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ABSTRACT

Th this paper, w e use virtual reality techniques to define an mtuitive interface to a nanoscale m anpulation device.

This device utilizes optical m ethods t© focus laser Iight to trap and re-position nano-to-m icroscopic particles. The

underlying physics are sim ulated by the use of Lagrange m echanics. W e also provide a unigue controlm ethod for

the m anipulation of the particles.W e let the usernatirally grab and steer the particles. B ehind the soene, a com plex

com putation is perform ed to find the new location of the potential field lnduced by the laserbeam thatw ould m ove

the particles accordingly . W e use haptic feedback to constrain the steering m otion w ithin the physical capability of

the potential field .
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1.INTRODUCTION
The developm entof nanotechnology [1] has generated a greatdeal of scientific nterest, but the prom ise of
nanotechnology w ill only be realized by m anufacturing com m ercial products from assem blies of atom s, m olecules
and nano-scale com ponents. W hile nanoscale m easurem entand fabrication techniques are advancing rapidly, few
effective technigues form anipulation of nanoscale objects are available. M anipulation of nanoscale cbjects can be
achieved using scanning probe m icroscopes, such asAFM @A tom ic Force M icroscope) or STM - (Scanning
Tunneling M icrosoope) .G uthold etal. 2] perform ed rolling and sliding of carbon nanotubesusing an AFM .Egler
and Schew eizer 3] used a STM to position individual xenon atom s on a single-crystal nickel surface, but these tools
do notyetoffervery articulate conttolof objects e g. the ability t© gragp and release) . Laserbeam s can also be used
o trap and m anipulate sm all particles. This apparatus iscalled an O T (optcal tweezers) @], and provides the user
w ith a non-contactm ethod form anipulating objects that can be applied to vimses, bacteria, living cells and synthetic
m icro and nanoscale particles.
Each m ethod has strengths and w eaknesses. The AFM  can be used to m anipulate a larger setof objects and the
relative forces required to m anjpulate the particles can be m ore easily derived. The disadvantage is that it is
generally less accurate than STM , and since the AFM  can directly contact the sam ple, sharpness and w ear of the tool
tp considerations m ustbe acoounted for. The STM , being non-contact, has little toolw earyetm anipulation is
Iim ited to conducting and sem iconductorm aterials and typically w illoccurundervacuum conditions. The stength
of O T isthatitiswell suited form anipulating biological objects, refractive and m e@llic particles yet it isusually
used In solution. The AFM and STM are generally 1im ited to tw o-din ensions w ith a very 1lim ited third dim ension
(som etim es referned to 2 5 din ensions) whilstO T can w ork In three-dim ensions. Tt is also nteresting to note that
AFM and STM can work both In In aging and m anipulation m ode butO T hasprim arily been used form anipulation,
although 3D in aging hasbeen reported [5]. A 1l these techniques require com plex driving electronics under
sophisticated com puter control.
The operation of nanoscale m anipulators can be done through tele-operation orautom atic m anipulation. In the
form erapproach, a hum an operatoracts as a part of the control-loop and issues com m ands by judgem ents based on
various form s of sensory cues. The sensory cues can be in the form of audio, visualand haptics. Tn the latter

approach, the com puterprogram m akes autonom ous decisions based on an undertying setof constraints or miles to



perform the predeterm ned m anipulation scenario . h developing these constraints and miles one m usthave som e
understanding of nanoscale dynam ics yet this is sdll an em erxging field of research . This isw hy tele-operation is
gaining favor for certain user nterfaces. T ele-operation needs to virtually present the nanoscale environm ent to the
operator such that the operator can be aw are of the target objects and the sunoundings. V arious techniques In virtual
reality can be used to enhance this hum an-in-the-loop control system by letting the user feel Inm ersed in the
environm ent. Am ongst them , haptic display plays a vial ol forthe follow ing reason.

O ne of the m ostdifficulr problem s In nanoscale m anipulation is that real-tim e In age sensing of nanoscale artifacts is
difficult. The mm aging sam pling time of AFM and STM can take seconds possibly m nutes, depending on the scan
mate and the sam pling range, and can notbe done sim ultaneously w ith the m anipulation. Thus the only real-tim e
feedback occursw ith the AFM by w ay of the force in parted on the probe when sensing (contact ornon-contact

m odes) nanoscale cbjects orthe STM  current fluctuations that can be conelated to heightof the tip above the
surface. The user feedback occurs through linking the AFM  force orSTM  heightm easurem ent directly to a haptic
device using an appropriate am plification routine. This need foreal-tim e exploration is w hatattracts researchers to
develop m an-m achine interfaces fornanoscale m anipulation thatuse haptic digplay technologies. Som e of the w orks
are as follow s.

Hollisetal. [6] dem onstrated thatatom ic-scale landscapes could be explored and feltw ith the hand 1 real tim e by
Interfacing a haptic feedback device w ith an STM . Theirhaptic device isbased on Lorentz m agnetic levitation. Sittd
and Hashimoto [7]ussd an AFM w ith one degree of fieedom haptic device to sense nanoscale forces. They

dem onstrated tw o-din ensional positioning of m icrom eter sized latex particles. G uthold etal. R] used a force
feedback device coupled with an AFM  tp t© haptically sense and m anipulate carbon nanotubes, DNA and viruses.
A TNl of these research efforts used a graphical digplay n addition to the haptic digplay . The topographical data used
for the graphical display of the nanoscale objects w ere acquired by using the probe in the in aging m ode thatw as
also used In the m anjpulation m ode. The 1 iation of thism ethod is thatw hile m anipulating the specin en, the
graphical display is static and requires additional scans to see the resultof the m anipulation.

hOT, typicalm anipulation can be done through tw o-din ensional pointing devices such as am ouse or pystick.

U sually the m anipulation is done in non-contactm ode, o there isno direct force that can be rendered on a haptic

display . B ecause the ability of traditional opticalm icroscopy to resolve nanom eter-scale stuctures is 1im ited, O T,



unlke AFM orSTM ,mustuse otherm eans and synthesize virtual sensory Inputs to the operator. This paperpresents

ourw otk on developng the ntuitive nterface form anipulating particles through O T w ith the use 0of VRV rtual

Reality).

2.APPROACH

W e first ntroduce the Lagrange equation that serves as the foundationalm odel forthe trajectory of a particle
exposed to a potential field . The potential field is an abstraction of the potential energy field that is Induced by the
laserbeam .N ote the potential field dependsboth on the Jaserand the particle. Forexam ple, if the geom etry of the
particle changes, the potential field isno longerapplicable. Then w e derive the equation of potential field position
that can be used t© steera particle. Lastly, w e present our approach In constraining the steering m otion w ithin the

physical capability of the optical laser instrum ent through the use of haptic feedback.

2 1M odeling of O ptical Tw eezer Physics

The tim e required t© m odel the physics associated w ith the optical tw eezer Instrum ent depends on the objective of
the w ork and the accuracies required .M axw ell’s equations can be used at the fine levelbutgeom etric optics
calculations can give sufficient explanations form ostcases [8]. 0 urapproach goes one step furtherand assum es that
the potential energy can be represented by an explicit spatial fimction . For the convenience of in plem entation we
only discuss tw o-din ensional space and the m otions w ithin this space, but this imvolvesno loss of generality fora
sohere trapped 1n a cylindrically sym m etric beam .

A san example, ket's say we have a spherical particle of radius ¥ ,mass M and w ith a hom ogeneousm aterial
distribution. The form of the trapping potentialw ill depend on the size and properties of both the beam and the
particle, asw ell as the Index of refraction of the surounding m edium . To focus on the visualization of trapped
particles, w e assum e a sin ple potentialw ellw ith a G aussian distrbution . A ssum e due to the laserbeam |, the

approxin ate potential energy of this particle can be given by the follow Ing equation.



IhEqg. (1), B, isthewelldepth, X and Y are the tw 0 axes perpendicularto the laserpath, a and b are the beam

w aistdim ensions. The potential field given m Eq. (1) can be malized by dithering the laserbeam orthrough the use
ofm uldple laserbeam s.Eq. (1) can be used to describe a spherical potentialwhen a and b are the ssm e ora Ine

potential w hen one of the beam w aistdin ension ism uch greater than the other. A ssum ing there isno change in the

wtational speed of the particle, the kinetic energy of this particle can be given by the follow Ing equation.

1 . .
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From Eq. (1) and @), Lagrangian M echanics allow s us to pradict the behavior of the particle ttajectory . The

behavior is expressed as a system ofn second-order differential equations.
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The Lagrangian of a particle w thmass M who’spotential isgiven by Eq. (1) isas follow s.
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L= %m(xz + v )+ Poeh(z)[

Substituting the above Lagrangin to Eq. @) leads to follow ing differential equations.
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Edg. (6) can notbe solved analytically and w e use a fourth-orderR unge K utta m ethod for solving the differential
equation.W ih the help ofEq. 6),we can sin ulate the trajectory of a particle. W hatism ore Interesting is thatwe
can solve forthe new location of the lasertrap (centerof the potential field) such that itw ould Influence the particle
to move n a certain direction w ithin a specific tim e Japse. This can be used to steer the particle w ith greater

accuracy .

2 2 Steering the Particle

M ostof the currentw ork on O T m oves the laser trap position to the desired destination of the particle and et the
particle drift to the Jaserposition . For Iightparticles or stong lasers, there w ould be little difference betw een the
centerof potential field and the particle. But forheavy particles w ith low pow er lasers, there w illbe noticeable tim e
delay betw een the tw o positions. Ik ism uch preferable to use low erpow er lasers form any reasons other than being
econom ical. Forexam ple, song lasers can dam age the exposed particle. Tt is also tue that the attraction force isnot

maxinum atthe centerpoint. By putting the particle h the m axinum force region, the steering response tim e can be



r=duced.W hen particle needs to be m oved quickly, ourapproach puts the particle n these r=gions to r=duce the

response tin e.

W ih the use of fourth-orderR unge K utta m ethod, the system of differential equations n Eq. 6) can be converted t©

difference equations given n Eq. (7). Axand Ay are the displacem ents of the particle in % , y directions.
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Eq. (7) com putes the displacem ent of a particle due to the potential field in At. Twversely, w ith known Atand the

velocity of the particle, w e can com pute the location of the particle X,y rlative to the centerof the potential field.

Tn otherw oxds, the centerof the potential field relative to the particle Jocation thatw ould m ove the particle in At
tim e w ith the displacem entof (AX ,Ay) is — %X ,— Y .Tosolve for X , ¥ M Eq. (7) we useNew ton’sm ethod [0].
The key to the success of N ew ton’sm ethod ishow good an initalguesswe give. The hitlalguesswe use is
obtaned in the param eterdom ain x and y. W e firstdivide the dom ain nto square elem ents.Now foreach elem ent
w e com pute the Inear segm ents of the curve satdisfying the firstpart (AX ) of Eq. (7). The linearssgm ents are
determ ned by the signs of AX at four comerpoints. This technique is a specialization of the M arching Cubes
algorithm [10] applied to tw o-din ensions. Foreach elem ent thatw e find segm ents satisfying AX , we once again
dbtatn the second segm ent set satisfying Ay . A tthe end, w e com pute the possible intersection points betw een the

firstand the second sets. These Intersection points are refined through N ew ton’sm ethod . If the N ew ton’sm ethod

does notconverge w e subdivide the elem ent into am aller sub elem ents and start the procedure all overagain.

2 3 W orking Envelope

W edefine the W orking Envelope W E) as the envelope of displacem ent vectors a particle can be m oved by a
potential field. The W E isdynam ic n that it changes due to the velocity of the particle and the tim e lapse until the
nextoontolcycle.W E lin its the m otion of the particle.

The approach we use to compute the W E isnum erical. By using the coordinate values at equally spaced regulargrid
points as the displacem ent vectors of a particle w ith certan elapsed tim e and Tnitial velocity of the particle, w e seek
to find if solutions to Eq. (7) exist. The grid points w here solutions exist form a um p. By connecting the boundary
of this lum p w ith a Joop com posad of Ine segm ents, we define the W E .W e used Feldm an’salgorithm [11] for

com puting the loop pruning the spurious branches. Furtherm ore, the entire nterior setof grid points to the loop are
checked to determ ine  if they have solutions. These points w ith no solution are re-calculated w ith sm aller square
elem ents forcom puting the ital guesspointto see if thatw ould lead to solutions. Tn cases w here this recursive

refinem entdoesnot lead to a solution, an average of neighboring solutions isused as the solution.



2 4 U ser nterface

The operator steers the particle w ith a cursor, a am all sphericalball that is position controlled by the stylus of the
haptic device. The operatorm oves the cursor to the particle of interest and presses the bution attached to the stylus
and then the particle is rigidly glued to the cursor.W e arenow In the steering m ode. The system then showstheW E
of the particle In question. The W E depends on the tim e lapse betw een the user control cycles and the velocity of the
particle. The haptic stylus show sno resistance w hen the particle ism oved nside the W E yetencounters a virtual
haptic wallw hen the particle ism oved ocutside the W E .W e used sin ple Iinear spring m odel to renderthe w all.

The ellipse M Figure 1 @) representsW E of the particle at the center. W hen the com m anded displacem entof the
particle isw ithn the boundary of the W E, such as the tw 0 anow s that are mside the ellipse, the operator experiences
no reaction force. And the particle ism oved to thatposition directly by the m ovem entof the potential field. Tn
Figure 1 (o) however, w e see that the com m anded displacem ent is outside the boundary of the W E . In this case the
displacem ent is ntersected w ith the W E and the particle ism oved only up to the Itersection pont. The excess

am ountof the digplacem entcomm and  (nitdal digplacem ent com m and subtracted by the m odified displacem ent
comm and) isusad t© determ Tne the relative m agnitude of the reaction force. This way the operatorw ould sense a
virtualwallatthe W E .N otdce this w ay the particle w ould stdllm ove w hen the issuing comm and is physically

Tncorect. Thism axin izes the capability of the optical tw eezer.

3.RESULTS
The results are divided Into three subsections. Firstly, w e gamn understanding of the particle trajectory w ith various
experin ents. Secondly, w e give the num erical results In com puting the laserposition and W E . Lastly, w e present the

virual environm ent.

3 1 Characteristics of the particle m ovem ent
The trajectores of particles in the potential field can be com puted by Eq. (7). To gain lnsightofhow the particles
would move in the potential field, w e plot the trajectories of particles placed Tn grid ponts starting fiom rest. The

resultis Tustated n Figure 2 @).W e used ollow ing constants:a = 600 nanom eters, b = 300 nanom eters,



D, =10X10 nanodoule, m =1 .0X 10 gram s, %= 0 nanom eters/n icroseconds,

v'= 0 nanom eters/n icrosecondsand At=1 .0 m icroseconds. A Iso, the grid spacing in Figure 2 is 160 nanom eters.

To exam ine the nonlinearnature of the trajectory, w e try the experim entw ith m ultiple tim e steps. The resultof using
ten tm e steps totalng t© onem icrosecond isgiven n Figure 2 ) . Tkcan be seen thatm ore accurate result can be
achieved by using m ultple tim e steps. The accurate resulthow ever requires m ore com putation tim e.

The nextquestion w e ask ourselves ishow farthe particles w ould travel n the given potential field .Figure 3 @) is
the plotof the displacem entdisance as the fimction of the particle location from the centerof the potential field.
Figure 3 ) is the plotof iso-contours of each having the sam e digplacem entdisance. The legend of the distances is
show n at the top right comer. N otice that tw o spots sym m etrical to the horizontal axis have m axin um displacem ent.
These spots can be In portantas they dictate the displacem ent 1im itof given laser force field. Tk is also In portantto
note that the center spotof the laserbeam show s low digplacem entdistance. The locus of m axim um displacem ents
n radizl directions isgiven n Figure 4 @) . The directions w ere sam pled unifomm 1y in ncrem entof 3 6 degrees.

Tn realistic situations the particles w ould have velocites. W e study the effectof velocities on the particle trajectory .

T Figure4 b),we used X= 100 nanom eters/n icroseconds, ¥ = 100 nanom etersfn icroseconds. N otice the Iocus is

changed due to the Initial velocity of the particle.

In Fig. 3, the particle w as initially at rest, kinetic energy being zero . Snce the potential energy ishigheron the
periphery than the center, the com bined total energy ishigheron the periphery. Thism eans the plot in Fig. 3 depicts
particles In different toal energy state. W e can obtahn differentplotw hen w e enforce consant totalenergy . Fig. 5

@) is the coordinate system w e used forthe plot. The ellipse denotes the constant potential energy curve. The an all
black circle lying on the ellipee is the particle w ith velocity pointing In certain angle (“velocity angle”) t© the
horizontal axis. The position on the curve is determ ned by the “position anglke” Angles n Fig.5 b) and () are
shown i radians.W e plotthe particle displacem entdistance by varying the particle position and its velocity
direction on constantpotential energy (5 0e— 8 nanoJoule) curve w ith consantkinetic energy (5 0e— 9
nanodoule).The resultisshown mFig.5 ) .Figure.5 (o) is the plotof iso-contours of each having the sam e

displacem entdisance.
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3 2 Com puting the laserposition
Now we com e to the m ost in portantpart, com puting the center of the potential field such thata particle at certain

Tnibal velocity would displace to required position In given am ountof tim e. The solution of Eq. (7) can be very

involved due to the highly non-Inearnature of AXand Ay , especially when Atislarge.W eplbt AX and Ay
using At=1 3, X= 100 nanom etersn icroseconds, = 100 nanom eters/fn icroseconds in Figure 6 @) and b),
respectively . Forvisual clarity the axes are m oved to the bottom left. The orignn is actually at the center. Th Figure 7,

the tw o am all Joops aligned vertically at the centerare locus of points satisfying Ay: -800 nanom eters. Sin ilarty,

the biggest Joop are Jocus of points satisfying AX = -160 nanom eters. Tw o intersection points shown In Figure 7 are
the tw o solution points satisfying both conditions. Ifw e extend this spatially and solve forthe solutions, w e can
com pute discrete ponnts w here the solutions exist or does notexist. Forexam ple, w hen w e use the coordmates of
regulargrid ponts as AX , Ay and represent sm all dots as points w here there are no solutions and largerdots for
ponts w here the are, we can get Figure 8 @) .The initial guess points w ere obtaned w ith grid distance equally
spaced as shown In Figure 8 @) . The com putation took 17 seconds on a Pentium * PC . N otice thatw e connected the
envelope of solvable grid points w ith 1ine segm ents. The connected segm ents form the W E . Iffwe care to use finer
grid distance forthe mitdal guess points, w e can getm ore accurate results. Figure 8 () is cbtained w ith fourtim es
finerresolution and took 288 seconds. Furthemm ore Figure 8 () is obtained w ith sixteen tim es finer resolution and
took 4591 seconds. N otdce there isvery little difference from Figure 8 (b) and Figure 8 (¢) . Fom al form ulation for
optim algrid spacing forthe mitalguesspointisnoteasy to do.W e therefore exam Tne the results as the fimction of
different resolutions and choose the one w here the ncrease 1n the resolution does notgive significantly better

solution.

3 3 The virttual environm ent

Figure 9 @) fllustates the initial screen of the VE . The descriptions of the graphical objects are as follow s. The solid
sphere at the center is the particle. Tk isbeing ilhm nated by a dithered laserbeam shooting In the direction of the
plane.This isshown asellipse n Figure 9 @) . The sm all sphere to the leftof the particle is the cursor forthe

operator.W hen the haptic stylus ism oved, the cursor follow s accordingly . The particle can only be m oved after it

11



hasbeen grabbed. To grab the particle, the operatorm oves the cursor to either touch orbe inside the particle and
presses the button attached t© sty'lus. To release the particle the operator sim ply releases the button . The diam eterof

the particle is one m icrom eterand the grid spacing distance is 2 9 m icrons. The physical param eters used forthe

potential field are @ = 600 nanom eters, b = 300 nanom eters, B, = 1.0x10”’ nanoJoule,

m =1.0%10" g=ms.

Figure 9 () illustrates the nstant snap shotw hen the particle is steered to the rightand the displacem entam ount
exoeads the physical capability of the potential field . The virtual environm ent reacts by reacting w ith foroe that is n
counter direction to the steering m otdon . A 1o the am ountof force is proportional to the exceeding disance fiom the
W E . Phantom " was usad forthe haptic cutputand steering . This w as attached to W Indow sN'T” w ith Pentim *
processorand 256 m egabytesRAM . The descriptions of the graphical objects are as follow s. The arvow direction
and length show s the direction and m agnitude of the reaction force applied to the haptic stylus. The slenderrod w ith
elliptical cross section denotes the dithered laserbeam . Finally the closed loop showsthe W E .Because itistoo

an all, tisdrawn w ith the scale factorof100.The W E and its interior solution points are pre-com puted before the
execution . The bounding box region w ith range of -100 nanom eterto 100 nanom eteron each axiswasused to
compute the W E . The cached data depends upon elapsad tim e and the nitdal velocity of the particle. For sim plicity
and the lim itation of the com puterm em ory w e used constantcycle tim e of 0 2 m icro seconds. The mitial velocity of
the particle ateach axisw ere varied from -80 to 80 nanom eter/seconds in ncrem ents of 5 3333 nanom eter/seconds.
To Introduce visoous effectand also t© narnow dow n the range of velocity of the particle to be considered, the
velocity w as reduced t© one tenth at the end of each cycle. The total processor tim e t© com pute this n batch process

using an SG I0nyx2" w ith fourpmeessors and 1gigabytes of m ain m em ory ok 71487 99 seconds Ebout 20 hours) .

e Certan comm erxcial equipm ent, instrum ents, orm aterials are dentified 1n this paperto fosterundersanding.
Such dentification does not in ply recom m endation or endorsem entby the N ational Tnstitute of Standards and
Technology, nordoes it in ply that the m aterials orequipm ent identified are necessarily the bestavailable for

the purpose.
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4.DISCUSSION

The discreteness of the W E introduced som e “pggedness to the haptic sensation . R ecall that the m ethod of

com puting the W E uses grid ponts and the sm ocothnessof the W E is directly proportional to the grid distance. The
am aller is the grid distance, the an ootheristhe W E .H ow ever, the use of force feedback forconstraining the
steering m otion of the operator that exceeds the Jaser capability did prove to be a usefiilm ethod . The reaction force
from the haptic device m ade itnatal for the operatorto slow down. In one experim entw ith the haptic feedback
off, the disance betw een the operator cursorand the particle reached up t© 3 m icrons. n other experim entw ith the
haptic feedback on, the distance betw een the operator cursorand the particle w as keptunder 0 3 m icrons. Tn oxder
o use thisVE 1 tele-operation, m uch research needs to be done to understand the nteraction betw een the laser
beam and the particle and also the particle and the sunounding fluid .M ore detailed m athem aticalm odel forthe
potential neads to be derived along w ith extensive experin ents to validate the m odel. A 1so the visoous effectof the
sunounding fluid needs to be taken care of.W hen the particle isnota sim ple sphere as used In this article, the
orentation of the particle needs to be considerad w hen com puting the W E . Thism eans tw o m ore variables to
represent the orientation needs t© be added to the initial three variables €lapsaed tim e, nital velocity mx and y
direction) .

W hen we expand the problem dom an t© three-din ensions, w e presum e thatm ostapproaches used in the two-

din ensions could be used w ithoutm ajor changes w ith several exceptions. The m ethod forcom puting the mitial
guesspontforEqg. (7) can notbe extended to three-dim ensions and needs a new num ericalm ethod.A Iso the

m em ory requirem entcan be substantial n three-din ensions. The cached data forthe W E uses tw enty-eight

m egabytes. A dded din ension (z axis) would easily use one gigabytes. Fornon spherical geom etry w e would also
need t© add tw o m ore din ensions for the orientation . O bviouslky, m ore m em ory efficient representation of the W E

needs t be studied.

5.CONCLUSDN
Opticaltweezerisanew device thathas greatpotential form anipulating nanoscale objects. The non-ntrusive nature

of the device enables non-destiiictive m anipulation . T o betterunderstand the underlying physical nature of the

13



device, w e have designed and in plem ented a virtual environm ent that can sim ulate the physics of the laserbeam and

particle nteractions. The conversion of the system of differential equations to system of difference equations

enabled us to precisely control the transient position of the particle. By putting the particle in the m axinum force

1egion, w e enable the m axin um m ovem entw ih the given lasercondition. W e also presentanew conceptcalledW E

W orking Envelope) and a com plex num erical technique to com pute it. Tt is shown thatW E can prevent the user

from issuing physically in possible m ovem ent to the particle.

The sin ulation environm entw ould have m ore value when it isused In a tele-operation environm ent. W e would have

finerposition controlw ithoutever loosing the grip . This requires m ore sophisticated potentialm odeland

experin ents.
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Captions to {llustrations (@rouped on a separate shestorsheets) .

Fig.1:D igplacem entof the particle

@):W thinW E W orking Envelope)

b):OutsideW E W orking Envelope)

Fig.2: Trajctores of particles in optical potential field

@) :One tim e step of 1 m icro second

b):Ten tim e stepsof 0 1 m icro seconds
Fig.3:Pbtofdispplacem entdistances

@) :M agnitude

(o) : Tso-contours of equal disances

Fig.4:Locusofm axinum displacem ents in radial directions

(@) : Particle initially atrest

(b) : Particle initally m oving

Fig.5:Pbtof digplacem entdistances for consantenergy

@) : Coordmate system

b):M agnitide

(©) : Teo-contours of equal distances

Fig.6:Solution surface

@):Potof Ax

b): Plotof Ay

Fig.7:Soluton points

Fig.8:W orking envelope

@) 20x20 grid pointsused for com puting the initial guess point
b) 80x80 grid points used for com puting the nitial guess point
(©) 320x320 grid points used forcom puting the initial guess point
Fig.9:

(@) Ihitdal screen of the virtual environm ent

(o) The reaction force experienced by over minning the particle
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Tustrations

Figurel @).JoumalofRessarch ofthe NIST, Y ong-Gu Lee, K evin Lyons and Thom as Lebrun
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Figurel ().JoumalofResearch of the N IST, Y ong-Gu Lee, K evin Lyons and Thom as Lebrun
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B2 Trajectories of Particles in Optical Force Field

Figure 2 @).JoumalofResearch of the N IST, Y ong-G u Lee, K evin Lyons and Thom as Lebrun
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B2 Trajectories of Particles in Optical Force Field
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Figure 2 [).JoumalofResearch of the N IST, Y ong-Gu Lee, K evin Lyons and Thom as Lebrun
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Figure 3 @).JoumalofRessarch of the N IST, Y ong-G u Lee, K evin Lyons and Thom as Lebrun
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E2 | ocus of Maximum Digplacement in Optical Force Field

Figure 4 @).JoumalofRessarch ofthe NIST, Y ong-Gu Lee, K evin Lyons and Thom as Lebrun
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E2 | ocus of Maximum Digplacement in Optical Force Field

Figure 4 [).JoumalofResearch of the N IST, Y ong-Gu Lee, K evin Lyons and Thom as Lebrun
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V elocity angle

Position angle

Figure 5 @).JoumalofRessarch of the N IST, Y ong-G u Lee, K evin Lyons and Thom as Lebrun
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Figure 5 (c).JoumalofRessarch of the N IST, Y ong-G u Lee, K evin Lyons and Thom as Lebrun
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Figure 6 @).JoumalofRessarch of the N IST, Y ong-G u Lee, K evin Lyons and Thom as Lebrun
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Figure 6 ).JoumalofResearch of the N IST, Y ong-Gu Lee, K evin Lyons and Thom as Lebrun
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Figure 8 @).JoumalofRessarch ofthe NIST, Y ong-G u Lee, K evin Lyons and Thom as Lebrun
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Figure 8 ).JoumalofResearch of the N IST, Y ong-Gu Lee, K evin Lyons and Thom as Lebrun
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Figure 8 (c).JoumalofRessarch ofthe NIST, Y ong-G u Lee, K evin Lyons and Thom as Lebrun
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ER VYirtual Heality for Mano-5cale M2A

Figure 9 @).JoumalofRessarch ofthe NIST, Y ong-Gu Lee, K evin Lyons and Thom as Lebmun
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Figure 9 [).JoumalofResearch of the N IST, Y ong-Gu Lee, K evin Lyons and Thom as Lebrun



