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Introduction
The processing of optical trapping is extremely useful in 

the biological sciences for manipulating microscopic particles 
and organisms using laser light. Imperfections in the elements 
comprising the optical trap cause deformations in the laser 
beam, which decrease the effectiveness of the trap. The 
wavefront distortion on the beam can be described by Zernike 
polynomials or disk harmonic functions. The coefficients of 
these functions can be manipulated to compensate for the 
aberration making a diffraction limited spot, and therefore, 
a more effective trap. The aberration correction is performed 
using an adaptive simulation in the programming language 
MATLAB. Three elements are required in an adaptive 
optics system: a wavefront sensor, a corrective element, and 
a feedback or control loop. A sensor consisting of a pinhole 
and a powermeter, or a camera and a cost function are used 
to detect and measure the aberration modes. A means for 
correcting the aberrations detected by the sensor was created 
using a spatial light modulator (SLM). The adaptive control 
scheme for adjusting the Zernike coefficients or disk harmonic 
functions involves testing two steping algorithms. Simulating 
the adaptive optics system, a program was written to correct 
for a single mode. Multiple modes were adapted in an iterative 
scheme and movies were made of the simulation. The system 
was able to correct for this aberration, bringing the laser to 
a tighter, diffraction-limited spot. This paper describes the 
simulation of aberration correction in an optical trap using 
adaptive optics.

Optical Trapping
Optical trapping is a process by which microscopic 

particles, organisms, or parts of organisms are manipulated by 
optical forces. When the laser beam hits the small particle, the 
individual rays of light are bent due to reflection and refraction, 
and the change in the momentum of the light creates a force on 
the particle that sums to a net force. This force can be resolved 
into two components: a scattering force acting in the direction 
of the propagating laser beam and a gradient force that pulls 
the particle toward the axis of the beam, as shown in Figure 
1. Provided the index of refraction of the particle is greater 
than the index of refraction of the surrounding medium, the 
particle will be pulled to the beam.1 A single beam optical 

trap is created when the gradient forces are greater than the 
scattering forces.

The optical trapping system consists of a laser propagating 
through four lenses and into an inverted microscope in order 
to trap a specimen on the stage. Here the beam partially 
overfills the microscope objective. Moving from the laser to the 
objective, the focal length of the lenses are: 500mm, (SLM, 
see below), 750mm, 300mm, and 150mm. The microscope 
objective is 100x (focal length of 1.64mm). When constructing 
a single beam optical trap, an objective with a high numerical 
aperture is necessary in order to bring the beam to a tight focus. 
Two telescopes, created by L1 and L2, and L3 and L4 (Figure 
2), are used to match the size of the beam at the entrance pupil 
of the objective to the spatial light modulator (SLM).2 A spatial 
light modulator is capable of converting data in incoherent 
optical form into spatially modulated coherent optical signals. 
There are two types of SLM’s: electrically written and optically 
written. The latter is used here and will convert an incoherent 
image into a coherent image for further processing by the rest 
of optical trapping elements. The SLM can also provide image 
amplification and wavelength conversion. It creates spatial 
filters that can be modified in real time.3 In our system, the 
SLM is used to correct for aberrations in the optical trap by 
modifying the phase of the wavefront of the laser beam.

A Quadrant Photodiode (QPD) is a position sensing device 
that contains four sensing areas or quadrants. The QPD senses 

Figure 1. Forces on trapped particle
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the position of the laser beam on the sensing quadrants. The 
experimental set-up for a QPD optical trap is shown in Figure 
2. An adaptive optical system is created and used to correct for 
the aberrations in the trap. A pinhole replaces the camera and 
eliminates any extraneous rays. On the backside of the pinhole 
is a powermeter. 

Trapping Efficiency
The force needed to trap a particle in the optical trap is 

known as the trapping force, F, and is proportional to the 
power of the laser, P, the speed of light in a vacuum, c, and the 
index of refraction of the particle, n. The trapping force also 
depends on a factor Q.

The force required to remove a particle from the optical trap 
can be calculated from the Stokes drag force, F

Stokes
. 

Where r is the radius of the particle, ν is the velocity, and η 
is the viscosity of the fluid in which the particle is suspended. 
A second force, F

light
, known as the escape force, arises from the 

momentum flow within a laser beam.

The trapping efficiency can be calculated by taking  the 
ratio of the Stokes drag force to the escape force.4 Typically 
the trapping efficiency of the optical trap is between 5% and 
15%.

Aberrations
Aberrations in the laser beam create a less efficient optical 

trap. The trap contains many elements, none of which are 
perfect. Real lenses neither have perfect curvature nor are they 
perfectly smooth. These deformations cause aberrations in the 

beam. After traveling through a number of optical elements, 
the beam can become severly aberrated. Some of the rays will 
deviate slightly, scattering light in different directions and 
creating an unfocused spot. This distortion is not beneficial 
for optical traps because it indicates a large amount of 
diffraction, which makes the trap less effective.

In order to simulate the aberration correction in the trap 
a few functions are generated in MATLAB.  A pupil function 
is created, P(x,y), with a radius of 1. In an experiemental 
setup, the pupil function would be used to eliminate any 
extraneous rays of light by only allowing light to pass through 
a small hole, or pupil. In the diffraction limited case, the 
Fourier Transform of this pupil function creates a point spread 
function in the form of an Airy Disk. Figure 3 shows what 
the point spread function would look like if no aberration is 
present (an Airy Disk).

Some random wave distortion is generated to simulate the 
aberration. This wave distortion is described by the function 
W

d
(x,y). The field at the pupil can be represented by the 

following equation, where the wave number, k = 2π/λ.

 
The known wavefront W(x,y) represents what is displayed 

on the spatial light modulator. What reflects off of the SLM is 
the field at the pupil, U(x,y). U(x,y) is defined below as the pupil 
function multipled by a phase term for the known wavefront 
and a phase term for the generated wavefront distortion.

 
The Fourier Transform of this function then gives the point 

spread function. 
Wavefront distortion can be described mathematically by a 

series of functions. For optical systems, Zernike polynomials 
are a convenient basis for this expansion. Interpreting these 
polynomials provides a description of the aberrations present 
on the wavefront of the laser beam. In this research, MATLAB 
software was developed to describe and simulate the wavefront 
distortion of the laser beam. Aberrations in the wavefront 
are described by the sum of the Zernike modes (Z

i
) present 

multiplied by a Zernike coefficient (a
i
).

Figure 2. Experimental set-up for a QPD Optical Trap

Figure 3. Airy Disk
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where J
m
 is the mth-order Bessel function of the first kind, 

n = 0, 1, 2, ..., m = 0, 1, ±2, ... and l
nm

 = 0 ⇒ m = 0 and is 
given by 

 

where a
nm

 is the normalization constant and d
nν

 is the 
Kronecker delta (d

nν
 = 0 for ν ≠ n, d

nν
 = 1). An intensity plot of 

a disk harmonic function is shown in Figure 6 as an example. 
The Zernike polynomials are replaced with the disk harmonic 
functions and the two simulations are compared. The disk 
harmonic functions spread the light more evenly in disks around 
the center of the beam, this can be seen in Figure 7. However, 
both functions are capable of being adapted to correct for this 
aberration. This research aims to correct for these aberrations 
using adaptive optics techniques so that the ray bundle focuses 
to a diffraction limited spot, providing an overall sharper focus 
and more effective trap.

Adaptive Optics
Adaptive optical systems are comprised of three parts: a 

sensor, a corrective element, and a feedback or control loop. 

This equation describes the added optical path length taken 
by the rays as a result of the aberrations. The added phase 
due to the aberrations is described by a complex term which, 
when multiplied by the pupil function, gives a generalized 
pupil function. The Fourier Transform of this generalized 
pupil function is the real aberrated point spread function 
given in Figure 5. The intensity of the beam is the squared 
magnitude of the point spread function. Once the aberrations 
are clearly described, the Zernike polynomials can be changed 
to compensate for them.

Zernike Polynomials
Zernike polynomials are used to describe the wavefront 

distortion on the laser beam. The polynomials are used to 
create both the known and distortion wavefronts during the 
MATLAB simulation. For Zernike polynomials, the mode 
number is defined as

where n is the radial order

 

and m is the angular frequency

Using the radial order and angular frequency, any Zernike 
mode can be indexed. Figure 4 shows the first fourteen modes 
as intensity plots. The first order modes are xy-tilt. The second 
order modes are astigmatism and defocus. Coma and trefoil 
in the x and y directions compose the third order aberrations. 
Coma scatters the light more in one direction than the other, 
and the trefoil has three peaks and troughs around the edge. 
Secondary coma, tetrafoil and spherical aberration make up 
the fourth order Zernike modes. Figure 5 is an intensity plot of 
a wavefront with tweleve Zernike modes present. 

Disk Harmonic Functions
An alternate set of functions known as the disk harmonic 

functions may be used instead of the Zernike polynomials and 
are described below.

Figure 4. Zernike modes 1-14

Figure 5. Aberrated beam created with Zernike polynomials

Figure 6. Disk Harmonic Function
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First, a sensor needs to be developed in order to detect and 
measure the aberration modes. Next, a means for correcting 
the aberrations detected by the sensor will be created using a 
spatial light modulator. Finally, an adaptive control scheme for 
adjusting the Zernike coefficients or disk harmonic functions 
will be developed to minimize the effects of aberrations making 
a diffraction limited spot, and therefore, a more effective optical 
trap.

Cost Sensor
The sensor is created with one of two set-ups: a pinhole and 

a powermeter, or a camera and a cost function. The pinhole 
and powermeter can easily be inserted into the optical trapping 
system after the laser reaches the microscope. For the purposes 
of simulation, a pinhole function is created and multiplied by 
the intensity. Integrating over the area gives a value, J, the cost 
of the aberration. Inserting a camera into the optical trap allows 
a number of other cost functions to be tested. The following 
cost functions were used during simulation, where m = 2, 3, 
or 4.

 

A liquid crystal spatial light modulator is the actuator used 
to correct for the aberrations in the optical trap. It does this by 
adjusting the phase of the wavefront. Software is developed to 
aid in modeling the wavefront sensing and adaptive control. 
The active spatial light modulator optical elements will correct 
for the aberrations in the optical trap given the information 
from the wavefront sensor. 

Adaptive Algorithm
An adaptive control scheme is generated to correct for 

aberrations in the laser beam one mode at a time. A stepping 
algorithm is used to maximize the cost function, which 
indicates a maximum intensity characteristic of a focused beam. 
For the Zernike polynomial adaptation, the surface of the cost 
function plotted against two of the Zernike coefficients can 

be thought of as a bowl. If the initial guess for the value of 
the Zernike coefficients is on the edge of the bowl, steps are 
taken toward the center by adjusting one Zernike coefficient, 
then another, and repeating this process iteratively. The steps 
taken depend on the gradient of the cost function, which can 
be calculated using the current and previous values of J and a 
as shown below.

 

The following algorithms are tested to find the value of 
the Zernike coefficient, a, that best corrects for the aberrated 
mode, a

d
. The first one calculates the next guess for the Zernike 

coefficient using the previous guess, the sign of the gradient, 
and a constant step size. The second is based on the the previous 
Zernike coefficient, the gradient, and a step size.

 

The purpose of this research is to correct for aberrations 
in an optical trap using adaptive optics. After the aberration 
modes present on the wavefront of the laser beam are known, 
the spatial light modulator can be used to compensate for the 
aberrations. Adjusting the Zernike coefficients will minimize 
the aberrations and cause the laser to focus to a diffraction 
limited spot, thus increasing the effectiveness of the optical 
trap. 

Methods and Procedures
MATLAB code was first written to calculate the Zernike 

polynomial for any mode; it was called in the main function to 
calculate all of the modes present on the beam. 

It was first helpful to see how the cost function changes 
as a function of the Zernike coefficient. Two wavefronts were 
created: the distortion wavefront, which is based on the Zernike 
coefficient, and a wavefront that will be adapted to correct for 
the distortion. These two wavefronts were added together and 
the generalized pupil function, the point spread function, and 
the intensity were created. To test the different cost functions, 
each was plotted against the Zernike coefficient.

The main program is an adaptive system that corrects for 
the aberration in the beam one mode at a time. After the cost 
function was calculated, the algorithm was implemented. Each 
mode was corrected in turn and the process repeated until a 
desired level of performance was reached. If the aberration 
was not completely corrected after looping through all of the 
modes, the program could cycle through as many times as 
needed. Movies of the adaptation process were made. 

The final step in the simulation of the adaptive optical system 
was to use disk harmonic functions to create the aberration and 
correct for it in place of the Zernike polynomials. This change 
was minor; a new program was written to calculate the disk 
harmonic functions and called from the main program. 

Results and Discussion
The simulation began with a  program that calculates the 

Zernike polynomial for any mode. Figure 8 is an output of 
this code for astigmatism, Zernike mode number 5. It shows 
the Zernike mode as surface and contour plots along with the 

Figure 7. Aberrated beam created with disk harmonic functions
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mode after it is multiplied by the pupil function and the point 
spread function.

 Next, plots of the different costs as functions of the Zernike 
coefficient were created. When any cost function is plotted 
with no aberration, it peaks at zero. If the aberration were 
equal to 0.1 then the peak would shift left to -0.1, indicating 
the value of the Zernike coefficient needed to correct for it. 
Three of the cost functions were calculated using Im, as m was 
increased from 2 to 4, the peak gets thinner and the maximum 
value of the cost is an order of magnitude greater each time. A 
plot of the intensity times the pinhole function cost is shown 
in Figure 9. 

The development of adaptive optics simulation software 
progressed in stages. First, the simulation was written to 
correct for a single Zernike mode. The initial guess of the 
Zernike coefficient was set at zero and the program calculates 
the cost for each new guess using the algorithms previously 
mentioned.  A new value of the coefficient was calculated 
and then used to calculate the next value of the cost. This was 
repeated for a large number of iterations and eventually both 
the coefficient and the cost converged. Plots of the cost and 
aberration correction show the response of the adaptive optical 
system. The algorithms were performed using each of the cost 
functions and produce very similar results. It was discovered 
that the algorithm using a constant step size was the most 
efficient. A movie was created of the intensity as the coefficient 
was changed to compensate for the aberration.

Multiple modes can be adapted in an iterative scheme. 
Figures 10 and 11 show the values of the Zernike coefficient 
and the cost function as they were adapted to correct for an 
aberration of 0.1 in Zernike modes three through fourteen. In 
the cost function plot, each hump represents a different mode 
converging. The cost function being implemented here is the 
integral over the area of the Intensity times a pinhole function 
(radius of 0.1 units). The other costs were also tested and 
the responses look similar. Figure 10 shows the values of the 
Zernike coefficients, all starting at zero, as they were adapted to 
correct for the aberration. All of the values should theoretically 
converge to -0.1, since the aberration is set at 0.1 for all of 
the Zernike modes. According to the plot, however, two of 
the modes, three and five, start off converging in a positive 
direction, which actually makes the aberration worse. This was 
corrected by cycling through the modes again. All of the other 
modes converge in a negative direction, although none actually 
reach 0.1 during the first cycle. This may occur because when 
these smaller order modes were first being corrected, the higher 
order modes were still present. The first time through the 
system the smaller order modes may go in the wrong direction, 
or not go far enough, to compensate for the higher ones. Once 
the higher modes had been corrected during the second cycle, 
the lower modes began to adjust accordingly. Once one mode 
was corrected its new value for the Zernike coefficient was held 
constant. The horizontal lines show the final value for each 
coefficient. 

 The second cycle further corrects the aberration; these plots 
were similar to Figures 10 and 11. In the second cycle, the two 
values of the coefficent, three and five, that were converging 
in a positive direction switched to negative. All of the values 

Figure 8. Zernike mode 5: (a) surface plot, (b) contour plot, (c) Zernike mode 
times the pupil function, (d) point spread function

Figure 9. Cost as a function of Zernike coefficient  

Figure 10. Cost as a function of the total iterations for the first cycle (q = 1).

Figure 11. Zernike coefficients as a function of the total iterations for the first 
cycle (q = 1).
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start where they left off after the first cycle. Most of the other 
values still converge to a negative number and get closer to 0.1; 
if the process is continued for more cycles, an improvement 
in the cost would be seen each time. Also the values of the 
Zernike coefficients will become closer and closer to -0.1. After 
interpreting multiple mode graphs and viewing the movies for 
each of the different cost functions, it was found that the best 
cost functions were the radius squared times the intensity and 
the pinhole function times the intensity. 

The disk harmonic functions are implemented in the 
main program instead of the Zernike polynomials. The disk 
harmonic functions, rather than the Zernike polynomials, are 
implemented in the main program. Multiple mode correction 
plots of the cost and Zernike coefficients are similar to Figures 10 
and 11. Finally, the aberration was created using disk harmonic 
functions and corrected for using Zernike polynomials. In this 
situation the cost inreases more quickly. 

Summary and Conclusion
Optical trapping is a process by which microscopic specimens 

are manipulated by optical forces. The physical elements in the 
trap cause distortions in the laser beam as it propagates through 
the system. It is beneficial to reduce this distortion, therefore 
reducing diffraction effects and creating a more effective 
trap. The wavefront distortion on the beam can be described 
mathematically by Zernike polynomials or disk harmonic 
functions. An adaptive optics system was created consisting 
of a cost sensor, a liquid crystal spatial light modulator, and 
an adaptive control scheme. Several cost functions were tested 
throughout the experiment and it was discovered that the 
best functions were the radius squared times the intensity 
and the pinhole function times the intensity. The spatial 
light modulator compensates for the aberration by adjusting 
the phase of the wavefront. The adaptive control scheme for 
adjusting the Zernike coefficients or disk harmonic functions 
involved testing two stepping algorithms. The algorithm using 
a constant step size produced the best results.

Simulating the adaptive optics system, a MATLAB program 
was first written to correct for a single mode. Multiple modes 
were adapted in an iterative scheme and movies were made 
of the simulation. The system was able to correct for this 
aberration, bringing the laser to a tighter, diffraction limited 
spot, thus increasing the effectivness of the optical trap in 
simulation.

The most important short term benefit of this research is 
that this aberration correction can now be tested experimentally 
on the trap. A known aberration will be applied to the laser 
beam and then corrected for using the code described above 
and interfaced through LabView. Future research involving 
the optical trap may lead to its use in laser eye surgery. The 
trap could potentially be helpful for vision correction. Before 
the output laser beam can be applied to a human eye it must 
be virtually aberration free. Any extraneous rays could severly 
damage the eye, and the intensity of the beam needs to be 
extremely concentrated in order to produce the accuracy 
required when working with the eye. Once the aberrations 
are corrected, the optical trap can be used to trap or pull on 
molecules or particles in the eye in order to improve vision.
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jur: What is aberration correction all about and what applications does it have?

The basic principle behind my project is optical trapping, a process by which 
microscopic particles, organisms, or parts of organisms are manipulated by optical 
forces. These optical forces are created on the sample by laser light. After traveling 
through an optical system the laser beam contains some aberration which decreases 
the effectivity of the trap. My project was to simmulate the correction of these 
aberrations in MATLAB. In doing this the laser beam will become more focused 
and the trap more effective. After the aberrations have been corrected the trap may 
be used in laser eye surgery. The processing of optical trapping is also extremely useful 
in the biological sciences for manipulating microscopic particles and organisms using 
laser light. Cellular organells and DNA can be pushed, pulled, and manpulated 
for a variety of purposes. 

jur: What motivated you to do this research project?

I applied to a number of REU programs last summer because I want to go to 
graduate school starting fall, 2006, and work toward a Ph.D. in Biomedical 
Engineering. Ultimately I chose the REU program at Duke University because it is 
one of the schools I have applied to this fall. I would like to research a combination 
of biomechanics and optics and was placed on this project because of my background 
and interest in these areas. Working in the Center for Biologically Inspired Materials 
and Material Systems at the Pratt School of Engineering I worked in the Mechanical 
Engineering Department doing optics so this was a perfect fit. 

jur: Any advice you could give to fellow undergrads who would like to undertake 
similar research (or any research in general)?

It was a wonderful experience and I had a great time. It’s a really good idea if you 
are unsure whether or not you want to have a career in research. It allows you to test 
the waters and see what it is going to be like before you get to graduate school. I also 
met a lot of great people and more importantly made connections. Doing research 
at another university really helps if you are applying to graduate school, especially if 
you want to go to that university because people there already know what you can 
do. I would recommend an REU Program to anyone who is considering a career in 
research or attending graduate school.
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