

 I x, y dxdy
                                                          (5.2) 
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Direct implementation of the above formulas will give erroneous results if the image 

obtained is noisy. Also, due to background effect, the centroid value will change. 

Least square method is computationally expensive and needs lot of time for the 

processing. Therefore, for precise and speedy centroid measurement in order to 

calculate the position, technique used in our sensing system for measurement was 

Fourier method as proposed by [79-81]. We have adopted the Fourier series method 

as we can remove the asymmetric components and effectively eliminate the noise. 

The algorithm is based on the detection of the phase shift in the Fourier domain, i.e., 

the spatial frequency domain. Because the noise has a different frequency spectrum 

than the image spot and the processing of offset estimation in the Fourier domain can 

efficiently suppress the noise from pixels. The basic idea of this method is to measure 

the symmetric and asymmetric proportion of the profile with respect to the coordinate 

axis. If we are dealing with a symmetrical profile, whose symmetry axis is not the 

origin, the Fourier expansion is asymmetric. The given technique is used to find a 

position at which the asymmetric portion of the transform is minimal. The shift in the 

position is described by Δ x, and gives us the centroid of the beam spot.  At 2N 

discrete points, the Fourier series of the profile f(x) is given by: 

𝑓 𝑥 =   𝐶𝑘𝑒
2𝜋𝑖𝑘𝑥 /𝑁

𝑘=𝑁

𝑘=−𝑁

                                               (5.3) 

Where, Ck= ak+ ibk are the Fourier coefficients. The condition Ck= C*-k results from 

the Fourier transformation of the measured distribution. 

 If the function is symmetric about the origin x = 0, imaginary components of 

Ck disappears. The measure of asymmetry of function f(x) with respect to origin is 

given as: 
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𝐴 𝑥 =    𝐼𝑀 𝐶𝑘  

𝑁

𝑘=0

2

                                                            (5.4) 

 If we consider a function where the origin is shifted by a distance Δx i.e. f (x-

Δx), the Fourier series of the function is given by: 

𝑓 𝑥 − ∆𝑥 =   𝐶𝑘𝑒
2𝜋𝑖𝑘 (𝑥−∆𝑥)/𝑁

𝑘=𝑁

𝑘=−𝑁

                                             (5.5) 

Measure of asymmetry of function centered at Δx is given by [77],  

𝐴 ∆𝑥 =    𝐼𝑀  𝐶𝑘𝑒
−

2𝜋𝑖𝑘 ∆𝑥

𝑁   

𝑁

𝑘=0

2

                                             (5.6) 

 For an ideal or symmetric profile such as the Gaussian shaped profile of laser 

spot, the maximum of the fundamental oscillation is the axis of symmetry of the 

profile and if all the other higher order oscillations are symmetrical about the axis of 

symmetry, they will not contribute in Eq. (5.7).  

 In many cases phase of the fundamental frequency is stable, hence only first 

order Fourier coefficients positions are needed. So, from [79] for fundamental 

frequency (k=1),   

𝐼𝑀  𝐶1𝑒
−

2𝜋𝑖 ∆𝑥

𝑁  =  −𝑎1 sin(
2𝜋∆𝑥

𝑁
) + 𝑏1 cos  

2𝜋∆𝑥

𝑁
 = 0                  (5.7) 

Let ∅ represent the phase change between f(x) and 𝑓 𝑥 − ∆𝑥 , 

∅ = 𝑎𝑛𝑔𝑙𝑒 𝑓 𝑥  − 𝑎𝑛𝑔𝑙𝑒 𝑓 𝑥 − ∆𝑥                             (5.8) 

∅ =  
−2𝜋∆𝑥

𝑁
                                                              (5.9) 

Thus, the shift ∆𝑥 is given as 
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∆𝑥 =  
𝑁

2𝜋
[tan−1(

𝑏1

𝑎1
) +  ∅ ]                                           (5.10) 

 Where, 𝑎1 , 𝑏1 are the coefficients for fundamental frequency, N is no. of 

pixels, ∅ represent the phase. Above equations are for one-dimension and can be 

extended in two-dimensional plane. 

 Using the above method, an algorithm was developed to find the centroid of 

the image spot obtained at the CCD. 

5.1.4 Algorithm for determination of target position 

The target position measurement is determined using the following steps: 

(1) Image registration 

(2) Define CCD sensor area 

(3) Accumulate the intensity vectors along x-axes and y-axes using Eq. (5.7) to find 

the maximum intensity co-ordinate 

(4) Obtain the phase vectors by applying Fourier Transform 

(5) Find the shift in the co-ordinates of x and y using Eq. (5.10). 

(6)  Convert to position using calibration factor. 

As, we are using linear optical fiber array and considering that laser diode center, lens 

and center of linear fiber array are in same plane, the change of pixels in y direction 

was neglected. 
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5.2 EXPERIMENTAL SETUP 

As described earlier, the diode laser used in sensor was of 3 mW power and 

standard stainless steel surfaces of known roughness values were used as a target 

during the experiment. Linear stage carrying the target was fixed on optical table at 

standoff distance from the sensor head. The target was moved ± 5 mm in steps of 1 

mm from the standoff distance 100 mm using manual linear stages. As position of the 

target changes from the standoff position, the corresponding change in the image spot 

at the linear fiber array takes place and also at the remotely placed CCD camera. The 

CCD sensor (640 × 480 pixel) is mapped to 512 × 480 pixels, which is as per the 

specification of our frame grabber card. This is done by sampling the 512 data points 

from video signal from each horizontal pixel line of the camera. The exposure time of 

camera is 20 ms and has a resolution of 12.5 μm × 10 μm in image plane. The 

exposure time of camera was fixed and was not changed during the course of 

experiment. Figure 5.3 shows the standard stainless steel surfaces of known roughness 

values (0.025 μm Ra, 0.4 μm Ra, 0.8 μm Ra, 1.6 μm Ra, 3.2 μm Ra) which were used 

as target during the experiment and the results were studied.  
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Figure 5.3:  Standard stainless steel surfaces of known roughness values used in 

experiments 

5.3 RESULTS & DISCUSSION 

From the above experiment discussed in Section 5.2, as the target changes the 

position from the standoff position the corresponding change in the image spot at the 

linear fiber array takes place.  The CCD camera connected to the other end of linear 

optical fiber array acquires the image of shifted laser spot. An algorithm based on 

Fourier series method to calculate the centroid of the laser spot in terms of pixel 

values was used. Figure 5.4shows the image of laser spot on the camera along with 

centroid pixel values based on the algorithm. 
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Figure 5.4:  Lateral movement of spot captured using CCD camera on the computer. 

 

Theoretically, using Eq. (2.45), 1 mm target displacement corresponds to the 

shift of 192 μm at the detection.  Experimentally, the 1 mm movement of the target 

resulted in approximately 14 pixels (14 x 12.5 μm = 175 μm) movement of the spot in 

image plane. The overall 10 mm movement of the target resulted in around 140 pixels 

(1750 μm) movement. For standard surface of stainless steel of 0.025 μm roughness, 

variation of the position of centroid of image spot at CCD camera (y) with actual 

position of target (x) measured by micrometer is plotted in the Figure 5.5. By linear 

equation fitting, the fitted equation is: 

𝑦 = 14.054x− 1096.818                                        (5.11) 
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Thus, we have experimentally confirmed that movement of the centroid of 

image spot is linearly dependent on target displacement. Then, similar experiments 

were conducted with other known roughness specimens and the results obtained are as 

shown in the Figure 5.6. 

 

Figure 5.5:  Relation between centroid positions on the CCD camera vs actual 

position (mm) 
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Figure 5.6: Measured position of target of different roughness values (mm) vs actual 

position (mm) 

Figure 5.7gives the comparison of the errors in estimated position of the target 

relative to true position in case of surfaces with different roughness. It was seen that 

the error was minimum for target surface with 0.025 μm roughness and it was 

maximum for surfaces with roughness between 0.4 and 1.6 μm. This might be 

because the wavelength of laser (0.638 μm) is much larger than the roughness 0.025 

μm eliminating the possibility of diffraction effects changing the intensity pattern in 

this case. However, for surfaces with roughness between 0.4 to 1.6 μm, wavelength of 

laser (0.638 μm) becomes comparable leading to diffraction and consequent change in 
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intensity pattern as reported by Inari et al [77]. However, the roughness-induced 

uncertainty in all the cases is less than the resolution ~1%, which is acceptable.  

 

Figure 5.7: Error in position measurement of different target surfaces (mm) vs actual 

position (mm). 

All the above-described experiments were carried out on the isolation optical 

table so that effect of vibration on the measurement of position of the target can be 

neglected. Since triangulation based position measurement depends upon the relative 

intensity distribution, absolute change in laser power is not expected to affect our 

results. We have used an aspheric lens to avoid optical aberrations. Therefore, the 

uncertainty observed in our results of Figure 5.7 may be mainly due to surface 
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roughness of the target (when comparable to wavelength of laser), mechanical errors 

in micrometer, photonic noise and electronic noise of the CCD camera. 

5.4 CONCLUSION 

 We presented the linear optical fiber array based non-contact and remote 

position measurement system using oblique laser triangulation configuration. Oblique 

triangulation system was selected due to its higher resolution as compared with the 

direct configuration. We have used linear array of optical fiber to transmit light to 

long distance so that CCD camera can be placed remotely and thus the scheme can be 

suitable for use in special environments containing radioactivity or electromagnetic 

noise. Application of Fourier series method to find the centroid of displaced image 

spot to compute the actual position of target is done. The resolution achieved in our 

system for position measurement was 1 mm at a standoff distance of ~100 mm 

between target and light collecting lens (this corresponds to accuracy of ~1%). The 

developed sensor head can be modified based on the resolution requirement, by 

varying the angle between the incident light axes and imaging optical axis, standoff 

distance, focal length of lens and the linear fiber array used. For the given sensor head 

configuration, in order to increase the resolution, one needs to reduce the laser spot 

size at the target surface and increase the fill factor of the fiber array. In future, a 

compact sensor using optical fiber both as transmitting and collecting medium for 

light in oblique triangulation sensor is envisaged. 

 Since in oblique triangulation technique, the position at which laser strikes the 

target gets shifted as the target is displaced, changing surface roughness can affect the 

intensity distribution of scattered light. However, we have experimentally 

demonstrated that the uncertainty in measured position due to variation in roughness 
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is less than the resolution of our setup. It was also established that uncertainty in 

position measurement was maximum when the roughness is comparable to 

wavelength of the laser used due to diffraction effects at the target surface that 

ultimately alters the intensity pattern of scattered light.  
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CHAPTER 6: LASER TRIANGULATION BASED TWO-

DIMENSIONAL POSITION MEASUREMENT OF A 

CYLINDRICAL OBJECT 

All the previous chapters describe the techniques for position measurement 

along one dimension. However, in reality, most of the displacements of object happen 

in a two-dimensional (2-D) plane. So, in this chapter, we present a method for online 

measurement of position of cylindrical objects in a 2-D plane using linear optical fiber 

array based laser triangulation sensor. There are various applications where 

measurement of 2-D position change is required such as power transmission shafts in 

industries, rollers in rolling mills, 2-D rotor vibration measurement, positioning of 

fuel channels in nuclear reactors and movement of tools in a plane in Coordinate 

Measurement Machines (CMM). Vallance et al [82] have studied the 2-D position of 

spherical targets using capacitive sensors. However, their sensing range was less than 

0.1 mm. Nonaka et al [83] have used the principle of ultrasonic 2-D position 

measurement by phase difference where either transmitter or receiver have to be 

mounted on the target. Eddy current sensors [84] are in general used to measure 

position along one dimension only. 

During the assembly of the cylindrical objects (shafts, pipes etc.) in heavy 

machines, change in position and alignment of these from a particular co-ordinate 

system or from its aligning counterpart needs to be measured accurately to prolong 

life of machinery and to avoid accidents. By measuring the two-dimensional positions 

at two different planes perpendicular to the axis of shaft, the alignment/tilt of the 

cylindrical shaft can be inferred. At first, a mathematical model is developed in order 

to deduce the 2-D position of target axis from two perpendicularly placed sensors 
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taking into account the curvature of target surface on measurements. Then, using the 

formulae derived and our recorded experimental data, the measurement of change in 

2-D position of cylindrical object with both sensors placed remotely at 100 mm 

standoff distance is done. 

6.1 THEORY FOR MEASUREMENT OF 2D POSITION AND ALIGNMENT 

OF CYLINDRICAL TARGET 

Figure 6.1 shows the schematic of two laser triangulation sensors used for 

measurement of 2-D position of cylindrical target. It is clear from Figure 6.1 that the 

change in position of the point of incidence of laser on cylindrical target surface 

whose image is captured by the sensor depends upon the radius of the curved surface 

and displacement along both the perpendicular axes X and Y respectively. Therefore, 

we formulate the relation between shift in image spot on the linear fiber array and 2-D 

displacement of cylindrical target.  
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Figure 6.1: Two-sensor configuration for monitoring the two-dimension position of 

cylindrical target in a plane (Black circle shows the actual position of target in a plane 

and red circle shows the displaced position of target) 

 

 Both the sensors are placed on the same plane in such a way that cylindrical 

target is at equal standoff distance from both sensors. Initially the cylindrical target is 

consideredhaving centre at O (0, 0), as the target changes its position or gets 

misaligned from its actual position, new centre position of cylinder is given as O′ (h, 

k). Let 𝛿1 is the change in position of image point as measured by sensor-1 and δ2 is 

the change in position of image point as measured by sensor-2. However, the actual 

changes in positions of axis of cylinder on same plane as the sensors are h and k along 
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X and Y axes respectively. Let the point of incidence of the laser-1 with displaced 

target surface is (x1, y1) and that of laser-2 is (x2, y2). Both these points satisfy the 

equation of circle described by the new target position as, 

(𝑥1 − )2 + (𝑦1 − 𝑘)2 =  𝑅2                                         (6.1) 

(𝑥2 − )2 + (𝑦2 − 𝑘)2 =  𝑅2                                         (6.2) 

Since, the point (x1, y1) must also satisfy the equation of line described by laser-1 and 

using similarity of triangles LCD and LMB, we get  

𝑦1 =  −(𝑥1 + 𝑅) × tan𝜃1                                              (6.3) 

𝑦1 =  − 
𝛿1

𝑑𝑖
 ×  𝑑0 + 𝑅 + 𝑥1                                         (6.4) 

Simplifying above two equations, we get 

𝑥1 =  
𝛿1 𝑑𝑜 + 𝑅 − 𝑅𝑑𝑖 tan 𝜃1

𝑑𝑖 tan𝜃1 − 𝛿1
                                       (6.5) 

𝑦1 =
𝛿1𝑑𝑜 tan𝜃1

𝛿1−𝑑𝑖 tan 𝜃1
                                                  (6.6) 

As laser-2 and its sensor are just rotated by 90˚, its expressions will also be similar to 

Eq. (6.5) and Eq. (6.6) except that x1 will be replaced by y2 and y1 will be replaced by 

–x2. So, point (x2, y2) for the second sensor,  

𝑥2 =
𝛿2𝑑𝑜 tan 𝜃2

𝑑𝑖 tan 𝜃2 −𝛿2
                                                (6.7) 

𝑦2 =  
𝛿2 𝑑𝑜 + 𝑅 − 𝑅𝑑𝑖 tan 𝜃2

𝑑𝑖 tan𝜃2 − 𝛿2
                                   (6.8) 
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Figure 6.2: Schematic to determine the centre of displaced cylinder position in a plane 

 

From Figure 6.2, as O′ (h, k) is equidistant from B and B′. Therefore, O′ must 

lie on the perpendicular bisector of line connecting B (x1, y1) and B′ (x2, y2) through its 

midpoint. Let Q be the midpoint of BB′ so, 

𝑄 =  
𝑥1 +  𝑥2

2
,
𝑦1 +  𝑦2

2
 =  𝑥𝑄 , 𝑦𝑄                            (6.9) 

Slope of line BB′ is given as, 

𝑚1 =  
𝑦2 − 𝑦1

𝑥2 − 𝑥1
                                                 (6.10) 

As O′Q is perpendicular to BB′, slope of line O′Q is 
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𝑚2 =  
−1 
𝑦2−𝑦1

𝑥2−𝑥1

=  −
𝑥2 − 𝑥1

𝑦2 − 𝑦1
                                       (6.11) 

If slope 𝑚2 is represented by tan 𝛽,  

𝛽 =  − tan−1  
𝑥2 − 𝑥1

𝑦2 − 𝑦1
                                       (6.12) 

Considering ΔO′QB′ 

As, O′B′= R, and let QB′= F = (𝑥𝑄 − 𝑥2)2 + (𝑦𝑄 − 𝑦2)2 

O′Q = d =  𝑅2 − 𝐹2 

From Eq. (6.11) as the slope of O′Q is known, and co-ordinates of point Q is also 

known so, one can easily compute O′(h, k) by    

 =  𝑥𝑄 +  𝑑 cos𝛽                                              (6.13) 

𝑘 =  𝑦𝑄 +  𝑑 sin 𝛽                                              (6.14) 

Thus, new centre of displaced cylindrical target can be measured from Eq. (6.13) and 

Eq. (6.14). 

 In order to measure the tilt angle of shaft axis, two sensors configuration can 

be used at two different planes. At first plane, set of two sensors can measure the 

position of tilted circular shaft as point P1 (h1, k1). Similarly, at another plane at a 

distance L along axis position of point P2 (h2, k2) can be measured. After knowing the 

centre points, one can calculate the tilt of the axis using the formulae, 

tan 𝛼 =  
 (2 − 1)2 + (𝑘2 − 𝑘1)2

𝐿
                         (6.15) 

Where, α is the angle of tilt along the axes.  
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6.2 DESIGN OF INSTRUMENT AND EXPERIMENTAL METHOD 

 As described in Chapter 5, we have used the two sensors of similar 

configuration earlier, oblique configuration for laser triangulation technique was 

selected for development of sensors heads. The sensor head comprises of a laser 

diode, imaging lens and linear fiber array. The scattered light from the target surface 

is collected by the imaging lens and is focused to the input end of step index linear 

fiber array. Lens used in our sensor is an aspheric lens; it is selected as it creates a 

single focal point and allows clearer, sharper vision and reduced peripheral distortion. 

The output of linear fiber array is collected at the CCD camera. As the position of 

target changes, corresponding image spot across the fiber also changes. This linear 

fiber array transmits the position information to the CCD camera. The centroid of 

image spot formed at the CCD camera helps in determining the actual target position. 

The centroid of image spot was measured using Fourier series method. The 

parameters of components used for deigning the sensor head is shown in Table 5.1. 

All the components in the sensor head were mounted in the aluminium box 

such that center of diode laser, imaging lens and linear fiber array all lie in same plane 

with mechanical stability. All the experiments were conducted on the vibration 

isolation table so that effect of vibration on the measurement can be neglected.  
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Table 5.1: Parameters of components used for design of sensor head. 

Laser Source Laser Diode (2.3V, 30 mA) 

Beam Wavelength 650 nm (Red color) 

Design angle (θ) of sensors 32° and 30° for sensor 1 and sensor 2 

respectively. 
Imaging Lens 

25 mm focal length (Aspheric), 25 mm 

diameter 

Standoff Distance (Object Distance) 100 mm 

Detector 12 fiber linear array coupled to CCD 

camera 

 

CCD Camera  
Area of sensor 640 × 480 pixels with pixel 

size of (10 μm × 10 μm). 

Optical Fiber Array 

Step Index Fiber, Core = 50 µm, Clad = 125 

µm, Pitch = 250 µm, N.A. = 0.22, Length = 

5 m. 

 

 

 

 To measure the position of the cylindrical target in a two-dimensional plane, 

both the sensors were placed perpendicular to each other in a same plane at the 

standoff distance of 100 mm from target as shown in Figure 6.3. 

 The cylindrical target of stainless steel material having 150 mm diameter is 

used for experiments. 
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Figure 6.3: Experimental setup of the sensors placed in perpendicular configuration 

 

The cylindrical target was moved ± 5 mm in steps of 1mm from the standoff 

distance of both sensors using 2-D manual linear stages.  As the target changes the 

position from the standoff, the corresponding change in the image spot is measured 

using CCD camera at remote location. The centroid of the image spot formed at the 

CCD is measured using Fourier series method. From the measured displacements of 

centroid of image (𝛿1, 𝛿2) in both the sensors, new position of the axis of cylindrical 

object (h, k) was found out by solving the Eq. (6.13) and Eq. (6.14). During the course 

of experiment, the camera exposure time was kept constant. Figure 6.4shows the 

typical output image spots at different positions of both sensors. 
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Figure 6.4:  (a) Output at CCD when the target is at standoff distance for Sensor 1 and 

Sensor 2 (b) Output of Sensor 1 and Sensor 2 at extreme ends 
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 As our main objective was to have a more sensitive position measurement and 

we had concluded that oblique laser triangulation sensors are more sensitive than the 

normal type, we have used the former one. However, to avoid cross coupling of 

scattered light from one sensor to other, we have limited the range to ± 5 mm. The 

non-linear nature of the sensor output due to curvature of surface and oblique 

incidence on the calculated displacement of target is exactly taken into account by the 

theory developed in section 6.2. 

6.3 RESULTS AND DISCUSSION 

 As discussed in Section 6.2, the cylindrical target was displaced in all the four 

quadrants of X-Y plane using a two-dimensional micrometer stage and the output of 

both the sensors was monitored. Micrometer was given incremental displacement of 

±1 mm along both the axes. The output of both the sensors gives the displacement of 

the image spot across the fiber at CCD in terms of pixel values. These pixels values 

were normalized to give the displacement of image spot in terms of mm. Figure 6.5 

gives the position of centre of target in 2-D plane calculated from sensor outputs 

verses actual position of the target. It was found that the 2-D position of the 

cylindrical target measured by our optical technique agreed well with the true position 

of the target.   
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Figure 6.5: Coordinates of centre of cylindrical target as measured by sensors (mm) 

when the target is moved compared with the true position 

 Towards the end of the measurement range, there is deviation in measured 

value of the centre co-ordinates with the actual center co-ordinates. This might be due 

to the curvature of the target, which leads to the increase in the asymmetry in the 

elliptical laser spot at the target. The given sensor is limited for the ±5 mm 

measurement range of operation for 100 mm standoff distance of the cylindrical 

target. This is because of the limited area of fiber array and field of view of lens that 

prevents the image to form on CCD beyond this range. The other factors for deviation 

in the measured value to that of actual value may be due to: 

a) Effect of image spot size: As the size of image spot increases, number of 

fibers collecting the image spot increases, thus leading to the error in the 
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centroid finding. This effect generally occurs at the extreme ends of the 

measurement.   

b) Electronic noise of CCD camera also leads to some uncertainty in 

measurement. 

c) Temperature:  The dimensions of sensors case and optical components might 

change due to the change in temperature. This leads to the change of optical 

alignments leading to the measurement uncertainty. 

 In some applications, cylindrical parts tilt in addition to the change in 2-D 

position in a plane. In such a case the cross section of the target at the plane 

containing both the sensors will be slightly elliptical whereas our theory is based on 

circular cross section and hence some error will creep into the measurement. 

However, in our case, for small tilt angles (upto ~5
°
), we have observed that the 

maximum error in the position of center of the target was less than the resolution of 

the sensor (1 mm). 

6.4 CONCLUSION 

In this work, we have developed the theory and experimentally demonstrated 

an optical fiber array based laser triangulation sensor for measurement of change in 

position and alignment of cylindrical components. Two sensors placed 

perpendicularly to the cylindrical target can easily determine the position change and 

can continuously monitor the alignment. The developed position sensor can be used in 

environments such as EMI and radiation and has the advantage over existing 

measurement techniques for being a non-contact online technique. The sensor can be 

helpful in determining the wobble effect in cylinders. Further, the given technique can 

be extremely useful for fuel channel alignment in Nuclear Reactors where one has to 

monitor the alignment remotely. The future work might involve improvement of 
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precision by using low pitch fiber optic array and by decreasing the spot size on the 

cylindrical surface. The use of fiber-coupled laser as the transmitting source instead of 

diode laser will help the sensor head to become completely isolated from any of the 

electronic components. 
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CHAPTER 7: OPTICAL FIBER BASED TWO-DIMENSIONAL 

POSITION SENSOR 

In chapter 6, we have used the two in house developed laser triangulation 

sensors for the position change measurement of the cylindrical target in a plane from a 

given reference axis. However, sometimes it becomes difficult to place the sensors 

across the target due to space constraints. So in order to overcome this, in this chapter, 

we describe a transmission configuration based two-dimensional fiber optic position 

sensor that utilizes the simultaneous measurement of the change in intensity and 

centroid of image on CCD camera. Here the transmitting fiber can be placed on the 

moving object and the receiving fiber array on the reference target about which the 

alignment has to be done. Both axial and lateral position change can be measured by 

using this technique. Axial position change is inferred by the change in peak intensity 

at the CCD camera and lateral position change is measured by the change in centroid 

of image spot at CCD camera. The given sensing system is small, and adds very 

negligible weight when fixed on the aligning components of machines. These sensors 

have wide applications due to its simplicity, high accuracy and immunity to EMI.  In 

the measurement technique, the pitch of the fiber array determines the resolution of 

lateral position and the sensitivity of axial position is decided by the diameter of 

optical fiber. This system can be used for position measurement and alignment 

monitoring in a 2-D plane for structural health monitoring, alignment monitoring of 

shafts etc. where the non-contact measurement is needed. 
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7.1 SENSOR SYSTEM SETUP AND MODEL 

 The single fiber-to-fiber light transmission based axial measurement technique 

for position measurement is explained in Chapter 2. In this type of configuration, a 

moveable and fixed fiber is involved; optical power is transmitted from the moveable 

fiber and is received by the fixed fiber. A change in position of the moveable fiber  

will  cause  a  change  in  the  received  power  to  an  extent  dependent  on  the  

movement.  Here the system is modified by using the single fiber as the transmitting 

fiber and linear fiber array as the receiving fiber. The schematic of the sensor system 

setup is shown in Figure 7.1. Both the axial and lateral translation position change of 

the transmitting fiber with respect to the receiving fiber array can be detected by the 

intensity variation and the centroid change across the receiving fiber arrayusing the 

CCD camera. As the distance x between the transmitting and receiving fiber array 

increases, due to the movement along X-axis, the peak intensity in the image recorded 

by the camera changes which indicates the displacement along the X-axis. Any 

movement along the Y-axis results in the change in position of the centroid on CCD 

Camera. The position of the centroid of the image is linearly dependent on the 

position of transmitting fiber along Y-axis.  In other words, 

𝑦 = 𝑎 × 𝑦𝑐 + 𝑏                                                       (7.1) 

Where, y is the position of the transmitting fiber along Y-axis, yc is the position of 

centroid of the image spot and a, b are the constants. 

Eq. (7.1) is needs to be calibrated before using the sensor to know the values of a and 

b. 
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Figure 7.1:Schematic of the optical sensor arranged in transmission mode 

 

7.2 EXPERIMENTAL SETUP & SYSTEM DESCRIPTION 

 Figure 7.2 shows the schematic of the two-dimensional position sensor used in 

our experimental setup. The sensor works by light coupling between the transmitting 

fiber and the individual fibers of receiving linear fiber array. The CCD does the 

detection of the image spot from the cores of linear fiber array at the other end. The 

experimental study is done to study the position change along X-direction i.e. axial 

and Y-direction i.e. lateral.  
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Figure 7.2: Schematic of the working principle of optical sensor for position 

measurement 

 The system consists of following components: a light source, a transmitting 

fiber, a linear fiber array, CCD camera and computer for data analysis. The setup was 

made on the vibration isolation table in order to minimize the effect of the vibration of 

the surrounding on the measurement.  

7.2.1 Light Source and Transmitting Fiber 

 The light source used in the experiment is He-Ne Laser (λ = 633 nm and 5 

mW power). The laser is coupled to the transmitting multimode fiber of 1 m length 

having  core and cladding diameter 62.5 μm and 125 μm and NA of 0.22. The other 

end of  the optical fiber is fixed on the X-Y-Z stage leaving the fiber end about 1mm. 

The output power coupled across the length of fiber is 0.08 mW.   
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7.2.2 Receiving Fiber Bundle 

 The fiber bundle used is a 5 m long linear fiber array having 12 fibers. The 

fiber has a typical core and cladding diameter of 62.5 μm and 125 μm respectively. 

The pitch of fiber array is 250 μm. The width of fiber array is 3 mm. The one end of 

fiber array is mounted on a linear stage and the other end is coupled to the camera.  

7.2.3 CCD Camera 

The CCD camera used is 512 x 480 pixels having pixel size of 10 μm x 10 

μm. The camera is used to capture the image from the other end of fiber array. The 

camera used in the sensor setup is 8-bit camera. There is C mount connected to the 

camera that is used for fixing the receiving end of fiber array to the camera. This 

helps in determining and fixing the working region of CCD camera. 

7.2.4 Peak and Centroid Measurement Algorithm 

Peak intensity of the image recorded by the CCD camera can be easily 

observed which is directly related to the X-position of the target. For Y-position, 

centroid of the image is to be found out. As already discussed in Chapter 5, Fourier 

technique is used for the measurement of centroid.  

During the experiment, it was ensured that angular alignment between the two 

fiber probes was zero prior to the actual measurements. 

7.3 CALIBRATION 

Before the use of sensor for position measurement in a 2-D plane, it needs to 

be calibrated. The transmitting fiber holder was fixed onto a X-Y-Z translation stage, 

and the receiving linear fiber array holder was mounted on a fixed stage.  Further, the 

X-Y-Z position of transmitting fiber was adjusted for maximum transmitted power, 
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and it was recorded at CCD. The intensity was maintained in a way that the CCD 

camera is not saturated.  

After the proper alignment, receiving fiber is moved axially along the X-axis 

and the peak value of the power output of linear fiber array as recorded by CCD (after 

Gaussian Fitting) was plotted with the displacement. Initial intensity profile during the 

displacement was maintained in such a way that the output was not saturated. As 

target was displaced axially, the peak of the output profile goes on decreasing as 

expected. The peak value at the individual displacement points acts as a calibration 

curve to infer position change along the X-axis from the change in peak value of 

intensity. Figure 7.3 gives the calibration curve for the axial displacement. 

 

Figure 7.3: Calibration curve for peak intensity in image on CCD for position change 

in X direction 
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After the calibration was done along X axis, the position of transmitting fiber 

was changed laterally (along Y-axis), the corresponding change in the image spot 

position at the linear fiber array took place.  The CCD camera connected to the other 

end of linear optical fiber array acquires the image of shifted laser spot. An algorithm 

based on Fourier series method to calculate the centroid of the laser spot in terms of 

pixel values was used.  

Variation of the position of centroid of image spot at CCD camera (y) with 

actual position of target measured by micrometer is plotted in the Figure 7.4. By 

linear equation fitting, the fitted equation is: 

𝑦 = 433.44 − 0.11x                                                   (7.2) 

 

Figure 7.4: Output in terms of pixel values vs. transmitting fiber position change in Y 

direction 
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 Thus, we have experimentally confirmed from Eq. (7.2) that movement of the 

centroid of image spot is linearly dependent on transmitting fiber displacement. Using 

the Figure 7.4as the calibration curve, one can easily calculate the lateral shift across 

the receiving fiber array.  

7.4 EXPERIMENT  

 After calibration, experiment was conducted to study the change of position in 

two-dimensional plane. The transmitting fiber was displaced in both the X direction 

and Y direction with (50 μm, 50 μm; 50 μm, 100 μm) resolution respectively for the 

given range and output of image spot in terms of peak intensity and centroid were 

recorded.   

Then by using the previously described calibration curves, X and Y position 

were inferred. Comparison of 2-D position of target (transmitting fiber) as estimated 

by our sensor with that measured by the micrometer is plotted in Figure 7.5.  
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Figure 7.5: Comparison of position by our optical sensor and by micrometer in X-Y 

plane 

 The position measurement data produced by our sensor was found to be 

reasonably matching with the value measured by the micrometer. The maximum error 

was 6% of the measurement range. The error might be due to the mechanical errors in 

micrometer or photonic noise and electronic noise of the CCD camera in optical 

sensor. The pixel value uncertainty that arises due to the noise in CCD camera was 

minimized by keeping the camera gain low.  In order to study this effect, online 

monitoring of the centroid for continuous operation of four hours was done. The 

effect of this uncertainty on the centroid position was found to be below the resolution 

of our sensor. 
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7.5 CONCLUSION 

 In this chapter, we have experimentally demonstrated a fiber optic 2-D 

position sensor by the coupling of light between transmitting optical fiber and a 

receiving linear fiber array connected with a CCD based readout system. The 

experiment shows that lateral position information can be attained by finding the 

centroid of the image obtained at the CCD. Axial translation motion can be 

determined by the change in the peak intensity of the image recorded by CCD. The 

resolution and range of the sensor can be improved by decreasing the pitch across the 

linear fiber array and by increasing the number of fibers in the array. The given 

sensing system can be used for various applications including the alignment of shafts, 

vibration measurement and in the environment that needs non-contact 2-D position 

measurement. The three-dimension position can be measured by replacing the linear 

fiber array with the 2-D area fiber array. 
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CHAPTER 8: CONCLUSION & FUTURE SCOPE 

8.1 CONCLUSION 

This thesis contributes to the studies of different optical techniques that can be 

used in various industries for position measurement and alignment monitoring. 

Different optical techniques for position measurement and alignment such as intensity 

based fiber optic sensors, time of flight sensors, interferometers, confocal sensors and 

laser triangulation sensors have been discussed. Optical sensors were designed and 

developed to measure both the one-dimension and two-dimension position changes. 

Initially, confocal based fiber optic sensors were designed to study the axial position 

change of the target. The output profile shows the Gaussian fingerprint and the slope 

on the either side of the peak intensity gives the direction of the position change. 

Being a single probe like system, the given system can be easily employed in the 

industries.  

The design and performance study of laser triangulation sensors for long 

standoff distances were done. Generally, the laser triangulation sensors are reported 

for small standoff distances. But here we have developed the sensor suitable for the 

target placed at 1000 mm distance. Moreover, in order to make the sensor head 

compact, we have used the beam folding technique. The PSD based circuit gives the 

voltage output that is converted into the target displacement based on the calibration.             

The sensor can be used in variable temperature environment upto 50 ˚C and thus 

suitable for industrial environments.  

Then the modification of laser triangulation sensors was done using the linear 

fiber array for collecting and transmitting the collected light to the CCD camera. The 
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variation of target position is represented as the change in the image spot at the Fiber 

array tip and correspondingly to the CCD camera. By calculating the centroid of the 

image spot the target position change is inferred. Using the fiber array for the 

measurement helped the system for remote measurement especially for hazardous 

environments. Target surfaces of different roughness values were considered during 

the experimentation and were found to have negligible effects on the measurement 

data. The given system can be used in the Nuclear reactors where high radiation may 

affect the electronics.  

  Application of the developed linear fiber array based triangulation sensors is 

done to measure the position change of a cylindrical target in a two-dimensional 

plane. At first the mathematical model was developed in order to deduce the two-

dimensional position of target axis taking into account the curvature of the target 

surface on measurements. The experimental results were confirmed with the 

predictions of the mathematical model. Presently, it is being planned to use such a 

linear fiber array based 2-D position sensor for the X-Y tilt measurement of the fuel 

channel with respect to the snout assembly in nuclear reactors.  

Due to the space constraints in the industrial environments, sometimes it 

becomes difficult to place multiple sensors around the components whose position has 

to be measured for alignment. So, to overcome this problem, we have experimentally 

demonstrated a single fiber optic based 2-D position sensor by coupling light between 

transmitting optical fiber and a receiving linear fiber array connected with a CCD 

based readout system. The experiment shows that lateral position information can be 

attained by finding the centroid of the image and axial translational motion can be 

determined from change in peak intensity of the image recorded by CCD. 
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8.2 FUTURE SCOPE 

The given thesis contributes towards the studies of different optical techniques 

that can be used for position and alignment monitoring of the machines. The different 

types of sensors were designed and developed for the position change studies in one 

and two-dimensions. However, there are various other challenges that can be 

addressed further with the understanding developed with the work and the techniques 

employed in this thesis. The following are the key challenges that can be addressed 

further with the developed understanding and employed techniques: 

a) All the studies done in the thesis is for one and two dimensional position change 

of the target. Next level is to study the position change across the three dimensions. 

b) Selection and testing of the optical components that can be used in the radioactive 

environments. Accuracy and life of sensor can be studied under these conditions. 

c) Improvement of range and resolution can be done based on the selection of 

components used in the designing of the sensor. 

d) Factors leading to uncertainty in the measurement are mentioned in the thesis. 

But, how the individual factors and combined factors lead to the uncertainty in 

measurement can be further studied in details. 
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