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Abstract

Optical trapping is an attractive and multidisciplinary to pic that has become the center of
attention of a large number of researchers. Moreover, it is a gitable subject for advanced students
that requires a knowledge of a wide range of topics. As a resylit has been incorporated into
some syllabuses of both undergraduate and graduate prograsa In this paper basic concepts in
laser trapping theory are reviewed. To provide a better undestanding of the underlying concepts
for students, a Java application for simulating the behavio of a dielectric particle trapped in
a highly-focused beam has been developed. The program illates a wide range of theoretical
results and features, such as the calculation of the force ered by a beam in the Mie and
Rayleigh regimes or the calibration of the trap stiffness. 8me examples that are ready to be

used in the classroom or in the computer lab, are also supplie
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. INTRODUCTION.

Optical tweezers (OT) are highly-focused light beams whach able to trap and manip-
ulate small particles (from micron to nanometer size) byingkadvantage of the radiation
pressure effect. Nowadays, OT systems are a basic resaskintbiophysics; for instance,
single-molecule DNA experiments or some cellular studegpuire the use of OT [1]. Particle
acceleration induced by radiation pressure was first regdsy Ashkin [2], who was able to trap
microscopic spheres using two counter-propagating lasami. In 1986, optical trapping with
a single highly focused laser beam was achieved [3]. Thepingpis achieved by momentum
exchange between the beam and the trapped particle viatarsggprocess. The force exerted
on the particle (or bead) by the light can be decomposed irgoattering component, which
pushes the bead in the direction of propagation of the beaohaagradient force that attracts
the bead towards regions of higher intensity. In order t@tere stable trap, the axial gradient
force should match the scattering force. This can be actiibydocusing the beam using a high

numerical aperture (NA) objective.

In addition to their ability to manipulate small beads, OT @#so constitute an useful technique
for measuring forces in the microscopic world. When an exeforce is applied on a trapped
particle, it moves towards a new equilibrium position whtre optical force compensates the
external force. As the trap potential is assumed to be hanircan be calibrated in a process
that involves obtaining the stiffness constant. Recendlyeml experimental methods have been
developed to measure the force exerted by a light beam [4].

Forces involved in optical trapping experiments can beipted using the generalized Lorentz-
Mie theory (GLMT) [5]. The GLMT is a general, rigorous andrat complex approach that
provides accurate results. However, when the size of th&cljgais much smaller than the
wavelength of the beam, the so-called Rayleigh approximaten be used [6]. The Rayleigh
approach is simpler than GLMT and supplies accurate enoegpits for most purposes within
its range of applicability. In contrast, the ray optics mloghdie regime) provides a simple and
intuitive description of optical trapping for particles wde diameter is larger than the wavelength
of the laser used [7].

Despite the fact that OT are still a very active research,anptcal trapping experiments are

being introduced into some undergraduate and Master'sg@mug)in Photonics, Nanotechnology
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or Biophysics. OT currently represent an attractive andidiattiplinary area of study suitable for
advanced students with a knowledge of a wide range of fielisinstance, building an OT set-
up involves Optical Engineering (optical system design;croscopy), Physics (electromagnetic
theory, fluid mechanics), Photonics (laser technologyg¢ctical Engineering (signal processing,
hardware control), etc. Related to this, several papers baem published pointing out the
usefulness of OT as an educational tool [8] [9].

Considerable knowledge of the underlying theories is necgsto make the most of OT
experiments. As the number of published papers in this felduge, students (and instructors)
will have to access a large amount of reference work. In otdgrovide basic and digestible
information, the use of a numerical simulation as a comptaarg tool is suggested. Some
OT simulations can be found on the Internet. For instance,réader can look up references
[10] (a simple animation of a trapped bead ) and [11] (a nikestitation of a DNA stretching
experiment).

In this paper, a computer program designed to train studanteon-specialists in the basic
Rayleigh and Mie theories is presented; in addition, sonustii&tive results in OT theory that
can be carried out using the same piece of software are desdu3he article is organized as
follows: in section Il, the basic concepts involved in opti¢rapping theory, including force
calibration are reviewed. How the application works is diésd in section Il and in section
IV several classroom activities are introduced. Some te$tdm laser trapping theory using the
program are analyzed in section V. A preliminary assessrokfite innovation is included in

section VI and finally, the conclusions are presented ini@edt|l.

I[I. OPTICAL TRAPPING REVIEW

Ashkin [2] demonstrated that a highly focused beam is abkct®lerate microscopic objects.
Photons can interact with matter by transferring their mot@ewhich means that light is able to
exert a force on a particle. Optical tweezers setups redi@aise of a microscope objective to
concentrate the photons coming from a laser beam at a tirty lspthis way, the target particle
interacts with as many photons as possible since the momeotweach single photon is very
small. A wide spectrum of accurate and sophisticated thedras gradually been developed to
explain the trapping of particles of different sizes (seetisa VI of [4] for a detailed overview).

None of them provides an exact description of an optical, tbap predictions from the numerical
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solutions of all the existing models span a significant ranfgexperimental situations, leading
to a fairly good understanding of the trapping problem. Hesvefor spherical particles (beads),
the problem is usually described by approximations, whiepethd on the radius of the object

used in the experiment and either the wavelength or the westof the beam:

. Rayleigh regime { < w): forces acting on the bead are described using electroatiagn
theory [3}
« Mie regime ¢ > )\): the interaction may be calculated by means of ray opti¢s [7

A. Forces in the Rayleigh regime

In the Rayleigh regime, spherical particles become dipdiasgcatter light. Let us suppose a
bead is illuminated by a TEW linearly polarized (1,0) paraxial Gaussian beﬁi(np,y, z) [12],
propagating along the-axis with beam waist radiug, and wave-numbek = 27 /\; X is the
wavelength in the considered media. kkgtandn, be the refractive indices of the medium and
the particle respectively; is the radius of the particlen = ny/ny; c is the speed of light, is
the permittivity of free space; antly = An; is the wavelength in the vacuum. Then the beam
intensity, I(z, y, z), i.e., the time-average of the Poynting vector, is written a

1 ‘ - ‘2

I(z,y,2) = 572¢€0 E(z,y,2) Q)

The polarization induced on the dipole 8 = oE = 4wn§eoa3Z§;§E, where « is the

polarizability of the particle. The laser beam exerts adafcon the dipole that has two different
components: gradienfg and scatteringﬁs. The former is proportional to the gradient of the
wave intensity, which means thf’g points towards the focus of the microscope objective (see

Figure 1). Following [6],F, is written as:

VI(z,y,z). (2)

The dipole model in the Rayleigh approximation requires a homogenéecisi@field over the whole particle, which leads
to a restriction on the size of the partidle< wo. The Rayleigh regime is accurate enough to describe lateral forcésh wh
are what most experiments are concerned with. Nevertheless, addHetr al. previously showed [6], a remarkable discrepancy

appears in the axial component, which is not accurately describe@ absv)/20.
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Fig. 1. Optical forces acting on a micro-sphere located near the fdcie @bjective lens

The second component of the force is due to the scatterirdydapends on the number of

photons hitting the bead. It is an axial force that pushesstmple along in the-direction:

2

m- —1 2 .
k*a® [m2 n 2] I(x,y,2)2. 3)

’I’L18

F_m8
C37T

The total force exerted on the particleis= F, + F, = Fri+ FYg+ (|Fs| + F)Z. The two
contributions to the total force, scattering and gradientnpete along the-direction (optical

axis). Thez-component of the total force is zer¢'{ = |F,| + F; = 0) for

3 4
Ztrap = 74/€404 (1 — \/1 - 9k10a2w§) . (4)

At this point, not far from the focus of the Gaussian beam,tthasverse components of the

force are also zero and therefore the micro-sphere renraias equilibrium position. In order to
produce a stable trap, the gradient force along the optiéalleas to be larger than the scattering

contribution. This is true when [3]:

> 1.
12875 |m? + 2 - ®)

3v3 [m?—1] N\
adw?

This relation is fulfilled only when the laser beam waist is small enough. For this reason
OT must be designed using microscope objectives with high iNAot, as the scattering force

increases, the gradient component does not compensateattersg force along the-axis.
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v

Fig. 2. Optical ray path within a spherical particle

The main drawback of the Rayleigh regime comes from the la@cofiracy in the predictions
for high NA because the underlying theory has an intringicparaxial nature. In these cases

the theory is restricted to providing a qualitative dedaip of the system [6], [13].

B. Forces in the Mie regime

As explained above, if the diameter of the particle is muaehydathan the wavelength, the
force exerted by the laser beam on a spherical particle igpated using the ray optics approach.
When the beam interacts with the particle, rays change thctcbn according to the laws of
geometrical optics. The interaction is described takirig account the reflections and refractions
inside the particle (see Figure 2). The powerof the incident ray is reduced tB7T2R? after
q reflections, where? and T’ stand for the Fresnel coefficients [14]. Ashkin derived wincel
expressions for the transverse (gradient) and longitlids@attering) components of the force
exerted by a single ray of powe? [7]:

n1P

Fo=— [1 + Rcos(26;)

2 cos(20; — 20,) + Rcos(%i)]
c

1+ R?+ 2R cos(26,)

F = n P lein(QQi) B T231n(20i —20,) + Rsm(29i)]
c

1+ R?+ 2R cos(26,)
(6)
whered; andf, are the angles of incidence and refraction, respectively.
The ray optics approximation is particularly useful whemldey with large beads. The model
is not restricted to low-convergence beams, so it not onplagns the behavior of the trap, but

also gives a reasonable estimate of its mechanical prepartireal experiments [13].
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Fig. 3. Force componenff®(z) (A = 1064 nm,P = 100 mW,wo = 0.6 pm,n; = 1.33,n2 = 1.58,a = 50 nm).

C. Measurement of Transverse forces

In both regimes, the transverse force componednts= F (and F¥ = F}) exerted on a
particle vary linearly for small displacements from the teerof the trap (Figure 3). When the
bead is moving close to the center, i.e., within about hathefbeam waist radius, /2, the force
F* is proportional to the positiom, F* = —k,z, and therefore, the potential wéll is harmonic
U= %kxaﬁ. Similarly, the force in the:-direction can also be described BY = —k. 2.

Since the force exerted by the laser beam is proportiondigadisplacement of the sample,
OT are used to measure forces in the microscopic world. Asspiteng constant, can be
obtained experimentally, a precise measurement of theigosif the sample within the laser
spot is required to obtain the force exerted by the beam. Toeegdure for obtaining,. is based
on the analysis of the Brownian motion of the trapped sample.

One calibration method fok, is based on the reconstruction of the optical poteritidgtom
the histogram of the position of the bead. The particle maaeslomly within the trap, but the
bead spends more time in those places where the opticalt@btenergy is lower. According to
Florin [15], the probability distribution of the positian is related to the potential energy thus:

U ) = expl( kpx?
U (o e
knT P ok ,T

wherekp is Boltzmann’s constant arifl is the temperature. For a large number of measurements

p(z) o exp(— ) 7)

of x, the histogram provides a good estimate of the spatial pitityadensity p(x) (except for
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a normalization constant) and the trap stiffnésscan be estimated form the varianeg of x

_ fnl ®)

x

ke

o
The motion of a micro-particle can be easily simulated uilegvton’s second law (Langevin
equation)

mi = —yi — kyx + /2kgT~E(t). (9)

Here,—~1 is the drag forcey = 6mna is the drag coefficient; is the viscosity of the medium
and finally, \/2kgT~£(t) is a random force that accounts for the Brownian motion duéhé¢o t
water molecules. For polystyrene or silica beads or cdiis, Reynolds number is very small

and therefore the inertial termi in equation 9 can be ignored [16].

I11. DESCRIPTION OF THE APPLICATION

The applet simulates the behavior of a spherical dieleptiticle trapped by means of a laser
beam focused by a microscope objective. The program andotirees code can be downloaded
from http://code.google.com/p/optical-tweezers/. Timeusation, including the movement of the
particle, is confined to thez-plane. The calculation of the trapping force is carriedusihg the
geometrical optics approach (Mie approximation) or in thg/lBigh approximation, according
to the size of the particle. The user can select the propekimgprconditions via the selector
located in the left-hand panel.

In the left-hand panel (Figure 4), a transverse section @fofitical trap is shown. The-axis
corresponds to the beam propagation direction while atkexis is the transverse coordinate.
Notice that light comes from the bottom of the panel. Both thdiple studied and the trapping
light beam are represented in this panel. The optional bsthelow the trap diagram allow the
visualization of three vectors representing the scatjergnadient and net force exerted by the
beam at the current position of the particle. The currentuhgdof the net force is shown below
the trap diagram.

The user can click on the particle and drag it to a new positgiarting from the position
selected, a simulation of the particle’s trajectory is akdted when the “Animation” button is
clicked. For every frame of animation, the time is shown etbe diagram. The button “Take
bead to focus” is used to place the particle in the center efghnel. The data required to

perform this simulation come from the dynamic solution af thangevin equation (Equation 9).
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Optical trapping simulation

File View Help
[ Dielectric sphere within an Optical Trap | | i seftings | Force analysis |
|mie Regime (Ray optics) [~ [[LASER |
Laser type: |User-defined I~
Wavelength (A) 9=
Power (P) L[ | mw
[ BEAM GEOMETRY
Objective: [User-defined_ I~]
Numerical aperture (NAJ: =) [1.z5_]
Overfilling: = [1.00
Useful power= 87,5%
[ MEDIUM |
x{um)
[User-defined [~]
Animation Time = 0.00 ms —
L ) ———— fim |
Take bead to focus. ‘ Net Force = 53,25 pN Viscosity () D : m R
B m = [z |
[ scattering force (red)
] Gradient force (blue) =
[ PARTICLE |
=l fi&r
Sphere radius (a) —————— [0 |

Fig. 4. Experimental settings tab

The time step used for the integration of the differentialatpn can be modified by activating
the optional “Time step” slider in the “View” menu. Speciare must be taken when selecting
large time-step values; if the time step is much longer thendharacteristic timescale of the
movement of the bead within the optical trap (which dependstlee experimental settings

selected), the program could return a non-realistic ananat

In the Mie regime the light beam is represented as a groupwarakeconverging light rays
in the zz-plane, which are refracted through the dielectric pagtidlhe momentum transferred
to the particle, i.e., the force exerted by the beam, is obthby using Equation 2 and adding
the contribution of each ray. The power associated with eaghis weighted according to a
Gaussian intensity profile. In the Rayleigh regime, the lasam is represented by the intensity
map of the Gaussian beam.

In the right-hand panel there are two different tabs for ganfng and analyzing the experi-
ment. In the first tab (“Experimental settings”) the user tare the values of the variables. The
parameters available are the power and the wavelength daslee, the NA of the microscope
objective, the overfilling factor, the radius and refragetindex of the trapped patrticle, the
viscosity and refractive index of the medium, and the tempee. Notice that when using

high NA objectives, the divergence of the beam cannot bdyesdated to the beam waist. In
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File View Help
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Fig. 5. Force analysis and calibration tab

this case, when the paraxial formula is not strictly valigg values of NA in the Beam Geometry
tab are displayed in red. This is noticeable when workinghiz Rayleigh approximation.

The overfilling factory is the ratio of the full width at half maximum (FWHM) of the beam
intensity profile, to the diameter of the objective entrapagil. Modification of the overfilling
value changes the fraction of power that crosses the emtranpil, but also affects the shape
of the force field and the stability of the trap, as analyzethi section V. In the program the
overfilling factor setting is only available for the ray aggtiregime, where the relative power
associated with each ray changes according to the ovegfitiator. In the Rayleigh regime, the
overfilling setting is not available because the beam is ngéo Gaussian and the computational
cost would be too high to perform the calculations in realetiduring the animation.

By clicking on the “Force analysis” tab the user can visualize force field created by
the optical trap. In particular, the behavior of the tramsee/"*(z) and longitudinal F*(z)
components of the force is shown. The scattering and grada@mponents and the net force can
be selected independently by clicking on the optional mgtton the left panel. The transverse
force curve is calculated afa, (but if zyap does not existF*(z) is obtained at: = 0). By
clicking the “Plot details” button, a new window pops up thatlicates a set of parameters
obtained from the force curves. i, can be found, the equilibrium position, the maximum

values of the force and the slope of the curves are calcul@e Figure 5). Notice thak
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defines the position where thecomponent of the total force is zero. Despite the fact thia is
necessary condition for trapping, the existence,@f does not assure a stable trap.

If the configured beam is able to trap particles, the net wense force componernt™(x)
displays linear behavior in the central area of the trap.sltge provides a measure of the
stiffnessk, of the trap, as explained in the previous section. When theilizaé trap” button
is clicked, the transverse stiffness of the trap is obtaibgdneans of the calibration method
based on the analysis of the Brownian motion. While the prigectf the trajectory of the
bead on ther-axis is calculated, the-position histogram is updated and the trap stiffness is
continuously calculated from the-standard deviation and shown below the histogram. This
procedure emulates a continuous position measurementitatioratory. When the number of
points collected is high enough and if the stiffness valwabifirzes, the histogram displays a
characteristic Gaussian shape. The stiffness obtaindd thit method should match the slope

of the transverse force curve.

IV. SUGGESTED EXERCISES

In this section, some classroom exercises to be carried ong) the applet are presented.

A. Ray optics regime

1) Choose the Mie regime approach and select the visualizafithe scattering and gradient
components and the net force. Set the experimental vasiaiith the following realistic
values:

o Laser: A 50 mW, Nd:YVO4 doubled laser beam @@= 532 nm.

. Beam geometry: An oil-immersion objective 100x with NA = 1.28d~ = 1.
« Medium: Watern; = 1.33, temperaturé” = 300 K, viscosityn = 0.85 mPa s.
. Particle: polystyrene spheres; radius 2.5 pm and refractive index, = 1.58.

2) Click on the optional force buttons (left panel). By pregsthe “Animation” button, the
bead is displaced to the equilibrium position if stable piag is possible. Beam forces
try to compensate the effect of the temperature (Browniariampto keep the particle in
the trap. The “Force analysis” tab shows the force fields. &dnglibrium positionzip is
slightly shifted to the upper side of the diagram from theuing plane £ = 0). This effect

is corroborated by thé™(z) diagram, as the net force becomes zerauig, # 0. After
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stopping the simulation, the bead can be centered in thesiiogplane by clicking on
the “Take bead to focus” button. Click on the “Calibrate trapitton to run the Brownian
motion simulation. Verify that the stiffness reaches alstahlue when the histogram shape
becomes Gaussian. When the simulation is stopped, theestffmalue obtained provides
an adjustment to the slope &f".

3) When the simulation has finished, the user can click on thd bed drag it to an arbitrary
position in the panel. The user can verify that if the beaddsted near the focus, trapping
is possible (notice the directions of force vectors).

4) Now set the refractive index of the particletg=1.2. Is the beam able to trap the bead?

5) Repeat the analysis using different values for NA, poweerfdling or particle size.
Discuss under what conditions is it easiest to trap the gafti

« high/low NA values?
« high/low laser power?
« high/low overfilling values?

. large/small particle size?

B. Rayleigh regime

Now, a partial repetition of the previous exercise is pragbdnitially, the variables are set
to the following values:

« Laser: A 50 mW, Nd:YVO4 doubled laser beam @@= 532 nm.

. Beam geometry: beam waisfy = 0.3 pm.

« Medium: Watern; = 1.33, temperaturel’ = 300 K, viscosityn = 0.85 mPa s.

« Particle: polystyrene spheres; radiuss 30 nm and refractive index, = 1.58.

Is stable trapping possible in such conditions? Discuss whest be changed to improve the

performance of the system.

C. Optical tweezers design.
Now, the target is to design a system that can trap polystyspmeres in water at T=298K.
The set-up is illuminated with =532 nm laser. Taking into account different sizes of thedbea

1) Discuss which available objective is more conveniend, \&hat is the amount of overfilling

and the minimum power required to create a stable trap.
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Fig. 6. Lateral and axial trap stiffnesses for different bead sizeseimaip optics regime. Values used in this simulatian:=
532 nm,P =50 mW, NA =12,y =1,n; = 1.33,n = 0.6 mPa s = 320 K, andn, = 1.57.

2) What are the stiffness and the trapping positigg?

V. VERIFICATION OF SOME RESULTS FROM OPTICAL TRAPPING USING THEPPLET

The software enables a comprehensive and interactive agaly the interplay between the
experimental parameters describing the laser-sampleatien. Simple dependencies of the trap
stiffnessk, on, for instance, the laser power can be easily simulategetheless, it is the study
of more complicated behavior, which cannot be readily r#féfrom a mathematical model, that
turns the program into a useful tool. In this section, a séhsks to analyze the key parameters
of the two models described in section Il are introduceds T fould ultimately lead to a better
and deeper understanding of the properties of optical .traps

The use of numerical analysis becomes particularly imporitathe ray optics limit. In this
context, the vast majority of the questions about the trapufes can be uniquely solved through
a computer simulation.

1) Simulate the values of the lateral and axial trap stifbessfor different bead sizes. Notice

that, as Figure 6 shows, both curves should exhibit the sgmelecrease as that found
in experiments [17]. Because the maximum force applied bybt#kem occurs at the edge

of the sphere, its value will not depend on the size of the $aim).
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Zyqp (HM)

The axial trapping position as a function of the objective’s nurakgperture. Values usedy = 1064 nm,P = 50

mW, v = 1,n; = 1.33,7 = 0.6 mPa sT" = 320 K, andn, = 1.57, anda = 5 pm.

2)

3)

Analyze the relation between the equilibrium positionaofrapped particle and the NA
of the objective lens. As NA decreases the micro-spheregglatied forward in the-
direction, as shown in the example (Figure 7). The increagbe scattering force for low
NA is the reason behind this change. Photon scattering ntbeesquilibrium position of
the sample away from the focus until this force can no longebdlanced by the restoring
gradient component; at NAC 0.5, in this case. This explains why the use of such a high
NA objectives is required to create stable traps. A similahdvior is obtained in the
Rayleigh regime.

Study the maximum trapping force, as dependent on thefilivwer v. As the overfilling
increases, the axial force should also increase because @iminishing scattering effect
(Figure 8). Beyond a certain optimum overfilling,~ 1.1 in the example, close to the
values suggested by experiments={ 1 and~ = 0.91 in [4], [18]), the lateral component
will start limiting the escape force, that is, the force negdo pull the sample out of the
trap in any direction. The value of at this intersection point is considered to provide
the best performance of the trap, corresponding to the casa the objective is slightly

overfilled by the beam.

In the Rayleigh approximation the force is calculated thfoagouple of analytical expression
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Fig. 8. The normalized maximum force depending on the degree ofilimgralong the axial and transversal directions. The
dashed line indicates the escape force as defined in the text. Values\used:064 nm,P = 50 mW, NA = 1.2,n; = 1.33,7
= 0.6 mPa sI' = 320 K, andn, = 1.57, anda = 5 pm.

considering all the variables involved except the ovenfijly (see equations 2 and 3). This makes
the analysis of this model more accessible. However, if @mputes the force in the trapping
plane zy4p, the trap stiffness no longer has a trivial relation with gaameters because of the
dependence of the beam widthon the axial positiore. Taking this effect into account in the
experiments is important because it can yield a change, iby a factor of 1.5 (with respect
to the stiffness at the = 0 plane) [4]. However, the correction is negligible for fodes with

a < \/20.

1) In this regime, the study of the relationship betwdenand the refractive index of the

sample is especially interesting. Set the refractive imfethe mediumn;, to that of water,
1.33, or similar, and choose a value fas close to this number. Figure 9 shows the
behavior ofk, as a function ofs.
The result graphically explains why the trapping of paetclwith a refractive index
lower than that of the surrounding mediumy, (< n,) is unfeasible. Likewise, it explains
the higher lateral forces that can be achieved in the laboratsing polystyrene beads
(no = 1.57) compared to those achieved using silica particles= 1.45). In practice,

the refractive index of the microparticles used in the expents cannot be increased
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Fig. 9. Relation betweeh, and the refractive index of the particle. Values uskg= 1064 nm,P = 50 mW, wo = 0.52 pm,
n1 = 1.33,7 = 0.6 mPa s = 320 K, anda = 40 nm.

indefinitely because the trap becomes unstable [19].
A similar variation ink, is found in the ray optics regime. The reflection and transiois
coefficients introduce the dependenceron

2) Verify that the trap stiffnesg, depends om: following a cubic function (see Figure 10
and Equation 2). The combination of this result with the behavior for big particles
gives rise to an absolute maximum kf for diameters of 1 - 2 um [17], which are the

bead sizes typically chosen in the laboratory.

VI. ASSESSMENT OF THE INNOVATION

The applet presented in this paper was used by 18 student@rtasf@ Photonics course in
the first semester of the 2009-2010 academic year. Photaias elective course for senior
undergraduates in Physics at the Universitat de Barcelohnia. tdol was the main object of a
2-hour computer lab session on OT which used an adaptedmearsihe first suggested exercise
(see section IV-A). The topic was previously presented iedcure class. About a month after
having used the program, an assessment questionnaire wdschaut to the students. This
assessment instrument was designed to include two diffeneasurements: the first half of the

guestionnaire deals with students’ perception of the appte second part is a short learning
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50

10. Trap stiffness for different values of a, in the Rayleigh regiMadues used}o = 1064 nm,P = 50 mW, wo = 0.52

retention test. All 18 students turned in the questionnaire all 18 responses were analyzed.

Sudents' perception

The perception part of the questionnaire included a 4-itekerk scale and two open-ended

guestions. The Likert scale was meant to measure the sgigenteption on the usefulness of

the applet for learning. The four 4-level items of the scake shown in Table I. The following

two open-ended asked for the best (or most remarkable) andvdinst (or most improbable)

aspects of the applet. The results for each item of the Lé@ate are presented in Table I. They

show a highly positive opinion of the students on the applescaling to a 0-100 scale, the

global average sums up to 83.

In the open-ended questions, students mention the foltpwideas:

is user-friendly and intuitive (5).

« As for the positive aspects, they remark that the programpsh&tarning (11 answers),

especially improving visualization (9) and understandiggof the phenomena, and that it

« As for the negative side, or the characteristics that coeldntproved, users highlight that
they would need more time and explanations for using theeapplthe lab session (6) and

some interface related issues (5) specifically that graphesolution of some charts is too
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TABLE |
FREQUENCIES FOR THE RESPONSES TO THEKERT SCALE ITEMS OF THE QUESTIONNAIRE QUESTIONS AND ANSWERS
WERE WRITTEN IN CATALAN IN THE QUESTIONNAIRE AND HAVE BEEN TRANSLATED FOR THIS PAPER GRAYED CELL
HIGHLIGHT THE MODE OF THE ANSWERS TO EACH QUESTION

Question 1 (Disagree) 2 (Tend to disagree) 3 (Tend to agree) 4 (AgrdgA

| believe that the applet has favored my 0 1 10 6 1

learning of the course subject.

| think the applet make easier to learn 0 1 5 12 0

how optical tweezers work.

I would recommend the applet to 0 1 5 12 0
be used in following editions of the

course.

The experience done with the applet 0 3 3 10 2
has allowed me to better understand
the different variables that interplay in

optical tweezers.

low, that the application is not intuitive enough and thdtas a slow response; five students

did not report any negative aspect.

Learning retention

The second part of the questionnaire included two openebgaiestions to assess learning
retention. Before discussing the results in this part, itnpartant to highlight that the assessment
wasn’'t announced previously and that no further work on tbjsic was done between the
academic use of the applet and the assessment data caolléceo the lab reports weren't
collected yet and there were no exams on this topic in thieog@ger

The two open-ended questions that were asked read as follows

1) Write down 3 variables that affect the stiffness of optive¢ezers in the Mie regime.

2) Explain qualitatively how the trap stiffness changesahelitude of the Brownian motion

of a trapped patrticle.

The first question was left blank by 6 students, 8 studentg ¢a&e correct variables and 4
wrote down a fully correct answer. Thus, 67% of the studeaiggn at least partially correct

answer. The second question was answered by 11 studentl ahith@m gave a correct response.
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Thus, 61% of the students got it right. Both percentages slhatva significant learning took
place while using the applet and that part of it remains a maiter the learning activity.
Both set of data, students’ perception and learning reterstmw consistently that the presented

innovation is useful for learning this highly complex topic

VIlI. CONCLUDING REMARKS

Building an OT set-up from scratch that is able to measureefors a wonderful laboratory
project for advanced undergraduate students. The taskresgeonsiderable knowledge of the
various physical theories involved and also some pracskdls. Digital simulations can be a
powerful training tools if they are designed to fill the gapviseen theory and practice. In this
paper, a comprehensive Java applet that covers relevaattaspl optical trapping theory has
been presented. In addition, some exercises related toexparimental situations have been
proposed. The use of the applet in the stage prior to degighi@ system enables students to
become more confident in the lab since they acquire soundetiesl knowledge with minimum
effort. A preliminary assessment, analyzing studentste@gtion and learning retention data,

suggests it can be a helpful tool to improve learning on thysct

APPENDIX

ABOUT THE SOFTWARE

The complete source code and the executable file can be daseddrom http://code.google.
com/p/optical-tweezers/. The code for this software igtemiin Java implementing classes from
the Open Source Physics Library (http://www.compadré@g&p/) and the Apache Commons
Mathematics Library (http://commons.apache.org/maffiie program was compiled using the
Sun Java SDK versioh.6.0_03. The software is licensed under a GNU General Public License
v3.
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