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ABSTRACT 

Pulsed Laser Patterning of Toric Contact Lens Inserts 

Avinash Parashar 

Laser patterning is a promising technology for biomedical applications. In this 

research project, a novel laser based marking method for toric contact eye lenses has been 

proposed. Toric contact eye lenses are designed to address general blurring that occurs 

due to uneven cornea which is known as astigmatism. Toric lenses have two powers in 

them, created with curvatures at different angles of cone. For proper functioning of toric 

lenses their orientation with respect to eye is critical. So toric lenses are manufactured 

with some form of marking which helps in deciding the orientation with respect to eye. 

The proposed method is to use the principle of laser interferometry in marking the metal 

inserts which will subsequently be transferred to lens surface during injection molding. 

For the research project stainless steel was selected as the material from the 

commonly used materials for the lens inserts. The marking of stainless steel with respect 

to different laser parameters (e.g. peak pulse power, rep rate, polarization and marking 

time) was studied. Mathematical modeling has also been done to predict the effect of 

aspherical curvature of lens insert on marking parameters and to study the effect of laser 

interference on the marking quality and quantity of stainless steel. The proposed marking 

method will not only reduce the marking area on the toric lens but also increase the 

visibility of the marking. In addition, using the principle of interference in marking 

reduces the amount of laser energy required for marking which reduces the heat affected 

zone thereby increasing the life of high value added metal inserts. 
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Chapter 1 

Introduction 

1.1 Introduction 

Concept of contact lens came first time into existence in 1880 due to independent 

contribution of Adolf E. Fick, Eugene Kalt and August Muller besides these scientists 

Leonardo Da Vinci is also considered as one who describes the concept of contact eye 

lenses in his sketches [1, 2]. These scientists produced glass sclera shells as contact eye 

lenses. All these scientists designate his invention with a different name, Fick called 

"Contactbrille", Muller called "Hornhautlinsen". Kalt was the first scientist who treats 

Keratokonus with glass shell having diameter equal to the cornea of the human eye [3]. 

Soft contact lenses was first introduced in 1970, whereas the first toric contact ye 

lens for the correction of astigmatism was developed in 1977.Contact eye lenses are 

marked for identification of up and down side, right and left, maintaining inventory and 

for deciding orientation axis of lens with respect to eye in case of toric contact lenses. 

With the advent of new laser micromachining techniques the marking of the contact eye 

lens become simpler and straightforward. Laser marking is a rapid, non-contact means of 

producing permanent high resolution images on the surface of most engineering material. 

Laser marking is a clean process no paints, inks or acids are used, which could 

contaminate the product. This also avoids the need to dispose of toxic solvents. There is 
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no material distortion and no tool wear since it is a non- contact process involving low 

levels of power. 

For the last two decades different marking methods have been proposed by the 

researchers and majority of them are based on the laser micromachining. Pulsed laser has 

changed the whole scenario by decreasing the heat affected zone and better control of the 

laser energy. With the application of the interference in micromachining the machining of 

sub spot size dimensions is quite easier and straightforward. The application of such a 

selective micromachining with laser Interferometry technique is proposed for marking of 

the toric contact eye lenses in this research project. 

1.2 Contact Eye Lens 

A contact eye lens as name suggests is the lens which is kept in direct contact 

with the cornea of the eye. Modern contact lenses were invented by the Czech chemist 

Otto Wichterle, who also invented the first gel used for their production. Contact lenses 

usually serve the same corrective purpose as convention glasses, but are lightweight and 

virtually invisible. 

1.3 Manufacturing of Contact eye lens 

Contact eye lenses are manufactured by the injection molding process as shown in 

fig. 1.2. Initially metal mold inserts (shown in fig. 1.1) are used for manufacturing 
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thermoplastic casting cups. These thermoplastics mold will be used only once to cast a 

single contact lens [5]. Some of the common metals described in literature for metal 

inserts are copper, stainless steel and brass. Thermoplastic casting cups produced by 

metal inserts basically made up of any of these polymers e.g. polystyrene, poly ethylene 

and polypropylene [6]. Hydro gels are the most common material for casting contact eye 

lenses from thermoplastic molds. Hydro gels normally contain more then 80 % of water 

[7]-

Male Part of Metal Mold Inserts 

Cavity of Injection Molding 
Thermoplastic cups 

Female Part of Metal Mold Insert 

Fig. 1.1 Metal Mold inserts pair for casting thermoplastic cups [4] 
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Fig. 1.2 Step by step method for manufacturing contact eye lens 
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1.4 Contact eye lenses can be divided broadly into these categories 

Contact eye lens can be broadly divided into two main categories on the basis of 

their shapes. Most of the contact lens belongs to first and most common category of 

contact eye lenses known as spherical contact eye lens. Spherical contact eye lenses are 

used either for correcting eye sight or for decorative purposes (changing color of the eye) 

[8]. Second type of contact eye lenses is known as toric contact lenses, these toric lenses 

are not as common as spherical contact lenses. Difference in spherical and toric lenses is 

in it's functionally due to the difference in their design and shape. Toric contact eye 

lenses are designed to address general blurring that can occur usually due to the uneven 

shape of the cornea which is known as astigmatism. Toric lenses have two powers in 

them, created with curvatures at different angles of cone, one for astigmatism and the 

other for correcting eye sight. 

For proper functioning of toric contact eye lens their orientation with respect to 

eye is very critical, which makes toric contact lenses a special purpose lens. Toric contact 

lens can be made from rigid or soft material. Currently rigid toric lenses which are 

generally made up of PMMA are now out dated and soft hydro gels are common material 

for toric lenses. Due to low modulus of elasticity of hydro gels these toric contact eye 

lens rotates on the eye, whereas for proper functioning of toric lenses their orientation 

with respect to eye is very critical [9,10]. 
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1.5 Orientation of toric contact lenses 

Soft toric lenses are manufactured with some form of marking which helps in 

deciding the orientation of the toric contact eye lens with respect to eye. This is carried 

out with the help of slit lamps. If the lens rotates more then 30° from its correct or 

specified position then there is inadequate stabilization and an alternative toric lens 

design is considered [10]. 

/ ! » J 
f i 3 ** 

Fig. 1.3 Different type of toric lens marking [11] 

Most common types of marking used with toric contact eye lenses are shown in 

fig. 1.3. In fig. 1.3 the left lens on the top shows the marking done only for one axis 

whereas in the right lens next to it besides marking, rotation marks were also made which 

helps in deciding the rotation of the lens with each eye blink. 

It is important to know that the exact configuration or shape of the marking is not 

critical so long as the marking is indicative of an offset between the toric lens axis and 

the eye [12-15]. 

5 



1.6 Contact eye lens marking methods proposed in the past research 

For the last few years many contact lens marking methods have been proposed 

and some of them are also registered as patents. Mainly marking of the contact eye lenses 

can be classified in two different sections. 

(a) Direct Marking on the Contact eye lens: 

In this method of marking is done directly on the contact eye lens. Direct marking 

of contact eye lenses are time consuming and not feasible or adaptable with ever 

increasing production demands [5, 20, 21]. 

(b) Indirect Marking on the contact eye lens 

In this method of marking recessed marks are created on metal mold inserts, 

hence the thermoplastic molding cups have raised portion in the region corresponds to 

metal insert marking and this marks will be subsequently transferred on the contact eye 

lens in further molding process [5]. 

1.6.1 Region of marking of contact eye lens 

The area of the contact lens can be divided as shown in the fig. 1.4, where each 

region corresponds to the respective position on the eye. In the figure the inner region 

marked as 'A' corresponding to the pupil of the eye with radius of curvature Rl 

6 



approximately equal to 2.5mm. This area is critical for the transmission of the light to the 

pupil of the eye for the proper visibility, so cannot be used for any marking purposes. 

Region surrounding 'A' region (pupil of the eye) is known as iris. Iris can be divided into 

two regions, inner region marked as 'B' with radius of curvature (R2) 3.5mm and out 

region marked as ' C with radius of curvature (R3) approximately 5mm as shown in 

fig. 1.4 respectively. The region out side the outer iris region with a radius of curvature 

marked as R4 about 7mm corresponds to sclera of the eye. This region is shown as 'D' in 

the fig. 1.4. Marking of contact lenses done in the region specified as 'D' in the fig. 1.4, as 

this region is not critical for the vision of the lens wearer [16]. 

Fig. 1.4 Different regions of lens corresponds to the respective eye position [16] 
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1.6.2 Dimensions for the marking 

If marking is engraved on the contact eye lens, then dimensions of the marking 

depends mainly on two factors. First visibility of the orientation marks for the doctor, for 

fixing the orientation of toric lenses, second comfort of the wearer. Visibility of the mark 

can be improved by many ways as proposed in some literature. 

(a) Visibility of the orientation mark can be improved if marking on the lens consists of a 

pattern of region of varying depth with in the boundaries of the mark. The method 

disclosed in the literature [17]. 

(b) The depressed region of the marking done on the contact eye lens reflects and focused 

light, therefore shape of the depressed region of the marking is critical for the visibility of 

the marks. Concave surface reflects and focuses incident light in such a manner that 

marking becomes more visible and prominent when viewed with slit lamps [18]. 

(c) Marking can also be done with one or more holes within the identifying mark instead 

of single line for improved visibility and comfort. The top of the holes of the identifying 

mark can be any shape i.e. square, rectangular, diamond and oval. The surface at the 

bottom of the holes has a common surface. Depth and ratio of width/depth as 

recommended for the holes for the identifying marks is in between 8-12 um and 1.3 -1.6 

respectively as plotted in fig. 1.5 [18, 19]. 
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Fig. 1.5 Width vs. Depth of marking 

1.6.3 Marking Methods of contact eye lenses 

Contact eye lens marking methods can be broadly divided in laser and non laser 

based marking respectively. Non laser marking methods are mostly chemical based 

methods. In one of the marking method, permeating solution was used for the marking 

purpose. 

Serand Portiaoof(?<•:• t'.\ >..'-'». 

l a w Stsfttt 

Pstsit Patten of Coiaed rcgion 

Fig 1.6. Different zones of the color used for the marking on the lens surface [20] 

In this method permeable solution to contact lens material is prepared by mixing 

pigments in organic solvent. This permeating solution is applied in association with 
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predetermined pattern masks on the contact eye lenses, which forms the colored regions 

as shown in fig. 1.6. Second region formed on the surface of the lens is unwanted portion 

and so will be removed [20]. One more marking method described in the literature [21] 

also depends on the chemical based marking. In this marking method chemical are 

attached on the mold at a predetermined position in a specific manner such that when 

contact lens material will come in direct contact it will be polymerized with the lens 

material and forms a mark at a focused location on the lens. 

Beside these chemical based methods there is some method which depends on 

mechanical methods of marking. Such methods involve Electro Discharge Machining [5]. 

1.6.4 Marking with laser 

After discussing non laser based marking methods we are now moving into laser 

based marking of contact eye lenses. In one of the laser based marking method high 

energy laser pulses in the range of (l-3J/cm2) at a wavelength of 10.6 micrometer and 

pulse width of one micro second was used for direct marking of the contact eye lens [22]. 

As the pulse energy and pulse width used in the proposed marking method is very high so 

conduction of heat in the lens will be more, which deteriorate the quality of the marking 

as well as affects the quality and functionality of contact eye lens. 

10 



1.6.5 Marking with ultra fast laser inside the lens 

In this most recently proposed marking method, femtosecond laser was used to 

create marking inside the contact lens. As femtosecond lasers have well defined threshold 

fluence therefore femtosecond pulses were used to create whitened portion inside the 

contact lens at half the thickness. One of the advantages of this type of marking is no 

protrusion on the lens due to marking. But femtosecond lasers are not very common for 

industrial application due to its high cost and downtime. Also direct contact marking 

methods are time consuming so not suitable for high throughput manufacturing [23]. 

1.6.6 Marking of metal mold inserts with laser beam 

In another laser based marking method described in literature [6], masks with 

laser beam steering system was used for the marking of metal mold inserts. Marks 

created on the metal inserts were then subsequently transferred on contact eye lenses by 

injection molding. Mask used for the marking purpose is shown in fig. 1.7. Advantage of 

this marking method lies in the method of marking. Instead of single big diameter spot, 

three small spots were used to cover the marking width which is evident from the profile 

of the mask as shown in fig 1.7. Contact eye lens with the discussed marking is shown in 

fig. 1.8. But this marking method is little bit cumbersome due to mask designing and 

beam steering mechanism involved. 
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Figl. 7. Mask for the laser marking [6] 

Fig. 1.8 Marking done at the outer periphery of the contact lens [6] 

1.7 Introduction to Lasers 

Laser mechanism is shown in fig. 1.9 [25, 26]. Laser basically converts electrical 

energy into high intensity light beam with stimulation and amplification [24]. Stimulation 

is a process in which electrons of the lasing medium (which can be gas, liquid or solid) 

are excited by an external source. 
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Fig. 1.9. Schematic view of laser mechanism [24] 

In the laser generation initially electrons of the lasing medium gains energy and 

are excited to higher unstable energy states. When these electrons transits from higher 

energy states (unstable) to lower energy (stable) state then laser light (photons) is created 

and wavelength of the laser light is a characteristic of the lasing medium used. 

1.7.1 Laser Properties 

Laser light emitted from the optical resonator will be highly monochromatic. High 

monochromaticity means short spatial bandwidth in terms of wavelength [27]. One of the 

advantages associated with laser light is its low or very limited diffraction or in other 

words laser light is a highly collimated light beam. Due to its low divergence laser light is 

transmitted over a small solid angle. Thus, laser light source possess extremely high 

radiance [26]. Another important property of laser light is its spatial and temporal 

coherence. The coherence refers to the connection between the phase of light waves at 
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one point and time, and the phase of the light wave at another point and time. Laser light 

is considered highly coherent in nature when compared with other light sources. 

1.7.2 Laser types 

Lasing medium is the most important part of the laser system. Laser can be 

classified on the basis of laser medium. Lasing medium can be either gas, liquid or solid 

[28-31].Further more all laser types operate in one of the two temporal modes continuous 

wave (CW) mode and pulse mode. In continuous wave mode the laser beam is emitted 

without interruption, whereas in pulse mode, the laser beam is emitted periodically. 

Continuous wave (CW) operation of laser means that the laser beam is continuous 

in nature. Long pulse laser also comes in this category. In continuous laser, machining of 

material takes place by heating and then melting of the material. As heating and melting 

is the key phenomenon behind continuous laser machining, so this type of machining 

always results in recast layer and high heat affected zone [32, 33]. Due to low quality of 

machining, continuous lasers are not considered for most of the industrial and research 

purposes. 

In pulse laser pulses with high energies and shorter pulse width can be produced 

by using any of these mechanisms as Q switching, mode locking, Cavity damping and 

gain switching [34]. 
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1.8 Pulsed Laser Surface micromachining 

Pulse laser micromachining is based on the interaction of laser light with the 

material. As highly focused short pulsed width pulses interacts with the matter so only 

small amount of material is removed in laser micromachining. Pulse laser based 

micromachining can be divided into two metal removal methods, pyrolithic (thermal) and 

photolithic processes [35-38]. Pyrolithic process is associated with Nano and micro 

second pulses. In pyrolithic process material is removed by rapid heating, melting and 

partial evaporation of the heated volume of the material. On the other hand photolithic 

process is the phenomenon of material removal associated with ultra fast laser pulses as 

pico and femtosecond lasers. In photolithic processes the photon energy is sufficient to 

break chemical bonds in material removal [38]. 

1.8.1 Femto second pulse micro patterning 

Femto second lasers are mostly used for the research work related to surface 

patterning and sub micron machining. In femto second lasers the fluence of the laser 

beam can be tightly controlled in such a way that submicron feature size can be 

machined. It means that in femto second threshold is well defined. With femto second 

lasers the limitation of minimum feature size can be crossed [44-46]. Principle behind the 

material processing with femto second lasers is multi photon absorption, multi-photon 

absorption does not depend on the presence of free electrons therefore most of the 

materials can be processed with femto second lasers, even transparent materials like glass 

can also be processed with femto second lasers. The thermal diffusion time between two 

electrons is in the range of pico seconds, therefore no heat affected zone will be created 
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with femto second laser or no energy is transferred to the lattice. The ablation depth per 

pulse in femto second is given by 

Za-a'LnfFa/F*] (1.1) 

Where Za is the ablation depth, Fa is the absorbed fluence; Fth is the threshold 

fluence and a is the absorption depth. Many researchers have shown in their research 

work that sub micron or sub wavelength features that can be possible with femto second 

lasers [47-49].Despite all these advantages, femto second lasers are still not common in 

industries due to their high down time, low average power and high initial cost. 

1.8.2 Pico second pulse micro patterning 

The thermal diffusion time between two electrons is in pico second range; 

therefore heat transfer between electrons takes place while processing material with pico 

second lasers. Due to ultra short pulses heat affected zone is smaller when compared with 

other long or short pulses. In contradiction to femto second lasers where no liquid phase 

exists during material processing, pico second laser have liquid phase. The ablation depth 

per pulse in picosecond lasers is given by equation 1.1 [39]. 

1.8.3 Nano second pulse micro patterning 

Nano second ablation heats the melts the processing material therefore heat 

affected zone is associated with nano second lasers. The ablation depth per pulse is, 
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Za~V (at) Ln [FJFth] (1.2) 

Where Za is the ablation depth, Fa is the absorbed fluence, Fth is the threshold 

fluence, and {a.f) is the thermal diffusion depth. Nano second pulses are considered to be 

a long time scale. The specimen is heated, and then the main energy is lost due to net 

conduction into the bulk of the material [39]. 

Femto second and pico second lasers are mostly used for the research application 

in the field of sub micron machining [40-43].The ultra short-pulse laser technology is not 

yet mature compared to nanosecond lasers. Nanosecond laser technology is mature and is 

widely adopted in the industry for micromachining and marking applications. 

1.9 Laser Processing Parameters 

Laser based machining depends on many key parameters. Laser power is the most 

important parameter among all other parameters [50], Lower power laser will not 

machine properly and higher values of laser power increases conduction of heat into the 

material which reduces the quality of the finished products. Laser power should be kept 

at optimum level. Search related to pulse laser micromachining with respect to quality of 

machining is published in research paper [51]. Bordatchev and Nikumb described the 

relationship of energy of pulse vs. crated diameter, depth and volume in pulsed laser 

micromachining [52]. 
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Profile of the energy distribution within a laser beam indicates its quality. If laser 

beam is tightly focused in such a way that energy is concentrated within focused spot size 

than it is considered as a high quality beam. Ho and Ngoi [53] reported that a sub-spot 

size micro-machining technique utilizing the phenomenon of short pulsed laser 

interference. 

The peak pulse power is the maximum available power of each pulse. In pulse 

laser micromachining, peak power have greater significance as it indicates the actual 

energy available for machining and can be compared with the threshold of the material. 

The pulse duration is important from the conduction point of view. Shorter the 

pulse width lesser will be the heat conduction between electrons, preferably pulse width 

of pulse laser have to be in the range of ultra shot for minimum heat affected zone [39]. 

1.10 Interferoraetry 

Laser machining can be controlled by either controlling the laser beam parameters 

e.g. laser power, repetition rate (rep.rate) or machining time. But the machining 

dimensions and the region of machining can not only be controlled by these parameters. 

For selective machining in the focused spot interference principle has been brought into 

the research. If two or more light waves of the same frequency overlapped at a point, the 

resultant effect depends on the phases of the waves as well as their amplitudes. The 

resultant wave at any point at any instant of time is governed by the principle of 

superposition. The combined effect at each point of the region of superposition is 
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obtained by adding algebraically the amplitudes of the individual waves. At certain 

points, the two waves may be in phase the amplitude of the resultant wave will then be 

equal to the sum of the individual wave amplitudes. Therefore, the interference produced 

at this point is known as constructive interference. A stationary bright band of light is 

observed at point of constructive interference. 

At certain other points, the two waves may be in opposite phase. Thus, the 

amplitude of the resultant wave is zero. Therefore, the interference produce at these 

points is known as destructive interference. Thus, we see that are distribution of energy 

took place in the region of interference. The phenomenon of interference is discussed in 

detail with all the mathematical equations in the next chapter of theoretical modeling 

1.10.1 Two Beam Interferometry 

For creating interference an optical setup is required which can divide the single 

laser beam into two separate laser beams along separate paths in such a way that both of 

them can be interfered. Stationary interference fringes can be created if the phase 

difference between the two separate beams remains constant with time. Two methods 

commonly used for creating interference are wave front division and amplitude division 

[54]. 
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1.10.2 Interference in micromachining 

Most of the micromachining application of laser are to cut, drill and pattern 

material in microscopic level [55]. Some research work is also going on in the field of 

laser machining with the use of interference principle. Kawamura et al. introduced a two-

beam holographic method to encode surface relief and sub-surface micro gratings [56, 

57]. Similar concept was found in the setup proposed by Zhai et al. for the fabrication of 

gratings in bulk polymer medium [58]. Oi et al. also proposed a fabrication technique for 

fiber Bragg gratings by pulsed laser Interferometry [59, 60]. 

1.10.3 Common types of interferometers used for micromachining 

(a) Mach-Zehnder Interferometer 

Researchers proposed several types of interferometer for the machining of grating 

on the material surfaces [61, 62]. One of the interferometer is shown in fig. 1.10 (a). Laser 

beam in the set described in the fig. 1.10 (a) was first divided at non-polarizing beam 

splitter BS] into beam 1 and beam 2.beam 2 reflects from mirrors M3 and M4 and 

successively focused by focusing lens FLi on the sample surface. At the same time beam 

1 is reflected from mirror Mi, M2 and then with mirror M4 and is finally focused by the 

focusing lens FLi on the sample surface. Compensation plate is used in the path of beam 

1. As the two parallel beams were focused by FL] and interferes exactly at the same point 

to obtain an interference patterns on the top surface of the sample [63]. With this method, 

the fringe spacing, d can be varied selectively based on 
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d=X/2sin (0/2) (1.3) 

Where X denotes the laser wavelength and 9 denotes the angle between the two 

intersecting beams. From d it is noted that d is inversely proportional to 6. beside that, 6 

is a function of two parameters, namely the distance between the two parallel laser 

beams, D, and the focal length f of FLi 
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Fig.1.10 (a) AdoptedMach-ZehnderInterferometer (b) Variation inpitch with M2 mirror 

[63] 

Hence, in order to vary the fringe spacing, 9 can be changed by varying either D or 

focusing lens. As such, M2 is introduced in the setup shown in fig.1.10 (a). To reflect 

beam 1 without obstructing beam2, M2 is translated to positions 1, 2, and n in order to 

obtain Di,D2 and Dn respectively as illustrated in fig. 1.10 (b). Hence any d is attainable 

by translating M2 depending on the diameter of FLI. 
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(b) Interferometer for creating planar grating using common path configuration 

Fig. 1.11 Interferometer machining setup [64] 

The set up used for machining interference fringes is shown in fig. 1.11. In the set 

up Mi is the glass plate with special coating on the surface in such a manner that it 

reflects 50% of the incident light from the bottom surface as beam A and transmit the 

remaining 50%. One more mirror M2 was kept in close proximity of Mi for reflecting 

back transmitted 50% light as beam B. The two light beams A and B combine together at 

the focal length of lens Li. The number f fringes machined on the sample surface can be 

controlled by varying the distance and angle of mirror M2 with respect to mirror Mi [64]. 

The number of fringes machined by this setup is limited by the distance between mirrors 

M] and M2. No fringes will be formed if distance between the two mirrors exceeds 

coherence length of the laser used. 
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(c) A Three Mirror Interferometer for excimer laser 

3*mirror 
fflterfkoinettie 

cavity 

sample 

A=W2dn|WZ| 

Fig. J. 12 Three mirror interferometer [65] 

A three-mirror interferometer was used to create a UV interference pattern on the 

surface, illustrated in fig. 1.12. A two-lens cylindrical telescope was used to allow the 

beam area on the sample to be adjusted. The three-mirror approach was used to avoid 

wave front inversion at the sample, which is necessary since the excimer laser beam has 

low spatial coherence [65]. 

(d) Optical setup for creating fringes at the common focal point 

This optical setup consists of three Wollaston prisms ( W l , W2 & W3).The first 

Wollaston prism W l as shown in fig. 1.13 was used to divide the circularly polarized laser 

beam into two equal power beams. The divided beams coming out from W l have 

opposite polarization, therefore half waveplate (WP) was used with one of the beam to 
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reverse the polarization and to make the polarization of the two beams same. Another 

wave late (WP) was also used with other beam to compensate the path difference. After 

this W3 and W4 were used to made the beams parallel and finally both the beams were 

focused with the common focusing lens (LE) as shown in fig. 1.13 

1.13 Optical setup [80] 

1.11 Definition of the Problem 

Marking of contact lens especially for the toric lenses is one of the critical steps in 

lens manufacturing. Proper marking not only helps the practitioner to fit the toric lens 

with proper orientation, but also improves the comfort of the wearer without interfering 

with his or her visibility. Dimensions of the orientation marking should be such that it is 

clearly visible at the time of setting, so that proper orientation of the lens with the 

cylindrical axis is assured. On the other hand dimensions must be small enough so that it 

will not create any discomfort or obstruction in the visibility of the wearer. 

Commonly used marking methods for the marking of the contact lenses are EDM, 

Chemical method and Laser machining. In these methods either so much chemistry in 
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marking or it consists of complicated techniques such as mask designing and alignment 

of the mask laser marking. Whereas in EDM marking dimension are limited to the 

diameter of the rod. 

1.12 Obj ective of the work 

The objective of the research is to design a new marking method for toric contact 

eye lens. For better visibility of the marking with slit lamps the preferred ratio between 

depth and width of the marks is kept in between 1.3 to 1.5. In fig. 1.5 different widths of 

marking are plotted against values of depth and from the fig 1.5 it can be calculated that 

required depth of marking lies in between 5-15 urn and width somewhere in between 12-

18 um. 

To increase the visibility, the marking is preferably made up of two, three or 

more segments across the width of each marking. In the proposed interference principle 

based marking of the toric contact lens inserts; the number of fringe patterns across the 

width of marking as shown in fig 1.15 can be easily controlled with different focusing 

lens as showing fig. 1.14. Our objective is to reduce the depth and width of the marking 

while increase number of patterns across the width of the marking as shown and 

compared with the old marking method in fig. 1.14. The proposed marking method will 

reduce the marking area and will increase the comfort of the wearer without 

compromising the visibility of the marks. 
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Fig 1.14 Proposed Toric Contact Lens Marking Methods 

Fig. 1.15 Number of lines machined within focused spot size 

1.13 Scope of work 

Proper theoretical modeling of the machining parameters and aspherical 

surface of the lens has been done, which can predict the optimum machining parameters 

of the laser for the designed marking of lens. Designing of marking dimensions for better 

visibility and comfort of the wearer. Designing and aligning the optical set up for the 

iit(||#'iJ»-li^rM*ti 
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proposed marking method. Experiments will be planned to study the affect of different 

laser parameters with respect to quantity and quality of the marking. 

1.14 Summary 

Trend of contact eye lenses are increasing day by day. Different type of contact 

lenses is available in the market, for specific purposes. Each and every contact lens bears 

some kind of marking on it which help in deciding the type of contact lens and also 

sometimes may be used for maintaining the inventory and quality in the production. 

Besides all these functions of the marking the most critical function of the marking is to 

help in aligning the toric contact eye lens with the cylindrical axis of the patient suffering 

from astigmatism. 

Presently several marking methods have been registered as patents. As discussed 

in the literature review that there are some short comings in the existing marking 

methods, either the methods are time consuming or marking requires different set of 

masks for different marking dimensions. To address these issues a novel pulsed laser 

based marking method is proposed for toric lens inserts on the principle of interference 

along with a simple optical setup that can be easily tuned for different marking 

dimensions. 
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Chapter 2 

Theoretical Modeling 

2.1 Introduction 

Theoretical modeling has been done to predict the behavior of laser marking on 

the Contact eye lens inserts. For predicting the marking behavior the whole modeling has 

been divided in two parts. 

In the first part of the modeling the surface of the toric contact eye lens has been 

modeled and compared with the surface of eye cornea, thereafter the marking region has 

been located on the contact lens inserts according to the discussions done in section 1.8.1. 

As, the modeled surface of the toric contact eye lens is aspherical in nature, so variation 

in marking depth has been predicted within the machined spot with respect to intensity 

and depth of focus. 

Second part of the modeling has been done to predict the machining or marking of 

stainless steel the mold insert material with respect to different laser parameters e.g. laser 

power, rep.rate and time of machining. 

2.2 Asphericity of the male insert 
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Modeling has been started with simulating the aspherical surface of contact eye 

lens. Aspheric designing of rigid lens was initially described by Nissel in 1966 [66]. The 

cornea of human eye is not spherical and is considered as aspherical in shape which can 

be described by an ellipse having a numeric eccentricity (e value) of 0.45 [67, 68]. 

Various aspheric mathematical models to describe the complex shape of the anterior 

corneal surface have been proposed [69-75].The mathematical equation used for the 

modeling of the contact eye lens surface is 

Sagc = {r0-^(r0
2-y2p)}/p (2.1) 

Where y is the distance to corneal center at the point where sag is calculated, ro is 

the posterior apical radius of curvature. Apical radius is the radius of curvature for the 

inside of the contact lens, the surface that touches the cornea; p is the shape factor of the 

cornea and Q is the asphericity (p = 1 + Q) [75]. Recent studies found that human cornea 

Q-values vary significantly with age [76]. Effect of Q values on the cornea surface is 

show in fig.2.1 [76]. It can be seen in the fig.2.1 that with the increase in the asphericity 

the sag values are also increasing in the center; therefore it can be said at this point of 

modeling that asphericity is also an important factor needs to be considered while 

manufacturing or deciding the contact eye lens surface profile. 
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Fig. 2.1 Affect of asphericity on contact lens surface [76] 

For the modeling of the contact lens insert surface the value of asphericity (Q) 

selected has the standard value of -0.262 and the value of apical radius of curvature was 

selected as 7mm according to the research published in paper on changes in asphericity 

with age [75]. Surface of the contact eye lens metal inserts as shown in fig.2.2 has been 

modeled with the help of equation (2.1). As mentioned in the section 1.8.1 that region of 

marking lies in the periphery of the contact eye lens, therefore while modeling for the 

surface of the inserts the region of marking has been also modeled and shown in the 

fig.2.2 along with the contact lens inserts surface with a darker portion on the same 

profile of the surface. For better understanding of the region of marking on the contact 

lens insert laser beam is also plotted in fig.2.2 which is perpendicular to the marking 

surface. 
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Fig. 2.2 Marking Region on the modeled toric lens insert 

2.2.1 3D profile of the Contact lens Surface 

For the better understanding of the marking region on the insert a 3D profile of 

insert surface has been plotted in fig. 2.3 and the marking region has been shown with red 

color strips. 
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Fig. 2.3 3D Profile of Contact Lens Insert 

2.3 Effect of asphericity on marking depth 

m 

In the proposed marking method no steering mechanism was involved for the laser 

beam therefore there will be some variation in the depth of the marking within marked 

region or area due to the aspherical profile of the lens insert. Marking is proposed with 

cylindrical focusing lens so that laser beam will be focused along one axis and remain 

unfocused in the other plane of axis. Required length of the marking according to 

research dimension of the marking specified by Jongliang Wu et al [17, 18] is in between 

0.7mm to 1.0 mm. For our research project calculation were done for marking length of 

1.0mm (unfocused beam diameter) whereas the width of whole marking region was kept 
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at 200 um the (focused part of the beam).The deviation of the curvature of the lens insert 

from the flatness was calculated along the length of the marking and is plotted in Fig.2.4 

r 
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Deviation of Insert Profile 
FromFlatSurface 

Reference Flat Surface 
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Dni.iiH-"' Finni The Cnitcr Of L » » i Sp tt ~o Poiiphciv Of The Spnl |iiu.-r.>inrtef| 

Fig.2.4 Deviation of Insert lens curvature with respect to flat surface along the length of 

the marking 

From the Fig.2.4 it can be seen that the deviation in the insert curvature with respect 

to flat surface is approximately 12um along the length of the marking. From the above 

description of Fig.2.4 it can be concluded that for marking whole length of 1.0mm the 

minimum depth of marking must be kept above 12 um so that none of the region along 

the length will be left unmarked. 
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Fig. 2.5 Deviation of Insert lens curvature with respect to flat surface along the width of 

the marking 

Fig.2.5 Shows the deviation in the curvature of the lens inserts along the width of 

the mark (focused part of the laser beam). It can be seen from the fig.2.5 that the 

deviation along the width of the marking is less then 0.5um or can be considered 

negligible when compared with the deviation along the length of the mark 

2.4 Intensity distribution with or without interference 

Theoretical model has been prepared for comparing the intensity distribution at 

the focusing spot with or without interference of laser beam. Gaussian beam profile is 

considered for all the modeling part. Laser beam can be tuned for different beam 
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diameters with the use of beam expander, but for the modeling part only one beam 

diameter of 4.8mm has been considered. 

Intensity distribution without interference is given by equation (2.3) and with 

interference is mentioned in equation (2.4) [78] 

1=1 i+h (2.3) 

I=Ij+I2 +2V (Iih) Cosd (2.4) 

Where 

/ = Intensity Distribution within focused region 

Ii and I2 = Intensities of two separate laser beams respectively 

8 = Phase difference between the two beams 

2^1 (Iih) Cosd = Interference term 

From the equation (2.3) it can be seen that when two beams with intensities /; and 

I2 meet and have interference then the total intensity is not only the sum of the intensities, 

but the term 2V (Iih) Cosd , known as the interference term will appear in the final 

intensity. The intensity of the interfered beam depends on the phase difference which can 

be varied from 0° to 180°. Whenever the two interfering beams have zero phase 

difference the total intensity become Imax-

Imax = Ii+h + 2<(I,l2) (2.5) 

When // = I2 =Io 
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Imax=4I0 (2.6) 

But when the phase difference 8 is 180 then in that case the sum of intensities will 

become 

Imin = Ii+l2-2<(I,l2) (2.7) 

If Ij=I2=I0 

Then 1^ = 0 (2.8) 

For the better understating of intensity distribution with or without interference, 

intensity distribution has been plotted within focused spot, if a laser beam of 17.85kW 

peak pulse power, rep rate of 20 kHz is focused with a focusing lens of 100mm. 
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Fig. 2.6 Intensity distribution curve 
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From the fig.2.6 it can be seen that with interference the intensity distribution at 

the constructive points will be increased up to 2 times more then the intensity distribution 

at the same point without interference. From the modeling of intensity distribution with 

or without interference it can be predicted that the heat affected zone of the machining 

region can be reduced by using interference concept. Due to interference 1/2 of the power 

is required for machining the same depth as machined without interference. 

2.5 Machining with different laser power 

As discussed in the previous section that Gaussian beam profile has been 

considered for the theoretical modeling. From machining point of view the machining 

spot size will depend on the laser power and type of laser used. Radial distance up to 

which the beam intensity will decrease to 50% (Full Width Half Maximum) of the 

maximum is considered as the spot radius if the ultra shot laser is used. But in 

nanosecond laser when the ablation threshold is not well defined like the femto second 

laser then 86.4% of maximum (1/e2) will be considered as the spot size. 

In fig.2.7 machined spot size with respect to power of 1 watt has been shown. 

Based on the threshold of the stainless steel (lens insert material) the ablation starts at 

0.16J/cm2. As seven fringes have intensity above threshold ablation value of stainless 

steel so only these seven fringes will take part in machining and rest four fringes will not 

take part in machining. From this analysis it can be predicted that while machining with 1 

watt laser power seven fringes can be machined 
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Fig. 2.7 Machined size of fringe patterns with 1 watt of peak pulse power 

Now for the next part of the modeling intensity distribution of laser pulse has been 

plotted in fig.2.8 with an average laser power of 2 watt. As mentioned above that 

0.16J/cm2 is the minimum fluence required to start the machining of stainless steel. 
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Fig.2.8 Machined size of fringe patterns with 2 watt of peak pulse power 
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From fig.2.8 it can predicted that if machining will be done at 2 watt then instead 

of seven, nine fringes will be machined, as nine fringe patterns have the fluence above 

0.16J/cm2 (ablation threshold of stainless steel). From this part of the modeling it can be 

concluded that with increase in power the machining region will be increased also the 

size of the fringe patterns machined in the center of the region will increase as can be 

predicted from comparing the pattern size in fig.2.7 and fig.2.8. 

2.6 Depth of Machining with laser power 

Modeling has been done for predicting the variation in depth with 

corresponding variation in laser beam intensity. As the laser system for which modeling 

has been done is an Nd: YV04 laser with a pulse width of 14ns, therefore ablation took 

place either by thermal diffusion or by the melting of the material to be ablated. 

Mathematically depth of machining with nanosecond lasers can be calculated with 

equation (2.9) [39]: 

Z=V(a.O hi (/<//,,,) (2.9) 

a= thermal diffusivity (u2/sec) 

t = pulse width of the laser (14 nano second) 

/a=absorbed fluence (Absorbed fluence on the surface of material at particular 

wavelength.) 

Ith=threshold fluence (Threshold fluence for stainless steel is 0.16J/cm2) [79] 
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Figure2.9 Depth of machining with different laser pulse power 

In fig.2.9 depth of each machining with respect to different power has been 

plotted. Stainless steel depth of machining is simulated with an absorption percentage of 

40% for the wavelength of 1064nm. The plotted curve has been divided in three zones 

according to the slope of the curve. Region one is starting from A to B it corresponds to 

machining depth at a power of 1 to 3.7 watts. In this region the slope of the curve is steep. 

Second region is in between B and C which corresponds to laser power ranging from 3.7 

watts to 7.2 watts. In second region slope of the curve is not as steep as it was in region 

one. Third region is in between points C and D and this corresponds to high laser power. 

In the third region increase in the depth is not as significant as in first region. Most of the 

energy supplied in the thirst region will decapitated in the stainless steel without 

indenting too much depth. From the three regions shown in the fig. it can be predicted 

that the region two is best for the machining with less heat decapitations. With the 

increase in machining time the number of pulses hitting the surface will increase which 
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ultimately increases the depth of machining. The depth of machining shown in the fig.2.9 

is for the single pulse. More the pulses hit the surface more will be the depth of 

machining achieved. 

2.7 Depth of machining with repetition rate 

Depth of machining has been predicted with the change in the rep. rate of the 

pulsed laser. In the pulsed laser, ablation of material depends on the peak power of each 

laser pulse. With the increase in the rep rate number of pulses hitting the surface will 

increase with an increase in average pulse power. 

Fig. 2.10 Depth of machining with different rep rates 
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From the subplots of fig.2.10 it can be predicted that with the increase in rep rate 

depth of machining will be reduced. The relation between the energy of each pulse and 

rep rate is given by the equation 2.10: 

E=P/R (2.10) 

Where 

E= Pulse energy in Joules 

Pulse width = 14ns 

P=Average Pulse Power in watts 

R= Rep.rate in Hz 

Ppeak - Peak Power of each laser Pulse 

Ppeak =EIpulse width (2.11) 

Peak power of the pulse laser can be calculated using the equations (2.10) and 

(2.11) respectively. Pulse average power of the laser beam at 30 kHz of rep. rate and 34 

amperes of diode current is 14watt according to the specification given by the laser 

manufacturer. By using equation (2.10) and (2.11) peak power of each pulse can be 

calculated as: 

E= 14/30*1000 = 4.67*10-4 

Ppeak =4.67*10"4/14*10"9 

Ppeak =33kW 
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Peak power obtained at 30 kHz of rep rate is now compared with the peak power 

of the pulse at 50 kHz of rep rate and at a value of 34 amperes of diode current with an 

average laser power of 16.5 watts. 

E = 16.5/50*1000 

Ppeak=3.3*10"4/14*10"9 

Ppeak=23.5kW 

Now from the above equation (2.10) and the subplots it can be predicted that with 

increase in the rep rate energy of each pulse will be decreased, which ultimately reduces 

the machined depth. 

2.8 Variation of pitch of patterns 

Theoretical modeling has been done for predicting the variation in the pitch 

according to the earlier research done [63]: 

d=X/2 sin {d/2) (2.12) 

In equation (2.12) d is the pitch of the fringes, 9 is the angle between the two focusing 

beams and is the wavelength of the laser beam. From the equation (2.12) it can be 

predicted that pitch of the fringes can be changed by varying the angle between the two 

focusing beams. 
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Fig.2.11 Pitch variation with focusing lens and beam spacing 

From the fig.2.11 it can be predicted that by decreasing the angle between the 

focusing beams pitch of the fringes can be increased and vice versa by increasing the 

angle between the focusing beams. 

2.9 Summary 

From the theoretical modeling it can be summarized that the surface of contact 

eye lens inserts are aspherical in nature. Different laser parameters have been studied and 

affect of those parameters on machining has been predicted. From the results of the 

modeling it can be concluded that area of machining can be controlled with the help of 

laser power whereas depth of marking can be controlled with all the three laser 

parameters laser power, rep.rate and machining time. One of the advantages of the 

proposed marking method is the experimental setup. Alignment of the setup is easy with 

the readily available optics and can be used in Industries as well for the production 

manufacturing. 
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Chapter 3 

Experimental Setup 

3.1 Introduction 

As discussed in the objective of the research project, patterns need to be 

machined on the surface of the metal mold inserts which can be later transferred on the 

outer surface of the toric lens through the molding process. For creating these patterns on 

the metal mold inserts the machining setup selected for the machining was the one which 

can create interference at the focal point or the surface of the machining sample. 

Researchers have proposed many setups for marking by using the power of interfered 

laser beams for creating gratings or fringes on the flat surface as discussed in the section 

1.13.3.In most of the commonly used setups for creating the fringes at the focus, laser 

beam alignment was the cumbersome task therefore, the setup selected for the 

experiments have several advantages as only single lens is required to focus both beams 

and pitch between the fringes can be easily varied with minimum change in the setup. 

3.2 Explanation of the setup 

The setup was designed and modified with the ability to form fringes at the focal 

point as discussed in the literature review. A pulsed laser beam from Nd: YAG laser is 

spatially filtered and the diameter of the beam is expanded to 4.8mm from 0.8mm 

diameter. The beam coming out from the laser is made circularly polarized using a 

quarter waveplate. The circularly polarized laser beam is made to pass through a 20° first 
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Wollaston prism. The output of the first Wollaston prism is therefore two orthogonally 

polarized beams with an angle of 20° between them. In order to make these two beams 

parallel so that it can be focused at a common point using single lens, each of the two 

orthogonally polarized beams is made to pass again through two separate 20° Wollaston 

prisms as shown in the fig.3.1. It is important to note that, in order to get interference 

from the two beams, the polarization of one of the beams needs to be changed while 

maintaining the polarization of the other. Changing the polarization can be done by using 

a half waveplate on any one of the axis of the two beams. 

Now the output beams from the Wollaston prisms 2 and 3 are collimated, parallel 

and are in the same polarization state. As the distance between the two parallel beams 

coming out of the wollaston 2and 3 are 30mm distance apart and most of the common 

optics have the diameter of 25mm so the two parallel laser beams were converged using 

the 500mm diameter length and then made parallel again by using the diverging lens of 

diameter 200mm to reduce the parallel beam separation from 30mm to 13mm which in 

turn reduces the beam diameter from 4.8mm to 2.3mm. 

Wolbstcn 3. 
Cdiverging Lais 

LaserBeam 

Wolkstan 2 
Half waveplate Diverging Lens 

Fig3.1 Machining Setup with Wollaston prisms as the central element [80] 
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3.3 Details of laser optics used in experimental set up 

The experimental setup selected and modified for the experiments have 

polarization optics as the main components. This polarization optics includes Wollaston 

prisms, quarter waveplate and half waveplate. Besides this polarization optics some 

focusing optics was also used to adjust the beam spacing. Now each and every 

component used in the complete experimental setup is explained in detail. 

3.3.1 Nd: YV04 Laser (Neodymium Doped Yttrium Orthvanadate (Nd: YV04) Crystal) 

Laser used for the experimental work was manufactured by Coherent laser. It is 

basically an Nd: YV04 (Neodymium Doped Yttrium Orthvanadate) laser with an 

average continuous power of 14 watt. Laser belongs to the series of PRISMA 1064-16V. 

Laser medium was Nd: YV04 with sealed long life pump diodes as the pumping source 

and acoustic optical Q switch as the pulsing unit. 

Among the various existing laser crystals e.g. Nd: YAG, Nd: YV04, Nd: YLF 

for solid state lasers, NdYV04 is the most efficient laser crystal. The properties which 

make Nd: YV04 crystal efficient among the other existing crystals are high absorption 

coefficient, high induced damaged threshold and good physical and mechanical 

properties [81]. 

Laser system can be tuned for different rep. rate. Rep. rate is the number of 

pulses coming out of the laser head in one second time. Laser can be tuned for rep rate 

values starting from 20 kHz to 100 kHz. One more parameter that can be varied for the 
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laser system is diode current, which can be increased from 13 to 34 amperes at all the 

available rep rates. With the increase in diode current average power will also increase. 

Peak power of the laser which is discussed in chapter 1 &2 is 30 kW at a diode current of 

34 amperes and rep rate of 30 kHz. 

3.3.2 Wave Plate 

A wave plate is an optical device that alters the polarization state of a light wave 

traveling through it by principle of birefringence. 

Fig. 3.2 Waveplate [82] 

Waveplates are a class of optical elements that serve to change the sate of 

polarization of an incident wave. The operation of a waveplate is very simple. When 

plane polarized light is incident on a waveplate, it splits the light into two plane polarized 

light waves and one of the wave's lags behind the other by a known amount. Upon 

emerging from the waveplate, the two waves superimpose on each other to produce a 

wave, which is of a different state of polarization. Quarter waveplate and half waveplate 

are two important Waveplates. 
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For instance a quarter-wave plate creates a quarter wavelength phase shift and can 

change linearly polarized light to circular and vice versa as shown in fig.3.2 and fig.3.3. 

Quarter waveplate is a thin plate of birefrigent crystal having the optic axis parallel to its 

refracting faces and its thickness adjusted such that it introduces a quarter wave ( A/4) 

path difference (or a phase of 90°) between the extraordinary-ray and ordinary-ray 

propagating through it. 

Linearly Polarised Light « ; Quarter Wavplat* 

Circularly Polarised Light 

Fig 3.3 Working principle of Quarter waveplate [83] 

When a plane polarized light wave is incident on a birefrigent crystal having the 

optic axis parallel to its refracting face, the wave splits into extraordinary wave and 

ordinary wave the two waves travel along the same direction but with different velocities. 

As a result, when they emerge from the rear face of the crystal, an optical path difference 

would be developed between them. Thus, for quartz waveplate path difference can be 

written as, [82]. 

(pe-Mo)d = X/4 (3.1) 

Where 
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d= thickness of the waveplate 

He= refractive index of waveplate for extraordinary light wave 

Ho = refractive index of waveplate for ordinary light wave 

A half wave plate is a thin plate of birefringent crystal having the optic axis 

parallel to its refracting face sand its thickness chosen such that it introduces a half wave 

(A/2) path difference (a phase difference of 180°) between extraordinary ray and ordinary 

ray. Principle of half waveplate is shown in the fig.3.4 the phase difference created by the 

half waveplate is shown as 180° (-90° to +90°). 

Linearly Polarised Light Haff Waveplate 

Fig 3.4 Working Principle of Half Waveplate [84] 

The only difference between the half and the quarter waveplate is the thickness of 

the waveplate according to the desired path difference. Equation of path difference 

created by half waveplate is given as 

(jue- ju0)d = A/2 (3.2) 
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3.3.3 Wollaston Prism 

Wollaston prism comes under the category of polarizing optics and is named after 

its name of the inventor 'William Hydne Wollaston'. Wollaston prism is basically two 

right angle calcite prisms cemented together with perpendicular optic axis. 

P 
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Fig. 3.5 Wollaston Prism [85] 

When a circularly or randomly polarized light enters in a Wollaston prism then 

two separate linearly but orthogonally polarized laser beams come as an output as shown 

in fig 3.5 [85]. 

3.3.4 Cylindrical Piano Convex Lens 

Cylindrical lenses focus or expand light in one axis only as shown in fig.3.6.Since 

the patterning requirement of this project is long and thin lines therefore cylindrical 

lenses are used to focus the laser beams. 
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Fig. 3.6 Cylindrical Lens [85] 

Where 

/ = focal length of the cylindrical lens 

tc = Center thickness of Cylindrical lens 

te — edge thickness of cylindrical lens 

W= width of the lens 

L = length of the lens 

3.4 Optical Setup description 

Alignment of the optical machining setup was done with respect to two parameters. 

(a) Laser beam alignment with the horizontal and vertical axis. 

(b) Laser power alignment for reducing the reflection and alignment loses associated 

with the optics. 
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3.4.1 Laser Beam A lignment 

Two 45° reflection mirrors were used for steering the beam in vertical and 

horizontal axis. Laser head is heavy and it is almost impossible to align the laser beam 

with both the above mentioned axis. By using two reflecting mirrors as shown in fig.3.7 

laser beam can be easily aligned with the help of leveling screws of the mirror holders 

the laser beam was first aligned with the vertical axis and then with the horizontal axis 

with respect to the vibration isolation table surface. 

Abgned Laser Beam ! — * Minor _ 

Till of intnr* for vertical 
allgllU>£!ll 

Lwe? Heart- -[_.*... ». 
; ,,••., Mtntn 1 

Laser Beam ':-'. 
Till of mirror foi 
hcroortal alipirrtrot 

Fig 3.7 Laser beam alignment 

3.4.2 Alignment of first Wollaston prism 

After aligning the laser beam with the horizontal and vertical axis the next 

important task was to align the laser optics for maximum transmissive power efficiency 

from each of them. 

Transmissive Efficiency = Power Transmitted / Input Power (3.3) 
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Fzg. 3.5 ̂ 4 lignment of Wollaston prism 

Alignment of the first Wollaston is shown in fig 3.8. The first Wollaston was 

aligned with respect to the beam position in such a way that maximum power can be 

achieved transmitted. Maximum transmission efficiency from the first Wollaston was 

achieved only by aligning the Wollaston in such a way that the laser beam impinges on it 

orthogonally in the center of the clear aperture. After placing and aligning the first 

Wollaston, now one quarter waveplate was inserted in the path of the input beam to the 

first Wollaston to make the polarization of the beam circular. 

Transmission efficiency of the first Wollaston was calculated at the wavelength of 

1064nm with the help of power meter (Coherent model: LAB MAX TO) after all the 

alignment was completed with respect to the first Wollaston, input and the corresponding 

output powers to the first Wollaston were measured at multiple diode current levels and 
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the transmission power efficiency of the first Wollaston was calculated on the basis of 

equation (3.3). The transmission efficiency of the first Wollaston was approximately 

80%. 

3.4.3 A lignment of next two Wollaston prisms 

After aligning the first Wollaston and achieving maximum possible transmission 

efficiency next step was to align the other two Wollaston as shown in the fig.3.8. Beams 

coming out from the first Wollaston were at an angle of 20° between them and were 

linearly polarized but with orthogonal in nature with respect to each other. Wollaston two 

and three were placed just after the output beams of Wollaston one and were aligned in 

such a way that the output beams from them were straight and parallel with each other 

with minimum losses. As the input beams to the Wollaston two and three were linearly 

polarized so output was a single beam. Power was measured after the Wollaston two and 

three separately and was used for calculating the transmission efficiency. The maximum 

possible average transmission efficiency achieved from both the Wollaston was 

approximately 80%. 

3.4.4 A lignment of the half wave plate 

Laser beam output obtained from the last two Wollastons is linearly polarized but 

orthogonally with respect to each other. For the interference to happen between two 

beams polarization of the beams needs to be same in any case. To fulfill this interference 

55 



condition polarization state of one of the beams needs to be aligned with respect to the 

other. 

One half waveplate at an angle of 45° was inserted in one of the beam paths for 

reversing its polarization. Now the basic set up for the machining was set and the distance 

between the two parallel beams was measured, it was found to be 30mm which was too 

much for optics that is readily available in most of the optics lab; as commonly available 

optics usually have optical diameter of 25mm. The output beam spacing cannot be 

reduced further due to restriction imposed by the size of the Wollaston prisms. The 

distance between the two parallel laser beam was reduced using focusing optics, so that it 

can be used with readily available optics therefore installation and maintenance of the 

setup easier for the industrial application. 

3.4.5 Alignment of the distance between the two output beams 

To reduce the distance between the two parallel output beams from Wollaston 2 

and 3 some focusing optics was used. First of all one converging lens with focusing 

length of 500mm and diameter 50mm was placed in front of both the parallel beams for 

converging the two beams, after converging them for a distance of 300mm a diverging 

lens of negative focal length of 200mm was used for collimating the two beams again 

with reduced distance in between them as shown in the fig.3.9. With this pair of 

converging and diverging lens the beam spacing was reduced to 12mm from 30mm.With 

different diverging lenses the beam spacing can further be reduced. 
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Fig. 3.9 Alignment of focusing optics 

Some power loses were also associated with the optics used after the second and 

third Wollastons for aligning the beam spacing. Transmission efficiency of each of the 

common optics used after the Wollastons being also calculated and the available power at 

the sample surface for machining was measured. 

3.5 Transmission efficiency of common optics 

From the following table3.1 it can be seen that some power losses were associated 

with each optic used in the setup. The average transmission efficiency for most of the 

optics used in the setup was near to 90% except for cylindrical lens (F=25.6mm) for 

which it was just 70.8%.the Lower transmission efficiency of cylindrical lens was due to 

its curvature and thickness. The overall transmission efficiency of the setup was near to 

55% with all the optics involved whereas with cylindrical lens (F=25.6mm) it was around 

40%. 
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S.No. 

1 

2 

3 

4 

5 

6 

7 

8 

Description of optics 

Wollaston Prism 

Converging Lens (F=500mm) 

Diverging Lens (F= -200mm) 

Diverging Lens(F= -150mm) 

Diverging Lens (F= -100mm) 

Cylindrical Lens (F= 100mm) 

Cylindrical Lens (F=5 0.8mm) 

Cylindrical Lens (F~25.6mm) 

Average transmission efficiency (%) 

82.48 

92.05 

90.35 

91.34 

94.15 

92.39 

90.67 

70.80 

Table3.1. Transmission efficiency of optics used in the machining setup 

3.6 Refinements 

Once all the optics included in the setup was aligned with respect to power and 

position of the beam, then some refinements were done on the setup before the start of 

final machining experiments. For getting perfect interference while machining at the 

sample surface, the aim was to focus both the parallel laser beams at a common point on 

the stainless steel sample. 

Some sample machining was done on the stainless steel plate and viewed on the 

microscope for the final refinements of the setup. In the first machined spot it was found 

that the two beams were not focusing at the same point and on the same horizontal axis as 

well as power of the two beams was different as shown in fig.3.10. 
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First Focus Spot Second Focus Spot 

Fig. 3.10 Out of plane focusing 

Beams were made to align along the same horizontal axis with the rotation of 

either of the Wollastons two or three as shown in fig.3.8. 

First Spot Second spot 

Fig. 3.11 In plane different focusing spots 

After aligning the two focused spots with respect to vertical axis now again 

second sample spot was machined on the stainless steel sample. From the microscopic 

image as shown in fig.3.11 it can be said that still the two spots were out of focused with 

the horizontal axis or in other words the two beams were not perfectly parallel with each 

other, due to which the two beams were not focusing at a common point. For refining the 
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defect the position of the Wollastons two and three were again slightly changed in the 

horizontal plane in such a way that the out put beams become perfectly parallel. 

Fig. 3.12 Machined spot after all the alignments. 

After all these refinements a third spot was machined on the sample surface. From 

the microscopic image shown in the fig.3.12 it can be concluded that the setup is now 

perfectly aligned for the final experiments. 

3.7 Summary 

The setup designed and aligned for the machining was a simple setup for creating 

interference fringes at the focal point. Amplitude division was achieved with the 

Wollaston prisms for creating two coherent light beams. Major advantages associated 

with this setup were that the common optics can be used with this setup as the spacing 

between the two parallel beams can be easily varied by changing the diverging lens. 

Transmission efficiency of the setup was more then 50% with all the optics used. Power 

available at the machining surface was good enough to machine most common metals. 
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Chapter4 

Optimization of Laser Parameters 

4.1 Introduction 

Experiments for the marking of the contact eye lens inserts were done in two 

separate parts. In the first part of the experiments effect of different laser parameters on 

machining stainless steel were studied along with the effect of different focusing lenses 

and beam spacing. Experiments were done with different laser power, rep. rate and with 

different machining times, details of all the laser parameters are given in appendix 2. For 

each new parameter a separate spot was machined and it was characterized with the help 

of optical microscope and scanning electron microscope. 

4.2 Influence of laser power 

Laser power is one of the important parameters for the laser marking of the 

contact eye lens inserts. For studying the significance of laser power on the marking of 

the stainless steel spots were marking was done with different power levels with all other 

laser parameters e.g. rep. rate, machining was kept constant. Focusing lens used for the 

experiments was cylindrical 100mm. Machining was done at three different peak pulse 

power levels low (6-10) kW, medium (10-14) kW and high (14kW and above). For each 

power level of laser a separate spot was machined on the stainless steel sample. First spot 

was machined at a peak pulse power of 8.2kW, second at 11.825 kW and the third at the 
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20.4 kW respectively. Term available peak power is used to indicate that it was the power 

available at the surface of the machining samples after considering all the alignment and 

reflection losses on successive optics as mentioned in table 3.1. 

(a) 

(b) 

62 



(c) 

Fig. 4.1 Spot machined with 20 kHz rep rate, machining time lOseconds (a) 8.2kW of 

peak pulse power (b) 11.825 kW of peak pulse power(c) Spot machined with 20.4kW of 

peak pulse power. 

Fig.4.1 (a) belongs to the spot machined at a peak pulse power of 8.2 kW whereas 

fig.4.1 (b) and (c) belong to the spots machined at peak pulse power of 11.2 kW and 

20.4kW respectively. From the fig.4.1 it can be concluded that with the increase in laser 

power the focused spot size of machined surface on the stainless steel surface increases. 

Also with the increase in the laser power heat affected zone increases which damages the 

central portion of the machined spot. The machined spot shown in fig.4.1 (a) has less heat 

affected zone in comparison to machined spots in fig.4.1 (b) and (c); whereas the spot in 

fig.4.1(c) has the maximum heat affected zone. Increase in the machined spot at higher 

laser power was because of the Gaussian distribution of intensity, which was predicted 

and discussed earlier in the theoretical modeling. The experimental results shown in 

fig.4.1 were compared with the theoretical results in table 4.1 and then the results were 

plotted on fig.4.2. 
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S.No 

1 

2 
3 
4 
5 

Average Pulse 
Power (watt) 

4.7 

6.6 
8.3 
9.6 
10.4 

Focused Spot Size 
Theoretical(fim) 

110 
140 
166 
170 
175 

Focused Spot Size 
Experimental (/xm) 

100 
130 
155 
161 
168 

Deviation 
% 

9 

7.14 
6.2 
6 

5.71 

Table. 4.1 Comparison of experimental values with the theoretical 

Focuesd Spot Size along the width 

—•—Theoretical Values 

-•—Experimental Values 

25 

Fig.4.2 Comparison of experimental vs. theoretical values 

From the fig.4.2 it can be concluded that the theoretical and experimental values 

were approximately same and the deviation in the theoretical and experimental vales are 

due to the losses associated with reflection and other material properties which cannot be 

exactly simulated on the MATLAB calculation. MATLAB coding was used to calculate 

the theoretical values (MATLAB coding is attached in appendix 3). 
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For the better understanding of the machining within the spot, different regions 

of the same spot were studied. The spot considered for the discussion was machined at 

9.2kW of available peak power. 

"A" region (Center petition of each Hinge pattern) 

(b) 
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\l 1/ 
Fringe Patterns Fringe patterns in 

in Periphery of Spot Center of spot 

(c) 

Fig.4.3 Spot machined at 9.2kW peak power, 20 kHz rep rate and for machining time of 

10 seconds (a) Whole spot (b) Center region of the spot (c) Periphery region of the spot 

In fig.4.3 different regions of the same spot are shown. In fig.4.3 (b) the fringe 

patterns shown have black central region in each machined pattern (marked as A region 

in the SEM picture) which corresponds to the heat affected zone present in the central 

portion; whereas in fig.4.3(c) which corresponds to the left periphery region of the 

machined spot, only few fringe patterns have the same black central zone in the machined 

grating. It means that the patterns which were near to the central portion of the machined 

spot have more heat affected zone on the other hand patterns far away from the center 

does not have much heat affected zone present in them. The difference in the heat 

affected zone and quality of the patterns machined within a single spot was due to the 

Gaussian intensity distribution as discussed in the theoretical modeling. 
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Separate experiments were conducted for studying the variation in the depth of the 

machined spot with respect to different power levels. 

\ / 
Machined Fringe Patterns 

(a) 

Machined Fringe Patterns 

(b) 

Fig. 4.4. Depth of machining at 20 kHz rep rate (a) 5 fim depth of fringe Pattern at 15kW 

peak pulse power, (b) 8.5 pm depth of fringe pattern atl8.8kWpeak pulse power 
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Fig.4.5 Experimental Values of depth with respect to different peak pulse power 

As the microscopic images do not have good contrast so the machined region 

with depths were marked with the dark lines so that it can be distinguished from the un-

machined portions. From the fig.4.4 and fig. 4.5 it can be concluded that depth of 

machining increases with increase in peak pulse power and the machining depth follows 

a sinusoidal profile which is clearly evident and explained with the interference principle 

in theoretical modeling. From the plotted experimental values in fig 4.5 it can be easily 

concluded that slope of the plot was high at low peak pulse power but the slope was low 

at high power levels which indicates a saturation level of depth with respect to power 

after certain level. Depth of the central fringe pattern was 5 urn when machined with 

available peak pulse power of 15kW, and depth of machined fringe pattern increases to 

8.5um with an increase of available peak pulse power to 18.8kW. Central fringe have 

maximum depth in all the machined fringes due to Gaussian beam intensity distribution. 

For all the depth calculations central fringe was used. From these experiments at 

multiple power levels it can be concluded that for achieving the depth of marking in the 

range of 5-15 |j.m the peak pulse power of the laser has to be kept in between 14kW to22 
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kW . Also for better quality of the marking with the desired width of 10- 20 um as 

discussed in the objective the laser power will also remain in the same range of 14kW 

to22 kW. 

4.3 Effect of repetition rates 

Rep. rate is the other important parameter of the pulsed laser from marking point 

of view. The Nd: YV04 laser used for the experiments can be tuned for different rep 

rates starting from 20 kHz to 100 kHz .Multiple spots were machined at different rep. 

rates with constant laser power and machining time as mentioned in design of 

experiments in appendices 2. 

Heat Affected Zone 

(a) 
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Small Heat Affected Zone Hent Affected Zone 

(b) 
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Severe Heat Affected Zone 

(C) 

Fig.4.6 (a) Spot machined with rep rate of 40 kHz, peak pulse power of 14.73kW (b) Spot 

machined with rep rate of 30 kHz, peak pulse power of9.035kW (c) Spot machined with 

rep rate of 20 kHz, peak pulse power of 6.38 kW 
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In flg.4.6 focused spots machined with different rep rates are shown. From the 

images of the fig.4.6 it can be concluded that the machining done at 40kHz have less heat 

affected zone in comparison to the machining done at 20 and 30kHz of repetition rates. 

The heat affected zone was severe or maximum for the spot machined with 20 kHz of rep 

rate as shown in fig.4.6(c).These results are according to predicted results of the 

theoretical modeling. Theoretical modeling was done with respect to equation (4.1) 

which gives energy per pulse with respect to average power and repetition rate. 

Energy per pulse (Joules) = Power average (watt)/ Rep. Rate (KHz) (4.1) 

From the laser system chart supplied by the Coherent laser it can be seen that 

with the increase in the rep rate from 20 kHz to 30 kHz the average power of the laser 

increases from 6.6 watts to 6.9 watts. The increase in the laser power is very small in 

comparison to the increase in the rep rate and from the equation (4.1) it can be easily 

calculated that with the increase in the rep. rate the energy per pulse (peak pulse power) 

will decrease, the calculation for peak pulse power with different rep rate was shown in 

the previous chapter of theoretical modeling. This decrease in the pulse energy was 

clearly evident from the less heat affected zone present in the machined spot of 40 kHz 

rep rate. 
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(c) 

Fig.4.7 (a) Spot machined with rep rate of 40 kHz, peak pulse power of 14.73kW (b) Spot 

machined with rep rate of 30 kHz, peak pulse power of 9.035kW (c) Spot machined with 

rep rate of 20 kHz, peak pulse power of 6.38 kW 

From the fig.4.7 it can be concluded that with the increase in rep rate the spot size 

decreases. This decrease in the machined focused spot size was due to the decrease in 

peak pulse power with increased rep rate. Theoretical results for machined spot along the 

focused portion of the spot were compared with the experimental results of fig.4.7 and 

were plotted in fig.4.8 for the comparison. 

S.No 

1 
2 
3 

Rep Rate (kHz) 

20 
30 
40 

Focused Spot Size 
Theoretical(nm) 

140 
130 
120 

Focused Spot Size 
Experimental (urn) 

130 
122 
110 

Deviation 
% 

7.14 
6.16 
8.33 

Table. 4.2 Comparison of experimental values with the theoretical 
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Fig.4.8 Comparison of theoretical and. experimental Values for different rep rates. 

From the fig.4.8 it can be said that that experimental results were close to the 

theoretically calculated values. The deviation shown in the experimental and theoretical 

values were due to the reflection losses from the surface as well as from the other 

successive optics as discussed in previous section. 

Now it can be concluded with these experiments that with the increase in the rep 

rate energy per pulse will be decreased which reduces the heat affected zone and 

increases the quality of the machined fringe patterns as evident from the fig.4.6 and 

fig.4.7 .For better quality of the patterns with minimum heat affected zone on the lens 

inserts the rep rate has to be kept around 40kHz, as no significant amount of machining 

took place above 40kHz of rep rate. 

4.4 Variation in depth with different variation in number of pulses hitting the 

surface 

For studying the effect of different number of pulses on the machining depth; 

experiments were conducted with stainless steel sample on a moving stage. Laser system 
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used for the experiments does not have any provision of controlling the number of pulses 

coming out from the laser head. With different speed of the moving stage the number of 

pulses hitting the same region can be varied. Stainless steel sample was kept on the 

moving stage and machining was done with different feed rates of the stage. At higher 

feed rates less number of pulses will hit the same surface whereas at low feed rates the 

machining was done with higher number of pulses hitting the same region again and 

again. If for example the length of the machined spot is 400 urn and speed of the moving 

stage is set at 100 urn/second and machining will be done with 20kHz rep rate then the 

number of pulses hitting the same region during the moving stage will increase to 4 times 

and 80kHz pulses will hit the spot, as sample will move only one forth the distance of the 

length of the spot during the specified time. 

Machined Fringe Patterns 

(a) 
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Machined Fringe Patterns 

(b) 

Fig.4.9 Machining done at peak pulse power ofl8.85kW (a) Depth of machining is 7 pat 

0.1 n/sec feed rate, (b) Depth of machining 16 ju at 0.01 pi /sec feed rate 
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Fig.4.10 Experimental values for the depth of machining at 18.8 5kW of peal pulse power 

and different feed rates of the stage. 

In fig.4.9 optical microscopic images of machining are shown, whereas in 

fig.4.10 different marking depths are shown with respect to different number of pulses 
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hitting the surface. From the fig.4.9 and fig.4.10 it can be concluded that the depth of 

machining increases with increase in the number of pulses hitting the same region up to 

certain level and after that a saturation level was reached and increase in depth with 

increase in number o pulses was negligible. Machining done with lesser number of pulses 

has well defined depth for each fringe, whereas quality of the machined patterns reduces 

significantly with higher number of pulses due to high heat affected region and material 

re-deposition as shown in fig 4.11. The reduction in quality of the patterns is attributed to 

the more conduction of heat in the machining region due to increased machining time. 

Number of pulses hitting the surface can also be controlled with different 

machining times. Increase in the machining time increases the number of pulses hitting 

the surface and vice versa. In this part of experiments the machining time was varied 

keeping all other laser parameters e.g. rep. rate and power constant. 

1/ 
Fringe Pnttems 

(a) 
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Reduced Quality of Fringe Patterns 
due to Kent affected zone 

(b) 

Heat affected zone «£ ledeposited particles 

(C) 

Fig. 4.11 Machining done with 20kHz rep rate, 9.23kWpeal pulse power and for 

machining time of (a) 5 seconds (b) 15 seconds (c) 25 seconds 

In fig.4.11 SEM images were shown for spots machined with 5sec, 15sec and 25 

seconds of machining time respectively. From fig.4.11 it can be concluded that with the 

increase in machining time heat affected zone increases, which is evident from the image 

78 



fig.4.11(c) in which the patterns machined were of bad quality due to the heat affected 

zone in each grating in the center; whereas the patterns machined with lesser machining 

time does not have much heat affected zone as shown in fig.4.11 (a). 

4.5 Summary 

From the experimental results related to various laser parameters it can be 

summarized that the quantity and the quality of the laser based marking of stainless steel 

depends significantly on laser parameters e.g. power, rep.rate and machining time. 

Optimum level of laser parameters is required for machining high quality of patterns on 

the stainless steel lens inserts. Optimum peak pulse power (9.7 kW) is required to 

machine the required number of patterns with desired marking depth of 5-10 urn, with 

very low power (6 kW) number of patterns machined within the spot size will be 

restricted on the other hand if machining is done with very high power (19 kW) number 

of patterns will be increased but the patterns in the center portion will be damaged. 

Similarly with the increase in machining time the quality of the pattern will drop 

significantly due to increase in the heat affected zone. 
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Chapter 5 

Optimization of optical setup 

5.1 Introduction 

As mentioned in the previous chapter that experiments was conducted in two parts. 

In first part of experiments effect of laser parameters were discussed with respect to 

quantity and quality of machining stainless steel. Marking done on inserts will finally 

come on the external surface of the toric eye lens. Experiments were done to vary the 

pitch of the machined patterns with respect to focusing lens and beam spacing. 

Experiments were also done with different state of polarization. 

5.2 Variation in the pitch of the fringe patterns 

Pitch between the fringe patterns can be changed with the variation in the 

angle theta (0) between the two focusing beams at the focus as shown in the fig. 5.1 

where Z was the distance between the two parallel beams and F was the focusing length 

of the lens. 
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Fig. 5.1 Focusing beam with beam spacing Z and focusing lens F [56] 
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Pitch = A/2Sin(0/2) (5.1) 

0/2 = tari\Z/2F) (5.2) 

From the equations 5.1 and 5.2 it can be seen that the angle theta (9) is a 

function of focusing length of lens (F) and beam spacing (Z) between the parallel laser 

beams. [56]. 

5.2.1 Variation in pitch with different beam spacing 

Experiments were conducted with three different beam spacing of 6mm, 9mm and 

12mm with a constant focusing length of 100mm. For each beam spacing one separate 

spot was machined on the stainless steel sample which was further characterized for the 

pitch with the help of scanning electron microscope. Pitch of the gratings obtained from 

the experiments was compared with the theoretical pitch value obtained from the 

equations (5.1) and (5.2). 

Machined Fringe Un Machined Region 

(a) 
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(b) 

•6!m ?:;̂ .y v ; SU3 1*U Ht34_ 

(c) 

Fig.5.2Fringe patterns machined at rep rate of 20kHz,machining time of 10 seconds, 

peak pulse power of 15.12kWwith a (a) beam spacing ofZ=12mm, (b) beam spacing of 

Z—9mm (c) beam spacing ofZ=6mm 

S.No. 

1 

2 

3 

Beam Spacing(mm) 

6 

9 

12 

Theoretical Values(nm) 

17.83 

11.83 

8.668 

Experimental Values(fim) 

17.61 

11.88 

9.132 

Deviation (%) 

1.2 

0.42 

5 

Table 5.1 Comparison of experimental pitch with theoretical pitch 
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Comparison Of Experimental and Theoretical Pitch Values 

—•—Experimental Value 

—•— Theoretical Value 

14 

Fig.5.3 Comparison of theoretical and experimental pitch values 

Fig.5.3 shows that the variation in pitch with respect to beam spacing was 

according to the given theory. The small variation in the experimental and theoretical 

values was due to the limitation of measuring the beam spacing manually in the lab. It 

can be concluded from the experimental as well as theoretical results that pitch of the 

grating can be increased with decrease in the beam spacing which is one of the 

advantages of the proposed optical setup. 

5.2.2 Variation in pitch with different focusing lens 

As discussed in the previous section that pitch of the fringe patterns can be 

changed either, by changing beam spacing or by changing focusing lens. In this part of 

the experiments different focusing length lens were used for machining the stainless steel 

sample and the results obtained for the pitch were compared with the theoretical pitch 

values. 
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Experiments were done with a beam spacing of 7mm and with three different 

focusing lenses of 100mm, 50.8mm and 25.6mm.Beam Spacing was kept at 7mm so that 

that the gratings can be separately characterized even with shorter wavelengths otherwise 

for higher beam spacing it is almost impossible to separate the patterns machined with 

shorter focal lengths of 25.4mm. Machined spots were characterized with the help of 

scanning electron microscope. 
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Small Uiunncluned Machined fringe 
i egion 

(C) 

Figure 5.4 Fringe patterns machined at rep rate of 20kHz, machining time of 10 

seconds, peak pulse power of 15.12kW with a (a) focusing lens of F=100mm (b) 

focusing lens of F=50.8 mm (c) focusing lens of F=25.4 mm 

Pitch obtained with a focusing lens of 25.4mm is smallest in comparison with the 

pitch obtained with 50.8mm and 100mm focusing lenses, whereas the pitch obtained with 

the 100mm focusing lens is largest in all the three pitch values. The spacing between the 

fringe patterns machined with focusing lens of 25.4mm in fig.5.4(c) were very close that 

even it was not possible to distinguish between the two patterns in the center but in the 

right corner some patterns were slightly distinguishable. These results were compared 

with the theoretical results and the results were plotted in fig.5.5. 
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S.No 

1 

2 

3 

Focusing Length(mm) 

100 

50.8 

25.4 

Theoretical Values(fxm) 

15.2 

7.74 

3.89 

Experimental Values(fxm) 

16.0 

8.0 

4.0 

Deviation (%) 

5.2 

3.3 

2.8 

Table 5.2. Experimental and theoretical values of pitch 

Comparison Of Experimental Results With Theoretical 

—•— Experimental values 

—•— Theoretical values 

— i 

120 

Fig5.5 Comparison of Experimental and Theoretical results 

From the fig.5.4 and fig.5.5 it can be concluded that the minimum possible pitch 

that can be obtained with the experimental setup was approximately 3 ^m, also it is 

difficult to separate two machined fringe patterns if the focusing length was low. 

Pitch can be easily varied with the help of focusing lens, for higher values of pitch 

machining has to be done with higher focusing lens and for smaller pitch values 

machining has to be done with lower focusing lens. 

40 60 80 

Focusing Length (mm) 
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5.3 Number of fringe patterns machined 

In the proposed marking method the machined fringe patterns transferred on the 

toric lens surface can also be used as grating element. Number of fringe patterns formed 

on the inserts is also an important parameter of marking and needs to be controlled during 

the marking process. Number of fringe patterns machined on the lens inserts can be 

controlled by the control of peak pulse power. As discussed earlier in theoretical 

modeling the number of fringe patterns machined on the lens inserts can be increased by 

increasing the peak pulse power or can be decreased by decrease in peak pulse power. In 

first set of experiments peak pulse power of the laser pulse was varied with average pulse 

power of the laser. Experimental results were compared with the theoretical results and 

were plotted in fig.5.6. 

S.No 

1 
2 
3 
4 
5 

Peak Pulse 
Power (kW) 

9.2 
12.96 
16.3 
18.8 
20.4 

No. of gratings created 
theoretical(ftm) 

17 
19 
21 
22 
22 

No. of gratings created 
Experimental (ftm)) 

16 
18 
20 
21 
21 

Deviation 
% 

5.8 
5.26 
4.7 
4.5 
4.5 

Table 5.3 Number of fringe patterns with different average pulse power 
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Fig.5.6 Comparison of theoretical and experiments results 
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From the fig.5.6 it can be concluded that with the increase in peak power the 

number of fringe patterns machined on the insert was increased, but slope of the curve 

between number of patterns and peak pulse power is steeper for lower values then for 

higher values which indicates that increase in the machined patterns with peak pulse 

power was more at lower range (10-15kW) of the curve with respect to increase at higher 

peak values (15 kW and above).Peak pulse power can also be varied by the change in rep 

rate as discussed in theoretical modeling. Theoretical results were compared with the 

experimental values and were plotted in fig.5.7. 

S.No 

1 

2 
3 

Rep Rate 
(kHz) 

20 

30 
40 

No. of fringes created 
Theoretical(/um) 

19 
17 
14 

No. of fringes created 
Experimental (/um)) 

18 
16 
13 

Deviation 
% 

5.26 

5.88 
7.14 

Table 5.4 Number of fringe patterns with different rep rate 
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Fig. 5.7 Comparison of experimental values with theoretical 
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From the fig.5.7 it can be concluded that with increase in rep rate the number of 

fringe patterns machined will decreases whereas at lower rep rates more patterns were 

machined. 

5.4 Machining with different set of laser polarization 

Experiments were done with different laser parameters (e.g. pulse power, rep 

rate and time of marking) to study the affect of each parameter on the marking quantity 

and quality. From all the scanning electro microscope images it can be seen that there 

were some regularly arranged patterns in each fringe pattern. Explanation for these ripple 

patterns were given by several researchers in their published works. In the research 

papers [85-87] it was explained that these ripple patterns are due to the interference 

between the incident lasers light and scattered or diffracted light parallel to the sample 

surface. Microscopic roughness of the sample surface, small defects and spatial variations 

in the dielectric constant of the sample surface was stated as the region for scattering of 

the incident light. The pitch of these ripples depends on the polarization, wavelength and 

angle of incidence of the laser beam with the surface. The orientation of the ripples is 

determined mainly by the polarization of the laser beam. The ripples are mainly oriented 

perpendicular to the electric vector of the laser beam and if the laser beam is circularly 

polarized than ripple patterns will follow random patterns [88]. 

To obtain better quality with respect to polarization of laser beam, experiments 

were done on stainless steel samples with different laser beam polarization and the results 
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were compared with each other as well as with the preciously published work of other 

researchers. 

Beams coming out from the Wollaston 2 and Wollaston 3 were linearly polarized 

but their polarization direction was orthogonal to each other as already discussed in the 

chapter of experimental setup. As, discussed earlier one half wave plate was used to 

maintain the same polarization between the two beams. 

Experiments were done first by inserting the half wave plate in the path of 

beam coming out from Wollaston 2 as shown in fig.5.8.When half waveplate was 

inserted in the output beam from wollaston 2 then the polarization of the beam was 

changed and it becomes similar to the polarization of beam coming out from wollaston 3. 

jE-jHslHwrtiaa | WoliwIattS \ 

Fig. 5.8 change in polarization with Wollaston 2 output 

SEM image of the single fringe machined with the above mentioned polarization 

is shown in fig.5.9.From the images it can be seen that each fringe has some ripple 
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patterns aligned in one direction. Small ripple patterns ablated within each fringe were 

perpendicular to the axis of the marking shown in fig.5.9. 

Fig5.9 single fringe machined with x polarization at rep rate of 20 kHz, machining time 

of 10 seconds and peak pulse power of 15.12 kW 

Next Experiments were done by inserting the half wave plate in the output beam 

coming of Wollaston 3 as shown in fig.5.10.When half waveplate was inserted in the 

output beam from wollaston 3 then the polarization of the beam was changed and it 

becomes similar to the polarization of beam coming out from wollaston 2 as shown in the 

fig.5.10. 
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Fig. 5.10 change in polarization with Wollaston 3 output 

SEM image of the single grating machined with the above mentioned polarization 

is shown in fig.5.11. From the small patterns machined within a single fringe, direction of 

the polarization can be analyzed. Small patterns ablated within fringe as shown in 

fig.5.11 were parallel to the axis of the fringe. The direction of these patterns must be 

perpendicular to the electric vector which means that the polarization vector of the laser 

beam was perpendicular (s-polarization) to the fringe axis as explained earlier [88]. 

Fig5.11 single fringe machined with x polarization at rep rate of 20kHz, machining time 

of 10 seconds and peak pulse power of 15.12 kW 
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From the results obtained with different set of polarization it can be concluded 

that polarization of the laser beam is important for improving the quality of contact lens 

marking. The ripple patterns formed within each fringe pattern can distort the quality of 

the marking if, not taken into account properly. To minimize the effect of these ripple 

patterns direction of patterns parallel to the fringe axis or marking axis are required. 

5.5 Summary 

Discussion done after these experiments can be summarized by concluding that the 

pitch of the fringe patterns machined on the contact lens inserts can be easily varied by 

using different focusing lenses and beam spacing. Pitch of the fringe patterns can be 

reduced by either reducing beam spacing or decreasing the focal length. Polarization of 

the laser beam used for marking the toric contact eye lens inserts must be selected in such 

a way that ripple patterns formed within each fringe will be parallel to the direction of the 

fringe axis therefore electric vector perpendicular to the fringes are required for the 

marking purposes. 
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Chapter 6 

Conclusion and Future Work 

6.1 Conclusion 

Toric contact eye lens marking is critical for proper functioning of the toric 

lenses. Most of the current marking methods are cumbersome or time consuming 

therefore the proposed marking method, based on the interference principle has good 

industrial application for the marking of toric contact eye lenses. With the proposed 

marking method not only the area of marking will be decreased but also visibility of the 

marks with slit lamps increase. 

Diffrent marking methods are studied in depth with respect to laser marking 

methods and non laser marking methods.Objective of the research project was set with 

respect to the past marking methods in such way that it will increase the visibily of the 

marks with simple marking design based on intereference principle. 

Theoretical modeling has been done to predict the nature and region of marking 

with respect to different marking axis. Modeling has been done to calculate the variation 

in depth due to the aspehrical profile of the toric lens inserts. From the modeling part it 

was concluded that variation in depth along the length of the marking is approximately 12 

um and along the width of the marking variation is less than 0.5 um. Therefore for the 

continuous marking, depth of marking has to be kept above 12 urn, within a marking 

length of 1mm. Major advantage associated with the interference based marking is that 
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half the laser power is required to obtain the same depth as obtained without interference. 

As the laser power required is reduced to half heat affected zone decreases which 

significantly improves the quality of marking and increase the life of the metal inserts. 

The optical setup designed for the experiments can be used with readily available 

optics. Due to simple optics and less tedious alignment task the setup can be used in 

industries for commercial applications with minimum maintenance requirements. 

In the first set of experiments different laser parameters e.g. peak pulse power, rep. 

rate and number of pulses were studied with respect to quality of marking as well as for 

quality of marking. Medium peak pulse power in the range of (8-10) kW with a rep rate 

of 30 kHz is required for high quality marking with a marking depth of (8-10) um. Higher 

peak pulse power above 12kW and lower rep rates lower than 30 kHz reduced the quality 

of marking with significant amount of heat affected region and material re-deposition. 

Marking depth can be increased with increase in number of pulses hitting the surface, but 

after a certain level of number of pulses the increase in marking depth will not produce 

change in marking depth and it will only reduce the quality of the marking with increased 

heat conduction in marking region. 

Second set of experiments were mainly done to improve the quality of the 

marking with respect to polarization and to create variation in marked patterns with 

respect to different fringe pitch. From the experiments it was concluded that pitch 

between the two marked fringes patterns can be increased with increase in focusing 

length or decrease in beam spacing between the two parallel beams and vice versa. From 

the experiments done with different set of laser polarization it can be concluded that 
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polarization of the laser beam used for marking the toric contact eye lens inserts must be 

selected in such a way that ripple patterns formed within each fringe will be parallel to 

the direction of the fringe axis therefore electric vector perpendicular to the fringes are 

required for the marking purposes. 

6.2 Future Work 

In the proposed research project a new marking method based on interference 

principle has been proposed with stainless steel sample and laser head in a fixed position. 

Further work can be done with metallic insert on a gimbal mount so that the variation in 

the marking depth can be compensated with the movement of metal insert according to its 

aspherical radii of curvature. Fringe patterns obtained on the toric lenses can also be used 

as diffraction grating if used with slit lamps having white light as a source. On 

illumination of fringe patterns different orders of gratings can be obtained which will 

help in locating the axis of toric lenses with respect to eye. 

Re-deposition of metal particles during marking with pulse laser can be reduced if 

marking will be done either in vacuum or under liquid. Marking done under liquid will 

also reduce the heat affected zone, but the size of marking will be affected due to change 

of refractive index of medium. Electronic shutters can be used with the laser system for 

controlling the number of pulses hitting the metal sample. 
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Appendix 1 

Average Laser Pulse Power 

Power of the laser at different rep rates and diode current: 

Ampere 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

20kHz 

1.7 

2.66 

3.0 

4.22 

4.7 

6.02 

6.6 

7.7 

8.3 

9.12 

9.6 

10.34 

10.4 

10.6 

10.8 

30kHz 

1.8 

2.77 

3.2 

4.5 

4.8 

6.6 

6.9 

8.1 

9.0 

9.5 

10.00 

12.00 

12.1 

12.9 

13.1 

40kHz 

1.9 

2.92 

3.3 

4.68 

5.1 

6.81 

7.5 

9.30 

10.2 

11.70 

12.5 

13.50 

14.2 

15.00 

15.2 

50kHz 

1.9 

3.00 

3.35 

4.8 

5.15 

7.0 

7.6 

9.65 

10.25 

12.1 

12.5 

13.70 

14.3 

15.45 

15.5 

60kHz 

1.9 

3.18 

3.4 

5.00 

5.3 

7.41 

7.7 

9.75 

10.5 

12.50 

13.0 

14.60 

14.9 

16.00 

16.1 

70kHz 

1.9 

3.19 

3.45 

5.1 

5.33 

7.44 

7.7 

10.00 

10.55 

12.59 

13.1 

14.8 

14.9 

16.05 

16.1 

80kHz 

2.0 

3.20 

3.5 

5.12 

5.4 

7.55 

7.9 

10.1 

10.7 

12.99 

13.2 

15.12 

15.00 

16.2 

16.3 

90kHz 

2.0 

3.25 

3.5 

5.3 

5.44 

7.6 

7.9 

10.6 

10.8 

13.21 

13.3 

15.13 

15.15 

16.30 

16.5 

100kHz 

2.0 

3.28 

3.5 

5.41 

5.5 

7.8 

7.9 

10.70 

10.8 

13.30 

13.4 

15.23 

15.3 

16.4 

16.6 
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Appendix 2 

Experimental Details 

(1) Experiments with Different Laser Power: 

S.No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Available Laser Power 
(watt) 
2.321 
2.585 
3.311 
3.63 
4.235 
4.565 
5.016 
5.28 
5.687 
5.72 

Rep Rate 
(kHz) 

20 

Machining Time 
(Second) 

10 

(2) Experiments with different rep rates: 

S.No. 

1 
2 
3 

Available Laser Power 
(watt) 
3.63 

5? 

55 

Rep Rate 
(kHz) 

20 
30 
40 

Machining Time 
(Second) 

5 
99 

5 5 

(3) Experiments with different focusing lens: 

S.No. 

1 
2 
3 

Focusing Length (mm) 

100 
50.8 
25.4 

Rep Rate 
(kHz) 

20 
5 5 

5 ? 

Machining Time 
(Second) 

10 
99 

55 

(4) Experiments with different beam spacing: 

S.No. 

1 
2 
3 

Beam Spacing 
(mm) 

12 
9 
6 

Rep Rate 
(kHz) 

20 
55 

5? 

Machining Time 
(Second) 

10 
99 

95 
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Appendix 3 

MATLAB Coding 

clear all; 
clc; 
i=l; 

wavelength = 1.064; 
b=2300; 
po=input('Enter the value of average power from the laser head without any 

losses=');%As power after head is 7.7watt at 20kHz and efficiecy of the setup for -200 
diverging 

R=20000;%input('Enter the value of Rep Rate='); 
Z=13000; 
Y=0; 
f=100000; 
wb=b/2; 
ss=2.44*(wavelength)*(f/b); 
ws=ss/2; 

A=(b)*(ss)*(10A-4)A2; 
E=po/R; 
Io=(0.5*E/A)*0.34*0.55;%Multiplied with 0.34 as absorption of stainless steel is 

40,multiplied with 0.55 for the efficiency of transmission of system% 

forx=-ss:0.01:ss 

PD=(x*Z)/f; 
delta(i)=(2*pi*PD)/wavelength; 
mm(i)=(cos(delta(i)/2))A2; 

%I(i)=4*Io*mm(i)*exp(-2*xA2/woA2); 
I(i)=4*Io*mm(i)*exp(-((xA2/wsA2)+(yA2/wbA2))); 

dd(i)=x; 
i=i+l; 

end 
plot(dd,I,V) 
hold on 
title('Machined Spot Size With Respect to Full Width Half Maximum ') 
xlabel('Machined Region') 
ylabel('Single Pulse Intensity in J/cm2') 

yy=0.16; 
plot(dd,yy) 
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