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Introduction 
 
I was first introduced to optical tweezers one night when my father mentioned them casually at 
the dinner table. I didn’t really understand how they worked at the time, but the idea that 
particles could actually be manipulated by light—something that I had previously thought was 
intangible—was fascinating. When I learned I’d be working in the LTC over the summer, I 
decided to look into optical tweezers as an end-of-the-year project for AP Chemistry.  
 
I arrived at the LTC, and when I realized that making a tweezers setup was actually a feasible 
summer project, I was sold on the idea. After reading extensively on the subject and cycling 
through several impractical ideas, I ended up working on the optimization of trap efficiency in 
optical tweezers. Optimizing efficiency is important in any field for maximizing resource utility, 
and in optical tweezers it’s especially important, as inefficient traps can damage the trapped 
samples. In this research, I constructed an inverted optical tweezers and investigated the effects 
of the light intensity distribution entering the microscope objective on trapping efficiency.  
 
Background 
 
History 
 
Optical trapping is a technique that uses the radiation pressure of light to trap microscopic 
particles. Early experiments that demonstrated radiation pressure accelerated and trapped 
micron-sized neutral particles using a continuous laser (Ashkin, 1970). It was found that light 
both exerted a forwards ‘scattering force’ in the direction of beam propagation (the axial 
direction) and a ‘gradient force’ towards the center of the beam (transverse direction), where the 
light intensity is highest. In this same experiment, a the first stable three-dimensional optical trap 
was designed using two diverging laser beams pointing directly at each other, so that their axial 
scattering forces cancelled each other out. A similar experiment was performed later that used 
gravity rather than a second laser to balance the forwards scattering force, called optical 
levitation (Ashkin and Dziedzic, 1971). 
 
Optical tweezers were invented years later as a means of stably trapping particles in three 
dimensions using a single tightly-focused laser beam, which provides a backwards gradient force 
to oppose the scattering force (Ashkin et al., 1986). The first application of such a trap was in the 
trapping and cooling of neutral atoms in Bell Laboratories (Chu et al., 1986).  



 
Trapping Theory 
 
There are two distinct models to quantify the forces of optical tweezers: the ray-optics model and 
the dipole model. Which model is used depends on the size of the trapped particle and the 
wavelength of trapping light. For particles significantly smaller than the wavelength of light (d 
>> λ) the dipole approach is used, while for particles significantly larger than the wavelength of 
light (d << λ) the ray-optics model is used. When particle size is comparable to the wavelength 
of light, as they are in most practical tweezers applications, the much more complex Lorenz-Mie 
theory must be applied. 
 
In the dipole model, particles are in the Rayleigh regime, usually atoms or sized in the 
nanometers. Trapping occurs when neutral dielectric particles act as induced dipoles in the 
trapping beam’s electric field. The Lorentz force F=qE (in the absence of a magnetic field) 
causes ‘like’ charges to attract, and as this force is directly proportional to the light’s electric 
field E, the particle with an induced charge q will be attracted most to the regions of highest light 
intensity. Due to the structure of a focused Gaussian beam, this region of highest intensity is 
located at the center of the beam waist. 
 

 
Figure 1: The intensity gradient of a focused Gaussian beam, with red hues as 
higher intensity and blue hues as lower intensity. In the dipole model of optical 
tweezers, dielectric particles act as point dipoles in the beam’s electric field and 

are attracted to the region of highest intensity. 
 
In the ray-optics model, particles are in the geometric regime, which means that their diameter is 
at least ten times greater than the wavelength of light. Transparent particles are trapped due to 
the absorption, reflection, and refraction of light rays that come into contact with the particle. 
When the light rays change direction due to one of these three interactions with the particle, the 
particle is actually exerting a force on the light that induces a change in momentum. The 
conservation of momentum means that the particle must then in turn experience an equal and 
opposite change in momentum.  
 



For a trap to be stable in three dimensions there must be both axial and lateral trapping. Axial 
trapping, which occurs in the direction of beam propagation, is generally weaker than lateral 
trapping because reflected light rays incur a forwards change in momentum on the particle. This 
forwards component of the force on the particle is called the ‘scattering force’.  Refracted rays 
similarly contribute to this forwards scattering force, since most are bent away from the beam 
axis. However, when the particle is past the waist of the focused beam, the rays coming in at 
steep angles are refracted towards the beam axis, thus causing a ‘backwards gradient force’ that 
is used to counter the forwards scattering force. If Fgradient > Fscattering then the axial trapping is 
stable. 
 

 
Figure 2: Axial forces on a trapped particle in a single tightly-focused beam. 

Refracted rays through the particle before the focus (left) produce a net forwards 
scattering force, while some refracted rays through the particle after the focus 

produce a backwards gradient force.  
 
Trapping in the lateral direction results from the ‘gradient force’ of the uneven intensity 
distribution of trapping light (usually Gaussian). The changes in momentum of refracted and 
reflected light rays produce forces on the particle in the opposite direction; regions of higher 
intensity and light density will have a larger change in momentum and therefore cause the net 
change in momentum of the particle to be towards these regions of highest intensity. 
 

 
Figure 3: Lateral gradient forces on a particle in a Gaussian beam. The particle 
on the beam axis (left) has no net force in the lateral direction because the forces 

from Ray 1 and Ray 2 are equal from each side. The particle to the left of the 
beam axis (right) has a net force to the right since the higher intensity Ray 2 has 

a greater change in momentum than Ray 1. 



 
Trapping Efficiency 
 
To optimize an optical trap, we must consider not only the magnitude of the forces on the 
particle but also these forces relative to the trapping beam power. The incident momentum per 
second on a particle by a laser of power P in a medium of refractive index n is known to be nP/c, 
where c is the speed of light. The force on a particle in an optical trap is F=QnP/c, where Q is the 
trapping parameter that defines trapping efficiency. It follows that a higher Q value corresponds 
to a more efficient trap. 
 
In order to maximize trapping efficiency, it is possible to alter the intensity distribution of 
trapping light. One way this can be achieved is by overfilling the microscope objective; the laser 
beam can be expanded to a diameter larger than the objective opening, which truncates the outer 
portion of the beam. This makes the outermost rays focused by the objective a higher relative 
intensity, increasing the backwards gradient force. Furthermore, beam expansion reduces the 
intensity of on-axis rays, reducing scattering force. However, the power losses due to truncation 
and expansion must be taken into account as well, and at a certain beam diameter these losses 
will result in decreasing trap strength. How much overfilling is optimal is unknown, as in past 
research the overfilling ratio has varied depending on the experimental setup. For the Mie regime 
of trapping, underfilling the objective is actually preferable (Mahamdeh et al., 2011). 
 
It has also been suggested that trapping efficiency can be increased by using annular beams. 
Annular beams (optical vortices) are helical modes of light that are defined by their topological 
charge (the number of 2π phases in one wavelength); in the center these phases cancel each other 
out and create a point of zero intensity, called a phase singularity. Due to this central region of 
low intensity, there’s a higher concentration of steeply-angled rays than rays parallel to the 
direction of beam propagation, which reduces the scattering force and increases the backwards 
gradient force of the focused beam. 
 

 
Figure 4: An optical vortex. The wave front (left) is a helical shape, which 
creates a phase singularity in the center. When projected onto a flat surface 

(right) an optical vortex appears as a ring with a dark hole in the center. 
 
 
 



Applications 
 
Optimization of trapping efficiency is especially important because optical tweezers are 
primarily used in biological applications, and low power beams cause less damage to biological 
organisms. Infrared lasers (Nd:YAG or Nd:YVO4) are generally used due to the low absorption 
coefficient of infrared light for living organisms. 
 
Optical tweezers have been used to study molecular motor mechanisms such as kinesin and 
myosin, as well studying the properties of DNA by winding. To do this, molecules are attached 
to polystyrene or silica microspheres which act as ‘handles’ for optical trapping. Properties of 
cells and their internal structures have also been studied by isolating or moving separate cell 
parts, including organelles, chromosomes, cell membranes, and micronuclei. Lastly, tweezers 
have been used to manipulate cells themselves; for example, they were to bring together killer T 
cells and target cells to investigate the immune response (Seeger et al., 1991). 
 
Recent advances in tweezers technology have widened their applications. The use of optical 
vortices, which have OAM (orbital angular momentum) allows for the rotation of particles. Also, 
the introduction of SLMs (spatial light modulators) means that arrays of multiple optical traps 
can be created and controlled using a computer program. 
 
Quantifying Forces 
 
In order to determine trap strength, there are two primary approaches to experimentally quantify 
trapping forces. The simplest method is the drag-force method, which involves dragging the 
trapped particle through a fluid and calculating the speed at which the particle ‘falls out’ of the 
trap. This fallout velocity can be used in Stokes’ law, F=6πηrv, in which F is the frictional drag 
force exerted on a particle of radius r travelling at velocity v in a fluid of viscosity η. The stage, 
rather than the trap, is often moved instead of the trap itself since it’s easier to determine the 
velocity of the moving stage than a moving laser focus. I chose to use the drag-force method 
because it is relatively easily used to acquire accurate results and does not require expensive 
equipment; however, its disadvantages include a small data set, leading to low precision. 
 
The second method, power spectrum analysis, records particle movement due to random thermal 
fluctuations (Brownian motion). The particle’s root mean square displacement is recorded at a 
high frequency, and then the square of its Fourier transform (which uses frequency, instead of 
time, domain) is plotted on a log-log scale. This gives the shape of a Lorentzian, which is 
characterized by a ‘corner frequency’ f c = k/2πγ where k is the trap spring constant and γ is the 
drag coefficient from Stokes’ law (γ=6πηr ), which gives us the trap strength. This expression 
can be derived from the Langevin equation, which describes the forces on the particle due to the 
fluid’s damping force, the trap strength, and the white noise of the solution.  



 

 
Figure 5: A Lorentzian shaped log-log graph of a trapped particle’s power 

spectrum. The graph is characterized by the corner frequency f c. For f<<fc the 
power spectrum is a flat line, while for f>>fc the graph drops off at a slope of -2, 

which is 1/f2. 
 
An advantage of the power spectrum method is that it takes a large number of data points, which 
leads to high accuracy. However, the particle tracking requires more expensive equipment, either 
a quadrant photodiode (which needs to be precisely calibrated) or a high frame-rate (>500 Hz) 
camera. 
 
Methods 
 
Optical Tweezers Construction 
 
The optical tweezers setup was assembled on a 36”x48” optical breadboard. A 632.8 nm 
SpectroPhysics 127 laser (38 mW) was the source of the trapping beam. The laser was mounted 
on two supports each made of two metal rods screwed into the optical breadboard with a wooden 
crossbeam  that the laser was placed on top of, and a second wooden beam bolted down on top of 
the laser to prevent vibrations. The wooden beams could be adjusted vertically by screwing the 
supporting nuts up and down the metal rod, and it was leveled using a tubular bubble level.   
 



 
Figure 6: The optical tweezers setup design. Figure is to-scale for the L2=150 
mm beam expander, using the Gaussian beam. The second gold mirror reflects 

vertically into the inverted microscope. 
 

 
Figure 6: A side-on view of the laser mount design. 

 
All mirrors and lenses were mounted relatively close to the optical breadboard in order to 
minimize vibrations. Standard Thorlabs posts and post holders were used, along with other 
mechanical components such as adjustable mirror mounts, translation stages, and two optical 
rails. All mirrors were first-surface; M1 was silver, while M2 and M3 were gold. The dichroic 
mirror transmitted the laser light optimally at 45 degrees. Lenses were 1-inch circular plano-



convex lenses. All components were later replaced with higher-quality components (dielectric 
mirrors and AR-coated lenses). A vortex phase plate (RPC Photonics) was also later inserted 
between M1 and L1. 
 
Alignment of optical components was achieved by aligning one component at a time and making 
sure that the reflection s of the laser light lined up at each component; I also marked a dot on the 
far wall and centered the laser beam after each component. I discovered that optical rails actually 
induce a certain degree of error, because the rail mounts don’t line up horizontally which means 
that the optical components are misaligned and not adjustable. The optical rails were used in the 
original setup; they were discarded when the optical components were upgraded. To ensure the 
beam reflected at 90 degrees after each mirror, I sent the beam through two iris diaphragm 
apertures set in the optical table a significant distance apart. At the microscope, a useful 
technique was to take out the objective and set a mirror on the translation stage to reflect the 
beam back in the same path; after ensuring that the beam is coming up vertically, the microscope 
could be moved until the beam was actually centered in the objective as well.  
 
A Nikon inverted microscope with a built-in overhead illumination system was used for particle 
trapping. An inverted microscope has the advantage of balancing the upwards scattering force 
with gravity. The translation stage was not motorized. The microscope objective used was a 
generic 50X NA=0.85 air objective, and had a back aperture opening of 6.0 mm. It was not 
infinity corrected; the image plane was at 160 mm and the focus at 3.2 mm. 
 
There must be conjugate image planes of the objective so that the camera is focused at the same 
plane as the trapped particle. To do this, the camera would ideally be at 160 mm from the 
objective, and a 3rd lens L3 would focus the laser light 160mm before the objective. However, 
the closest the camera could get to the objective was 230 mm, so L3 (f=200 mm) was placed 430 
mm from the objective to create a conjugate image plane. The disadvantage of placing L3 farther 
than 160 mm is that the laser light will be less tightly focused and therefore produce a weaker 
trap. 
 
Imaging System 
 
The trapped particle was viewed with a Thorlabs DCC1545M high-resolution monochrome 
CMOS camera with a frame rate of 14 fps. (The frame rate could reach 258 fps; however, 
increasing frame rate requires subsampling. I was unable to track particle motion and acquire a 
power spectrum due to the reduced resolution.) The light was focused directly onto the CMOS 
element without a lens. The camera was used with a laptop computer in order to view and record 
particle motion. 
 



The magnification of the system was first theoretically calculated. The magnification equation 
M=di/do was used for an object at distance do (3.18 mm, calculated using the thin lens equation) 
projected onto the camera sensor at distance di (230 mm). This was then multiplied by the ratio 
of the computer pixel size (97.94 ppi) to the sensor pixel size (5.20 µm), yielding an overall 
magnification of 3600X.  
 
However, the actual magnification of the system was slightly smaller than this for unknown 
reasons. I determined several incorrect magnifications using a Ronchi grating (line width 
calculated using a double-slit diffraction experiment), which is inaccurate due to the variation of 
line width on a microscopic scale. I also learned that CMOS camera sensors operate with a 
rolling shutter, so moving particles are distorted, which had at first led me to calculate that there 
was a separate magnification for the x and y directions on my screen. I finally used the 
polystyrene latex spheres (9.964 ± 0.058 µm) to determine the magnification since their size is 
known and relatively precise; the actual magnification was 3050X. 
 
In order to find the trapping beam location on the video feed, it is possible to see the ‘laser spot’ 
where the light reflects off of the air-coverslip and coverslip-water interfaces. The laser spot was 
larger on the air-coverslip interface since there is a larger change in IOR. When using vortex 
beams, the spiral shape of the beam wave front could actually be seen. 
 

 
Figure 7: Laser spots shown on the air-coverslip interface. There is a normal 
Gaussian spot (left), and an ℓ=7 vortex beam as it comes in to the interface 

spiraling clockwise (center) and goes out of the interface spiraling 
counterclockwise (left). 

 
Sample Preparation 
 
Particle trapping was achieved in a large droplet of tap water that was replaced every few hours 
due to evaporation. The droplet was on a No. 0 microscope coverslip, suspended over the 
microscope objective on a piece of card paper with a large hole. (Otherwise the coverslip was too 
small to span the stage opening.) To prevent sample evaporation, I tried to construct a Rose 
chamber (which is a coverslip attached beneath a microscope slide with a parafilm donut). 



However, I found that this chamber was very shallow and lead to particles ‘sticking’ to the 
bottom of the coverslip, making trapping very difficult. I later learned that water often 
evaporated from these Rose chambers as well, so I decided to stick with a water droplet. 

 
Figure 7: A side-on view of (a) the Rose chamber and (b) the setup that I used. 

 
Trapped particles included dirt, yeast, and polystyrene latex spheres. At first I was unable to trap 
the latex spheres, which I later learned was due to the spheres sticking to the slide. The first 
particles I trapped were dirt particles (~5µm, although they may have been smaller—the camera 
wasn’t in focus at the time, so it was hard to tell). I next moved on to trapping yeast cells (also 
~5 µm), which worked well. However, since they are irregularly shaped, I used the latex spheres 
for final force measurements once I realized that I could trap them too. The latex spheres also 
have improved trapping due to a higher IOR (1.59) than the yeast (1.49-1.53). 
 
Trapping Beam Profiles 
 
For trapping, I used both a Gaussian beam of multiple widths (7.9 mm, 9.5 mm, 15.8 mm) and 
annular (vortex) beams of order ℓ=1-8, which were expanded by the same factor. Beams less 
than 7.9 mm in diameter were not used because when trapping yeast, the scattering force was 
higher than the gradient force at 7.9 mm and the particles were axially pushed out of the trap. 
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Figure 8: Beam profiles for annular beams of order ℓ=1,3,5,7 and a Gaussian 
beam. The Gaussian beam was profiled before expansion, while the annular 

beams were profiled after expansion. 
 

A Keplerian beam expander was used for beam expansion; two lenses are placed f1+f2 apart, 
which yields an expansion of f2/f1. I used a lens with f1=25.4 mm, and the second lens was either 
f2=125 mm, 150 mm, or 250 mm. Additional expansion occurred before the objective due to L3. 
When expanding vortex beams, L1 must be placed a considerable distance away from the spiral 
phase plate, or the spiral phase plate will be imaged rather than creating a vortex beam. 
 
Motorized Stage 
 
To find the trap strength using the drag-force method, the speed of the translation stage had to be 
either constant or accelerating slowly. I motorized the translation stage so that the stage 
movement would be smooth, using a gear system with a changing gear ratio. I used a 1 rpm 
motor and attached it to the stage dials (with makeshift extensions) using tape. The motor shaft 
had foam tape layers of varying thickness to change the gear ratio. This caused the translation 
speed to move at 40-150 µm/s. 
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Figure 9: The motorized stage system. The motor with a variable gear ratio 

(right) is attached to the extended stage dials (left). 
 
Drag Force Analysis 
 
For each trial, trapped particles were at a constant distance from the coverslip (18-35 µm); this 
ensures they are not too close, causing inaccurate drag force measurements, or too far, resulting 
in a weakened trap due to spherical aberrations and more vibration. Forces were measured in 
both the x and y transverse directions because they were significantly different. 
 
For the yeast, 2-3 trials were recorded for 4-5 cells of varying sizes in each direction. This 
process was repeated for the Gaussian beam and annular beams of ℓ=1, 3, 5, and 7, all expanded 
to 9.5 mm. For the latex spheres, 3 trials were recorded for the Gaussian beam and ℓ=1-8 in the x 
and y transverse directions; this process was repeated using beam expanders with L2=125 mm, 
150 mm, and 250 mm. 
 
The speed at which the particle fell from the trap was calculated by analyzing the captured 
videos in ImageJ and finding the velocity in the frames directly before and after the particle fell 
out of the trap. Assuming constant acceleration, the two values were averaged for the 
instantaneous velocity when the particle fell out of the trap. The velocity was found by 
determining how far particles on the slide surface moved each frame. However, the slide surface 
is out of focus because it is not in the same plane as the trapped particles. I found the velocity 
correction factor based on the ratio of the apparent sizes of a latex sphere on the slide bottom and 
the actual trapped sphere, which was a 6% difference.  
 
The temperature of the water was also recorded under the illumination light, since the viscosity 
of water depends on temperature. The water was 71.5° Fahrenheit; the viscosity of water was 
calculated to be 0.000934 Pa·s. 
 



The drag force was not quantified in the axial direction because the motorized stage system was 
not able to turn the focusing knobs at a constant speed due to its physical structure. Furthermore, 
the ‘swimming pool effect’ due the refraction of light when it enters the water droplet means that 
the trap moves faster than the stage and accelerates, making it very difficult to quantify the 
trapping force even if the stage had been motorized vertically. 
 
Results 
 
Optical Tweezers Setup Efficiency 
 
At every optical component at which the light is reflected, refracted, or otherwise altered, the 
beam loses power. These power losses were relatively high for my original setup, as the optical 
components were often scratched or had scattering due to dirt. The following graph shows the 
power losses for the tweezers setup, using the beam expander with L2 f =150 mm. The final 
efficiency was 26%, with a power of 10 mW. It can be see that the greatest power losses occur in 
the objective; the efficiency calculation for the objective may be slightly inaccurate, as the 
truncation of the beam was not taken into account. (The efficiency of the objective using the L2 f 
=125 mm was calculated to be 66% as opposed to 54%, due to a truncation of only 1.1 mm 
instead of 3.5 mm.) 
 

 
Figure 10: The power losses at each optical component in the optical tweezers 
setup. The initial laser power is 38 mW. The percentages displayed above each 

bar are the individual efficiencies of the respective optical components.  
 
The overall efficiency of the tweezers setup was later improved by upgrading the optical 
components to dielectric mirrors and antireflective-coated lenses, for a final efficiency of 49% 
and trapping power of 19 mW. The vortex phase plate also resulted in significant power losses. 
There was no significant correlation between power loss and beam order; the efficiencies ranged 
from 91-93%.  
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Trapping Force vs. Particle Size 
 
Trapping forces on yeast cells were quantified using the drag force method, using a beam width 
of 9.5 mm of orders ℓ= 0, 1, 3, 5 and 7. The smaller beam width of 7.9 mm was unable to create 
a stable axial trap, and yeast cells were observed to be pushed upwards out of the trap. It was 
observed that transverse trapping forces increased with larger particle sizes for all orders except 
ℓ=5, which may have been statistical error from a small sample size, as only 3 different cells 
were tested. Forces were generally in the range of 2-4 pN. 
 
Trapping Force vs. Annular Beam Order 
 
Polystyrene latex spheres (9.964 ± 0.058 µm) were at first unable to be trapped due to sticking to 
the bottom of the slide; they were successfully trapped once I realized the problem and attempted 
trapping before they had settled. Transverse trapping forces were quantified for beam widths of 
7.9 mm, 9.5 mm, and 15.8 mm and beam orders of ℓ=0-8. For each beam width, the trapping 
force decreased for higher order beams. 
 

   
Figure 11: Trapping forces for two beam widths as measured using the drag 

force method. The trapping forces reduce roughly linearly with increasing beam 
order. Blue data points represent horizontal drag force; red data points represent 

vertical drag force; these are both in the transverse direction. 
 
Trapping Force vs. Beam Width 
 
Trapping forces were also compared for the polystyrene latex spheres to beam width using the 
beam widths of 7.9 mm, 9.5 mm, and 15.8 mm and beam orders of ℓ=0-8. Transverse trapping 
forces decreased for wider beams.  
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Figure 12: Average trapping forces over beams of orders ℓ=0-8 versus trapping 

beam width. The trapping forces decrease for larger beam widths. Blue data 
points represent horizontal drag force; red data points represent vertical drag 

force. 
 
Trapping Efficiency vs. Annular Beam Order 
 
The power of the trapping beam was also measured directly after the objective so that the 
trapping efficiency of the beam profile could be calculated. It was determined that higher order 
annular beams increase transverse trapping efficiency as defined by the trapping parameter  
Q = Fc/nP. 
 

   
Figure 13: Trapping efficiencies as defined by the Q parameter for two beam 

widths. The trapping efficiency increases roughly linearly with increasing beam 
order. Blue data points represent horizontal drag force; red data points represent 

vertical drag force. 
 
Trapping Efficiency vs. Beam Width 
 
The trapping efficiency was similarly determined for the three different beam widths. This 
correlation was less clear, although it seems to be that transverse trapping efficiency increases 
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for wider beams. The trapping efficiencies for the 7.9 mm and 9.5 mm beams were very similar, 
while the 15.8 mm beam was significantly higher.  
 

 
Figure 14: Trapping efficiencies as defined by the Q parameter versus beam 

order for beam widths of 7.9 mm, 9.5 mm, and 15.8 mm in the x and y 
directions. The largest beam has the highest Q value. 

 
 
Axial Trapping Forces 
 
Axial trapping forces were not determined quantitatively. However, it was observed that while 
trapping yeast, the 7.9 mm (smallest) beam was unable to create a stable axial trap, while the 9.5 
mm beam was able to create a stable axial trap.  It was also observed that the particles (yeast and 
latex spheres) accelerated in the axial direction into the trap much more quickly in the 7.9 mm 
and 9.5 mm beams than in the 15.8 mm beam. 
 
Discussion 
 
Transverse Trapping 
 
Trap strength depends not only on the trapping force, but also the trapping efficiency of the 
beam. For particles in the ray-optics regime, I have shown that transverse trapping efficiency 
increases for higher order annular beams. Although higher order beams had lower trapping 
forces, this was due to significant power losses due to beam truncation at the objective; higher 
order beams had a higher loss of power. This suggests that the intensity distribution of an annular 
beam does have a higher trapping efficiency than a Gaussian intensity distribution. 
 
Transverse trapping forces decreased significantly for wider beams. However, trapping 
efficiency increased significantly from the 7.9 mm and 9.5 mm beams to the 15.8 mm beam. 
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This gives inconclusive results, as there was no clear correlation between beam width and 
trapping efficiency, as the 7.9 mm (smaller) beam was actually slightly higher than the 9.5 mm 
(larger) beam. Furthermore, the video analysis method used was limited by the frame rate; the 
15.8 mm beam had low enough of trapping forces that the acceleration was very large when the 
particle fell out of the trap, leading to high error. The average percent difference between 
velocities before and after the particle fell from the trap for the 15.8 mm beam was 36%, while 
the 9.5 mm and 7.9 mm beams were 16% and 13% respectively. 
 
It was noted that the transverse trapping forces in the y-direction on the viewing plane were 
significantly lower than the trapping forces in the x-direction. It was not determined what the 
cause for this was, but a possible explanation was that the objective had defects or obstructions 
that affected the beam profile. It is also possible that the tweezers setup was aligned so that the 
beam entered the objective at a slight angle, which could create a less tightly focused trap in the 
y-direction. 
 
Axial Trapping 
 
Trapping in the axial direction is much harder to measure than trapping force. There are not only 
the forwards scattering force and backwards gradient force, but also buoyant and gravitational 
forces to take into account. Furthermore, moving the microscope stage at a constant speed does 
not move the trap at a constant speed, as there are refraction effects due to the coverslip and 
trapping medium. The design of the focusing knobs also made the stage much harder to motorize 
in the axial direction. 
 
Another method that was used to try to measure axial trapping forces was to suspend the particle 
at a known depth in the medium, and then ‘drop’ the trap very quickly and see whether the 
backwards gradient force was strong enough at that distance to pull the particle back into the 
trap. However, this method gave inconsistent results; the trapping force only has a linear 
relationship with distance when the trap is very close to the particle. 
 
From qualitative observations, I did determine that axial trapping strengthens for more widely 
expanded beams, as the 7.9 mm beam was unable to trap yeast axially, while larger beams could. 
My observations that particles accelerated axially into the trap more quickly for beams with less 
expansion suggests that the larger beams (greater overfilling) reduces the scattering force; 
however, this could also be due to the lower power of wider beams, as they have more of their 
power truncated at the objective. 
 
 
 
 



Conclusions 
 
When optimizing an optical tweezers, it’s important to determine what their use will be. In 
biological applications, it is important to have an efficient trap so that sufficient trapping can be 
achieved with low powers; in such cases, optical vortices should be used if trapping is in the ray-
optics regime. However, if the actual trapping forces are to be maximized and initial laser power 
is limited, it may be of benefit to use a smaller Gaussian beam to avoid beam and power 
truncation. The relative importance of axial versus transverse trapping efficiencies must also be 
determined, as the two do not necessarily increase together. 
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