Women’s Technology Program in Mechanical Engineering

Massachusetts Institute of Technology

Optical Tweezers Experiment
The objective of this experiment is to (1) become familiar with optical trapping, (2) measure the coefficient of drag on a sphere and (3) make measurements on the dynamics of E. coli bacteria.. 
1. Background
Detection of forces produced by light on micrometer-sized particles was first reported by Arthur Ashkin in 1970.
,
 In 1986, Ashkin and colleagues, including Steven Chu, reported the first observation of optical trapping, defined as the ability to hold a microscopic particle at a fixed point in space using only the force created by a tightly focused beam of light.
 Chu was a co-recipient of the Nobel Prize for Physics in 1997 for “the development of methods to cool and trap atoms with laser light”. Chu initially developed the tool known as “optical tweezers” to study the dynamics of DNA molecules when stretched and then released.
 In the past 10 years, optical tweezers have become a widely used tool in biophysics and bioengineering. 
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A microscopic particle in a focused laser beam experiences forces in the axial and transverse dimensions from two effects. The first is a “gradient force”, shown in Fig. 1, that draws the object into the center of the trap in both the transverse directions (perpendicular to the laser beam propagation) and the longitudinal direction.
  The second force is due to scattering of photons off the object and creates a longitudinal force that pushes the object in the direction of light propagation (down in Fig. 1), which results in the trapping location in the center of the laser beam but slightly past the focal point.
Figure 1: Gradient force in the transverse direction (left) and longitudinal direction (right). (Ref. 5)

Trap Stiffness 
The optical trap can be viewed as a spring as shown in Fig. 2, where the force pulling the object back to the trapping position is proportional to the distance from the trap center.
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Figure 2: Optical trap acts on the particle as a spring with spring constant (or stiffness)  (Ref. 6). The negative sign simply indicates that the force acts to restore the bead to the center of the trap (i.e., if the bead moves in the +x direction, the force is in the –x direction)
Question 1: What are the units of the stiffness, ? Record in your lab notebook. 
In order to use the trap to make measurement, you must determine the stiffness, which allows you to determine the force on a particle in the trap. Since Work = Force ( distance, but force changes with distance, the potential energy at a given x is the area under the curve of Force vs. distance. Note that the force in this case is the force required to counterbalance the spring force in order to pull the sphere out of the trap, or 
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Question 2: Sketch the curve of Fx vs. x in your lab notebook. Use geometry to express the area under the curve in terms of and x and define this as the potential energy of the trap, Ep, as a function of x. Now write a Matlab routine to numerically compute the integral of the Fx vs. x curve. Make  and x variables that you specify, and then plot the integral vs. x for  = 1 and 0 < x < 10. Print the plot and tape in your lab notebook.
The particle in the trap will vibrate around its equilibrium position in a manner similar to the way molecules vibrate in a glass of water. This motion can be used to find the trap stiffness, , using the “Equipartition of Energy Theorem”. This theorem will be explained after a brief, but necessary, digression onto “degrees of freedom”.
Sidetrack onto Degrees of Freedom

The number of degrees of freedom of a given object is defined as the total number of independent ways the object can be moved in space. There are six translational and rotational degrees of freedom available as shown in Fig. 3: translation along the x, y, or z axis (red arrows), and rotation around those same axes (blue arrows). Notice that for the cube, an arbitrary rotation about each of these axes results in a different appearance (assuming you didn’t happen to rotate by exactly 90(). As shown below, this is not the case for a sphere, which has no rotational degrees of freedom. 


[image: image3]
Figure 3: (a) Definition of the 6 total translational and rotational degrees of freedom    (b) Demonstration of reduced number of degrees of freedom for a sphere.

Question 3 Describe the degrees of freedom for a sphere. What about a dumbbell made by connecting two spheres 
[image: image4]? What about a triangle? Sketch each shape in your lab notebook. Indicate all translational and rotational degrees of freedom for each case using arrows as shown in Fig. 4. 

Equipartition Theorem
The Equipartition of Energy Theorem states that each degree of freedom available to a given particle will contribute on average an amount of energy to the total particle energy given by 
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where kB is Boltzmann’s constant, T is the temperature in Kelvin, and ET is the energy in Joule.

Question 4: Find the value of Boltzmann’s constant on line and record in your lab notebook WITH UNITS. Compute the energy given by Eq. (2) at room temperature. Compare to the energies of common processes discussed in class. Do you think the thermal energy given by Eq. (2) is easily observable in every-day objects? Why or why not?
You should have found above that the trap potential energy (in the x-direction) is given by 
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where x is the distance from the center of the trap. If the center of the trap is not at the origin, the relevant distance for Eq. (3) is 
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where x0 is the x-coordinate of the trap center. The average energy in this degree of freedom (translation in the x-direction) is given by the average of x2 as the particle vibrates in the trap. This quantity is also referred to as the variance of x. You will measure this for a single sphere held in the optical trap and equate the potential energy to the thermal energy in order to find the trap stiffness, . 
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where the brackets around 
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 indicate the time-average required to compute the variance.

Question 5: Record in your lab notebook the equation for in terms of kB, T, and 
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. You will need to refer to this during data analysis so circle the result.
Stokes Drag

Once you have found the trap stiffness, you will determine the viscous drag on a sphere as it is held still in the trap and the liquid surrounding it is translated at a given speed. The configuration is shown schematically in Fig. 4, where the sphere is held in the trap while the fluid surrounding the sphere is moved to the left. There is therefore a drag force on the sphere, Fd, which must be balanced by the trap force, Ft, for the sphere to stay in the trap. As the drag force is increased, the sphere will move more off center so that the trapping force increases via Eq. (1), maintaining force balance.
[image: image11.png]



Figure 4: Schematic diagram of Stokes drag experiment. The sphere is held in the trap while the surrounding fluid is moved to the left at speed Vf. The equilibrium displacement of the sphere, x, is used to find the drag force from the known trap force.
The drag force on a falling object should be familiar to you through the concept of air resistance. If you drop a crumpled piece of paper and a flat piece of paper from the same height, which reaches the ground first? (Feel free to do the experiment if you have not already studied this in physics!) The difference has nothing to do with the mass of the object (since you can use two identical pieces of paper). 
In this section you will determine how the drag force depends on properties of the object and the medium through which it is falling using dimensional analysis. Please record your thoughts and calculations in your lab notebook. To make it simpler you may assume that you are dropping a sphere of diameter d through a medium.  
Question 6:
1. How do you think the drag force will vary with d (i.e. will it increase as d increases or vice versa)

2. How do you think the drag force will vary with speed? (Hint: Imagine pulling open the trunk to your car.  If you pull the lid open slowly, is there a lot of force opposing you? What if you try to open it quickly?
3. Do you think it will drop more quickly in water or in honey? What is the major difference between these two liquids? Do you know what that property is called?

The drag force is just a function of these three variables: diameter (d), speed (v), and the viscosity of the liquid (). Question 7: Record the units of each of these quantities in your lab notebook. You will need to know that the relevant viscosity is the dynamic viscosity, not the kinematic viscosity. Use SI units. 
Question 8: Use dimensional analysis to construct an expression for drag force from these three variables (d, v, ) that has both the correct functional dependence (as you determined in 1-3 above) and the correct units. There is one additional factor in the equation: a factor of 3. Fill in the function f in Eq. (4) below to complete the equation.
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As shown in Fig. 4, the trapped bead will move off-center in the trap until the trap force (Eq. 1) balances the drag force (Eq. 4). Therefore,
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In lab, you will set the fluid velocity, v, and measure x in order to find the fluid viscosity,  Question 9: Solve Eq. (5) for  and record in your lab notebook. You will need to use this result during your data analysis phase, so please circle it. 
Finally, the fluid medium you will use is primarily water. 

Question 10: Find the dynamic viscosity of water on line and record in your lab notebook with units. If the units are not the correct ones 
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2. The Experiment

Inside the black safety cover on the lab bench is the optical system shown in Fig. 5. When you arrive in lab you should remove the cover and make sure you can identify the major system components (in italics below).
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Figure 5: Schematic diagram of optical trap. Major components are highlighted in the text below and boxed in the corresponding color in the diagram. 
Make sure you are able to identify the major system components (highlighted below). Many of these remain covered by the black plastic safety cover during operation, but you may remove this cover to look over the system as you get started. DO NOT run the trap with the safety cover removed. The light source used for trapping in our instruments is a 975 nm diode laser. Its beam is steered through optics that expands the beam and direct it into the high-NA 100( objective lens positioned under the sample. The objective focuses the laser to form the trap. The transmitted and scattered light is captured by the condenser lens, and reflected onto the QPD position detector (Please do not touch the condenser-height micrometer – all focusing is done by adjusting the objective height position.)

Along nearly the same optical path, but in the reverse direction, a white light source (we use a gooseneck FiberLite) illuminates the sample for visual observation. Its light passes down through the condenser, trap, and objective, and is reflected into a CCD camera. This is a simple white-light microscope.

The 3-axis positioning stage that holds the sample slide is controlled for the x- and y-axes by joystick-driven picomotors. You should not need to adjust the stage z-axis. The stage motors are used during position and force calibration, as well as \driving" the trap around. The red line in Fig. 5 gives the path of the trapping laser (from 975 nm source to QPD). The white light for sample observation follows the broad white line, from illumination source to the camera.
The laser light scattered from the trapped object is directed onto a Quadrant Photodiode (QPD) to provide a position signal for the bead location. The QPD outputs a voltage signal for the x- and y-axes of bead displacement. These signals must be related to the physical position of a bead, and our goal is to record voltage vs. position data for each axis. 
You should complete all the questions above in your lab notebook. 

In order to save you time on Monday, you may wish to start thinking about the Introduction part of your presentation, as long as you are willing to modify any slides you make later if you decide to change the focus of the talk after doing the experiment. 
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