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ABSTRACT 

The successful trapping, translation, manipulation and spinning of micron 

sized gears using laser light are theoreticaliy and experimentally shown in 

this thesis. Numerous distinct sized and shaped structures are tested in a 

simulation package that uses an enhanced ray optics technique to calculate 

the torque and forces applied to the gears by the photons. Expenmental 

conf'ation of these theoretical predictions proves that microstructures 

made with comrnon semiconductor methods can be made with precision and 

then opticdly manipulated at will. These find'igs indicate that more 

research is necessary on the subject of Micro-Optical-Electro-Mechanical- 

System (MOEMS) technology. 
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Chapter 1 

Introduction 

in 1970, A. Ashkin was the fïrst person to suspend single sphencal 

particles against gravity in the divergent region of a laser beam [l]. His 

introductory experiments in laser trapping, using concepts as simple as the 

conservation of energy and momentum, demonstrated that photons hitting 

the surface of small d ie lehc  particles could optically manipulate them by 

imparting some momentum and thus moving them at will using laser light. 

This confirmed predictions by scientists like Kepler and Maxwell. In 1986, 

A. Ashkin showed that particles could be trapped in three dimensions in the 

minimum waist region of a single highly focused laser beam [2]. His theory 

predicted that the trapped particles would be pushed towards the minimum 

waist region of a laser beam by a W e n t  force; if the waist was focused to 

a smail enough size, the particles could be f U y  trapped in the beam. 



A great deal of interest in the field of optical trapping has been 

generated fiom Ashkin's first reported results and since then novel 

configurations of optical traps have been explored both theoretically and 

experimentally. Experiments have covered a fdl range of trap orientations, 

fiom the use of optical fibers to deliver the light to a trapping region [3,4,5], 

to vertical [6] or horizontal [7] arrangements of dual [a], single [9] or 

multiple beam [IO] laser traps. 

The physical geometry of the iaser trap is ody one of the aspects that 

must be considered for effective trapping. A second property that can be 

modiSed is laser type. Different wavelengths of light and beam profiles are 

matched for particle characteristics such as the absorption coefficient or size. 

Almost any type of small particle cm be trapped, h m  mechanically made 

micro-particles to atoms to single cell organisms. Scientists fiom al1 over 

the world in the fields of medicine, biology, nuclear physics, and 

engineering have used different applications of laser Iight to manipulate 

different micron-sized objects [Il, 12,13,141. 

Recently, much research has dealt with the theoretical and 

experimental processes of optically manipulahg or activating micron-sized 

gear-like structures [15,16]. Proven applications in MEMS (Micro-Electro- 

Mechanical-Systems) have led to the idea of MOEMS (Micro-ûpto-Electro- 



Mechanical-Systems), and prevalent work is being explored in this new 

technology. In this thesis we explore the optical manipulation of micro-gear 

structures that were made at Carleton University using conventional 

semiconductor techniques. This work is of interest as an alternative to the 

conventional electrical, magnetic, and thermal methods of moving MEMS 

components. Although these processes are proven techniques, they may 

have some obvious limits as micro-mechanics get smaller and smaller. In 

theory and practice, micro-structures that can be manipulated with light are 

two orders of magnitude smaller than current MEMS sizes. 

In this thesis a description of the selecting, manipulation, trapping, 

and spinning of micro-gears using a counter-propagating vertical dual-laser 

diode optical trap will be presented. Chapter 2 introduces and explores the 

basic theory of laser trapping, including 2-D and 3-D approaches using an 

enhanced ray theory of light developed by Gauthier [17]. It is supported by 

Appendix A, which gives specific mathematical details conceming direction 

cosines. Chapter 3 goes on to outline some theory and concepts of the laser 

diode as opposed to gas lasers. Its inclusion is necessary because this thesis 

project was the first in the Laurenian trapping group to use a laser diode 

system in a trap. The end of Chapter 3 and the entire fourth chapter describe 

the beginning experiments leading up to the final trap design, as described in 



Chapter 5. The fifb chapter illustrates experimental results as weii, with 

many stiii pictures taken h m  vide0 fmtage. Some cornparison to theory is 

shown with the use of graphs and pictures taken fiom simulation runs made 

with a Visual Basic program package produced by R C. Gauthier. 



Chapter 2 

Basic Theory and Background of Laser Trapping 

Since 1970, when Ashkin reported the optical manipulation of 

micron-sized particles, theories that try to explain how photons push matter 

around have teen revised, and interest in Maxwell's predictions that light 

can apply pressure has been restimulated. If one considers particle size and 

wavelength of light used, one must go to the appropriate level of complexity, 

just as when dealing with any other type of optics. For example, if the 

particle is an order of magnitude smaller than the wavekngth of light, one 

needs to take into account the wave theory of light. On the other end of the 

scale, if the particle is an order of magnitude bigger than the wavelength, 

one could manage by using ray optics. In the range between these two 

limits the enhanced ray optics mode1 [17] cm be used; it utilizes the 

necessary theoretical elements fiom ray, wave, electromagnetic, and 

quantum theories of light. 



The expressions for the force and torque produced by photons 

interacting with a swface are denved in 2-D space using the lowest order 

non-polarized Gaussian beam hitting an arbitrary flat surface. The 

expressions are generalized to 3 -D objects later. 

2.1 Two Dimensional Modeling of Laser Trapping 

The physical theory in this thesis involves the exchange of momentum or the 

conservation of momentum when looking at the interaction of a massless 

photon (which still has momenhun) with the interface between two dielectric 

media of different indices of refraction. In the most basic terms, the photon 

either reflects or refiacts at the surface and changes its momentum vector. 

The particle "feels" this momentum shift and is pushed or pulled in the 

opposite direction of the photon's momentum stiift. 

To begin our analysis, we examine a ray hitting a flat surface, as 

shown in Figure 2.1. 



Incident Y Re flected 

Ray 

nmedium 
X 

nparticle 

FIGURE 2.1 - Incident Ray on Surface 

A photon in the Stream of the Incident ray has momentum 

whereh is Plank's constant divided by 2rr, lm, and k are the wave vector 

and wave number respectively, and is the unit vector dong the incident 

ray's path. 



The wave number and wave vector look like 

where n- is the ambient medium's index of refiaction and is the fiee 

space wavelength. The momentwn of the incident ray (equation 2.1), 

substituthg in equations 2.2 and 2.3, becomes 

The reflected ray is characterized similarly as 

where, 



A = sin(8)f + cos(8)] 

The momentum of the reflected photon is given by 

The momentum change of one reflected photon at the interface between the 

two media is 

This change occurs dong the positive Y axis, implying that the surface 

experiences an equal and opposite momenhun change to that of the photon's 

change in momentum, ie., in the negative Y direction. 



Using a similar analysis, expressions for the change of momentum of 

a photon transmitted at the d a c e  can be obtained. The momentum of the 

transmitted photon is 

where 6, k;, and are the wave vector, wave number, and mit vector dong 

the propagation direction of the transmitted photon. 

Using 

with npwicie as the index of refiaction on the transmitted side of the surface, 

and 

equation 2.10 becomes 



Thus, the change in morneahun of the traasmitted photon is 

Snell's law at the interface, = tIpmich~b(, in combination with 

equation 2.14 produces a shpler expression for the change of momentum 

due to transmission of a photon 

This expression demonstrates that when n m c p  nd., , the photon's change 

in momentun induces a change in momentum on the surface in the positive 

Y direction. 

The force acting on the surface due to a reflected or rehcted photon 

cm be obtained using Newton's second Iaw 



where dP is the change of momentum of the surface and l/dt is the number 

of photons per second incident ont0 the surface. The total force exerted on 

the object would take into account every photon hitting it. 

When trapping particles, the individual surfaces will experience a 

force pointing from the high index region to the low index of refraction 

region. For example, if a glass bead (n = 1.5) is being trapped and is 

surrounded by water (n = 1.33), the bead would move towards the high- 

intensity part of the beam. If the particle was in a thick oil (n = I.6), 

however, it would be pushed out of the beam. 

The next section generalizes the 2-D anaiysis to the 3-D version. 

Compact expressions for the force and torque generated on an object in a 

Iaser beam are aiso presented. 

2.2 Three-Dimensional Modeling of Laser Trapping 

Using the enhanced ray optics model, the force and torque applied to 

basically any size or shape of particle c m  be simulated with a program 



written by R. C. Gauthier. The program includes options for picking 

different laser beam profiles and objects as complicated as micro gears or 

red blood cells. Al1 graphs or simulated data that will appear in later 

chapters were produced using this program. In Gauthier's mode1 the photons 

are treated as a number of pencil-like streams (the number of strearns 

depends on how specific the user wants to be) that are considered to be point 

rays and either transmitted or reflected at the object's surface. One such ray 

is shown in Figure 2.2; and it has direction cosines (lb mi, ni). 

The reflected and transmitted rays have direction cosines equal to (1, 

m, n,) and (& m, nt) respectively and are calculated simply ushg Snell's 

Law. Al1 incident photons carry a linear momenhun expressed as 

The reflected photon's momentum expression is 



while that of the refracted photon is 

The change in momentum of the photons interacting with the surface and the 

conservation of momentum combine, providing an expression for the change 

in momentum of the surface per reflected (2.2 1) and refiacted (2.22) photon 



Figure 2.2: 3-D Graphic of Incident Gaussian Laser Beam on a 

Rectangular Surface 



n p ~ r i k ~ ~  
where nd = - . The transmitted photon's momentum vector points fiom 

n d h  

the high to low index of rehction perpendicular to the surface. Details for 

obtaining both the reflected and refiacted direction cosines are provided in 

Appendix A. 

In the complete analysis of the bearn-particle calculation, many 

photons are incident on the surface. Consider photons per unit tirne dt 

hitting the intercept point with R,, reflecting and the remaining (1-R,,) 

being transmitted. 

The average reflection coefficient is given by 

where RE and RN are the Fresnel reflectance equations [18] defined fiom 

2 
R E  = lrnl = 

~ m c o s ( - n ~ c o s 8  
cos ( + n- cos 0 

2 



Here the subscripts TE and TM refer to the transverse-electric and 

transverse-magnetic components of the wave. The number of photons per 

unit time, incident on a unit area, d4, that is centered on the point of 

incidence (xb y,, ti), is obtained fiom the local intensity I(x,, y,, 2,) and the 

hc 
energy E = 7 per photon 

For the lowest order Gaussian Beam propagating in the positive Z axis 

direction, with minimum waist located at z = O and maximum power P, the 

intensity is given by [18]: 



where the waist Wz can be evaluated h m  the minimum waist of the laser 

beam Wo and the Rayleigh range zo : 

The total force exerted on the object may then be evaluated with the 

equation: 

where the sum is over ail intercept points. 

For non-spherical particles, it is also desirable to obtain the torque, Z, 

produced by the laser beam on the particle. The torque is evaluated by 

forming the cross pmduct of the force elernent &at each intercept point 

and a radial vector ? pointing fiom the reference point to the intercept point. 

The reference point of the micro-gear structures that were trapped in this 

study is the pivot point of a centrally pinned gear. Torque is evaluated from 

the expression, 



? = ~ d i = ~ r , ~ d E  

where the sum includes ail points of intercept. 

This completes the theoretical development of the force and torque 

expressions for a micron-sized object subjected to a laser beam. In the next 

chapter, the laser diode's characteristics and role in trapping will be 

provided. Theory applying to the HeNe gas lasers and diode lasers, dong 

with the differences between them, will also be explored. 



Chapter 3 

Concepts of the Laser Diode 

3.1 Introdncing the Laser Diode to the Laurentian Trapping Lab 

Many different types of lasers have been used to trap micro-particles. Some 

examples include a continuous-wave argon ion laser (Power = 1 W, = 

5 14.5 nm) used by Ashkin [Il; a compact diode-pumped Nd:YAG laser (P = 

350 mW, 1 = 1064 nrn) [19] used by Seeger et.al.; and a He-Ne gas laser (P 

= 9 mW, 1 = 633 nm) [20] used by Nemoto and Togo. The choice of laser is 

based on the type of matenal being optically manipulated, the amount of 

power required to move or displace the object, and of course the particular 

experiment to being performed. 

Prior to 1999, trapping experiments conducted at Laurentian 

University had used only gas lasers such as a multi-line Argon Ion laser, and 

a red and green He-Ne. The majority of trapping attempted in the lab was 



done with various red He-Ne lasers (h " 630 nm, P 15 mW). These lasers 

proved to have insufficient power for several experiments, and arrangements 

were made to access lasers at the National Research Council in Ottawa. The 

implementation of laser diodes (LDs) into the traps appeared to be an 

inexpensive way of increasing trap beam power. The diodes selected have a 

maximum power rating of 70 mW and emit light at a wavelength of 785 nm. 

A more complete list of specifications is included in Appendix B. 

This new system that included laser diodes brought with it some new 

difficulties. The rest of this chapter describes how laser diodes were 

integrated into the trap configurations and delineates the differences and 

sirnilarities between gas and diode lasers. 

3.2 Differences Between He-Ne Gas And Diode Lasers 

In this section the He-Ne gas lasers that were used in the Laurentian trapping 

group will be compared to the 785 nm LDs beguining with a comparison of 

the power supply to the different lasers. 

The He-Ne laser has a basic power supply design. One simply plugs 

the laser into a power supply designed specificaüy for that laser and then 

tums it on. The laser diode, on the other hand, requires separate power 



supplies and driver circuits; a remote way of driving current to the diode so 

as to control the ioading and unloading of the diode in a smooth fashion is 

also preferred (a more detailed description will be given later in the chapter). 

Al1 of the driver circuit set up was wired, soldered and trouble shot by the 

group. The actual driver circuit consisted of an on-board 12-tuni trim pot to 

manually set the current level and 2 single-row connectors, one 10-pin and 

one 5-pin. The 10 and 5-pin configurations were used as power supply 

inputllaser interface/monitor signals and extemal current control mode 

respectively. These are descnbed in Appendix B. 

A second cornparison, tied directly to the first point, is that laser diodes 

are highly susceptible to even the smallest static discbarges that comrnonly 

occur in the lab, whereas gas lasers will not be damaged by such 

occurrences. If an LD driver circuit exceeds its output current or maximum 

voltages for even a moment, the LD could be destroyed. Manufacturers 

suggest that the use of such devices as anti-static wrist straps and mats are 

good precautionary tools to use when handling LDs. They also recomrnend 

that the leads of the laser be shorted when not in use to protect from 

electrostatic discharges. 

A third difference is the actual physical size of the two types of lasers. 

The He-Ne gas laser is a cylinder that has typical dimensions of half a meter 



long with a radius, usually fiom five to ten centimeters. The LD, on the 

other hand, is the size of the point of a ball-point Pen. The effective window 

diameter for our diodes is 250 h. This size difference could be taken 

advantage of when looking at the total size of a complete laser trap. in fact, 

an LD system could easily be made portable, in order to have a very 

compact "field laser trap." 

The physical differences and similarities of He-Ne gas and diode 

lasers raise some interesting points. Both lasers obviously rely on the 

stimulated emission of light (hence they are described by the acronym 

LASER, which stands for Light Amplification by the Stimulated Emission 

of Radiation). The gas laser relies on light being oscillated between two 

mirrors (one being semi transparent so as to let light out), with an arnplified 

output gained by the light travelling in the resonator hitting atoms and 

stirnulating the higher energy atoms to give off radiation. As more and more 

light oscillates in the resonator, more and more light is produced until the 

laser saturates and the output is constant. in contrast, a diode laser is a 

forward-biased p-n junction made with two or more semiconductors. Laser 

diodes produce light when a voltage is put across the junction; via the 

process of injection electroluminescence, Light is given off. This proccss 

consists of electrons and holes being combined and confïned in a limited 



region of space. The current is turned up to the point where the number of 

electrons and holes is enough to achieve population inversion, thus making 

an overall effect of stimulated emission of light more likely than absorption 

to occw [18]. A similar process of light oscillation occurs between the two 

semiconductors but this time in a space microns wide. 

Output intensities are similar when comparing the two types of lasers. 

The output beams of both diode and He-Ne gas lasers are Liearly polarized 

and continuous. 

Figure 3.1 shows the intensity as a hction of radius of the two types 

of lasers. It also demonstrates that the intensity profile of the gas laser varies 

like a Gaussian distribution as a fùnction of the radial coordinate. The 

diodes profile, however, is a fùnction of the @,y) coordinates in an elliptical 

fashion. 



Gas Diode 

Intensity '/' 

Radial 
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Figure 3.1 - Output Intensity Profiles of Fint Order 

Gaussian Beams for Gas and Diode Lasers. 



3.3 Description of Laser Diode System 

The introduction of LD's into the trapping system required the development 

of activation and mon i to~g  circuitry, dong with a full analysis of beam 

profiles. The following section explains the steps taken when initially 

setting up the laser diodes. It also describes the characterization of beam 

profile experimentation. 

3.3.1 Circuitry 

As described earlier in the chapter, a laser diode requues some additionai 

circuitry and wiring for activation. The initial set up for the LDs consisted 

of two ACIDC adapters hooked up to a driver circuit (Thorlabs Mode1 

LD1250), with a switch to tum the driver circuit on. A detailed List of pin 

configurations is summarized in Appendix B. Current supplied to the LD 

was manuaily adjusted by an extemal pot on the driver circuit board, and the 

cunent was monitored with a digital multirneter. This procedure seemed to 

leave opportunity for the occurrence of voltage spikes to the LD, and four or 

five LDs were destroyed. In order to prevent this, a new and final set up was 



assembied. The final driver circuit set up consisted of the same driver 

circuit being driven by a computer, with a simple VBDOS program 

increasing and decreasing the current. This eliminated human error because 

the computer board used worked as an effective buffering system. Figure 

3.2 shows the wiring diagram for the h a 1  LD circuit. 

Digital Multimeter 4i 
Onboard Laser Diode Driver C'mit I 

1 Jumper / 

Figure 3.2: Laser Diode Circuitry 
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3.3.2 Collimation of Laser Diode Light 

Due to the large divergence angles given directly off the face of the LD (see 

Appendk B), the light emitted fiom the laser required collimation. A 

component purchased fiom Thorlabs Inc. @art LT230P5-B) not only held 

the actual LD and collirnating aspherical lem (Thorlabs part C230TM-B, 

NA 0.55); it also allowed for displacement adjustment between the two 

coxnponents. A diagram of the "holder" is shown in Figure 3.3. 

Laser Diode  chi^ Threaded surfaces 

Aspherical 
Collimating 
Lens 

Retaining I?ingl 250 pm window \ Holder 

Figure 3.3 - Diagram of Laser Diode and Lens Holder 



The LD distance h m  the spherical lens was modified with a spanner 

m n c h  (Thorlabs part SPW301) by adjusting the position of the lens with 

respect to the LD until the best spot size was seen on the wail of the lab. 

The final beam h m  the LD system is a highly collimated beam much like 

that of the He-Ne gas laser. 

3.3.3 Final profiles of Beams in Trap 

In the final trap the collimated light coming fiom the "holder" system was 

then sent through a 20X microscope lens that focused the beam to a small 

spot. A complete description of this final trap arrangement will be outlined 

in Chapter 5. Once the h a 1  trap set up was laid out and the trap was 

working, a beam profile was found in two different ways. 

First, the beam was examined using the imaging system which wil1 

also be described in Chapter 5 and compared to a 10-micron sized sphere. A 

d e r  was used to give an estimate of the size of the two elliptical 1engtIis of 

the minimum waist. A small sample of measwements was taken of the 

sphere and the beam, and a finai average resulted in the beam's minimum 

waist of 6 x 2.25 microns. Figure 3.4 shows a picture of what was seen. 



Secondly, a trace acquired fiorn the same screen was retrieved using a 

ûiggered oscilloscope and stoted and saved using a VBDOS program and a 

PC. The beam was onentated so that the major axis was perpendicular to the 

scan line. When looking at the scans, as shown in Figure 3.5, one can 

recognize the beam's minimum waist by the high intensity of light, and the 

sphere's diameter beside it by the minimum points which represent the dark 

f i g e s  of the sphere. The laser was then turned 90 degrees, so that the 

Figure 3.4: Comparing a 10-Micron Sphere with LD Minimum Waist 

minimum axis was perpendicular to the scan line and more data were 

retrieved. A sample of 10 scans per axis was taken, and an average waist for 

the beam was similar to that obtained fcom the first method. This time it 

was calculated to be 1.4 X 3.6 microns, with an average deviation of 0.3 



microns. This method was considered the best method for sizing the true 

minimum waist of the beam; it was thus taken as the most reliable. 

Figure 3.5: Oscilloscope Scan of Laser Beam and 10 Micron Sphere 
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Now that the laser diodes have been introduced, the following chapter 

will detail the experiments leading up to the final design. 



Cbapter 4 

Initial Experirnents 

In order to tritp micro-gears with a dual-beam system, it was necessary 

to deveiop basic trapping techniques through experimentai practice in the 

lab. Until now, every new gradute student had started with a basic set up, 

usually consisting of a pre-designed ce11 and one He-Ne laser focused with a 

20X or 40X microscope leas; imaging was achieved using the most crude 

and basic methods. It should be noted that most work in trapping at 

Laurentian is almost purely experimental in nature, and a thesis project is 

usually discovered after months of leaniing techniques and skills developed 

by using different set ups and trapping different types of particles. 

The fact that laser diodes had never been used in the trapping 

techniques in the Laurentian lab also played an important role in that there 

was little familianty with the laser diode. New techniques for its use were to 

be perfécted. This chapter describes the evoiution of the trap design, 



including different imaging and trapping orientations leading up to the h a 1  

set up used to trap micro-gears. 

In practice, stability is a necessity in order for any trap to hc t i on  

properly. One must ensure that aU mechanical pieces in the trap ie. lasers, 

lenses, x,y,z stages, etc. are solidly in place and bolted down so that 

vibrations are kept to a minimum. This stability is necessary in order to 

keep particles in the trap. If vibrations are present anywhere in the system, 

even the slightest burnping of the opticai bench the trap sits on will dislodge 

or disturb trapped particles. 

Laser beams in a dual trap must always be properly aligned, thus 

allowing particles to be trapped in a push-push manner between the two 

beams. Alignment is achieved by making sure that the lasers propagate 

down the same axis into and out of the trapping region. Pieces such as 

"holed screens," that are usually metai plates with small holes in them, are 

placed in the path of the laser beams. If the beams coming fiom both sides 

of the trap pass through al1 holes that are strategically placed in the line of 

the laser, then there is a high probability that the beams are aiigned. 

Cells or containers holding the actual samples being trapped must be 

made water tight because they are held in a medium of water. At least one 

w d  must be transparent to permit viewing of the particles being trapped. 



As well, walls that laser beams or imaging apparatus "see" through must be 

perpendicular to the optical paths. Most ofien the case is that a new ce11 

must be designed for every new trap. Such cells are usually made of 

microscope glass slides or cover slides glued together. Altematively, 

transparent plastic may be tgachined with cellophane covering holes through 

which particles are to be trapped. It should be noted that cells are usually 

put on an x, y, z mechanical stage set up and the ce11 is moved relative to the 

bearns that have been aligned and stabilized. 

Finally, assembling a working imaging system is a complex task in 

itself; the system must be adjusted every t h e  a new trap is designed. For 

most traps, collirnated white light is placed on one side of the trap in either 

the top-to-bottom or side configuration. Separate microscope lenses or the 

lens focussing the light is placed on the other side so as to "see" into the 

trapping region. 



4.1 - First Generation Trapping 

The first trap design used consisted oftwo He-Ne lasers arranged as shown 

in Figure 4.1. 

Glass Slide 

Fixed 
Together on 
X , Y J  stage 

Holed Screens 

Figure 4.1 - Initial Set Up 



The two gas lasers were focused with identical 20X microscope objective 

lenses, with trapping taking place in the horizontal plane. On the left side of 

the trap a mirror and focusing lem were placed together on an x,y,z 

mechanical stage set up, whereas the other side was held stationary. In all, 

three "holed screens" were used to align the beams. Holed screens are 

placed along the beam's paths. If laser beams pass through ail sets of holes, 

then they are assumed to be aligned outside the trapping region. Imaging 

was accomplished using a 10X microscope Lens, which focused scattered 

laser light into a camera; the process was then viewed using a monitor. 

Images were recorded using a VCR in order to analyze trapping 

experimentation at a later time. 

The ce11 was made using "sandwiched" microscope slides, the 

viewing side made with a cover slip siliconed ont0 the sides of the slides. 

The ce11 had dimensions of approximately 1 x 0.3 x 2 cm, and viewing came 

fiom the side that was 0.3 cm wide. Sphere samples of 5 and 10-microns 

were made by diluting a concentrate with distilled water and storing the 

resulting mixture in a syringe. When experimentation began, a small 

amount of the prepared solution was diluted agaiu in the sample charnber 

using distilled water. Pictures of 5 or 10-micron sized spheres being trapped 

between two beams are shown in Figure 4.2. 



Figure 4.2 - First Trapped Spheres. 

In this set up, bearn alignment was unstable due to lack of vibration 

control and poor alignment procedures. Somehing as simple as adjusting 

the ce11 or slight adjustment of the beams put beams out of alignment. 

Correction of this problem was necessary in order to achieve a stable and 

effective laser trap. Since the imaging relied on the viewing of scattered 

laser light, the distinct profiles of the particles were not visible. In order to 

correct this problem, a white light source was required to illuminate the 

sample chamber. 

A second and improved trap had the laser and lem on the right side 

put on an x,y,z stage. The laser on the lefi was orientated to allow more 



distance for the laser light to propagate in f?ee space, producing better 

alignment of the beams. This laser was now fixed. This concept of 

stationary lasers led to the hypothesis that if the lasers were actually farther 

apart hm each other, the dignment couid be improved; if alignment is 

achieved over greater distances, the angular spread of the beam decreases 

and the system is improved. This design proved to be a good one, and this 

technique of having one laser relatively stationary was used later in the fmal 

trap design employing laser diodes. 

Since proof of trapping ability had now been shown, the next step 

involved exploration of methods to integrate laser diodes into the trap. 

4.2 - Introducing the Laser Diode 

The h t  attempt to introduce the laser diodes into the trap involved 

replacing one of the gas lasers used in the previous set up. Preliminary 

results using one 70 m W  diode appeared to move the particles, just as the 

gas Iaser did, To verim this accomplishment, two identical singlediode 

vertical traps were then designed and tested. The design looked as the trap 

does in Figure 4.3. 



l-/~achined Plastic 

Camera with Focusing Lens 1 , O  , P ~ , y ~ i a g e  

0 White Light Source 

Figure 4.3 - First Laser Diode Traps 

The trap consisted of one laser diode (packaged with collimating lens as 

described in chapter three) mounted in a machined plastic piece that held the 

cylindrical ''holder" case. This plastic piece was fastened to an xyy stage that 

held a 20X microscope lens, the x,y stage allowing the lem to be centered 

on the LD's beam. Holes were then drüled in this plastic piece that roughly 

alignecl the LD to the 20X microscope Iens. Two-inch screws kept the 

plastic piece and x,y stage together and allowed a l-inch cube beam splitter 



to fit between the two. The beam splitter allowed the laser light to pass 

through to the trapping area; the white light coming fiom the opposite side 

of the vertical trap was also able to illuminate the particles being 

manipulated. The imaging system is illustrated in Figure 4.3. The sample 

chamber consisted of a circdar plastic piece with a glass slide glued ont0 the 

front producing a window for a side view. To create the base, cellophane 

was pulled over the whole ce11 and held in place with a plastic band. Both 

top-down and bottom-up orientations of the unit were tried in order to veri@ 

that the LD set up worked in both situations. 

The top-down trap pushed particles such as 5 and 10-micron latex 

spheres to the surface of the cellophane and pulled them around the surface. 

The bottom-up trap levitated and spun irregularly shaped cylinders, as 

predicted in previous studies [21]. Some exarnples of cylinders found in the 

trap are shown in Figure 4.4. 

Now that the LDs were workhg successfully in our traps, the fust 

dual beam LD trap could be attemptd, the following section explains this 

next generation of laser trap. This new design was the final step before 

putting the final set up in place to trap micro-gears. 



Figure 4.4 - Pichres Taken of Cylinders Fouad in the Trap 



4.3 - First Dual Beam LD Vertical Trap 

The first successfbl oppositely propagating dual-beam laser diode trap 

consisted of two units almost identical to the single LD trap described in the 

previous section. The only difference was that the top unit had a 40X 

objective lens instead of a 20X Both units had x,y,z range of motion which 

would prove to be too many degrees of freedorn. Imaging was attempted by 

s h ' i g  white light fiom the bottom to be reflected and passed through the 

beam splitter, propagated through the trap, reflected off the top unit's 

splitter, and finally focused into a camera comected to a VCR and monitor. 

The ce11 used to hold the particles being trapped was the same one used in 

the previous section. 

This imaging system was unsuccessfbl, due to two reasons. First, it 

was difficult to line up the lasers and the white light so that they overlapped, 

thus illuminating the particles as well as trapping them. Secondly, improper 

filters were used, which resulted in one of two outcornes. Either laser light 

flooded the camera or there was not enough white light to see illuminated 

particles. Clearly, new filters that blocked almost al1 of the LD's 785 nm 

light and ailowed white light to pass b u g h  were needed. Since imaging in 



the vertical and horizontal plane would be needed, both of these set ups 

needed serious attention. 

The next logical step was to design and attempt the perfecting of a 

horizontai imaging system. Figure 4.5 shows the final side-imaging system, 

not including a blue filter to block out scattering laser light. 

Sample Holder 
(x,y,z) wovement 

White Light 
Source 

NI) 2 Focusing Lens b(fe 
S ystem 10X Lens 

(X,Y 92 
Movement) 

Camera and 
Focusing Lens 

Figure 4.5 - Final Design of Side Imaging System 

Still pictures were taken using a PC which captwed images fkom a VCR as 

shown in Figure 4.6. 

In order for the design to illuminate anci allow viewing of the particles 

being trapped, the ceU had to be made fiom a transparent materiai such as 



plastic or glass. M e r  the imaging system was designed, new sample 

holders were created as well. 

Spheres \ 

Figure 4.6 - (a)125 Micron Fiber and (b) 5 Micron Spheres Viewed with 
New Side View Imaging System 

The sample holder that was used for the new irnaging system was made with 

glass microscope slides. The final dimensions had a base that was 2.5 cm X 

5 cm and a height of 2.5 cm. Held together with five-minute epoxy, that 

proved to be the best adhesive, it was used for aii cells thereailer. This cell 

was excellent for viewing the side and bottom, but because it was so tail, the 



entire bottom surface could not be viewed. The top trapping microscope 

lens was approximately 2 cm in diameter, thus leaving only a half- 

centimeter range of motion in the viewing plane. 

The next imaghg design involved two side views; it proved ta be 

short lived. The idea of the two side views was that one could align the two 

lasers in both x and y planes. This idea proved to be difficult to achieve 

because, when the ceil was moved in one plane, the focus of one of the side 

views was affecte& and having both views in focus became virtually 

impossible. This approach also did not allow for proper alignment of the 

two beams, as had been predicted. 

In summary, preliminary experimentation revealed that the cell's 

construction required a totally transparent material (glass microscope slides 

worked best), that a one-sided imaging system rather than a two-sided one 

worked well, and that alignment of the beams was still a major problem. 

Steps were soon taken to improve the dual trap to bring it to its final working 

form. Parts were ordered to correct bearn alignment, an excellent top to 

bottom view was incorporated, and new working cells were designed and 

constmcted. Chapter 5 describes the final trap design fiilly; it also preseats 

some theoretical and experimental results. 



Chapter 5 

Final Laser Trap Design with Theoretical and Experimental 

Results 

5.1 - Dual Laser Diode Trap 

The trap design used to find, manipulate, trap in three dimensions and spin 

micro-gears is shctwn in Figure 5.1. 

The laser units of the trap, for both top and bottom beams, are 

identicai, consisting of the laser diode holder unit, as described in Chapter 3, 

and being held by Thorlab components (parts, CP02, SMlA3, and LDMI) 

that keep the laser aligned in the ''trap center." Some fie sspace in the 

horizontal plane is achieved by using small2 to 8-inch long rods (Thorlabs, 

ER{# of inches)) to hold the laser to a box module (ThorIabs, C4W). The 

box module includes a tilter holder (Thorlabs, BSC) that can be mtated 360 O 



Low Pass Fiter Laser Diode Unit 

Laser Diode Unit Laser Diode 

Coiiimating Lens 

Figure 5.1 - Tmp Design 

in y, z plane. This filter (purchzwd h m  Coherenta), described in 

Appendix B, refiects 99.99% of the laser diode light downward toward the 



trapping region. The box module is placed on a stage (Thorlabs, STXY-S) 

that holds a 20X microscope objective lem. This stage permits x, y 

movement of the lens with respect to the beam, allowing for proper 

alignment to occur. 

Side imaging was accomplished by using the system that was 

described in Chapter 4, and top-to-bottom imaging was achieved as depicted 

in Figure 5.1. A fiber bundle was used to collimate white light that then 

passed through the low pass filters in the trap as well as through the trap 

itself. The light was then reflected by a mirror at the bottom of the trap and 

propagated on through a linear polarizer, two more low pass filters, one 

collimating long focal length lens, and finally into the CCD camera. 

Trapping properties of the trap were proven to be very stable and 

reproducible; five and ten-micron spheres were trapped and manipulated in 

three-dimensional space with ease. Many different experiments were 

attempted and canied out successfully. One such experiment involved the 

attenuation of one of either the top or bottom beams for one or two seconds, 

thus allowing the spheres to move in the axial direction without being lost 

fiom the trap. In another experiment, beams were slightly misaligned while 

a sphere was trapped, resulting in the sphere orbiting between the two 

beams. 



5 3  Experimental Procedure 

New procedures for lining up the beams, releasing micro-gears fiom the 

substrates on which they were embedded into the trap, and finding and 

trapping the gears were established for final experimentation. 

To line up the beams the first step was to fïnd the best possible focus, 

as described in Chapter 3, by adjusting the distance between the LD and 

collimating lem. The LD holder set up was then mounted on the collimating 

rods, which were connected to the module box. The module box was 

c o ~ e c t e d  to the x,y lens holder, temporarily removing the 20X lens. The 

filter was mounted in the box, and more rods were temporarily placed on the 

x,y stage, mounted in the same direction the laser was to be reflected. The 

filter was then adjusted so that the beam was reflected at 90 degrees to the 

original horizontal plane of propagation. This was checked by placing a 

more precise "holed screen" (Thorlabs, parts CP02 and SMlFC) on the 

temporary rods. This is a piece designed to hold optical fibers; it has a hole 

in its center approximately one millimeter in diameter. Proper alignment 

was checked by moving the piece up and down the temporary rods ensuring 

that laser light still propagated through the hole at al1 points on the rods. 



The temporary alignrnent rods were then removed, the 20X microscope lens 

was put in place, and slight adjustments to the x-y stage were made to get 

the beam to propagate squarely out of the entire unit. 

The entire bottom laser unit was then mounted on a z stage, and the 

top unit was mounted on an xy,z arrangement. When trapping was actually 

ready to begin, the beams were aligned using the monitor display. The 

polarizer was tumed so that both beams could be seen and focused to a small 

spot. The beams minimum waists were then put on top of one another by 

adjusting the top x,y,z stage. The polarizer could then be turned back again 

to block most of the laser light that went to the CCD, allowing a better view 

of the particles. This set up and procedure proved to line up the beams well. 

5.2.1 Fabrication of Micro-geaw 

The micro-gears were made and processeci in Ottawa at Carleton 

University's clean-room labs. They were made on a glass or silicon 

substrate having two aluminum sacrificial Iayers. The electronic fabrication 

process started with deanhg the substrates and then evaporating 

approximately 5000 Angstroms of aluminwn with an electron beam ont0 the 

surface. The actual gears themselves were made out of a polyimide (with 



index of rehction approximately 1.7). The polyimide layer was spin coated 

ont0 the plate, with the thickness being controlled by spin speed. In our 

case about 3-5 microns was the final thickness of the polyimide and hence 

the final gear thickness as well. Precise curing of the polyimide was then 

performed using a hotplate. This step is cntical to the whole cycle because 

without proper baking of the polyimide layer, final release of gears that are 

fully intact proves to be a difficult task. The next step was to create a mask 

that would allow the gears to remain when the rest of the polyimide was 

etched away using an oxygen etching process. To create the mask a thin 

film of aluminurn was put on top of the polyimide (approximately 1000 

Angstroms). A film of spin-coated e' resist was applied next in the same 

fashion as the polyimide. The gears were then patterned ont0 the resist 

using the scanning electron microscope and a PC programmeci with the gear 

shapes. A developer was then used to rime away the non-bombarded parts 

of the resist and thii layer of aluminum. The oxygen-etching process then 

left the gears on the lower aluminum layer capped with the thin layer of 

alwninum on top. 

When the gears actually anived at the lab at Laurentian there were 

only two things needing completion in order to trap the new particles. Still 

picnues using the Fine Particles Research Group's microscope-camera- 



cornputer system Iocated in the department were required (see Figure 5.2), 

and final etching of the gears fke of their aluminum layers using phosphonc 

acid was also necessary. 

Figure 5.2 - Picture of Gears Sitting on Substrate 



A smail drop of phosphoric acid was placed ont0 the substrates, and the 

piece was placed ont0 a heat plate that was monitored and kept at 

approximately 70 OC to allow for more efficient etching. The etching took 

place in less than a minute; the glas plate was then rinsed with distilled 

water into the sample chamber, and the micro-gears were ready to be found 

and trapped. 

To find and trap the particles, a step by step scan of the entire 

chamber was performed in a meticdous fashion, taking care not to miss any 

parts of the sample chamber. 

5.3 Experimental Results 

Experiments were performed to locate, trap, and activate the micro-gear 

structures in water. The first experiment consisted of one eight-arm micro- 

gear structure, and the second trial proved to be just as successfùl with the 

main interest being a three-arm gear. The gears in these experiments were 

located, trapped in three dimensions, and then spun. The next sections will 

describe both sets of experiments in detail. 



5.3.1 Expriment One 

This first trial used a sample holder that was made with glass slides that had 

dimensions of roughly 2 x 5 x 5 mm. It was made with microscope slides 

and cut with an Isomet low-speed diamond saw. The cut glass slides were 

precisely glued together with a five-minute epoxy. This sample holder 

proved useful in finding the micro-gears, since it was small enough to easily 

scan the whole surface in a little amount of tirne. Some major drawbacks 

arose fiom this set up, however. First, the ce11 was so small that water 

would rapidly evaporate due to the side-illuminating light. As a result, 

gears h d  near the sides of the ce11 were not as easy to manipulate due to 

the meniscus formed because of the cell's small size. A final problem the 

small ce11 presented was that the top 20X lens was not fully immersed in the 

water; therefore the curve of the meniscus refiacted the upper-beam profile 

and made it difficult to keep both beams aligned accurately. 

Still pictures of the many different gears found in the trap cm be seen 

in Figure 5.3. As shown in these pictures fiom the video footage, many 

different types of gears were released into the trapping area. Most of the 

gears couid be manipulated in some way using the trap. One interesting 

example was the fidi manipulation, trapping, and spinning of an eight-arm 



gear. The gear was measured to be approximately 5 microns thick and 20 

microns wide with each arm length behg 5 microns long and 4 microns 

wide at the base. Measurementts were calibrated by cornparhg video 

footage of the gear with a 2000 h e s  per inch grating. The still pictures 

h m  video footage shown in Figures 5.4-5.7 show Linear translation of the 

gear dong the bottom of the cell; rotation of the gear from a side to an 

upright position; rotation to orientate itself with the LD beam's major axis; 

and the gear spinning while trapped in three dimensions. 



Figure 5.3 - Examples of Different Micro-Gean Found in the Trap 



Figure 5.4 - Eight-Arm Gear Rotating itself into a LD's Major Axis 



Figure 5.5 - Eight-Arm Gear Translating along the Bottom of the 

Chamber 



Figure 5.6 - Eigbt-Arm Gear Rotating from Flat to 

Perpendicular to Cbamber Surface 



Figure 5.7 - Eight-Arm Gear Rotating at a Constant Rate 

The theoretical calculations that correlate the experimental hdings of this 

work were performed using a program developed by R.C. Gauthier that 

simulates opticai trapping as described in Chapter 1. Such simuIations 



allowed a complete beam profile to be designed. Parameters that were 

adjusted when using the pmgram are beam waist size and location, type of 

beam, and wavelength of light. Micro-gears were simulated with similar 

rehctive index, material type and dimensions that were found 

experimentally. Two separate simulations were tested and perfected for the 

8-arm micro-gear in between two oppositely propagating elliptical beams. 

Figure 5.8 shows the appearance of the simulated micro-gear, as well as the 

profiles of the two opposing LD beams. The fmt simulation, started with 

the gear lying on its side, showed that when the gear was placed between the 

two bearns placed 10 microns apart, it would line itself upright in the beam 

waists and turn to orient itself with the major axis of the elliptical beams. 

Simulations of the gear doing just that are shown in Figure 5.9, The second 

simulation consisted of putting the gear into the virtual trap setting it to 

consbntiy rotate in the beam. A graph of the torque applied to the gear as a 

hct ion of rotation angle is shown in Figure 5.10. 



Figure 5.8 - Graphics of Eight-Arm Gear and Beams. 
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Figure 5.9 - Simulation Pictures of Eight-Arm Gear Orientating itself 

with the Trap 



Rotation Angle (degrees) 

Figure 5.10 - Torque Versus Rotation Angle on an Eight-Arm Micro- 

Gear 

In Figure 5.10, the values of t o w  are ail negative, showing that the gear 

will constantly be rotated in one direction. The graph is symmetric every 

45' because of the 8-fold symmetry of the gear. The gear was rotated 360'. 



The rises and dmps in the curve are attributed to the photons hitting the 

different surfaces of the gears. When photon flux is such that al1 rdected 

and refiacted photons hitting the gear contribute to spinaing, a maximum 

torque occurs. The torque applied is less when the gear is orientated so that 

fewer photons are incident onto its different teeth. 

5.3.2 Experirnent 2 

The second trial used the same set up, but utilized a second type of sample 

holder. This new ce11 now had a base of 25 by 30 mm, and a height of 13 

mm. The same low-speed diamond saw was used to cut the glass 

microscope slides. This cell altowed for better side viewing due to fewer 

reflections, but motion of the ce11 was limited in the x direction due to the 

20X microscope lens king immersed in the trap chamber itself Once again 

many sizes of particles were trapped and manipulated, but the main interest 

this tirne was a three-arm gear that was trapped and spun the same way the 

eight arm gear was in the first trial. Side and bottom views of the trapped 

threearm gear are shown in Figures S. 1 1 and 5- 12. 



Figure 5.11 - Bottom View of Three-Arm Gear Placed Between Two LD 

Beams 



Figure 5.12 - Side View of Spinning Three-Arm Gear 
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Similar simulations were done for the three-am gear, a graph of torque 

versus angle is s h o w  in Figure 5-13. 

Rotation Angle (degrees) 

Figure 5.13 - Torque Venus Rotation Angle for a Three-Atm Gear 



Video footage of al1 experimentation and animation associated with 

the simulations shows how well theory and experimental manipulation of the 

gears compared. The films will be shown at the defense of this thesis and 

permanently archived in a Laurentian University library. 



Chapter 6 

Concluding Remaria 

Previous chapters have explaineci the theory behind laser trapping and 

the introduction of the laser diode to the optical trapping group at Laurentian 

University. The initial attempts leading to the final design of a new dual- 

beam laser trap have also been described in full. Finally, the successfid 

optical selection, manipulation, trapping, and activation of many micron- 

sized gear structures have been presented in this thesis paper. 

Theoretical predictions of how these micro-gears orient themselves in 

the laser bearns used have now been pmven experimentally. Theory has also 

shown that the torque induced on the gear by light wiI1 make it spin in an 

approximate constant rotation; this has now been proven experimentally as 

well. 

As predicted by Ashman in his thesis in 1998 [23], one type of micro- 

rotator has been created and tested successfbliy. The hope now is for 



continued work in this field, eventually leading to the cornmon use of laser 

light to manipulate micro-mechanical systems. Perhaps the time for the 

experimentai process of building and then manipulahg micro-machines 

using laser light for use in many fields, whether it be biology, medicine or 

electrical engineering, is not that far away. In particular, through more 

research, applications for the optical manipulation of MEMS (Micro- 

Electro-Mechanical-Systems) are hoped to corne to light. Results of this 

thesis also hopes to guide fùture researchers to attempt to move gears on 

posts and move cantilever structures used as capacitance calibration of 

trapping force. 
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Appendix A 

This appendix describes the mathematical details used in obtaining the 

reflected (I ,  m, n,) and transrnitted (l,, m, nJ photon direction cosines. The 

ongin of the photon stream is taken as (xn y, 2,)' and the point of incidence 

as (xb y& q). The surface and normal to the surface are characterized by a 

unit vector (a, 6, c). The input and output indices of refraction are ni, and 

bu,. This development parallels previous analysis d e n  by RC. Gauthier 

et. al. [17,23]. 

Reflected direction cosines: Referring to Figure A. 1, it can easily be show 

than the angle of incidence between the photon's direction and the swface 

normal is obtained by taking the dot product of the incident wave vector 

with the outwardly directed surface normal: 

a = cos-' (laii + bmi + cn, 1) 
The absolute value is used because the surface normal and the incident wave 

vector are antiparallel. The reflection angle of the photons with respect to 

the surface normal is found using Snell's law: 

Knowing that the reflected photons, surface normal at the point of incidence, 

and the incident photons al1 lie in the same plane, a point on the reflected ray 

is obtained by fïnding a point (x, y, Zn) that is a distance  COS^,, fiom the 



Reflected 

Refiacted Ray 

Figure A.l Incident, Reflected and Refracted Rays on an Arbitrary 

Surface 



point of incidence, measured dong the surface normal. This point is defhed 

as 

- 
A vector , is formed, of length rsin&, originating at (xB y,, 2,) and ending 

at the point (x, y, 2,). This vector is perpendicular to the surface normal 

and lies in the plane of incidence. The direction cosines for this vector are 

shown to be 

xn -xi 
a" = 

r sin lk 



Zn - Z s  
C v  = 

r sin 6a 

The point on the reflected ray (x, y, 2,) is determined Tom 

xr = xs + 2rav sin 61, 

zr = zs + 2rcv sin 61, 

The direction cosines of the reflected ray are then determined fiom 

with r given by 



On substitutions, the magnitude of r in equations A.1 and A.2 is the sarne. 

Refracted direction cosines: Referring to Figure A.1, refiacted direction 

cosines are found using the point (xd y* zd). This point lies on the flat plane 

surface in addition to the incident ray coordinate and surface parameters. 

This point is located at a distance rcos0, fiom the point (x, y, z,), and is 

determined fiom 

with td given by 

The next step is to obtain the point (x, y, 2,) which lies on the line joining 

(xd y* zd) and ( x ,  y, 2,) and is located a distance d, fiom (xd y* rd). The 

geometry fiom figure A.l enables that d, is to be written as 

with B, obtained fiom Sneli's law 



n&nî% = nmsin61 

The point (x, y, 4) is 

and the refiactive ray direction cosines is 

with 

These equations are used in the expressions found in Chapter 2. 



Appendix B 

Table 1 : Laser Diode Specifications (Optima, DL-7140-20 1) 

Parameter 

Light output 
I I 1 I 

Min. 

O 

Typicai 

70 

Operating Temp. 1 -10 1 - 
Storage Temp. 

I I I I 

Lasing wavelength 1 780 1 785 1 800 1 nm 

Operating Current 

Max. 

80 

60 

-40 

Unit 

m W  

"C 

100 

Beam 1 Perpendicuiar 

- 

Divergence 

Table 2: Filter Specifications 

140 

15 

I I I I I 

-Purchased fiom Coherent 
-Three types of filters where used al1 with 25.4 mm diameters. 
-COWL stands for cut-onloff wavelength and is the wavelength at which the 
transmission is 50 % of its peak value 

85 

mA 

I 1 I I 

Astigrnatism 

- 

v~ 

17 

Parallel 

- 

Catalog # 

35-5347 
35-5388 
3 5-5446 

20 

5.5 1 7 

deg. 

8 1 deg. 

10 

COWL (nm) 

560 
600 

- 1 hn 

Blocking Range 

(99.99% 
bloc ked) 
600-750 
640-8 10 

Transmission 
Range (nm) 
(70% average 
transmitted) 
400-555 
400-590 

660 I 700-890 400-655 



Table 3: Pin Co&guration for LD Driver Cucuit 

Pin Nimber 1 Function 

2 1 COMMON 

3 

4 

5 

-V (-6 to -12DC, 0.3A) provides power to laser 

EXTERNAL CüRREM: CONTROL (O to +SV, or -V to (-V+5)) 

COMMON 

6 

7 

8 

9 

10 

LASER DIODE ANODE 

LASER DIODE CATHODE 

MONITOR PHOTO DIODE ANODE 

PHOTODIODE MONITOR OUTPUT (-1 V1m.A) 

LASER CURRENT MONITOR OUTPUT (IO mV/mA) 




